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copper along the hair shaft, These data, plus thoce from ha

“Ith.D. Theclis, Danlel Maes, 1975 .7 N ”f 3w 

Thesio Title:  "Trace iﬁ%ment Concentration Pattgfé; in 1uman Hajrs"
Y B : . .

ya

Abstract: ~_ . -

¢

Measurements of the variation of coppmr and zinc concentra-

7
tions along single human head hairs havevéenn made by flameloss

atomic absorption spectrophotometry. The concentration'patterns

v

N <. - N . . . ! ’v . . - ’ . . o
~as a lunction of distance from the hair root are similar for halrs

from the same head hut substantidlly different for halirs from the

several different heads studied. IExperiments on hairs scaked in

colutions containing radioactive cppper have shown strong simi-

larities between the concentration pattern of natural and adéfd

J |

_measurements after increased copper ingestion, suggest that the

olnerved natural concentration patterns may arise entirely from
.. Ps .

copprer from external sources.

Measurements of the amount of radicactive zinc, cobalt and

arsenic, absorbed separately in single hairs, provide evidene

Lhat cach of these mﬂta]s i1s preferentially boad d to (p”LT’J&

oE +

recions of the hair shaft whlch recede flom the sca]p as the rair

srows, and which are characteristic of the hair of a given individual,

-~
3

I"inally experiments have been conducted in which the clement:

=4
mercury; antimony, silver, zinc, and roball were abisorbed simul-
tancously on the game hailr. The total quantitv absorbed and the
conconbration patternwere observed to be difTerent trom element 1o

~lement and from subjoct to subject (for a glven cloment).  ‘Tho.

choemicaw! significance of thic information ic discusasoed.
Tii
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1) INTRODUCTION ’ . ]

bl

L]

1.1) General and Physiological Considéraeions

Trace element anaiysié has become increasingly important in

recent years, due to the concern over trace element content in food

and in the environment.

Almost all of the studies undertaken so far in this area have
‘ . E N " . rr ~

been mostly concerned with the effect of trace elements on man.

ot In the medical area, there is a greater awareness oﬂ/the role of

trace elements in nutrition, in normal ‘'metabolic processes, and

espeéially in causing, directly or indirecg;x, abnormal 'physiological
o \ :

T

effects. . S A
g »
Y

P

'%iinalysis of hairg”for their trace eleﬁeht ‘content has been of

special interest since 29 trace elements have been found in human hair

(Gui. 66b), and. because the levels of most of these trace elements

are much higher in hair than in other commonly analyzed tissues or:

fluids such as blood and urine.

L 4

Because of the slow rate of growth of head hair (about 1 cm pér

month), and because many of thé metals excqéted by the body through

3 N
perspiration or appearing in the blepd become bound to some extent to

¢

hair proteins, hair may have the potential of concentrating many such



Y
° -2- il
eléments and perhaps revealing a profile of environmental expoEi;é.
»

In addition, hair is one of the mbgt durable parts of the boay,
so that such profiles may also last for some time after their
geperation. Historical or archeological applications of trggf element .
analysis in hairs have consequently been described (Fér. 61, For. 6U4)

as providing useful environmental information- from times past

(Gor. 73, Wyt. 72). )
3 4 f
Before wé review the fairly important literature on trace element
analysis\in hair, it is felevant to discuss the structure of the hair
shaft, whose inhomogeneity and . complexity may explain sdme of the

interesﬁing features of the béﬁaviour‘of trace elements in hair.
1.2) Structure of the Hair Shaft

Hairs are made primarixx of keratins, which are a group of

A 4
proteins produced in the epithelial cells of higher vertebrates. This
group of proteins ’{Qrm also the main bulk of the horny laver of the

epidermis and of other epidermal- appendages such as nails, scales and

]

S

- feathers.
/—’\

The hair shaft structure consists of three distinct regions: the

cuticle, the cortex, and the medulla.



1.2.1) The Cuticle
The cuticle forms the outermost parﬁ of the hair, and ‘as such,
regulates the alisorption ékf adsorptiont of 'trace elements in the

keratin fiber. This‘region has a- rather inhomogeneous .structure since
it ig compose&ib% a keratinous part (the exocuticie) surrouhding a
7z§ne consisting of cellular debris (the endécuticlei; ;The sgrface of‘
the cuticle is covered by a layer, 30 & thick g&%n. 68Y, which 53
-
resistadt to alkglis, acids, and oxidizing agents, and consequently
provides a strong mechanical and chemical Erotection' against thé
- : ’

environment . Disruppién of the epicuticle will accelerate the

absorption of trace elements into the hair structure.

T

~
1.2.2) The Cortex
¥
The ﬁgrtex, which represents the bulk of the hair fiber: consists
.of an aggregate Qf filaments (called ¥icrofibrils) consisting of low-
sulfur proteins, embedded, in a homogeneous matrix which is essentially
composed of high-sulfur proteins (with amino acids- such as cysteine).
Although the diameter of these microfibrils has been, fouhd to‘ be
substantially constant along the hair fiber, the distance bethen
adjacent microfibrils varies considerably, being a funBtion of the
cqﬁtent of high sulfur Droteins in the cuticle. It has been shown
-that the matri% content increases in wool from sheep maintained. on aﬁ

cysteine-rich diet (Gil. 64). This suggests that the proportion of
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matrix existing  in the structure is a functjon of the diet,

3

fluctuations in which will create an inhomogeneity along the hair

fiber,

1.2.3) The Medulla

»

. ? '
The central portion of mammalian hairs is composed of vacuolated

/

- %
medul lary cells whose '‘cysgine content is very low. This region of“fhe'

Iy -~ § ) o
hair shéfg has a conskﬁerable influence on the mechanical properties

3

of the hair fiber, since the .fibrous content of the médullary cells is

concentrated peripherally'against the cell wall producing a kind of

\

frame which increases the stiffness of the hair fiber (Mer. 671).

Although *it is not acéually known whether .trace elements can
penetrat; as deeb as in- the medulla, it seehs that the very dense
structure provided by the network of microfibrils embedded 1in the
matrix, which together form the bulk oflthe cortex, should pind host

of the trace elements during their migration towards the central core

of ‘the hair shaft.

Furthermore, the presence in the cortex ~of 'the/4celirrmembrane

complex, which is formed,from—the,piasma'membranes of the developing

w

cells duringKtQkaeratinization and forms an adhesive layer between
tﬁe’ content of adjacent cells, will tend to hinder the migration of

trace elements into the keratin.
-
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Tne cyplic growth of animal -hair can be divided into a seriestof

steps or phases: —~ ‘? v

1.3) Hair Growth Cycle &

-
b

cmd
Nl

0
R
~ B

. The anagen phase = Protein production and cell

L. o, .
division occurs vigorously in the follicle, keratinization .occurs
in the(iinal;leading to the su?facé,‘and the éxternallhair Zrows

in length,” as newly produced hair shaft emerges from the scalp.

-

This phase is approximately’lﬂﬂd days long for human head haigs.

The catagen phase - Growth slows to a stop. The root

¢ .

shrinks and becomes club—,or bulb-shaped.

5

The télogen phase - (Apppoximatéi§/100 Lays5long for
LB N

human head ha;g),ﬁ;*Tﬁé follicle is inactive; the external hair

ES

,;nemaiﬁéiﬁhe same length, attached to the scalp only by virtue of

the fact that the bulb-shaped roe&sis larger in diameter than the

o

opening in the scalp surface. . The hair will eventually be lost

from the head, either by mechanical removal during the telogen
TN

phase, or when a new hair is produced as the follicle resumes

activity in the next anagen phase (although sometimes the new

nhair may coexist with the old hair for periods ranging from 1 to

3 weeks). & !
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Since man is, together with the guinea pig and Cat, one of .the

few species'with cyelic follicular activity randomly distribyted among

_ _ yd
the hairw§?3TTicles;\pwo.hairs.plucked,from*the same head may well be

/ﬁJin different 6ﬁ§§§§ of #he growth cyéle, which could result in trace
2 ’ ’ '

DA

Al .

element concentration pattern fe7turesleaid down at the same time, to
, N

“

- : i
appear a9/ different -distances from the root. If the phase must then

-

< .
be known, it is impo?tant for each individual hair to be plucked with

the root attached, since distinction between anagen and telogen.ha;;§

is best achieved according to the€ healthy or atrophied condition of

the -eoot (see Fig. 1). In mqst cases, the distinction is easy to

make, since anagen hairs%;have heavily pigmented roots, which are

usually surrounded by a layer of white root sheath cells. Telogen

-

hairs, in contrast, have ciub-shaped roots, no pigmentation, and very

often no white sheafh. \\\‘

- In a few cases, however, phase determination is difficult because

of a natural atrophied appearance of tRe root even when it is active.

The only poi%t of reference in this case will be the pigmentation of

-

the root, and therefore the phase determination is uncertain. <::>>/§

Since 'it is impossible to determine with precision the length of

“

time a given hair follicle enfiered into the telogen phase, only
~— .

anagen hairs should be used if correlation between, sav, exposure

time and the location of a specific feature incorporated intp the hair

shaft has to be. attempted, although "a broad agreement between

-
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FIGURE 1 Diagram of a growing and a quiescent
follicle. (After: the Biology of
Hair Growth, Montagna W., Ellis FL.A.,
Ed. Academic Press Inc., p.48 (10858)-
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sectional profiles and the date of application of a lotion containing

He . and " Se" (sic) has been found with hairs i the telogen phase

(Gan. 72).. - ’

v

1.4) Hair Growth Rate v <

.

Qg, | | |

The other important parameter which can afféct the _location of
hair pattern féétu;eé is a varpiation in_the rate afRair growth.
Measufeﬁent of th uantity forveveiy hair analyzed is,'however, not
practical, and 'one must use the .average' values- found 1in the
literature. Average daily growth of scalp haiﬁg’has been measured as
0.35 mm (*pe"51), and this valge is presumably adequate, if onlv a
raugh estimate of a timé spén is wanted. For more preéﬁée valgeg it
is'necessary'éo take into account the variapidn of growth ' rate vfroh
hair to hair on a siqgle head, plus the éffects of such'factorsﬁés
hormonal fluétgations, seasonal and didrnal variations, éffect of age,
and the influence of possible ﬁhvsical treatments (suchhas megﬁanicai

stimulation or hair growth lotion) (Fle. 54).

