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Abstract 

Animal experiments have shown that several parameters, such as sex, age 
and colour can have an influence on the concentration levels of some 
elements in hair. The results of these studies have been used to estimate 
to what extent this is also the case in man. In general, hair can be used for 
monitoring the environmental exposure when it is not necessary to 
differentiate between endogenous and exogenous transfer as it is the case 
of all potentially toxic elements; it can also be used as an indicator for 
endogenous exposure but in this case the hair should be free from external 
contamination; hair can be used for identifying the uptake of potentially 
toxic elements into the body or for estimating their internal levels. For some 
elements, the content of deep pools are not directly reflected in hair. In the 
case of essential elements, a major field of potential application is in 
estimating the adequacy of the dietary supply. In animal nutrition, hair has 
successfully been used to identify inadequate dietary intake of specific 
elements; such application is also feasible in man where communities with 
a different dietary habits can be identified. However, in this case the 
interactions observed with dietary components and other elements in 
addition to homeostatic regulations, have to be considered. 

1. INTRODUCTION 

Hair has been proposed as an indicator of an overexposure to potentially toxic 
elements or of a deficiency in essential elements in man. It can easily be collected, 
transported and stored and it contains normally relatively high concentrations of many 
minerals and trace elements which facilitates analytical procedures, including multielement 
determinations. Sequential samples along the shaft have been proposed to obtain 
retrospective long term information. Major problems in its application arose first from 
insufficiencies of the analytical procedures and second from the complicated metabolism 
of metals and trace elements [1-6]. 

The major technical problem in all fields of its application is the insufficient control 
of analytical quality, especially the lack of analytical accuracy at the lower levels [7], It 
has to be regretted that, up to now, a certified standard reference material of hair is not 
available. A further technical problem is the impact of pre-analytical washing which is 
used to 1err- ,ve adhering particles and exogenous contamination which, in many cases, 
also removes parts of the analyte [8J. Besides these technical uncertainties, considerable 
problems arise in the assessment of risk from the analytical results due to the incomplete 
knowledge of the metabolism of many minerals and trace elements. To obtain optimal 
information on the contents within the body by hair analysis, the relations between the 
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contents in hair and those in other compartments of the body and the influence of 
physiological regulations and pathophysiological developments, need to be examined. 
Furthermore, the exogenous transfer to hair of the element studied is often not excluded 
in investigations in humans. Thus, the result of the analysis often has no direct relation 
to the amount inhaled or ingested (intake), nor does it always reflect the amount actually 
resorbed, which, in many cases, may be considerably lower than the intake. 

Despite these limitations concerning the reflection of the amounts within the body, 
the examination of human hair, in some cases, may still provide a basis for estimating the 
ambient exposure due to the considerable capacity of the hair matrix to bind and 
accumulate many elements from external sources. 

Thus, hair analysis has been applied successfully in community studies to compare 
the ambient exposure in groups living in areas suspectedly contaminated by toxic 
elements, with those living in a clean environment. In this application the exogenous 
contamination of hair does not interfere with the aim of the study. Other applications are 
the identification of population groups with excessive uptake of potentially toxic elements 
or with insufficient uptake of essential elements; the examination or the pre-diagnostic 
screening of individuals from the above mentioned groups may contain many pitfalls due 
to the complicated physiological behaviour of minerals and trace elements. All of these 
applications aim at evaluating the risk to health or the nutritional status. Critical reviews 
of the different applications have been published by various authors [2,3,9]. 

In this paper the elements of interest are arranged in accordance with their most 
frequent involvement in humans. It has to be considered, however, that a high intake of 
essential .ments may also lead to toxic reactions, while for some of the toxic elements 
essential functions have been shown, albeit under rather unrealistic experimental 
conditions. 

2. KINETICS AND DISTRIBUTION OF ELEMENTS IN THE BODY 

In the body, the elements participate in numerous metabolic processes, each of 
them exhibiting its peculiar behaviour. Therefore, the distribution of an element in the 
body is fairly complicated. This is demonstrated in Figure 1. After the intake, which most 
often occurs by inhalation or ingestion, a part is resorbed in the intestine or in the lung and 
enters a central pool, i.e. blood, from where it is distributed to different organs and tissues, 
one of which is hair. Hair itself may be considered as an excretion of the skin. In contrast 
to other organs and tissues, the fraction of an element deposited in hair never returns to 
the central pool. In organs and tissues other than hair, there are always two ways of 
transfer: one from the central pool into the tissue and one from the t'ssue back to the pool. 
The transfer rates for the individual tissues are different from one another. They are 
different for each element [10] and there may be further differences due to age [11], sex 
[11], health or other physiological parameters. In cases of chronic excess or deficiency, 
a new equilibrium between the tissues and the central pool is reached. Thus, the amount 
of an element in the tissues after cessation of a chronic intake may often decrease at rates 
which are different from those in blood. Since the elements are supplied to hair via blood 
the level in hair obviously reflects their availability in blood. In blood the elements are 
bound to various components which may be more or less involved in their transfer to hair. 
This transfer may occur in three ways: at the formation of the matrix of the hair, or 
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afterwards by mean of sebum or by sweat. As mentioned above, hair may, additionally, 
be subject to considerable contamination from sources in the environment, i.e. exogenous 
deposition. 

For those elements which exhibit an even distribution in the whole body because 
of their high rate of exchange between the various organs and tissues 
[e.g. compartments), the content in any tissue or the "total" body burden ought to be 
directly reflected by its level in hair. With all other elements the content in hair does not 
always directly reflect the total body burden or its content in any specific organ. This may 
be the case under some circumstances and during specific periods of exposure. Since the 
endogenous portion of trace elements and minerals in hair is delivered via blood, which is 
part of the central pool, it may primarily reflect the influx from the resorption in the 
intestine or the lung or the influx from body stores into this pool depending on the 
prevalence of the process. For correct interpretation of hair analytical data it is, therefore, 
important to know which one is true for the element under consideration. 

3. THE SIGNIFICANCE OF ANIMAL STUDIES 

A full appraisal of the endogenous accumulation of elements in hair is not possible 
without considering their physiology, especially their distribution within the various 
compartments of the body and the various parameters which may influence this 
distribution [12]. This can be studied more easily in animals than in man. Findings from 
humans and animal experiments have shown that in the case of some elements the 
deposition in hair and its relation to the retention in other organs is influenced by age and 
sex [13-19] and by the colour of the hair. The latter is especially true in the case of iron, 
which is bound to melanin [20]. 

Furthermore, it has been shown that the region of the body from where the sample 
is taken may have an influence. It has also been shown in animals that the elemental 
content in hair may reflect the "status" of the element. In the case of essential elements, 
significant differences in the content of hair have been found between groups of animals 
on an adequate and those on an inadequate supply. Similar trends are observed between 
groups supplied with excessive amounts of potentially toxic elements and controls on a 
"normal" diet. These findings in animals have been extensively :eviewed and discussed 
by Underwood [13], Mertz [14] and Anke and Risch [15]. 