-

It seems possible, howeveps” that changes in the hair -rate of
- ¢ ‘ e s
growth may be fairly uniform ové; a whole scalp, since thev are
governed by common physiologighl factors. To the extent to which this
, - " N

is true, it should be possible corréiate the concentration patterhs

in several anagen hairs plucked from a single head one with another,

and with the time atwhich an important modification of-the subjeot'sJ

health or diet may have occurred. “

AN
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1.5) Trace Element Metabolism -

= .
| ~ .
“ 1.5.1) Role of Trace Elements in Living Organisms

N

The analysis of‘humah hair for its trace element content has nog

only atthacted interest in the field of forensic science, but is now
used as a monitor of excessive or inadequate ingestion of various

metals (Str. 66; Kle. 70a), -as a severe deficiency of an element

P
. [

could be associated with low .. concentrations in hairs
' R

* (Rei. 66)(Pra. 66). | e

, ég;
- - |

. It has been proved that not all trace elements -have an equal

4

AN

influence on the "well being" of an}hals and plants. Some elements,

including some occurring in low concentrations only, are essential for
- ¥, ;

their life adﬂ growth, whereas more or less complete absence of other

(non-essential) elements will have no observable injurious effect.

E .

Essential trace elements ‘are believed to exercise a mostly
catalytic \function in living organisms, either in their own right, or

as the prosthetic group or activator of a given enzyme, such as copper
. - - < -

-2

in the case of tyrosinase. Thus, only minute variations in ‘tREir
E

concentrations ;ﬁéy considerably affect such important functions as

e

respiratfbn (coppér) or normal growth of plants (molybdenum).

L

—

. . . & e
Furthermore, interactions between various trace elements can

\
S

N
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modify .the amount of mineral nutrients essential for the full :
development of the organism) It 1is, for example, well known that
calcium intakes reduee fﬁé availability of dietary =zinec (Obe. 66),

resulting in the possibility of zinc deficiency for subjects subjected

to a diet rich in calcium.

B ;«‘ ; ; o : Cma

It is therefore difficult, not only to fix the minimum amount of
mineral required for agfbglancgd. nutritfon, but even to relate a

malnutritien symptom with a diétary deficiency in a given metal.

Because of the.fairly complicated and imperfectly understood way

-

essential trace elements are excreted by the body, (and perhaps
incorporated intdshair)ﬂ the use of trace element content of hair as
an indicator of mineral malnutrition relies bniy on experimental data
wﬁich indicaté that a éorrelation may exist between these two factors,

,and such use may therefore be subject to limitations.

ag

It seems,~ futhermore, that different conclusions exist as to

" whether a correlation can be found between the levels in olasﬁa and in

.

hair of a metal: such as zinc (Str. 66), as this has been recently
‘ . - A ‘

refuted (Kle. 70a). - .

A definite correlation =does apparently exist between trace

5 .
. —_—

element concentration in hairs and such factors as age (Pet. 71,

{‘Ebh. 69), sex (ﬁet. 71, Kle. 70a), hair color (Sch. 69), and even

e
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seasofis of the year é?ﬁr.v66§.lg%n .particular, the consistently high
concentration of féig;ntialfélements such as Mg, 7n, Cu, and Mn Qound
in the hairs of newborn and young children, which dgclines during the
firsi decade of lifqtand remains ggﬁstant thereafter (Sch. 69), can be

contrasted with the concentration of non-essential elements such as

cadmium and lead, which accumulate in human tissues with ~increasing

age.,

1.5.2) Role of Trace Elements in the Formation of Hair

It has long been recognized that diet affects not only the
generai’ growth and development of an organism, but in particular the
condition of the coat of an animal. For human beings; however, a very

>

poor diet is needed to cause actual hair .loss, probably because a

N

smaller fraction of the total available protein is diverted to hair
s

formation.

The.rate of fiber production is defiﬁitively influenced bv the
dietary content of oproteins, amino acids suchr as cysteine or
methionine, carbohydrate, and fat (Ryd. 58). Simflarly, specific
deficiencies in vitamins (Vitamin A, riboflavin, Vitamin E) and
minerals such as copper, zinc, iron, cobalt, agd phosphates (Ryd. 58)
impair the production of wool in sheep anq, to a lesser extent, the '

v

rate of hair growth in man.

el



-12-

a

v <
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The nutqition of the _root is achieved through a network of blood

~ - ®
vessels whose density is high around the keratogenous zone and the
= lower part of the follicle, where the mitotic activity takes place

(see Fig. 1).

Since the injection of cysteine labelled with 355 resulted in
aporeciable radioactivity appearing in the keratogenous zone of active
follicles (Ber. 54), it seems reasonable to assume that the necessary

nutrients f&r hair éﬁowth are supplied to the root through the network

?
of blood vessels.

Presumably, of those essential for keratin formation, 'séme
qﬁantity of the trace elements which are found In the hair shaft are
incorporated by this process.

Copper, especially, plays an important role during the
keratinization process, by catalyzing the oxidative closure of the
sulfhydryl group of cysteine into the disulphide bond of cystine
(Ret. 65). This S-S boad‘is-in part responsible (together with the
hydrogen bond and the salt’bond) forl the ’cohesion of the kergtin
structure; indeed, copper deficiency results in brittle hairs. Cooper
also plays an impoftant role in the pigmentation of hair. Mélanin,
which is the pigment responsiple for the black-brown color of hair, is

formed by the catalytic action of tyrosinase (which is a cuproprotein)

~

R

on tyrdsin (Fit. 58), and the activity of this enzvme 1is related to
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~the presence of copper in the follicle (Fit. 58).

However, it is not possible to conclude that the presence of Cu

in the hair shaft is entirely due to its incorporation in the gbowing

v

region of the hair bulb, since copper is common in the environment and -
external contamination i1s -expected to be an additional source.

Similarly, zinc (Fol. 66) and iodipe (Ker. 64) are suspected to
. be- essential for the growth and the pigmentation of hair, since these
elements have been shown to be present in the follicle (Mon. 58), and

because 1lpss of pigmentation adﬁ/or impaired growth is a consequence

>

-

of a deficiencj in either,of these elements.

1.5.3) Sw%;L/Secretion and Sebaceous Excretion.

-

3

Whether trace elements . are incorporated into the keratin
structure through hair growth or through external deposition of
foreign material on the hair shaft, it seems relevant to examine

briefly the mechanisms through which the body excretes signif}gant///

quantities of liquids, which could be a possible /gehféié< for the

i = by

penetration of external trace elements ;g;oftﬁé/hair shaft.r_ﬁfcﬁ

e T
o e

1.5.3.1) Sweat Secretion L
-

Two différent glands contribute to the production of sweat: the
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eccrine and apocrine glands.

<

The}eccrine sweat glands are distributed all over the surface of
the body in man, and produce an aqueous sweat responsible for heat
regulation.” Furthermore, even at temperatqres below the critical
temperature of sweating; thne sweat glands pefiodically secrete

/ microscopically visible sweat droplets, which rapidly evaporate erod

— the skin surface (Rot. 65), a normal process of water loss.

Eccrine sweating is not only a response to.temperature increase, /——-\\\\
buf isa consequence of nervous stimuli (emotional stress and sensory

stimulation) (Mon. 62). Thermogénicxsyeatihéxis greater on phg;<héad

~ -

. R

and the trunk than anywhere else on the body, which 15 relevant for

.

: - ) //lff:;/’ e . .
* the inteng;e%aﬁfgg/Qf results such-—as™ the distribution of trace

/////éigﬁents in hair sgggtly‘éfﬁér ingestion (Lime 66).

///// e e ’
. '/rffifffffi/f”"/ ,
7/%/%///%4a~ The chemical composition of sweat depends to some extent on the
J ) material available in the blood stream, and as suc&, sodium, calcium,
magnesium, suifur, phosphorus, and especially iron, have been

&
consistently found in eccrine sweat (Mon. 58).

' , .~

It seems, then, that "eccrine sweat can be considered- as an
: c

excretory pathway (although not the most- important) for some trace

elements which are in excessive concentration in the organism.
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The apocrine glands do not occur over the whgle body surface in
man, but derive . from tﬂe follicular epithelium and open into-zyé
follicular canal. The secretion of these glénds is ‘not Joroduced‘ by
thermal stimulation, but rather by medhanical stimuli, and consists of

a small amount of viscous liquid appearing at the end of the

follicular canal.

Apocrine sweat ~contains iron inm fairly important quantities
(6=10mg Fe/cc (Ada. 50)) and is one of the main excretory pathways for

this metal. J

Although eccrine and apoerine glands have distinet canals of
secretion, the proximity of these two sweat glands causes their

secretions. to become mixed.

1.5.3.2) Sebaceous. Excretion

-

' Like apocrine glands, "sebaceous glands are associated with hair

follicles on the skin of the human body. However, the excretion of

fat from the sebaceous glands occurs by physiological disintegration

of the gland cells’, rather than as a secretionfproduct like eccrine

' -
sweat. The excretion of sebum is regulated by the following imoortant

»

factors: ’_,/

A

1) The amount of fatty materiak%?lready present on the
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skin determinéé’ théfquantity of sebum excreted, which increases
L L]

-

511**’"/éé"thé fatty film is removed from the skin (Mon. 58).

2) High temperature increases the amount . of sebum
excreted, since above 30 OC it becomes so fluid that no occlusive
layer is formed. Furthermore, sweat secretion emulsifies the

sebum and facilitates its spread (Jon. 51).

3) Forced feeding of animals with fats results in

excretion of' increased amounts of sebum, and the nutritional fat

-

constituents are excreted unchanged.

Considerable biological significance is attributed to this 1lipid

material as it 1s supposed to protect the skin and hair against the

vicissitudes of the atmosphere and to slow down the absorption of.

foreign substances from the outside. Sebum consists of fatty acids,
“alcohols such as cholesterol and glycerol, hydrocarbons such as
— a

squalene, and vitamins A, E, and D. :

It séems that one action of sebum is.to retard the deposition of
trace elements on the hair shéft,vsince it delays the wetting of the
keratin, and aé such postpoﬁes the penetragion ofz’water and aqueous
solutions. However, salts of rléad, tin, copper, aréenic, bigmuth,

-

antimony and mercury tend to form compounds with, or dissolve in, the

fatty acids of the ~sebum, and as such penetrgte the intact skin
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through whair follicles and sebaceous glands (Mon. 58). It (Ts

reasonable to assume that these elements can be absorbed into the hairv

-~

fiber in the follicular cavity itself, where the keratin is not

completely hardened and hence 'is more susceptible to incorporate these
2

trace eréments into 1its str‘uctur'eJ

3

Although the precise compositions and roles of both sweat and
sebum are not perfectly known, they seem to play an important role in

the incorporation of trace elements into the keratin structure, since

T

. - . x
they are almost continuously in contact with the hair surface.

-

: 3 :
It is clear that many different factors have a’ direct ' bearing

on the presence of trace elements in hair, such as structure of the
. )

keratin and availability of the elememts in the folliele rdnd  on the

*

‘ 3
hair surface, together with the "living habits" of the subjects from

whom the hair samples are taken:

It seems interesting now to review the extensive literature which
deals with the analysis of trace elements in hair, and to see which

'particular features will result from the specific structure and

composition of the hair shaft we previously described.

§j§

14
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1.6) Forensic Applications

1.6.1) Large~scale Surveys

éne of 'the most controvers;al applications of hair analysis for
trace element content. is 1in ﬂforensic science. Identification of
individuals has been claimed to be possible through hair trace element
content {measured as an average value for the' sample size employed
which has wusually been a hair bundle of several milligrams in man).
This content has been postulated to be specific for a giVen
individual, deriving from a characteristic diet, environment, and
metabolic chemistrg. The pifbrem of identifying individpals through
analysis of .their hair is far from being resolvéd hqdé#eﬁ, although
the determination of trace element content of human head hairs via the
technique of Neutron Activation Analysis has been applied widely ,in

<

this connection (Jer. 67).

Larg; scale surveys of the trace element concentration
distributions in the hair from various populétions have been conducted
by Perkons and Jervis (Per. 65, Per. 66), Coleman (Col. 67), and Bate
and Dyer (Bat. 64). Such studies were undertaken to demonstrage the
feasibility of identification by trace element analysis of hairs; and

measured the variation of trace element concentration for a whole
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population. The variation of trace element concentration over a
: ¢
single head was also studied (Col. 67). These studies made clear that

important variations of concentrations occur for whole populations

(Col. 67), resultingf{ presumably in part from variation in conditions

of exposure to trace lementé from place to place and from vear to
’ye;r. They furthermore demonstrated that in the gase where several
bundles of hairs taken.from a single heaq afe analyzed, the variation
from bundle to bundleL of concentrations of trace elemengs wa,s
significant (Col. 67), But still small enough (Jer. 61, Per. 62) to

allow an identification by matching the trace element concentration of

two hair samples.

Gordus (Gor. 73) showed recently that ~uniformity of diet and .

living hapits of the population from which the samples were takeq
resulted in a reduction in the metal content variance, 1in comparison
with the results obtained for a populaﬁion expossd to a ﬁeterogeneous
diet and environment (Per. 65, Per. 66). VWhatever the degree of
similafity exhibited by two sets of hair samples, it is not possible

o ascertain that they have a common origin uniess it has been

possible to determine the number of people in a population.at large
‘ ‘

whose hairs would exﬁibit trace elément concentrations similar to

3
o

those “for the samples being compared, relative to the size of the

’

wnole population.

.
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Parker (Par; 66, Pér; 67) has described an attractive statistical
method which not oﬁly establises whether or not common features exist
between two segs of samples but determines the proportion of th; whéle
'population from which specimens will> be indistinguishable from either

set of samples,

This method uses the results of the large scale surveys conducted
-,
£

by <?leman (Col. 67) and Perkons and Jervis (Per. 66) and becomes

more seleilve with the number of tr-ace elements whose concentrations

are compare

The major limitation of this statistica% treatment lies 1in the
fact‘ that it can only be applied to the compafison of data such as
mean concentration values over bundles of hairs, and nqt to
comparisons of features like the patterns of distribution of a given
metal along the hair shaft. For this kind of attribute, only the
" linear correlation method can Vbe applied, and this point will be
discussed later in Appendix A.

s

1.6.2) Single.Hair Analysis

Much of the above survey work was conducted with samples
consisting of hair bundles; in forensic case work however, samples
frequently consist of individual hairs, and consequently, among the
important questions to be studied, was evidentlv the va}iation, of

\

A
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trace element concentration along single hairs over a single head.

Coleman et al. (Col. 67) proved that in this case, the variation
of trace element concentration was comparable with the variation for a
population at large, although the hair to hair eifferences in
concentﬁgtion wefe reduced by choosing a washing procedure wh?ch
reduc ed exfernal contamination. Furthermore, the variation in trace.

{

element concentration over a seven-month period was found to be biéger
¢

than the variation for samples taken simultaneously.on a single head
: 3

(Col. 67). Although negative, ,6those results emphasized tpe need

for further investigation of the intrinsic variation of metai

concentration over a single head.,

Recéntlstudies (Obr. 72) of samples consisting of 10-cm segments
of single hairs have shown that tHe variation of the concentratien ofﬁ
such elements as Cr, Se, Fe, Sb,.ahd Ag can be substantial among hairs
taken from immediately adjacent sites on the scalp, and all idehtified
as being in the anagen or growing phase of the hair, growth cycle (to

eliminate one possible perturbing factor).

In the same study, an increase in the concentration of most trace
elements was fOundfbetweenfthefhair root and the opposite or distal
end of the hair, by as much as a factor of 20. Thus, if two single

hair samples are to be compared under the circumstances where the

distance from the hair root is not determinable, and the phase of the
A

3
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-

hair growth cycle in each case is not known, matching by trace element

content averaged over a whole hair, or- even over 10-cm segments,

appears to be of dubious validity (Obr. 72).

1.6.3) Single Hair Profiles
L

Indtead, therefore, of employing average concentration values for

characterization of hair, an alternative, such as the measurement of

the pattern of concentration variations along the hair shaft,'is

needed.

The receng development of flameless Atomic Absorption
Spectrometry, with’the concomitant improvement in sensitivity in -th‘
determination = of many trace eleﬁénts, has made possible the
measurement of such patterns thr;ugh analysis of successive hair
segments of much shorter length, and without prior dissolution (and

hence with lesser risk of contamination). The technique ~was: first
4 X ’ ? )

applied to Cu and Pb measurementé on 0.5 ‘and’ 1, cm sections,
respectively, of individual haifs by Renshaw et al. (Ren. 73), who
demonstrated that concentrations of both 1lead’ ana copper %if:sg§ed
from root to tip, and that the standard deviation of coboer_and lead

concentrations for the bopulation at a given distance from the root_

were roughly twice those over a single head.

-

v

These results indicated that analysis of short hair sections.

+
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might be useful in discriminating between hair samdies from different
e

sources. g
* t:; & = ~

E
Y 1
(L)

[

. ) (e o
Similarly, Abrusnik et al. (Obr. 73) deﬂbnstrated the existence

o?f patterns in  the spatial distribution of such elements as copper,

magnesium, lead, iron, silver and manganese, which could possibly be

»

used in 'hair characterization, instead of the usuyal comparison of

average concentration figures.-

1.7) Effects of Hair Washing and Hair Soaking

Whatever the originggaf the different trace elemé%fs thch are
concentrated 1in human head hairs,‘it seémﬁ,likely that an appreciable
quantity of themAderives ﬂrom external cohtaminatiqn (Bat. 66b) either
directly or v%g%sweat;and sebgceous excretion. %hus) a éuestion which
has . been disclissed (dbr.'73;1Bat.'65) is the desi%i%ility of removing

such "extegpal contamination™ so that the an&i&gis may reveal only the

"matural" content of trace elements in the hair. It is of course also

'arguable that a characteristic external contamination could be used as

a means of identification (Jer. 67, Obr. 72}, Since it might reflect
the 1living envirodment of the subject (e.g. & gone of heavy
pollution) or the subject’s occupation (e.g. in the case of a mine or

metal plant worker)} In most forensic casés, however, unless Epe
: , #

suspect is apprehended immediately after the crime, identification by

means of *analysis of hairs which have not been previdusly cleaned is

1
¢

%

P

o
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~of dubious validity, since many irrelevant factors such as poor

handling of the samples, may have caused the external contamination tg

increase, ;

The need” for washing the hair samples prior to analysis is now
generally ~acknowledged, although a range of opinions remains as to
whether an organic solvent such as diethyl ether, acetone or ethanol
(Obr. 73) should be used or rather an aqueous solution with or without

a non-ionic detergent (Bat. 65) similar to the washing used for

ordinary hygienic purposes.

Bate (Bat. 66a) and Bate and Dyer (Bat. 66b) in an impressive

’

series of experiments demonstrated several important points:

-
'

j) The amount of~a trace element abs§rbed by hairs from
é‘solution in which it is soaked, depends both on the pH of the
solution, and on the pafticular element considered. This was
confirmed by van den Berg et al. (Ber. 67) who interpr?tedA the
results in ‘terms of a competitiontfor binding sites in the ﬁair

a

structure between‘metal_;nd hydrogen ions. o

2) A re ively short detergent washing removed

typically some 50%)of the trace element content of hairs, while a
-

prolonged washing removed relatively little of the remainder.
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This was first interpreted as perhaps providing a

distinction between the loosgly bound and tightly bound trace

element content, and hence between that arising from external

contamination and that indigenous to the hair structure proper..
However, van den Berg et - al. (Ber. 67) showed that

metals such as zinc and copper are absorbed from solution into

hairs via a.two-step process. 1Initially. a rapid absorption takes

place into the outermost pa}ts of the hair structure, and

subsequently a slower migration occurs deeper inte the central-

_regions of the hair shaft. Tnhus trace elements in these latter
"locations would be expected to be less readily released during

*-wasning, which would account for the results of Bate et al.