Other findings in cattle, pigs goats and horses led to different and controversial 
conclusions wi th respect *o the parameters reflected by the level of an element in hair and 
with respect to the suitability of hair as an indicator of trace element "status". Thus it has 
been reported that A" Ba, Ca, Ce, Co, Cu, Fe, K, La, Li, Mg, Mn, Mo, N, Na, P, S, Se, Sm 
and Zn in hair reflect the content of the diet [21-33], the concentration level in pasture 
grass, or supplements in the diet or are suitable indicators of Co reserves in the body [34]. 
In other studies it has been found that Co, Cu, Na, Mn and Zn in hair did not reflect dietary 
supplements [35-38], that Se in hair did not reflect the pasture levels [39], that Br, Cd, Co, 
Cr, K, Na, Pb, Sb and Se were poorly correlated with the content in the pasture [40], that 
Mn in hair was of no or limited value for assessing nutritional status [41] and that Cu in 
hair was poorly correlated with the level in soil [42] or did not indicate the poor supply of 
Cu in sheep in wet season deficiency [43]. 
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Since many of these controversial findings have been made in the same animal 
species, it may be concluded that while there was a correlation between dietary contents 
and hair under the specific circumstances of one study, it was not so under those of 
another one. This suggests that the level of these elements in hair is not exclusively due 
to their level in the diet but can be influenced otherwise. 

Depending on the level of the dietary supply, a deficiency develops more or less 
slowly through different stages of depletion. The same is true for repletion if the diet is 
changed to normal or supplemented. Due to the mechanisms of homeostatic regulation 
the levels of essential elements in those organs where it is needed most urgently are kept 
normal for a longer time while the level in the storage organs adapts more readily to the 
dietary supply. In chronic poisoning with a potentially toxic element the level in the critical 
organs often increases more rapidly than in the whole body and sometimes a sudden 
change occurs at the stage of toxicity. Furthermore, some toxic elements become stored 
and detoxified in specific tissues. 

In human studies the element intakes are usually unknown and direct measurements 
of the contents in the various organs are normally not possible except in the case of an 
autopsy. In laboratory animal experiments, however, intakes can easily be controlled and 
the excretion as well as the contents of the various organs, including the critical organs 
and the storage organs, can be obtained and analyzed. Furthermore, the exogenous 
contamination by the element to be analyzed may be largely restricted by using metabolic 
cages, although the exogenous transfer by grooming cannot be definitely excluded even 
under these conditions. In the rat the growth of new hair may be induced by plucking the 
naturally grown hair within a specific area of the pelt [44,45]. In this way, the growth of 
hair may be "artificially" initiated at any specific stage of exposure to a "toxic" element 
or during deficiency of an essential one and the elemental transfer to hair may be studied 
at any specific period of the experiment in the hair grown exclusively during that period 
by using purely anagen hair. In contrast a sample of hair in man may contain between 4 
and 37% of resting (telogen) hair grown at an unknown time [46]. Furthermore, the 
transfer of an element to hair via sweat need not be considered because of the lack of 
sweat glands in many animals. Due to these advantages, the mechanisms of physiological 
processes often may be examined in detail in animals where studies in humans may only 
provide indications or trends. For optimal use of the elemental content in hair as an 
indicator of risk it is necessary to know, on one hand, the accurate relations between the 
transfer of an element and its accumulation in hair and, on the other hand, its intake, 
resorption and excretion as well as its body burden and distribution between the organs. 
In animal experiments these parameters may also be evaluated using radioactive tracers 
which, due to considerations of radiation protection, cannot be used in man. Similarly, 
toxic elements may be administered in experimental animals but not in man. In addition, 
statistically significant findings can be more easily obtained under the controlled conditions 
of animal experiments than in man. 

The functional links between the physiological compartments are generally the same 
in mammals and in man and the knowledge of the metabolism in mammalian animals, 
including man, may be used to apply conclusions from animals to man especially in the 
understanding of kinetics mechanisms. Significant findings in animals may be taken to 
support or to reject casual observations in man for which a statistical significance cannot 
be obtained. The influence of sex, colour and site of growth often appears to be species 
specific. In normally grown hair, i.e. not artificially induced hair, the higher prevalence of 
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anaphase hair in infant animals must be considered when comparing between infant and 
adult animals treated with a single dose, especially in those species with synchronous hair 
cycles. Thus, the findings in animals concerning these parameters usually cannot be 
directly applied to man. In the following, such findings will be discussed in particular, 
which may contribute to the understanding of the principal mechanisms governing the 
relations between the level of the elements in the diet or ir. specific organs and that in hair. 
The discussion is primarily focussed on findings obtained under laboratory conditions. 
Special attention is paid to findings relevant to the application of hair analysis in biological 
monitoring. No attempt was made to cover the complete literature on elements in hair. 

4. POTENTIALLY TOXIC ELEMENTS 

In the case of potentially toxic elements, the levels found in the organs, body fluids 
and hair due to their natural abundance in normal "uncontaminated" foodstuffs, are often 
called normal levels. Since the content of such foodstuffs ordinarily depends on 
environmental factors the upper limit of such normal levels is not well defined. The 
reliability with which different amounts of elements uptaken into the body or various 
amounts accumulated in the body can be identified by hair analysis is of foremost interest. 
In man, a response of the elemental content of hair to environmental or industrial exposure 
or to acute poisoning, has been shown in many cases. But the actual intake has been less 
frequently recorded and the relations between the intake, the body burden, or the content 
of the organs at risk, and the content in hair over the range between "normal intake" and 
toxic doses have never been clearly established. Furthermore, there is a lack of 
information when comparing the response in acute versus chronic exposure. 

Among the elements belonging to this category, only those where animal 
experiments have been conducted to examine the suitability of hair contents for assessing 
internal exposure will be discussed. Since cadmium presents a good example for 
demonstrating the physiological mechanisms interfering with the direct reflection of the 
level in the diet or in a specific organ, this element is treated first followed by mercury, 
lead and arsenic. 

4 . 1 . Cadmium 

The iesorption of cadmium in the intestine is low and may be influenced by various 
components of the diet. Its distribution within the body is very uneven. Major stores 
{e.g. deep compartments) are the liver and the kidneys, each with a large capacity. Its 
content in the stores varies depending not only on the dose but also on the length of 
exposure. Additionally, various components of the diet may interact not only with the 
intestinal resorption of Cd but also with its subsequent distribution in the body [47]. Thus, 
the relations between the level of cadmium in various organs and in hair are subject to 
various influences. 

In chronic exposure, the levels in liver and kidneys do not strictly develop in parallel. 
The kidneys are considered to be the most critical or target organ. Normally, very little Cd 
is excreted in the bile and even less in urine. Due to the storage capacity of the kidney 
and, especially, the liver and the short biological half life in the plasma, low levels in serum 
may coincide either with relatively high or with relatively low levels in the liver and the 
kidneys, depending on the stage of exposure, i.e. in the beginning of exposure or aftor 
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cessation of exposure. If the critical level in the kidney cortex (approximately 200 ppm) 
is reached, urinary Cd increases due to kidney damage. Blood, which provides the element 
to the hair matrix, may be supplied with the element from different tissues depending on 
the stage of exposure and toxicity. In blood the element is partitioned between various 
components of the serum, with a large part being bound to erythrocytes. Generally, the 
Cd content in plasma is in the lower ppb (ng/g) range. The concentrations in hair are 
higher. The transfer to hair may happen either during the formation of the matrix or by 
means of sebum. In man, it may also be transferred by sweat [48]. 