3' Elements such as Sb, Co, Fe, Zn, Ba, and Mn are
much more readily removed from hair by complexing agents such as
EDTA than are Au, Se and Ag~(alth6ugh conflicting data have ibeen
reported by Zeitz et al. (Zei. 69), who observed only a 25%

decrease in Zn content in hairs washed for 33 hours in, EDTA).

2

This certainly suggests a difference in the nature of the binding

. of such elements to the hair keratin structure, which is expected

if the bindinf\ sites have a specific (as opposed to general)

chemical character.

Van den Berg et al. (Ber. 67) furthermore demonstrated a marked

g
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difference in metal absorption among hairs coming from différént
individuals as well as among hairs all coming from one individual.

This they attributed to variations in the keratin texture (and hence

binding site density) from hair to hair. :

The soaking and washing experiments seem to provide evidence that
external contamination may be thé origin of ma:y of the elements
obsgrved in hairs. This corclusion evidently has an important
consequence in a forensic ’context,‘since the concentration of many

trace elements in hair could be modified by absorption of the metals

into the keratin structure from external sources.

Studies prior to the present work were not capable of revealing

fine detail in the pattern or distribution.of trace elements absorbed —

along tﬁe hair shaft (Bat. 66a). Only the general increase in

“concentration from root to distal end was known, interpreted as having

-

_as its origin a'longer time of exposure to external contamination of

the distal end of a hair compared with the root end. s

>

Lima (Lim. 66), however, in a series of experiments in which onlv
the tip of the root end of single hairs was dipped into a sodium

arsenite solution, found higher concentrations of arsenic at the

distal extremities, rather than at the root ends which were dipped

‘

into the solution. This result clearly démonstrated the mobility of

the arsenic taken up, which was furthermore demonstrated to take place

/

S
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by capillary action on the outer surface of the hair shaft (cuticle).

Lima’s data were confirmed ' for ‘hairs in vivov in further
experiments (Lim. 66) conducted on four subjects who ingested smail
doses of arsenic (Fowler’s éolution). Ten days after the ingestion,
higher concentrations of/ arsenic ;ere fo&nd@at distal points (4 cm
from the scalp) ﬁhan at the root, even though the length of hair shagzaJ
Zrown iﬁp€ﬁf§ same time would have been about 3.5 mm. In addition,
higher concentrations and higher rate of arsenic uptake were exhibited
by a subject with the habits of taking steam baths, and effecting
daily hair washing, both of whiéhw might enhanée spread of As 'by

[ :
caSillary action along the hair.

Theée results suggest that at least some fraction of the total
amount of arsenic¢ 1in hair could be incorporated into the hair via
soaking in sweat, instead of simply growing into the hair structure

produced in the root, as has been recently suggested (Pea. 71). -

5

!

It is impossible however, to generalize this interpretation to
other elements such as Zn, Cu, Ag, or Fe, since none of this kind of

' ™
data has existed up tosﬂow.

1.8) Analytical Methods”

e

Whatever interpretatiop is‘ g&ven to the presence of trace

¢
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" elements in hairs, the quality of the data is debendepff»ubbh' the

capabilities of the method used for their analysis.

Three methods of the negeSSary sensitivity and selectivity are
presently available to the analyst: Neutron Activation Anaiysis,

X-Ray Fluorescence,’énd'Atomic Absorption Spectrometry. -
1.8.1) Neutron Activation Analysis

With the recent development of high resolution Gg-Li Y-ray
detectors, Neutron Activation Analysis has become the most ‘generally
appiied‘method of analysis of trace elements in hairs, as well as 1in
other evidence material (Bry. 66, Col..66, Gui. 66a) . Advantages of
this method have been described (Gui. 66b), including its sensitivity
And multielement cha}acter. nge‘problems remain associated with this

technique -however:

- Availability of a nuclear reactor, with the concomitant
facilities for the handling of the radiocactive samples, and

specialized (and expensive) ¥ -spectroscopy apparatus.

- Presénce of large quantities of radicactive Na and Br in
irradiated hairs which prodﬁce high backgrounds for the determination'
of other elements (or else from which radiochemical decontamination

must be achieved).

¢ \
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- Difficulty in measurement of those eiemengg ﬁ?ich pqoahee

short lived radionuqlides, unless the analytical iabOratory is
" reasonably close ﬁq the nuclear reactor;

B2 . .

- - Although in principle »~the "method 1is non-de§truglive, long

irradiations at high fluxes (which 'are necessary for determination of

mnany elements in small samplesﬁ produce sample damage (For. 66) at

4§ ‘ .

least in the case of hair.

1.8.2) X-Ray Fluorescence Analysis

@

X-Ray Fluorescence, like Neutron Activation Analysis, allows_'the'
quantitaLive determination of several elements at a time, and the
analyéis of 1-cm hair samples has been reportig {Zei. 69) for elements
suéh as Zn and Ca. This method has the further advantage of"being
non-destructive,. which facilitétes the analysis of . historical ;r
archeological samples, as well as the re-anal&sis of the same segment

of hair to confirm the prgcision of the method, \

The major disadvantage of X-Ray Fluorescence Analysis lies in its

relatively modest sensitivity (compared with NAA and’ AA)  and hence

inability to measure a wide range of elements in hair.
1.8.3) Atomic Absorption Spectrometry

Atomic Absorption Spectrometry is now a common method . of
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analysis, for the determination mostly of metallic elements in

matrices ranging from blood serum to petroleum samples.

The basic principle of this method is simple: The element of

+

interest 1in thé Sémple is dissociated from its chemical bonds (for
'exémple, im a flame or furﬁéce) to produce’ atoms 1in an unexcited,
unionized "ground | state". Isolated, unexcited atoms exhibit
particularly simple dbsorption spectra, consisting only of transitions
from the ground state to electronic excited states. If atoms in their
ground states are'exposed to a beamr of the rcorresponding resonancé‘
radiation isolated by a wmonochromator from a suitable em;ssion
spectrum, a resonant .absorption of the radiation will occur, the

intensity of which is proportional to the number of ground state atoms

which were initially present.

- Two methods are presently available for the atomization of the
Lamples:
- the flame atomizer

- the neated graphite furnace

In the flame atomizer, the sample is aspirated in a mixed stream
of acetylene plus air (or acetylene plus nitrous oxide for the

analysis of "refractory metals") and fed intc the flame.

"A second form of atomizer which 1is now -emerging from the
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experimental stage of de@elopment consists of an electrically heated
graphite tubé; into whiéh sampleé may be introduced either (for
liqgids) via pipetting through a small hole in the cente; of the tube,
or (for solid saﬁbles) by means of a sampling spoon insertea tﬁrough
one end of the furnace.

e

The temperature of the sample inside the graphite tube is .raised

- in three steps: first, the furnace is heated to 0] O¢ o dry the

sample; secondly, the tube is heated to a temperature high enough to

destroy the molecular species -in which the atoms being analysed were

initially bound (igtis-important, however, that the temperature inside

-

the furnace does not at this stage exceed the temperature at which

sémple atomization occurs); thirdly, the furnace is heated above this

“temperature, and the population of atoms in the optical path of the

insbﬂugfnt incrégbes and the reéulting absorption signal rises
proportionately. During the atomization, the carbon furnace tube is
flushed by argon gas in order to avoid air oxidation of the hei}ed

. &
graphite.

*y
Since the residence time of the atoms in the optical path is much
l'onger in the furnace than in the‘flame,,the furnace device will have

smaller detection limits for most elements (in fagt*by 10‘2 or more) .

This improvement in sensitivity, combined with the advantage that

80lid samples can be analyzed 1in the furnace without prior
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dissolution, makes the graphite furnace atomizer a very versatile and

vsimple instrument to use. \g

Despite the major impro&éments which have bréught Atomic
Absorption Spectr%scopy- to the rank of the most sensitive methods of
trace element analysis, interferences, which cause the analysis to beF
in error,;>ére far from being completely absent. These interferences
are summarized in Table I.

The presence of so many interferences shows the difficulty of
elaborating general analysis procedures which appl)r%o every element

investigated, since each of them seems to require particular attention

related to-its own chemistry.

Tﬁe determination of the quantity of element bresent in a sample
requires the calibration of the apparatus. The ideal method consists
of measuring the absorbance (the negative logarithm to the bas€ 10 of
the percent absorption signal}) of several standards whose éross
9omposition is identical to that of the sample, so that the elemént of

interest 'will be subjected to the same environment in both calibration

\
and measurement of the unknown. v

S

The method of standard additions fulfills thié' condition,
although 1t requires the availability of a homogedeous‘sample which

must be in sufficient quantity to be divided into several aliquots.
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This is not the case with hair,.since this material has been shown to

be inhomogeneous as far as trace element

(O0br. 73).

The precision which can be obtained “in such measurements is
mostly a funetion of the element being analyzed, and of the matrix in

which it is included. T ;

Malmstadt and Chambers (Mal. 60) mention standard deviations
between 0.5% and 1% for ﬁost analyses using the flame. However, with
the graphite furnace the standard deviation of the measurements 1is
usually higher, because of the increased sensitivity, and can vary
between 2% for aqueous solutions to 10%, and sometimes 25%, for

samples whose concentrations are near the detection limit,.

Since a good precision is a necessary but not sufficient
condition for an acceptable accuracy, it is likel& that the ééviation
between a measurement and the true value of a concentration yiil
be greater than the above"figure. In féct the accuracy may ‘be
limited by the action of otherlcomponents which accompany the ‘metal
in the sample, and which may cause experimental deviation of the
analytical results. If such components are absenﬁ, the accuracy will
be determined by. losses, contamination, . and operational errors.

Hdwever, the main disadvantage of this method remains that it 1is

necessarily destructive, which hinders any repetitive analysis of a
J

concentration }ﬁ cgncerned

I3
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//fgiven sample in limited quantity. r i
; e e

All the re;u}ts‘obtainéd on ﬁhew trace ele;;EX\ composition of
human , head hai;s before the present work were restricted to the
analysis of hair bundles, resulting in a lack of informatiop on ;he
;variation of trace element concentration in individugl hairs over a
single “head.

Only recent work done with 1-cﬁ and 10~cm segments- of single
héirs (Obr. 72, Rem. 73) revealed the existence of concentration

patterns, which could be indicative of significant variation in trace

element metabolism in the human body.

It seemed, therefore, relevant to start a more detailed study of
sucH patterns, by méasuring the concentration of metals such as Cu and
Zn in 2-mm hair segments of single hairs. Such éxperiments should
make possible the distinction of features such as local concentration
fluctuations along the hair shaft, which could be 6f significaﬁt'

-

interest in forensic and clinical studies.
The results obtained during this work together with a discussion
of their significance both in the field of forené}g;science and -

biochemistry will be presented after a description of the experimental

" technique employed.
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2) EXPERIMENTAL TECHNIQﬁES.

2.1) Hair Acquisition

Individual hairs were piucked from random locations oﬁ.éhe heads
of - eleven subjects investigatéd in tﬁis study. As a precaution
against - contamination, the exper}menter wore d;sp93§blek lprastic
glovés, ‘and* the hairs were stored by encapsulation under reducea
preséure (.,6x10"3 mm Hg) in pyrex tubes previously cleaned by nitric
acid and distilled, deionized water;

)

It was shown that éaﬁ%les stored via this technique gave data on

natural copper concentratipns congistent with freedom from apbreciable
contamination, while hairs which were stored between sheets of filter

paper gave higher and erﬁatic values of copper concentration.

- Such precautions were, however, unnecessary for hairs intended
for raﬁioisotope ‘ soakiné experiments, ‘< since contamination by
radiongclideS' ié very unlikely to occur. All such samples were
mereiy ~stored under atmospheric pressure in glass tubes previously

cleaned by nitric acid and distilled, deionized water.

As mentioned earlier, it is important to ideAEifv the phase of

" the growing cycle in which. the hairs were plucked prior to their

; .
analysis. In the majority of experiments, anagen hairs were to bé
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studied because of the potential interest of the correlation in time
of patterns-observed in.various single hairs from “a given subject
head.
Microscopic examination of the hair root was done just after the

sampling, in order to verify the growth cycle phase. Hairs in the

anégen phase were taken to be those with a plump and pigmented roog,
oo 4

e

: ‘ . . ) St )
with the white ~root sheath attached, 1in contrgﬁk”to catagen ands
: . & F

i e
telogen hairs which have shrivelled and club-shaped roots with no root

' B,

sheaths (Fle. 54).

Pl

- -

3

4

1

It is important to mentidh, however, that at least in the case of

one subject studied (subject F), phase identification was not
N ,

‘completely positive, due to the small physical dimensions of the

roots. In all other cases, hairs without a clear indication of being

in the anagen or telogen phase were rejected..
. 2.2) Washing Techniques

As previously discussed, the washing of hair. samples prior to
analysis may be desirable in a forensic context, since external

contémination might hide some of the PeaBures which could be used for

- identifteation  purposes. Therefore, it was decided to use a

well-standardized cleaning procedure, and, of tpose described: in the

literature (Bat. 65,. Bat. 64, Ker. 64) one similar to that emploved
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2.3) Cutting and Weighing of Hair Segments
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earlier (Obr. 73) was selected.

Successive washings Lere effedted 1in diethyl ether (Fisher

anhydrous), acetone (Fisher spectroscopy grade), distilléd, deionized

“ .

water, acetone, ether; acetone, water, acetone, and finally ether, for

time periods of five minutes.per step. >

e

In order éo insure a' good reproducibiiity of ther washing
procedure for different -sets of samples, “the tﬁbés containing the
hairs plus washing 1liquid were mechanicallyvagitated in a “Burrell”
shaker. Hairs were ;inafiy dried in open atmoséhere. It - was’ found
necessary to stretch the sample slightly ovér a piece of filter paper

during this last{step, in order to obtain, a straight fiber, which was

a necessary coiditién for tﬁe accurate measurement and cutting of

samples of known length. The stress applied was, however, o
insufficient to produce an appreciable permanent change 1in hair ]

length.

~
The cutting and hanaling of hair segmepts which were in wmost

cases 2 mm long was a rather delicate part of this experiment, due té

‘the continuous risk of contamination. The cutting operation was

achieved by inserting the hair in a.glass capillary tube, previouslyf>zzf/)r
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cleaned with nitric acid énd distilled,.deionized,water, attached to a
vernier equipped carriage. The cUtting‘operation was watched“ﬁhrough
a microscope under a magnification of 50, and the lquth td bé cut,
which protruded fr¢m the end‘of tﬁe capillary, was measured both by

the vernier and by means of a graticule in the field of view (to an
g 1 : ‘ ﬁ . .

\

estimated accuracy of 0.1 mm).

Cutting was effected by means of a stainless steel surgical

scal pel mounped .oﬁ phe microscope stage, bearing én a quartz plate,

¥ : . .
oreviouséy’éleaned by nitric  acid uand distilled, deionized water.
This procedure and apparatus prevented contact between the hair sample
Md any part of tﬁe microscope stage, since the hair remained enclosed
in the capillary tube untLlithe particularvsegment was cut.

»
E]

Because of contamination problems, the 2-mm segments were not
weighed individually, and the énalvtical data are generally reported
in-terms of weight of metal per 2-mm length of hair. In addition,

\
this avq}ds any problem$8 due to weight change by water evaporation

during storage.

In order to obtain an approximate value of the metal
\
concentration by weight, however, a 1-cm segment was cut and weighed
periodically along the length of the hair. It was assumed that the

variation of weight along the hair shaft was proportional to the

distance from the root, and that the weight of a 1-cm segment would
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«

represent cérrectly the average over five 2-mm pieces. More detailed

studies ' of weigﬁt fluctuation from 2-mm segment to 2-mm segments

showed, however, that such’assumptions are not entirely valid. This

%

‘point will be examined later on.

Handling hair segménts whose length can vary from 0.5 ﬁm to 5 mm

was. in any case difficult with forceps, and could have been a major

:cauée of contamination if the proper precautions were not tgken. For
1]

these reasons, hair segments were picked up by a small capillary tube

connected to an aspir%for.. The diameter of the tube was small -enough

A .

to prevent the enﬁry Tof the sample. This device permitted the

N

handling of very small hair samples (down to 0.5 mm).

.2.4) Atomic Absorption Measurements

y

The natural éopper and zinc contents of individual segments were
measured by means of a model 305 Perkin-Elmer Atomic Absorntion
Spectrophotometer equipped with an HGA 70 carbon tube furnacg. A

three-cycle analytical procedure was ‘used as recommended ‘bx the

manufacturer: First, the dpying step, which lasted 10 seconds, and in

N

‘wﬂieh the temperature was raised to 100 OC; £ﬁen ~a 15-second. aéhing

~

step, where the hair sample was charred at a temperature of 1100 °c;

and .the final step, where the temperature was raised to 2600 Oc for 5

seconds, during which time the Cu and Zn contained in the sample were

atomized. During the entire operation the carbon tube was flushed
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with argo; at a constant flow rate of 100 liters/minute to inhibit
'air-oxidation of thé carbon at high temperature. This equipment
permitted » the analysis of solid hair samples without brior

dissolutiah, whféh'improved the detection 1limit for ail the trace

elements by perhaps a factor of'100, canpared to the conventional

-

Y

flame method.

‘Another striking advantage of this technique is the simplicity
and rapidity of each analysis, since after the hair samplé had been.
cut, it just had to be'transfgrred to the centre 6f the <graphite

®

furnace, which was achieved by means of a specially designed
tantal&b spoon.. The very few steps during which each hair sample
had to be manipulated may have been important in control  of
contaminatién, since furtﬁer experiments, where -each sample was

dissolved in ultra-pure nitric acid, suffered some. difficulty in

producing consisten£ results. This point will be discussed later.

Despite the simplicity of each analysis, certain vprecautions
still had to be taken in opder té get consistent méasurehents. For
example, the cénteringhpf the hair sapple within the furnace was
expected to be important, since the furnace\temperature must vary from
the center to the ends. The ﬁosition of thergample after each
insertion was theréfore checked by visual inspection from the side

orifice of the furnace, befdre and during the dryihg and ashing steps

of each analysis. It was found that, especially during the ashing
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step, the vefy light hair segments tended to be.Blown away from the
—— -

céhtef of the furnace by the Stream of argon gas. This problem was

: alléﬁiated by interrupting the apgon gas flow.during the two first

stages of the analysis, and by wusing graphite tubes featuring a

central region of increased diameter.

Calibration of the analysis was achieved by means of aliquots of
standard soluiions of cupric or zinc ions, prepared from a known

weight of pure copper or zinc metal dissolved in nitric acid.

2.5) Experimental Tracer Technigue
. -

e

Results obtained on the natural qutent of copper and zinec in
hunan hair (discussed later) puggested the possibility that these two
elements (and perhaps others) could enter the hair entirely from

external contamination, rather than being incorporated into the hair

structure during growth.

Experimehts were therefore conducted to measure the resbonse of

hairs to soaking in solutions of these two metals.