After an oral dose of Cd to goats, Anke et al. (49) found a significantly higher 
amount of Cd in the hair of she-goats than in he-goats. In rats, the rate of transfer to hair 
from the resorbed portion of a dose of radioactive Cd was found to be much lower than 
that of other elements [50] (Table I). The relatively higher levels of stable Cd in the hair 
of exposed animals kept in conventional cages versus those kept in metabolic cages may 
be partially explained by the possibility of external contamination from Cd in the faeces 
accumulating in the cages or from leakage of the bottles used to supply the element [51 ]. 
This is in agreement with the location of the larger amount of Cd on the surface layer of 
the hair of these animals as determined by Rutherford backscatter [52]. The prevention 
of coprophagy or a transiently depressed food consumption in those animals which had 
been transferred to metabolic cages before the actual growth of the induced hair or 
possibly a lower grooming activity of these animals can, however, not be excluded as 
contributing to the low levels in the hair of these animals. After an intravenous injection 
of 1 0 9 Cd Tykva et al. [10] found in the induced hair of the rat, only 7.5% of the amount 
of the tracer bound to protein. Due to the statistical variation, normally observed in the 
level of total Cd in hair, this relatively small protein bound fraction appears to be 
unimportant in the potential use of hair as an indicator of endogenous Cd. The Cd content 
in hair of unexposed adult rats kept on a commercial feed with a natural Cd content of 
0.1 //g Cd/g in conventional cages, was reported to be, approximately, 0.4 /jg Cd/g [50]. 
This compares well with human data, reported to be between 0.2 and 0.4 /jg Cd/g, for 
different age groups of unexposed adults [11]. In rats exposed to 30 mg Cd/L in the 
drinking water, the content in the induced hair was partially within the range of the 
unexposed ones [51]. This is in agreement with Combs et al. [53] who did not find an 
increase of Cd in newly grown hair of rats fed with diets containing between 0.1 and 
15.9 /yg Cd/g. Similarly, Doyle et al. [54] did not find an effect on the Cd level in the wool 
of lambs when the animals where fed with diets containing up to 60 ppm for 191 days. 
However, a clear difference between the data of unexposed animals and that from 
chronically exposed ones to 300 mg Cd/L of drinking water, was reported [55]. After 20 
weeks of this exposure, damage to the kidneys concomitant with an increase of the Cd 
level in hair was observed. Figure 2 demonstrates the dose response established from data 
of various experiments in induced hair of rats kept in metabolic cages during a period of 
chronic exposure. In the relation between cadmium in induced hair grown at various times 
of the exposure and that in various organs a low correlation coefficient was found at a low 
exposure (3 mg Cd/L drinking water). This correlation was statistically significant in a 
comparison of the contents of cadmium in hair with that in the kidneys, the adrenals and 
the hindbrain. It was not significant when compared to the contents in the forebrain, the 
liver, the pancreas, the heart and the testes. At a higher exposure (i.e. 300 mg Cd/L) 
which led to a dysfunction of the kidneys within about twenty to thirty weeks, the 
correlation was significant in the case of all these organs. These findings suggest a weak 
reliability of hair analytical data for assessing the contents of cadmium in the major organs 
in the case of low exposures and a good one at unrealistically high doses. 
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After a single intravenous dose of radioactive 1 0 9 Cd, Nordberg and Nishiyama [561 
found in the mot.se a correlation between radioactivity in the total body and that in newly 
grown hair. In the rat [57] an influence of the region of the body in which the hair was 
harvested as well as a dose dependent transfer to hair was demonstrated, using 
intravenous injection of various amounts of stable Cd labelled with equal amounts of 
radioactive , 0 9 C d . However, after a single dose the radioactivity in successively induced 
hair decreased much faster than that in the whole body. Furthermore, the transfer of 
radioactive Cd to hair in the resting stage (telophase) was 10 times lower than that of 
growing hair (anaphase) [58]. After a subcutaneous injection of ' 0 9 Cd, the "steady state 
level" of the tracer in the pelt of the mouse was lower than that in bone, lung, intestine, 
testes, ovaries, spleen, liver and kidneys and higher than those in brain, blood and muscle, 
as reported by Matsubara and Machida [59]. Kostial and coworkers [18,19] reported a 
higher selective accumulation of radioactive Cd in the whole pelt of young rats (2 weeks 
old) than in adults (18 weeks old) after intraperitoneal administration. These findings are 
in accordance with observations of Gross eta/. (60] who reported relatively high levels in 
human hair in early infancy. A somewhat higher selective accumulation in the pelt was 
also reported in male rats as compared to females [18,61], which is in accordance to data 
reported by Gordon [11] in man. 

In rats chronically exposed to stable Cd, the external contamination appears to be 
very efficient [51]. A varying relation between stable cadmium in the pelt and its 
concentration in various organs has been shown by Matsubara and Machida in mice 
chronically exposed to Cd [59]. Dose dependent levels in hair were observed with animals 
kept in metabolic cages to exclude the external contamination, as well as in those kept in 
conventional cages. In those kept in metabolic cages, the transfer of Cd returned to 
normal levels in induced hair grown between 36 and 52 days after cessation of 155 days 
of chronic exposure to 30 fjg Cd/L drinking water [51]. However, the body burden and the 
level in the liver and the kidneys of these animals remained high. This is in accordance 
with the radioactive tracer findings mentioned above and indicates that the transfer of 
cadmium to hair is not actually dependent on the body burden or the contents of the liver 
or the kidneys. It has also been seen in the induced hair of rats exposed to a subtoxic 
level of Cd in the drinking water, that Cd, in subsequent growing cycles of hair, remained 
in the same concentration range over a period of 60 weeks while the concentration in the 
kidneys and in the liver was increasing continuously [55]. Based on correlation coefficients 
from an experiment in rats exposed to 300 mg/L in the drinking water, Brancato et al. [62] 
also concluded, that there is a "lack of quantitative correlation between concentration of 
cadmium in hair and in liver or kidney". However, their animals, kept in conventional 
cages, accumulated relatively high levels in hair (means of 30 to 112/yg/g) exceeding the 
concentration in liver and kidneys and exhibiting large fluctuations during chronic exposure. 
Such high levels in the hair of rats may indeed be explained only if the exogenous transfer 
is considered as a source. This may also explain the large fluctuation of their data. 
Kollmer found [55] that in unexposed rats kept in metabolic cages during the growth of 
induced hair, the level of the element in the induced hair was in the same range as in liver 
and kidneys, while in animals chronically exposed to 3 or 300 mg Cd/L in the drinking 
water, the content in liver and kidneys were higher than those in the induced hair. 
Examining cadmium contents in liver and kidneys of workers employed at a cadmium plant 
by in-vivo neutron activation, Ellis and coworkers [631 found no correlation between 
cadmium in hair and that in the organs. They reported very high amounts in hair which 
also points to a high contamination from exogenous sources most probably superseding 
the endogenous component. 
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It was demonstrated, as measured by atomic absorption analysis as well as by 
radioactive 1 0 9 Cd, that a large part of the element transferred to hair in rats after 
intravenous injection can be removed by a mild pre-analytical washing 164]. This is in 
contradiction to a finding of Krause etal. [65] in sheep wool. In man mild washing did not 
remove Cd from hair [66,67]. Nishiyama and Nordberg [68] have reported that exogenous 
as well as endogenous Cd can be eluted from hair of mice by acid solutions but not by 
detergents. However, the various treatments used were not effective in differentiating 
exogenous and endogenous cadmium in hair. The controversy between the findings of the 
various investigators might possibly be due to different washing techniques. 