. ey,

2.5.1) Inactive Tracer
— " - )
Solutions of cupric ion were prepared from weighed quantities of

pure copper metal dissolved in nitric acid. The solutions were

I
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diluted to a concentration either of 0.1 or 1-Q mg/ml, and phe pH was
adjusted to>u.9 b& addition of sodium hygroxi;fKEolution~prepared from
reagent grade NaOH pellets. Tﬁis pH value has been shéwn (Bat. A66)

to be close to that at which maximum copper absorption by human hair

takes place. Human * hairs were plucked and washed by the procedure )

outlined above. They were then soaked in the above cupric ion

solutions for‘¥a specified length of time, and then washed again for

five minutes in distilled, delonized water, five minutes in acetone, ’

and five minutes invether, in order to remove copper solution wetting
the external hair surface. The halrs were next subjeéé%d to the
cutting and Atomic Absorption Analysis procedure described earlier.
2.5.2) Radioactive Tracers

J : . -

2.5.2.11 Solutions Containing One Tracer

Soaking hair samples in solutions containing radioactive ions 1is
another way to ‘measure the amount of the element absorbed from
solution. The Cu radiotracer solutions were prepared from copper
metal \previously irradiated with othermal neutrons iﬁ the nuclear
reactor of the University of Wasp{ngton, Seattle, Washington, until a
6uCu specific activity of 0.1 mci/mg was obtained. The irradiated
copper metal was dissolved in nitric acid and thé solution diluted

with distilled, deionized water, to produce a copper concentration of

0.6 mg/ml. After adjustment of the pH to 4.9 as before, previously

[
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washed hair samples were soaked in this solution for known periods of

time.

Afper soakiﬁg, the hairs were again rinsed as described 1in the
previous section (but for 1 minute per step, instead of 5 minutes Wn
or@er to avoid an “extraction’ of the sorbed radioactive coppér from
the hair), cut into 2-mm segments byvqreviously described techniques,
and each individual segment was mounted on an aluminium planchette for

radiocactivity assay. . a

7 The total beta radiocactivity was meaéﬁred by means of a Si(Li)

detector coupled to conventional electronic apparatus, the detector

~ background being frequently monitored during the experiment. 1In order

to convert the radioactivity measurements to mass of copper taken up

per segment dﬁring the soaking operation, standard 640u reference
sources were periodically assayed during thé experiment. Furthermore,

.

this permitted the verification of the constancy of the detector’s

efficiency.
Y
Similar e&xperiments were carried out wiﬁh solutions containing

65 60

zn, %o, and

fos. T™e radioactive zinc (as zinc nitrate) was
obtained from New England Nuclear Co.; and hadl a ‘reported specific
activity of 3.68 mci/mg. The concenﬁration and the pH were both
adjusted to respective values of 0.1 mg/ml and 5.5. The radiocactive-

cobalt (as.cobalt chloride) was also obtained from New England Nuclear
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Co., and had a reported specific activity "of ~0.1 mei/mg; the
concentration'and pH were adjusted to 0.29 mg/ml and 8.5 respectively.
.A precigitation of cobalt hydroxide was observed to be formed at this
pH vaiue. However,- the absorption of cobalt- from the residual
"solution onto the hair sample was ‘found to Se stronger than from
solutiohs of .a pH value of 3.5, where no precipitation was observed.

The radioactive arsenic was prepared from Aszo irradiated at the

3
University of Washington reactor, to a specific activity = of
0.206 mci/mg. Shortly after the irradiation, the arsenic ‘trioxide was
dissolved in 15 ml. of 1+ M NaOH, and the  final concentration of

arsenic was adjusted to 0.58 mg/ml and the pH to 5.5.
2.5.2i2) Solutiohs Containing Two Tracer Materials

The widelyAdifferent quantities of vabious trace metals observed
to be sgrbed onto hairs suggested qggf studies of simultaneous
absorption of two (or more) elements would be of interest. Such
experiments would possibly reveal the existence of a competition
process. Pairs of elements such as copper and mercury were first
studied. Radioactive copper solution (as copper nitrate), which was
supplied by Néw England Nuclear Corporation, with a reported specific
activity of O.25 mei/mg, was diluted to a concentration of 3.33 mg/ml.
Six hundred pl of a radioactive mercury solution (as mercury nitraEF,

from New England Nuclear Corporation) with a specific activity of
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5.13 mci/mg wer%' added to ~the copper soiution in order to obtaiﬁ a
concentration of/mercury of 9.91 mg/ml. Finally the pH of the mixed
solStion was adjusted to a value of 6.5.

/
The~expéhimental procedure was mostly the same as described

’

above. The total amount of beta radioactivity (Cu and Hg) sorbed on

6uCu and that

v P .
each hair segment was separated into that due to 12.8h
due to Uh.6d 2O3Hg by assay at different times, first immediately
after each 2-mm sample was cut, and again 6 dayé later when the copper

activity would have completely decayed and the measured activity was

due to Hg alone. The Cu activity was calculated by subtraction.

2.5.2.3) Solutions Containing Five Radiotracers

Hair samples were soaked in a solution containing radioisotopes
of Zn, Co, Hg, Agﬁaand Sbh for various periods of time. The
concentrations and specific activities were as follows£

Table II }

Concentration and specific activi f-the isotopes
used in the multi-tracer soaking exper%gent

Isotope Element 4 Specific Activity
Concentration ,
o 3ng 0.0925 mg/ml . 5.13 mei/mg
12uAg 00,0612 mg/ml 4.93 meci/mg
Sb 0.366 mg/ml 0.989 mci/mg
657n 0.180 mg/ml 4.49 mci/mg
60¢o 0.146 mg/ml 82,06 mei/mg
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Each of these five radioisotopes were supplied by Ngw England
Nuclear Corporation as nitrates for mercury and silver, and as
chlorides for ;ntimony, zinc, and cobalt., Adjustment of tﬁe pH to the’
yalue of 4.5 was achieved by adding, 1 M‘ sodium hydroxide and 0.1 M
nitric acid solutions. At this pH valué, a slight precipitation of
cobalt hydroxide was observed, but it has been shown that optimum
absorption of these eleméhﬁs into hajrs occurs at pH 4.5 and higher.
In order to be sSure that the measurements of absorption were valid,

the précipitaté was allowed to sediment so that the hair sample was

O

The experimental procedure followed was then identicai* to what

o

only in contact with the clear supernatant solution:

has been previously described, except for the activity measurements

fér which 1-§pectroscopy techniques were employed. 4 Ge(Li) detector,

with a 3.5 to 3.0 kev resolution for the 1332 kev ray from 60Co, was

emkloyeg. The detector was calibrated 1in energy 'by means of a

standard source containing all five ,radioisptopes investigated.

Convegtianal ,electronicy apparatus was employed and the data were
“

stored in the form of 800-channel spectra. .

o - ' -

<

Spectra from hair samples and f?o@ a source of known intensity,
which was prepared from known initial quantities of the five
radionucleides, were taken consecutively, in order to simplify
corrections fdr radioactive decay. Due to the’low efficiency of the

Ge-Li defector, and the small amounts of radioactivity absorbed, ‘it
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was necessary to cut the hair samples into pieces of 5-mm length and

to measure thégz;kctra for periods of time of 30 minutes.

The spectra were analyzed for peak intensities on én IBM 370
~romputer by means of the computer prdk?amme Samﬁo (Rou. 69). Finally,
the 'values obtaiﬁed ~were converted to mass of element abébrbedrby
means of comparisonlwith the results of computer analysis of spectra

from the standard source. ‘s
2.6) Ingestion Experiﬁent

Ingestion of copper (under medical control1) was undertaken by

~

two subjects to determine whether any detectable quantity of dietary
. T ’ : i \‘
copper enters thg hair structure via the root during hair growth, or

whether such metals entér hair exclusively by being carried out from
= .

[N

the human body by sweat and absorbed by the proximal part of thé hair

shaft (Bat. B66, Lim. 66). Quantitie%‘of 20- and 40 mg of copper (fs

- »

o

copper sulfate) were weighed out, diésolved in distilled water, and
ingested respectively by subjects F and E over a period of 24 hou}s as
fourAequal 6-hourly‘doses. The concqntrations of the solutiéns used
for ingestion were 0.101\5é/ml far subject E and 0305 mg/ml for

subject F. \ ‘ : ,

1, The experiment of copper ingestion by two volunteer subjects was
first approved by the University Committee for Human Experimentation,
and supervised by Dr. Lipinski. Medicﬁi exams were performed on both
subjects by Dr. Lawton before and after the copper ingestion, as were

/

. analysis of blood copper levels, /
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Head hair samples were plucked individually from the twofsubjects

invgived in this experiment, and were-gubjected ‘to. the washing and

]

Atomic -Absorption Analysis previously debcribed.

The times with respect to the ingestion at which the hairs were |

taken are given (together with the dates on which the subjects washed
their hair) in Tables IX and X , since this last factor appeared to

< \ -

be highly relevant in connection with redistribution of the copper

absorbed in hairs.

In ordervto'find possible correlations between the 1ngestio§ of
cobper and the concentration of this element in the blooq serum as a
Vpossible intermediary in transport to the hair, saﬁples of:blood were
periodically taken from both subjqu§sbefore and after the copper
ingestion at times given‘in tables IX ana X respectivelv? Analysis
for copper concentration in blood serum was done at Simon Fraser
'Univefsity by energy dispersive X-Ray Fluorescence Spectrometry, and
by Atomic\ Absorption in an indebendent laboratory (B.C. Bio-medical
Laboratories Limited). The X-ray measurementsr were done-‘by Mr. I.

G. Stump, under the supervision of Dr. J. D’Auria, to whom we are most

grateful.

e
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3) RESULTS - . B
3.1) Experiments on Copper
#.1.1) Results fbr Indigenous Copper in Hair Y

ey,

Figure 2 shows the mass of copper found (and the corresponding

calculated copper concentration) in 2- or 5-mm segments of individual

E
{

human hairs, as a function of the distance of the segment from the
hair root. Data 1in each part of the figure are for several hairs

plucked from randomly located sites on the head of a single subject,

and all verified as being in the anagen phase of the growth cycle_éfr

the moment of plucking. The seven subjects concerned in the several

parts of this figure are described in Table III. It is seen in.

3

Figures 2a to 2g that hairs from a single individual exhibit generélly

similar copper patterns with the exception of subject H, whose hair

has been submitted to a bleaching tredtment. 1In the case of some

subjects such as B, C, D, E, and F, the concentration patterns shown

4 P
i

in Fig. 2 are typical of the much greater volume of data obtafhéd.'

’
o

The remainder are not shbwn, to avoid crowding the figure.

In order to determine quantitatively the significance fof’\the
similarity between the cobmat concentration pattern of hairs ‘taken
from a single 1individual, coefficients of correlation? have béen

calculated for pairs of patterns among those measured for the sévep

subjects concerned in Fig. 2.

2. See Appendix A. ’
o

I .
. B

e
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Cu FOUND IN 2mm OF LENGTH (NANOGRAMS)
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Cu FOUND PER 5 mm OF LENGTH (NANOGRAMé)
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TABLE TTT

s
- P
Subjects from whom hair samples were analysed
Subject | Age| Sex Domicile Hair Colour
: , S
A 21 | female Vancouver, B. C. Light brown
B 43 | female | Vancouver, B. C. | Dark brown or
N ( _black changing
to white or gre;
C 18 female | Paris, France Blond
D 25 female Vancguver,.B.'C. Medium- brown
E 3 male vancoyver, B. C. Light broz:/'
F 30 mal e Vancfouver, B. C. Dark blond
‘G 22 female Vancagyef, B. C. Brown,
partially bleached
H 24 female ’ Vancouver, B. C. Brown,
partially bleached
' I 25 | female | Vancouver, B. C. Dark brown
J 29 a, %emale Vancouvert B. C. Light brown,
partially bleached




s

‘The means of the distribution of the correlation coefficient

~59-

values obtained for each subject are given in Table IV,'together with
the standard.deviation of the distribdtion, and also the number of

samples of which the concentration patterns have been used in the

calculation. ' !

The consistently high values obtained for those coefficients of
correlgtion reinforée the impression (obtained bv visual inspection)
of similarity whiéh is conveyed by the copper concentration patterns
for hairs taken from a single indiyidual,(except for subjeq£~§4f4;:;

whom the lower corrglation coefficient reflects the dissimilaritvj
<

2 H3). In'conpﬁast with this resemblance it can be

_seen that hairs taken from different individuals differ in average Cu

between H1 and H

content (as expected from previous data on the distribution of average
Cu contents of hairs from a general population (Per, 65)) and also in
the magnitude of features such as slopes and 1local concentration

fluctuations. A camparison of the copper patterns found in hairs

taken from three different subjects is to be found in Fig. 3.

This difference between the characteristic patterns of the
several subjects involved in this experiment can be agé}n measured
quantitatively by the coefficient of correlation, whose values are
described in Table V. These were calculated from concentration
patterns for pairs of hairs taken from two different subjeqts.

However, because hairs of subject C were analyzed via segments 5 mm

/

/

¢
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tABLE TV
Correlation coefficient between the natural
. copper concentration patterns of eaqh subject
Subject Number of Samples ‘Mean of Correlation Standard
Coefficient Deviation
A 3 n.931 0.0064'
B 3 0.935 0.023
c 3 0.882 0.001
D 3 0.879 0.007
E 5 0.914 0.002
F 3 0.949 0.030
H 3 0.412 0.502
o
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TABLE V

Correlation coefficients between the natural copper

concentration éatterns of different subjects

Subjects Whose Number of Samples | Mean of Correlation 'Standard
Patterns Are Compared Compared Coefficient Deviation
and 9 0.856. 0.058
and 0.797 0.074
and 15 0.805 0.067
and g 0.670 0.095
and 9 0.917 0.026
and 15 0.829 0.027
and 9 0.832 ° | 0.041
_and 15 ¢ 0.782 0.12
~

and 9 » 0.643 0.124
and 15 0.867 0.045
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long (instead of the usual 2 mm) it was not possible via the formalism
developed in this work_bo'compare the concentration patterns obtained

for this subject with ény other patterns shown so far. The .results

obtained are generally lower &han the means of the correlation

coefficients for hairs from a single individual.

G
7

The significance, of the difference between the two sets of data
can be assessed by the student’s t—teét.“ Table VI shows the t-values
obtained foh all po;sible qpmbinations of correlation coefficients
taken frqm Tables *IV ‘and. V, and indicates that the probability of

recognising; for example,;ﬂf hairs as coming from two different

subjects which in fact come from the same individual, is less than 37,

In some cases, this probability drops down to less than 10~2 (as
for the compahison between the correlation coefficient of subject E
patterns with' the - correlation coefficients calculated between the

patterns of subjects E and B), which makes an identification by this

o

mqthoﬁ“%elatively less ambiguous.

In one case, however, the patterns in hairs from subjects B and D
are more correlated than the patterns in hains”?ﬁom subject D alone.
This ci?cumstance (which occurs in only one case in twenty) is due to
the low correlation between the patterns of subject D combined with a

¥
general similarity between the patterns of subjects B and D. j/

)

-

YA
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TABLE VI

Student’s t-test on the correlation coefficients

. v v
I T

Degree of Freedom t a
Coefficients Being Compared (n1+n2_2)
A+B and A 10 2.16 0.03
A+B and B 10 2.28 0.025
A+D and A 10 2.99 0.006
A+D and D 10 - 1.83 3 0.05
A+E and A . - 16 3.15 | 0.003
A+E and E . 18 59 0.001
~ L -
A+F and A 10 4 .61 0.0005
A+F and F- 10 4.87 0.0003
B+D and B 10 1.06 0.16
B+D and D 10 r(B+D) >.r(D)
B+E and B 16 6.32 1x10-5
B+E and E 18 6.91 1x10-5
B+F and B 10 4.06 0.0011
B+F and F 10 _ 4.56 0.0005
"D+E and D 16 1.36 0.090
D+E and E 18 2.42 0.013
D+F and D 10 » 19 0.004 -
D+F and F 10 11 0.001
E+F and E 18 2.33 0.016
E+F and F 16 * 3.00 0.004
- ‘ i
| \
>
b -ﬂ\
£
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’) Howevér, the availability (say via multifelemént AA)J of pattern
!datar'for‘several‘elgments in the same hair wbduld be expecLed tg allow

) compounding of probabilities such as the aboVe; to péfmit a ‘more’

certain hatching of hairs from the same source.
: B -_—

. 7

3.1.2) Origin of ~Pattern Features ¢"®

, : \&

ER : “ "
" Al1 theé copper.patterns measured, for these subjects and others,

sﬁow4tﬁ?be‘genefal*Qharécteristics: - B
- ' . : ®
: &
% . .
— ere is a fluctuation of ,the copper content between

g \

adjacent'éeéments by as much as a factor of-2.

a

-~ 'there is a minimum éopper concentration at about 1-2

can from the root,, and there is ah genefally" increasing

T,
o

. concentration of copper with increasing distance from the robt,

B

*

- are

'hegions of the hair extending Eef several centimeters where “the

- ’) -~ - ) - 5 kS +
copper " concentration 1is much higher (or”loyer) than in adjacent
- ~ R i : .

N ‘ regions, and appear to be 9haracte?ist;c of.a given individual.
could perhaps.be rationalized in the following

4

RS

4;The§e features

1

(terms:

are, superimposed on <this general trend,

?
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1) The obéerved segment-to-segment fluctuations might

v

be dJue to faulty analytical ‘technique or to varying external

contamihation which was not completely removed by the washing

c

RN procedure employed.

-

5y

2)'Tbe‘increasing concentration from the root to the- N

. 7\ ) B i K ~
distal end might be due to  absorption of copper from the

- environment, which had proceeded to a greateb “extent with the

4

7 longer total exposure time to which the distal -end had been

sub jected. "It can be seen, however, that this ‘feature is not

common to every, sample or. which the patterns are shown in

of suéh an increase of copper concentration, which already raises

"some question regarding the above interpretation.

o

t
>

+ 3) Tne region of locally increased or decreasedgéoppér

concentrations might reflect changgs ~in the dietary copper
coéténp, which might in turn evidence ’correspondiqg changes/ in
the blood copper level, ahd hence the extentwof incorporaﬁion of
copper into the hair growing }rom‘thé subject’s folliqlés.

© J7.1.3) Validity of the Analysis

Question 1 above, on the validity of the p}esent analytical

technique, 1is clearly of utmost importance to theé significance of the

H]
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present gesearch work as a whole, It seemed critical, there?ore, to
; scrutinise the techniques empldyed. ‘
L . L - -

The question first arises as to whether the values obtained by

Atomic Absorption Analysis are accurate, since duplicate analyses of

the same are ‘impossible because of the destructive character of the

method, and because &e have seen previously that'this meghod is not

free from interferences. In particular, the calibration of the
absorption signal measured dHEEng the “atomization of a solid hair‘

sample by comparison with the signal obtained from an aliquot of ’a

standard solution could be a source of error.
. ¥

- First therefore, a comparison was  attempted between hair
seg@enﬁs analysed in the solid phase aé described above, and larger
segments of'another?hair from the same subject which were subjected to
a -prior dissolution in concéntrated nitric acid, aliquots of the

resulting solutipn being pipetted into the furnace. fﬁ

o

—

Several problems affect such a comparison. It would haQe been

-preferable’ to compare hair segments of identical composition. Since

a
t

these evidently do not exist, the measured average copper values and

Ha.

the patterns from two hairs from the same subject were compared.
- - . ' - E

[

. . Figyreku shows the results that were obtained with hairs from

subject - D. The close similarities of the general patterns are to be

i\
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Cu FOUND PER 2 mm OF LENGTH (NANOGRAMS)
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T
~

noted, and the datg on the average concentration vaiues measured alohg
these two ha'irs indicate that analysis of samples in the solid phase
éhg after dissolﬁtion give the 'same copper concentration value to
within 10%. The tengenéy for the stsolved sampl es tq\ﬁave a slightly
higher concentration may reflect contamination' with copper ‘from the

very puré\nitric acid employed. In the dissolved,sambles, the copper

14

is expected to have_genérally the same chemical form and environment
as in the stégdard solution, which 1is made ub from copper metal
dissolved in nitriéxgcid. ‘Thus, the similarities of values found
between so0lid and &issolved samples is a good indication that nearly
the same proportion of cébpér atoms (presumably close to fOO%) are

Y

liberated from the solid samples and from the standard solution,

Further verification of the accﬁracy of the results:was attempted
by, checking the influence on the anaiytical results of proteinaceous
material present in the fﬁrnace du;?hg analysis. This was achieved by
analysing a sample of tyrosinase (Sigma Laboratories), which hqg a

reported copper concentration of aboub~300 ppm, sucessively by - Atomic

Absorption.-beth—an..a solid and a dissolved sample, and secondli’by
e,

P

X-Ray Fluorescence Analysis the evaporated residue of the solution

\

~

and on a solid sample., The latter method of analysis\}s_presumably

free of any interfebenceé due to protein aterial to~ which Atomic

Absorption may be subject. Calibration in bpth-cases was achieved by

comparison with aliquots of a standard cbpper solution or with a &

{
sbéﬁhard N.B.S. orchard leaves matﬁiiii of known Cu content (Sta. 72)

A
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where the undissolved t;%osinase was analysed by X-Ray Fluorescence.
The results are shown ~in Table VII and indicate an agreement

consistent with the estimated 10% error of the Atomic Absorption

Y

Technique, given possible inhomogeneity of the protein material, when
analysed undissolved by X-Ray Fluorescence.
1 ;.
A

It seems, in view of the consistency of the results obtained so
~ v - 'Y

" far, that the measured values and the variations of copper

concentrations along the hair samples ‘analysed are reasonably

P)

accurate.