4.1.1. General conclusions concerning the suitability of hair Cd as an 
indicator in man 

Cd in hair may be successfully used as a means of environmental monitoring in 
community studies where external and internal deposition need not to be differentiated. 

Since hair is highly susceptible to exogenous cadmium, exceedingly high levels are 
suspected of being caused by exogenous sources and thus have no direct relation to 
cadmium uptake into the body. When applied to populations from non-industrial 
environments but where exposure is mainly through the diet, the use of hair analysis as 
a tool for estimating levels of Cd in the body is obstructed by the many influences of 
metabolism and environment. Conclusions on the body burden and the concentration 
levels in critical organs seem not to be possible. This supports the findings in man 
reviewed by Elinder [69]. In well controlled animal experiments the most obvious 
relationship is the one between the recent uptake (intestinal resorption) and the amount 
in newly grown hair. However, in rats kept in metabolic cages this relation becomes only 
significant at exposures above 30 jug Cd/L of drinking water [51). The natural content of 
Cd in a standard commercial feed for the rat (AltrominR) is about 0.1 mg/kg. The average 
content in human foodstuffs in the Federal Republic of Germany is between 0.002 //g/kg 
in milk and 0.736//g/kg in the kidney of cattle [67]. 

In the Federal Republic of Germany, the average intake of Cd by the non-industrially 
exposed population was calculated to be, approximately, half the Provisional Tolerable 
Intake (PTI) recommended by the Joint FAO/WHO Expert Committee on Food Additives 
[71,72]. In this situation, a major goal of hair analysis would be to identify an increase of 
resorbed Cd in an individual by a factor as low as two over the average of the "unexposed' 
population. The findings from animal experiments suggest that this cannot be achieved. 
In a study comparing smokers and non-smokers where the arithmetic mean of Cd in blood 
was three times higher in the smokers, the arithmetic mean in hair from 1054 non-smokers 
was 0.247 jjgig, while that in 492 smokers from the same area was 0.254 //g/g [73]. A 
weak responsiveness of human hair to changes of endogenous exposure in the subtoxic 
range has also been reported by Bhat et al. [74] and Perkons and Jervis [75]. 

In general, it may be concluded that high levels of Cd in hair most likely indicates 
high levels of the element in the environment, which may not necessarily be accompanied 
by a high body burden, while low levels in hair do not exclude a relatively high internal 
load. 
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4.2. Lead 

Lead is a bone seeking element, i.e. bone has a large capacity to sequester Pb. Its 
most common effects in chronic poisoning are those on brain and on haematopoiesis. The 
exposures associated with the effects are not precisely known. 

Kosttal and coworkers did not find a significant influence of age or sex on the 
selective accumulation of radioactive Pb in hair after intraperitoneal administration [ 17-201. 
In humans higher average amounts have been reported in hair of men than in that of 
women (11]. Jaworowski et al. (77,78] have shown in rabbits that the endogenous 
transfer of radioactive Pb to hair occurs practically exclusively to anagen hair but not to 
telogen. They have also reported a direct relationship between a parenteral dose and the 
level in hair. These findings suggest that the transfer to hair is proportional to the amount 
in the central pool (blood) during the time of growth of the hair (anaphase). Furthermore, 
they have reported a relation between the amount of the isotope in bone and that in hair. 
Since the period of exposure was the same in the groups exposed at various levels, this 
latter finding is not necessarily applicable to the situation in man where possibly hair data 
from persons with different periods of chronic uptake, or sometimes with varying rates of 
uptake have to be compared. Such a general applicability was suggested, however, based 
on data of a study in man [781. 

Kostial and coworkers, who had found a higher intestinal resorption and retention 
of radioactive Pb in infant rats than in adults (79-81], reported that seven days after an 
intraperitoneal administration, a higher fraction of the administered amount was retained 
in the total pelt of infant rats than in that of adults [17]. However, the selective 
accumulation in the pelt, i.e. the retention in the pelt as a percentage of the total body 
retention, was the same for the animals of both ages. The findings in the animal 
experiments, which have been done using single doses of the element, are not sufficient 
to conclude that Pb in hair generally reflects Pb in the whole body, because, after chronic 
exposure, large amounts of the element may be sequestered in bone. Possibly this 
sequestered fraction may not at all, or only to a lesser degree, be reflected in hair. In 
cases where the hair samples are taken sometime after the cessation of the exposure, the 
levels in hair may not be directly comparable to those levels determined on samples taken 
during the period of exposure. 

The application of hair analysis for estimating Pb exposure is largely based on 
evidence from human studies. It has been practised mainly in community studies where 
the differentiation between external and internal components is less important. Further 
animal experiments could be useful for establishing the relations between dietary intake 
or intestinal or pulmonary uptake at the one hand and the transfer to hair on the other hand 
or for comparing the significance of the uptake of exogt.ious compared to endogenous 
lead. 

4.3. Mercury 

In studies on the victims of a methylmercury poisoning in Iraq and an exposed 
population in North America, Clarkson and coworkers [83-84] have clearly shown in man 
a direct relationship between Hg in hair and in blood. This provides a reliable basis for the 
applicability of Hg analysis in hair for biological monitoring in man. Nevertheless, kinetic 
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studies in animals provide some additional evidence which might be useful for the 
interpretation of analytical hair data. 

The selective accumulation in the total pelt of infant rats has been found to be 
higher than in adult ones, but the difference was not as conspicuous as in ihe case of Cd 
[18,19]. It was also somewhat higher in males than in females. In normal human 
populations, however, a difference of Hg levels in male and female hair has not been found 
[111. In rats, the endogenous transfer of radioactive Hg to hair from an oral dose of 
labelled methylmercury was found to be more efficient than that from inorganic mercury 
and higher than that of radioactive Zn, Cd and As [50] (Table I). A conspicuous 
endogenous transfer in the case of inorganic Hg has also been found in the mouse [86]. 
It has been shown [87] that in infant monkeys, the intestinal resorption of methylmercury 
before weaning, and consequently the level in blood as well as in hair, is higher than after 
weaning. The relatively high levels of Hg in hair before weaning do not always indicate 
a higher ingestion because the percentage of intestinal resorption is higher at this stage 
of life [81,88,89]. In a study on adult monkeys [90] with methylmercury, the 
concentrations in hair ranged between 40 and 60 //g/g in animals receiving diets containing 
3.6 mg/kg and 8.7 mg/kg of methylmercury and between 220 and 250 //g/g in animals 
receiving 12.8 mg/kg of the compound. This demonstrates a very good dose response. 
These levels have been reached faster with higher doses than with lower ones. Similar 
observations have been made with inorganic Hg in monkeys [91]. High amounts of !-!g 
have also been found in the hair of guinea pigs after high doses of Hg [9° ] . It has been 
shown that in rats, the amount transferred to hair decreases more rapidly than the whole 
body content [91]. This indicates that the level in blood, from which hair is supplied, 
decreases more rapidly than the body burden. Furthermore, a higher rate of intestinal 
resorption of methylmercury compared to inorganic Hg as well as a higher selective 
transfer to hair of methylmercury compa.ed to inorganic Hg has been shown by radioactive 
tracers [94J. In a study on the transfer of radioactive Hg compounds via placenta and 
milk, the amount of the tracers in hair of the sucklings has alto been found to be directly 
related to the whole body content [95]. Using induced hair of the rat, Tykva et ai [10] 
demonstrated that a large part of Hg in hair was bound to proteins. The same mild 
washing procedure, which was effective in removing endogenous and exogenous Cd [64] 
from induced hair in rat, was ineffective in removing endogenous mercury [96]. This is in 
accordance with the finding of Das ef al. [97] and Chatt et al. [66] in human hair. 

4.3.1. General conclusions concerning the suitability of hair Hg as an 
indicator in man 

The most important contributions from animal experiments as regards the suitability 
of mercury in hair as an indicator in man may be summarized as follow?: 

(1) Mercury in hair provides a good measure for the amount of Hg 
resorbed. 

(2) After the cessation of the uptake, Hg in hair decreases more rapidly 
than Hg in the whole body. 

(3) The transfer of methylmercury poisoning to hair is more efficient 
than in the case of inorganic mercury. 

(4) Mild pre-analytical washing does not influence the content of 
endogenous Hg in hair. 
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4.4. Arsenic 

Due to the lack of a suitable radionuclide the kinetics of arsenic have not been 
studied by tracer techniques. The transfer of inorganic As(lll) to growing hair of the rat 
was higher than that for Cd, but lower than that for Hg and Zn observed under similar 
experimental conditions [50] (Table I). The transfer of endogenous arsenic during the 
formation of the hair matrix was studied in artificially induced hair of rats [98,99]. A clear 
dose response was found after single oral doses from 50 /vg to 5 mg As, corresponding 
to 130/vg and 13 mg/kg body weight (Fig. 3). The decline of As after the dose was faster 
in subsequent cycles of induced hair than in liver, kidney and heart. The transfer to 
growing hair was not only influenced by the level but also by the length of the exposure 
and by the time elapsed between the cessation of the exposure and the growth of the hair. 
Furthermore, it was found that the endogenous As in the hair of the rat was not removed 
by mild washing, which is in agreement with findings in human hair by Chatt et al. [66]. 
In long term exposure, 3 mg As/L in drinking water led to a level of approximately 
2.5 fjg As/g hair in the induced hair after 10 weeks of exposure increasing to 
approximately 10/vg/g within 80 weeks of exposure [99]. 

The findings in animals indicate a good dose response but the decrease in hair after 
the exposure was found to be faster than that of the body burden. Furthermore, an 
influence of the length of exposure on the level in hair has been shown in rats. 

4.4.1. General conclusions concerning the suitability of hair As as an 
indicator in man 

Rats are not considered to be suitable as a model of the metabolism of arsenic in 
man due to some peculiarities [100]. A direct application of the relationships found 
between the arsenic content in various tissues and in hair in rats studies to man is, 
therefore, not possible. However, it has also been shown that the relation between the 
content in hair and the dose are similar in the rat and in man over a certain range of doses 
[98]. 

5. ESSENTIAL ELEMENTS 

In animals and men the essential elements are subject to homeostatic control. This 
mechanism controls the maintenance of optimal levels at the sites where they are most 
urgently needed for normal physiological functioning. Large amounts of some of the 
elements may be stored transiently in specific organs thus contributing to the more or less 
uneven pattern of distribution within the body. The homeostatic regulation is highly 
specific for each element, resulting in a specific pattern of distribution within the body and 
the establishment of a "normal range" within the individual physiological compartments. 
Most often the level in the central pool, is maintained within a narrow range at the cost 
of the content in those organs where the element is less urgently needed. Since the hair 
is supplied by the central pool the transfer to hair obviously does not directly respond to 
a dietary deficiency, but to the successive homeostatic reaction. Therefore, the relation 
between the content in hair and that in the diet is not linear between subadequate and 
excessive supply. The lack of information on the "normal range" of concentrations in hair 
and on the relations between these concentrations and those in other organs, especially 
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in blood, impedes the application of hair analysis for the evaluation of the mineral 
nutritional status [1,2,5]. 

5 .1 . Zinc 

In the case of zinc the level in blood is kept within rather narrow limits whereas the 
level in bone may vary to a large extent. The levels in the liver where Zn is mainly bound 
to metallothionein and in muscle also seem to exhibit only small fluctuations. Growing 
animals have a higher demand for Zn than adults. Biological effects of deficiency are the 
inhibition of growth as well as lesions of the skin (parakeratosis) and the atrophy of hair 
follicles. Hsu and Anthony [101 ] have described the essential role of Zn in the synthesis 
of keratin. In severe deficiency, loss of hair is a most prominent feature [1021. 

The transfer of radioactive 6 5 Zn into hair has been described first by Gilbert and 
Taylor [103] in rats. 250 or 300 days after a single injection a significant amount of the 
tracer was only found in bone and hair [103,104]. Garcia Amo and coworkers described 
a continuous increase of the tracer in the asynchronously growing hair of guinea pigs for 
a period of up to 24 days after an intraperitoneal dose or up to 30 days after an oral dose 
of 6 5 Zn [ 105]. The selective transfer of radioactive Zn to hair in rats was found to be high 
as compared to radioisotopes of other elements (Table I) [50]. After a subcutaneous 
injection of 6 5 Zn the "steady state level" of the tracer in the pelt of the mouse was higher 
than that in the liver and the kidneys but lower than that in bone 186]. In severe dietary 
Zn deficiency an even higher transfer of the tracer has been observed indicating that the 
increased efficiency of the intestinal resorption and the decreased turnover of Zn in a 
period of deficiency "preserves" Zn in the central pool and leads to an increase of the 
tracer in this pool which was reflected in hair [106-108]. In this case the tracer in hair 
reflects the homeostatic counteraction against the dietary Zn deficiency. 

In long term feeding of 6 5 Zn a build up of the tracer was observed in hair and in 
bone of rats demonstrating the continuous supply of the tracer to hair and its very slow 
turnover in bone [109]. The level of staLie Zn was about the same in bone and hair of the 
rat. Both were higher than the levels in the kidney and the liver. A response to dietary 
deficiency of Zn could not be observed in induced hair grown between day 21 and 31 of 
the deficiency but it has been seen in naturally grown hair harvested at day 77 [108]. 
Obviously the homeostasis could not be maintained over the prolonged period of 
deficiency. In accordance with the relatively large supply of Zn with milk in suckling 
infants, the Zn content in their hair was found to be high compared to that in adults. After 
weaning the level in hair decreased sharply and subsequently rose slowly to the adul-. It</el 
which was reached about the age of sexual maturity. This development is the same in 
mammals and man and may indicate a transient scarcity of the element in the central pool 
at the time of weaning. Only a minor influence of pregnancy and lactation has been 
reported on Zn levels in the hair of mother animals [15]. 

Pallauf and Kirchgessner [110] found that the reflection in hair of the levels on Zn 
in the diet was relatively good for a slightly suboptimal supply. Based on this finding and 
on the results of previous investigators in various domestic animal species [111-1 22] and 
in laboratory rats, they arrived at the conclusion that homeostatic regulation severely 
interfered with the reflection of dietary supply in hair. Similar findings have also been 
reported by Deeming and Weber [1 23]. Supplements in the diet did not lead to a linear 
increase in hair. Instead, a plateau was reached, above which no further increase 
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occurred. Controversial results of some of the previous authors were explained by the use 
of animals of different ages thus, having a different demand for Zn or due to natural 
fluctuation or to cessation of hair growth during a stage of extreme Zn depletion; in 
addition, the hair portions grown before the supply of the experimental diet might have 
been larger in the samples obtained from the deficient animals than in those of the 
controls. The conclusions are compatible with the concept of a strong homeostatic 
regulation of the level of Zn in the pool supplying the hair matrix (central pool). In Zn 
deficiency this mechanism affects a gradual increase of the fractional intestinal resorption 
and simultaneously a gradual decrease of the excretion thus, prohibiting the fast depletion 
of the stores and maintaining an "above critical" level at the sites where Zn is essential 
[124]. Accordingly, a gradual decrease of the fractional resorption combined with a 
gradual increase of the excretion may be observed during excessive Zn supply. 

Deeming and Weber [1231 reported that in infant rats the dietary supply of the 
element was reflected in hair over a large range of concentration. This was also found 
with bone zinc while kidney zinc was decreased in animals on diets with levels below 
requirement but did not increase with an intake above requirements. Zinc in the liver 
revealed no relation to dietary supply. In adult rats, which have a lower metabolic demand 
for Zn than infant animals, hair grown in the initial period (31 days) of a dietary Zn 
deficiency contained normal amounts of Zn while the element in bone decreased within a 
few days [108]. In non lactating she-goats on a Zn deficient diet, a decrease of the 
element in hair was only observed later than four months [ 15], in he-goats later than eight 
weeks after the onset of the deficient diet [125]. Combs et al. [126] reported large 
confidence intervals for dietary concentration of Zn predicted from Zn analysis in hair of 
rats with initial body weights of 98 g which were fed diets containing optimal or 
somewhat elevated amounts of Zn. Similar results were reported by Jacob et al. [127] 
who supplied rats from weaning until 500 days of age at various optimal or slightly higher 
than optimal levels of Zn combined with various levels of Cu. The Zn contents of hair 
samples collected at the end of the experiment were neither correlated to dietary Zn nor 
to liver Zn. These findings also support the conception of the influence of homeostatic 
control on the level of Zn in hair. Furthermore, an influence of thyroid function on Zn has 
also been found in hogs bristles. The levels were low in the initial phase of a treatment 
with methylthiouracil which produces hypofunction of the thyroid [128]. This 
demonstrates also that Zn in hair may be influenced by factors other than the dietary 
supply of Zn. 

Influences of Zn deficiency on other elements in hair which may be due to 
interactions at various metabolic levels, have also been reported. Reinhold et al. [122] 
have described an increase of Ca concomitant with the decrease of Zn in the hair of the 
rat. The increased Zn in hair of weanling rats fed a diet low in vitamins and its decrease 
when the diet contained a large amount of sucrose [129] or the changing levels of Zn in 
hogs bristle due to dietary supplements of Ca, Cd or Cu [15], are additional evidence of 
the many factors which exert an influence on the level of Zn in hair. Often the variation 
of Zn in hair was rather large between individual animals even if these were from an inbred 
strain and of the same age and sex and kept on a Zn supplemented diet and under strictly 
controlled experimental conditions. It may be suspected that this may be even more so 
in humans due to the larger individual differences in man. 
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5.1.1. General conclusions concerning the suitability of hair Zn as an 
indicator in man 

It may be concluded that Zn is transferred to hair in proportion to its availability in 
the central compartment. In dietary Zn deficiency the level in this compartment may be 
kept normal in circumstances where homeostatic mechanisms counterbalance the low 
supply in the diet. Furthermore, a low intestinal uptake of Zn may not always be due to 
low levels in the diet but also due to excessive amounts of Ca, Cd or Cu or other 
constituents of the diet or hormonal regulations interacting with the kinetics of Zn. Thus, 
the level in hair may indicate sufficient or insufficient internal availability rather than the 
level in the diet. In adult animals the response of Zn in hair to dietary deficiency or 
supplementation was weak or even absent. This may also be the case in adult man. 
Therefore, hair analysis does not appear to be suitable for indicating dietary adequacy or 
marginal deficiency of zinc in adults. Due to the relatively high demand for Zn in infancy 
combined with relatively low body stores the levels in hair of infants or of growing 
individuals may be more susceptible to low dietary supply than those of adults. Low levels 
in hair of infant animals are obviously a relatively reliable indicator of a state of Zn 
deficiency while normal levels may not always indicate adequate supply. This is also in 
accordance with the experience in man where low levels in hair of subjects of 16 to 20 
years of age are obviously a relative reliable indicator of a state of Zn deficiency [130]. 
On the other hand, findings in animals suggest, however, that normal levels in hair may 
not always indicate an adequate supply. 

5.2. Copper 

The efficiency of the intestinal resorption of copper depends, to a large extent, on 
the composition of the diet, particularly on the dietary levels of Ca, Zn, Fe and Mo [1 31]. 
A variable efficiency in the resorption has also been found in ruminants and in monogastric 
animals. Interactions of Cu with other elements may also influence the distribution of Cu 
within the body. A large amount of the element is located in the liver bound to 
metallothionein. In blood it is mainly transported bound to the protein ceruloplasmin. 

The main biological consequences of Cu deficiency are an inhibition of the synthesis 
of haemoglobin and an influence on the reproductive performance and growth as well as 
cardiac and vascular lesions. Depigmentation of hair and wool in rabbits and sheep have 
been described under Cu deficiency conditions [132]. In sheep, Cu deficiency has also 
been found to cause a failure in keratinization, leading to the production of physically weak 
straight wool without the normal crimp and with an abnormal elasticity known as steely 
wool [132,133]. In cattle and sheep the Cu content obviously influences the type of hair 
of the animals, while the factors affecting the pigmentation were not well known [1 34]. 
In neonate lambs an intrauterine depletion of Cu was not reflected in hair [15]. At birth 
the content of Cu in animal hair is high, subsequently it decreases slowly until sexual 
maturity is reached. This is in agreement with the findings of Klevay in man [135]. On 
a normal dietary supply a significant influence of sex on Cu in hair could not be observed 
in goats and pigs [136]. The Cu concentration in hair was significantly higher in Cu 
deficient he-goats than in she-goats [15]. In humans, however, more copper has been 
found in female than in male hair [1 35]. In cattle, Cu supplements in the feed led to an 
increase in hair [1 5,23]. In copper depleted goats significantly less Cu has been found in 
hair than in control animals [137], But Cu in the wool of sheep did not indicate the wet 
season Cu deficiency in Nigeria [43]. 
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An increase in hair Cu along with increased Cu in the diet was found in rats. At a 
level of 0.5 //g Cu/mL of drinking water the level in hair was 8 //g Cu/g, at 2 //g/mL it was 
9.7 fjg/g. This indicates a rather small response in hair to dietary supplements of Cu. In 
the same study a direct correlation was found between the levels in hair and in the liver 
[138]. In a study on the influence of dietary constituents on elements in hair, Gershoff 
eta/. [1391 observed in the rat large variations of Cu in hair due to a varying supply of 
vitamins and carbohydrates. Since the actual intestinal resorption of the element has not 
been evaluated, the varying level in hair might have been due either to a varying transfer 
in the intestine or to a varying disposition to the hair after its resorption. Thus, it is not 
clear if the experiment supports or rejects the hypothesis that hair reflects the actual 
uptake of Cu in the intestine. Gershoff et al. [139] had also found a large variation of Zn, 
Cu, Fe and Mg in Thai village children. Their findings in rats, combined with the large 
variation observed in children, led them to suppose that "there are so many factors which 
influence the trace element content in hair that, except for very special situations, the use 
of trace element analysis of hair is of limited or no value in nutrition studies". 

5.2.1. Genera/ conclusions concerning the suitability of hair Cu as an 
indicator in man 

From the animal experiments it may be concluded that the level of Cu in hair is 
normally subject to variations due to the influence of varying constituents of the diet and 
to homeostatic regulation. This complicates the practical application of hair analysis as an 
indicator of Cu supply. Under standardized feeding conditions, Cu in hair responds to 
changes in dietary Cu supply. It is not known if this response is linear over the whole 
range between deficiency and excess. 

The findings in the animal studies are consistent with the finding of Bradfield ef al. 
[140], who did not find a reflection of Cu deficiency in the hair of children, but a modest 
increase during supplementation. For the assessment of Cu deficiency in animals and man 
the determination of ceruloplasmin in blood plasma is obviously more reliable and less 
circumstantial than hair analysis. 

5.3. Selenium 

Selenium is known to be essential in animals and man. In animals the most striking 
disease due to its deficiency is the white muscle disease. Excessivj supply leads to 
poisoning (selenosis) known as "alkali disease" and "blind staggers". In the hair of cattle, 
goats, lambs and hogs on selenium deficient diets significantly lower levels of the element 
have been found as compared to animals on a diet with adequate selenium content [1 5]. 
This is consistent with the finding of subnormal levels in hair of humans sugaring from 
Keshan disease as a consequence of a subnormal Se supply [141]. In Se deficient lambs 
or goats, levels between 0.2 and 0.3 //g Se/g hair have been reported. The hair of the 
controls contained, approximately, between 0.3 and 0.6 //g/g. This relatively weak 
response to the dietary deficiency occurred within a month [142,1431. A significant 
increase was found if the normal Se content of hogs feed (0.2 to 0.35 mg/kg) was 
supplemented by 0.5 mg/kg [15]. In rats on normal feed 0.6 //g/g Se was found in hair, 
while animals on supplemented diets showed levels between 3.8 and 9.9 //g/g [ 144]. Hair 
of cattle grown in an endemic selenosis area showed levels of 10 to 30 //g Se/g while 
those animals living in a selenosis free region had concentrations of 1 to 4 //g/g [145]. 
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In cats and rabbits Westfall and Smith [146] found higher levels in hair than in liver 
and kidneys after a period of chronic poisoning. The distribution of radioactive Se in the 
mouse and its transfer to hair has been described by Matsubara and Machida (86]. After 
a single subcutaneous injection the level of the tracer in blood, liver and kidneys was 
higher than that in K-.T and decreased sharply and in parallel to the latter. This indicates 
a relatively high tur over in the liver and the kidneys at a similar rate. A study on dogs 
showed that radioactive 7 5Se was transferred to the cystine fraction of hair [147]. Tracer 
studies on the dose response of Se in hair have not been reported. 

5.3.1. General conclusions concerning the suitability of hair Se as an 
indicator in man 

These findings suggest that Se in hair is a sensitive and reliable indicator of dietary 
Se covering the whole range between deficient and excessive Ljpply. The relations 
between its content in hair and that in the individual organs have no. been evaluated over 
the whole range between depletion and excess. It is not clear if the content of Se in hair 
always reflects the actual "status' of the element in the body at the time of formation of 
the hair matrix. However, the level of this element in the tissues seems to be affected 
more easily and more generally by its abundance in the diet than that of other essential 
elements such as Mn, Cu, and Zn. This behaviour points to a less efficient homeostatic 
control and thus, the relations between its content in the diet and that in the individual 
organs and hair may be less disturbed by regulations than in other elements. This 
conclusion from the animal studies is in agreement with the significant correlation which 
has been reported in man between Se found in hair and that in autopsy samples from 
kidney, liver and lung (148]. Since the Se content of soil is often higher than Se in hair 
the external contamination has also to be considered. 

5.4. Iodine 

Iodine is an essential element in all mammalian species. Its metabolism is subject 
to complicated homeostatic regulations. Leblond has found that iodine in hair is in its 
inorganic form (149]. In the review of Anke and Risen [15] a seasonal cycle of iodine has 
been described in the hair of goats on an adequate supply. In deficient animals this 
seasonal behaviour was not observed. The levels in hair were generally lower in the iodine 
deficient animals as compared to the controls. In calves the supplementation of iodine lead 
to a steeper increase in hair than in blood [150]. Stole et al. [151] described a sharp 
increase in the hair of newborn rats with a maximum of 370 ng/g at 23 days of life 
followed by a decrease to levels of about 70 ng/g at day 50. Normal levels in adult rats 
were between 50 and 100 ng/g, a similar range shown by cattle and goats. Obviously, 
the relatively high supply during the suckling period was very well reflected in hair. 

After an injection of a tracerdose of 1 3 1 l to a rat, Brown-Grant and Pethes [152] 
described a rapid transfer of the radioisotope to hair. The transfer rate into growing hair 
was lower in animals treated with thiocyanate and perchlorate as compared to untreated 
controls. Methyl-thiouracil did not reduce the transfer rate but, due to its blocking action 
of the thyroid, it may even increase the rate by increasing its availability (153J. In spite 
of the lack of more direct evidence from kinetic studies, the excessive and subnormal 
dietary supply of the element appear to be well reflected in the haii or animals although 
its metabolism is part of a hormonal system which functions under strict homeostatic 
control. Since sweat contains a high amount of iodine (5 to 12 ugli) it must be assumed 
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that in man a substantial portion of originally endogenous iodine is transferred to hair by 
sweat. It is doubtful whether hair analysis is needed in the diagnosis of iodine deficiency 
since this is clearly indicated by the clinical signs associated with goitre. 

5.5. Cobalt and chromium 

These elements are essential in man and animals. The clinical significance of 
insufficient supply in man is not yet well documented. In mouse the distribution of 
radioactive 5 , Cr within the body and its transfer to the pelt after a subcutaneous dose has 
been described by Matsubara and Machida [86]. Animal data on cobalt and chromium in 
hair are not sufficient at the moment to provide a basis for discussing their significance. 

5.6. Manganese and molybdenum 

Syndromes due to dietary deficiency of these elements have not been described in 
man but in animals. Controlling their adequate supply is important in animal nutrition. 
Controlling their level in the diet is often not sufficient to guarantee adequate levels in the 
organs at risk because of the prominent influence of other elements or constituents of the 
diet interacting with their resorption and turnover. In such cases hair analysis has been 
used for monitoring the elemental "status" of the animals. Kinetic studies on the transfer 
of these elements to hair have not been done. 

Anke and Risch [15] found that the level of manganese in hair is not influenced by 
the type, or colour of hair, or by the age or sex of the animal or by pregnancy or lactation. 
Exogenous contamination is an important factor. Thus, old telogen hair tends to contain 
more Mn than anagen hair in the same animal. Samples of hair should, therefore, not be 
taken during the period of hair shedding. Through the monitoring of Mn in hair of cattle 
and sheep it is possible to identify pastures supplying inadequate amounts of Mn. 
Deficiencies may then be prevented by feeding supplementary Mn. A higher selective 
accumulation in the total pelt has also been reported in infant rats compared to adult ones 
after intraperitoneal injection of radioactive Mn [19]. 

Levels of molybdenum in the diet may exert a biological hazard in two different 
ways. Firstly, an inadequate supply may lead to molybdenum deficiency conditions in 
ruminants and poultry; secondly, an excessive supply may lead to molybdenosis. Often 
molybdenosis is associated with copper depletion and it is also responsive to copper 
therapy [13]. Sulphur and tungsten also interact with the metabolism of molybdenum. 
The use of hair for biological monitoring of Mo in animals is complicated by the high 
incidence of external contamination due to molybdenum in the soil. Hair collected during 
the period of hair shedding should therefore not be used for monitoring. White hair 
contains higher levels of molybdenum than black. Influences of pregnancy, lactation and 
diseases have not been investigated. An influence due to an increased intestinal resorption 
may be anticipated in infant animals during the nursing period. Homeostatic control of 
molybdenum is unknown. The intestinal uptake seems to be reflected in hair at the level 
of deficiency as well as under an excessive supply. 

5.7. A l , Ca, Fe, K, Mg, Na, Si, Sr, S 

Laboratory animal data on the significance of the elements Al, Ca, Fe, Mg, Na, Si 
and S in hair are scarce. Some authors indicate that hair is more suitable for diagnosing 
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deficiencies of Ca, Mg, Na and K [148]. In clinical practice Fe depletion in the body is 
examined by various blood tests. 

5.8. Uranium, plutonium and the radionuclides of Sr, Cs and I 

In case of a radioactive contamination of the environment, the content of these 
radionuclides in hair might also be used for monitoring external exposure of man or for 
monitoring contamination in the environment of animals. If the exogenous component is 
excluded, the levels to be expected in hair will, most probably, be so small that their 
determination would be impossible or would require special, highly refined techniques. 

Systematic studies in animals on the significance of the levels of these 
radionuclides in hair, with respect to exogenous versus endogenous exposure, are scarce. 
In a study using mice, an increase of the selective accumulation in older animals was 
reported for 2 3 9 Pu. Uranium behaved similarly but less marked. For both uranium and 
plutonium sex did not have any influence on their level in hair [154]. 

A significant amount of 9 0Sr was transferred to the hair of rats after 9 0Sr injection 
[19,155,156]. With the exception of the isotopes of Cs, the radionuclides treated in this 
chapter are rapidly cleared from blood and accumulated in specific organs. It may, 
therefore, be predicted that their level of uptake may be reflected in hair while their level 
in the accumulating tissues will either not be reflected at all or may be reflected at a very 
low level. These low levels might be masked during periods of exposure by the component 
reflecting their uptake. In the case of Cs a higher selective accumulation has been 
reported in the total pelt of infant rats than in adult ones [19]. 

6. CONCLUSIONS 

Animal experiments have shown that sex and especially age can have an influence 
on the elemental levels in hair, just as the colour of hair or the site (region) of its growth. 
It has to be shown with which elements and to what extent this is also the case in man. 

With respect to the suitability of hair analysis for monitoring trace element exposure 
and uptake, the following conclusions may be drawn from animal experiments: 

(1) If hair is used for monitoring the environmental exposure of animals or man, 
it is not always necessary to differentiate between endogenous and 
exogenous transfer. In these applications hair analysis is suitable for all 
potentially toxic elements, especially in studies were groups of exposed and 
unexposed persons are to be compared. 

(2) If hair mineral content is used as an indicator for endogenous exposure, the 
external component must be fully considered, i.e. external contamination of 
hair should be absent or negligible or it should be removed by pre-analytical 
washing. 

(3) For identifying the uptake of potentially toxic elements into the body or for 
estimating their internal levels, hair analysis is most suitable for Hg, 
especially methylmercury, and for As. Most problems are encountered in 
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the case of Cd. In the case of Pb hair may be a good indicator for the 
ambient exposure. 

It has to be considered that the contents of deep pools are not directly reflected in 
hair. In the case of elements which are stored in such deep pools the content in hair may 
decrease after cessation or after a considerable decrease of a dietary exposure, while the 
contents in the pool remain high. This may happen especially in the case of cadmium 
where deep pools are located in the liver and the kidneys and in the case of lead where 
such pool is located in bone. 

(4) in case of the essential elements a major field of potential application is in 
estimating the adequacy of the dietary supply. In animal nutrition hair has 
been successfully used to identify local stocks which are inadequately 
supplied with specific elements by comparing them with stocks of known 
adequate supply. Such application is also feasible in man where 
communities with a different dietary supply can be sufficiently well 
delineated, e.g. Se in Keshan disease. 

In the assessment of trace element status in individuals the many interactions 
observed with dietary components, the impact of homeostatic regulations and the 
interaction with other elements have to be considered. 

Furthermore, in man the wide variations between individuals in dietary behaviour 
pose a further problem in establishing "normal levels". While in many cases the 
mechanisms of homeostatic regulation are well known in man, the interactions between 
the elements and various dietary components have been much better studied in animals, 
but many details are still unknown. 

Animal experiments at the present state of knowledge do not support the 
application of hair analysis as the single means [i.e. parameter, instrument, tool) for 
assessing the status of essential elements in individual persons. It may, however, be 
useful in selected fields for supplementing other sources of information on trace element 
status in individuals. 
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TABLE I. COMPARISON OF THE TRANSFER OF VARIOUS ELEMENTS TO INDUCED 
HAIR WITHIN THE 10 DAYS FOLLOWING INTRAGASTRIC INTUBATION. 
WITH THE EXCEPTION OF As, THE DATA WAS OBTAINED USING 
RADIOACTIVE TRACERS 

Cd 
inorganic 

Hg 
inorganic 

Hg 
Methyl-

As1" 
inorganic 

Zn 
inorganic 

Content in induced hair 
as a percentage of the 
resorbed amount 

0.05 0.5 10 0.1 4 
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Figure 1. Components of transfer involved in the distribution of elements in the body. 

55 



10t 

p> 
I 1 

0.1 

0.01 

4-

4-
+ 
+ 
1 o 

UJ 
CO 

O 
Q. 
X 
LU 

z 

IF • • ' ' ' • ' • • • • ' ' I 1 1 • . . . 1 • 1 • ' ; J. 
1 3 10 30 100 300 1.000 

Cd in drinking water [pg/ml] 

Response to chronic exposure at various levels of cadmium of induced hair 
of the rat. The element was supplied in the drinking water. The hair was 
induced at various intervals after the onset of exposure and haivested 22 
days after induction. Between the induction and the harvest, the animals 
were kept in metabolic cages to prevent exogenous contamination. The 
data recorded at the highest dose level were obtained before dysfunction cf 
the kidney. 
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Figure 3. Dose response of arsenic in induced hair of the rat after administration of 
arsenic by stomach tube. Means ± SEM (n), • Dose delivered in a single 
treatment, ° dose delivered in ten treatments. 
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