Next, to check whether- the segment—to-se@m?ht variations, which
seem to be a common characteristic of ever; hair sample analysed by
- this method, wefe due to variable contaminatisn of each\spgme%t during
the analysis due to poor Handling technigue, it was Aecided to
analyse, >by.the'same pPOCedd;e, 2-mm segments of a nylon monofilament

fishidg line, which 1is known to have a fairly homogeneous and

amorphous structure. This feature might be expected to lead to the

coppe®r content of each éegment analysed being fairly constant, unfEsa
Y . . N N
the method of handling and analysis adopted so fam is the real cause

4

for a segment-to-segment variation.

-
v

A . ) v
The results showa in Fig. 5 clearly show a very much Lpeduced Cu

RSN

concentration from that observed in hair, and demonstrate that the

segment- to-segment copper content variations are smaller ( £ 18%) than

—

4



~T1l-

TABLE VII

R
i

\ /
‘I

Analysis of Cu-content of Tyrosinase via atomic absorption

spect?ometry and X-ray fluorescence_spectrometry (precision

+

- 10%) .
XRF T AA
dissolved : & "
samples 02 ppm 2 e75 ppm
‘301 id - 382 ppm 288, 338, 285 ppm
samples ,
Y »
’ d \J
y §
) K\
o, - o/
‘ +
- /
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those generally observed with hair, Thus, if the analysis' of a
filament, whose homogeneous structure is ndt expected to lead to a
variation of cbpper concentration' from segment-to-segment, has
produced more constant results than has been obtained with hair fibers
with gnown structural inhomogeneity, it is possible to conclude that
the piece-to-piece variation observed with hairs was not due to
contami étion during the analysis to a significant extent. Thus it
was presumably due either ﬁo the natural inhomogeneity of the copper
content of the hair shaft, or perhaSs to superficial contaminatibn
| , ’ R | Bl
present before the analysis began, :

-

3.1.4) Effects of Hair Washing b

g

such

The importance of hair washing as a means of
contamination has been emphasized earlier. It was evidgntly necessary
-to select a washing technidu?, and to determine an optimum Qashing

time sufficient to remove the superficial contamination oft hair, but

not the trace elements bound to the hair structure proper. It was
decided to employ one of the previously described washing procedures

(Obr. 72), rather than to introduce another.

Three hairs drawn from the head of a single subject (subjeqt A)3

were separately subjected to the washing sequence described earlier

3. The.three hairs used in this experiment were taken 9 months before
the three hairs whose patterns are represented 4n Fig.'ZA, which

explains the dissimilarity between the two series of patterns. .
. N »

N ~

o
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(see section 2.2), but with times of 5, 10, and 15 minutes per step bf

~§he procedure. The-patterns measured after such washing process are

7

-
shown in Fig. 6. ’ .

It is seen that the length of the washing time influences the

magnitude of fhe features of the observed copper concentration
pattern, but ghat even after °% minutes of washing per step, such
feapures are still wvisible. The highly erratic ‘concentration
variatiogs obtained with hairs which were not subjected to ény
washing, had, however, dissappeared gfter a washing. time of five
minutes per step. Thus, this duration appeared'to be a reasonable
compromise between removing contamination-~ on the one hand, and
avoiding the washing oﬁt of'a potentially significant concentr?xioh
v

pattern on the other.

w

~

S

The persistence of pattéén features even after the 1% minutes per
step washing, plus the apparent validity of the analytical method,
suggest that the concentraiion flucﬁuations are real (and not an
analytigal artifact)lana méy be associated with variétions in the hair
struc fe (rather than with surface contamination). |

¢

Another such quantity may be the density of the hair materz?l,

since the segment-to-segmept fluctuation of copper content observed

v

may have resulted from yagiation of segment weight. Figure 7 shows

the regults of weighing sucessive 2- and 5-mm segments of a hair from

-,

~

l/hq'

L

§
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‘subject A, togapher with the estimated preéision of such measurements
¢ .
i

/ . o
\\‘_// It can be seen that segment-to-segment weight fluctuations are
<; far Smaller in dggnitude than the observed variation :of coppeﬁ
content, since the maximum fluctuation in weight measured between two
adjacent 2-mm segments was only 17% of the average mass (at 5

distance of 4 cm from the root). ‘“\ﬁﬂ
.Another feature which might be linked to the observed variation

of copper content is the fluctuation of hair cross-section, and hence

internal surface area available for -ion absorption.

The diaméter éfrra hair from subject A was measured
microscopically at interyals along the hair much shorter (0.25 mm)‘
than the 2 mm i;ﬁoséd otherwise by the necessity of analysing the
copper content., " The results are shown(in Fig. 8 ‘with the estimated
precisidn being 1.5%), together with the Qeighﬁ of the éorresponding“(
2~mm segments. The cyclis diameter variations observgd are presumably
a reflection of the heljcal form of the hair and ;n elipticai
cross-section (Pri. 74), and are not reflected in a corresponding /‘ﬂﬂﬂd
cyclic variation of hair weight.“Beyonﬁ such vaqiatiohs, however,
there are 1local points of sighificantly‘ reduced./and ‘increased

diameter, but which are too small in magnitude to be the causé‘of the

Cu conteﬁfjﬁariation. ‘ a



—
o~
»
—
- 3
N
N
n
.
-
4
2
a
:
v s

(Ww) 1008 WOYS IFONWLSIA

3

ol

WEIGHT PER 2mm S|

«

~-78-

(p9)

3

® &8
T

55

DIAMETER ( MICRONS)
o)) ~
[} o Lin

N

[

&

T T

T

‘v
-
.
.
. .
.
g,
.
L
LN
. N .
.
. .
& .
Bl o =
9 z
. .
g .
;
.
..
N
N
i
i3 B
VA
N .
:
.
~ .
- .
. .
O'

FIGURT



: I ~79~ :

N

It seems, then, that none of the possible causes of Cu content

fluctuation investigated so far are in fact responsiblé for it alone, .

14 . .

although they may be partial contributors.

b »

3.1.5) Tracer Experiments : ‘ . .

2 —
El

Certain features of the copper patterns obseyved in hairs, such

2 -

as the inéregse of concentrétion from the root to the distal end, may’®
‘A:; . / . - & ' o
perhaps, as suggested eiFIfgf, be rationalized in terms of longer
exposure times to contamination. This was directly 'verified by
: T
sgaking a hair in a copper sélution under conditions such that the
added metal. was very much greater in quantity than the indigenous
copper. This should result in a féirly constant cobper concentration

from one end of the/hair_to the other, following from the exposure

time now being g{he same for all locations on the hair.

Likewise, if the regions of 1locally increased and decreased

i

cdppér ' concentration are 'iddeed, as suggested, due to dietary

2

. influences,'then following such an intensive soaking operation’ sdcb
features should be sSubmerged. Such expectations were subjected to

.\ .

direct test.

3.1.5.1) Inactive Tracer

Two sets of hairs plucked from the héad of subject A were

4

*
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v & - "
subjected to a soaking in a 0.1mg/ml copper solution, adjusted to pH -

'

4.5,+for'1 and 26 hours. respectively. The results are shown in

Fig. 9, the concentration and time of soaking being indicated for each,

hair. Again, the patterns shown in this figure have been selected

from a much larger collection of data, all displaying‘strictly similar

$

features Thus the following discussion is based on much 'more -data’

3
)

than just that shown in the- figure

2
s
B

There is strong evidence that the copper taken up by the hair

3

El

during the soaking is not absorbedluniformly along the length of the |

hair, whether the amount.added is 10 or 100 times the content prior to -

b ]

soaking. Furthermore, the fact that after 26- hours’ of .soaking the

‘hair sample absorbed almost 5 *imes more copper than during 1 hour of
. - - . . >

contact with the same solutiOn, could indicate that the absorption

o

process could be partially governed by a phenomenon of diffusion whose
R

slow rate may limit the amount of metal absorbed into the keratin. };

4
N

Rl c
<

The incteage th distance in the natural copper content observed

in Fig. 2 is again noticed for hair samples of subject A which have
&

been soaked 1 hour as well as 26 hours in the copper solution. The

-extent of this variation can be compared with ‘the increase of natural

copper concentrationhin Fig. 10, where two hairs from subject B, whlch
13

have been soaked in 0.1 mg/ml Cu** solution for “3 hours, have their.

patterns reproduced, along with an untreated hair.

.

7

I

e
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It is therefore reasonable to assume S;at the dinecrease with
¢« distance from the root in the naturai copper content-.may in large
“ part, or entirely, be due to an inchasing‘capgcity for absérption (op“
decreasing iphibition of%absorption of copper from the envirgﬁmént
with distance from tge root, rather than to the increased exposure
time, as préviously speculated. This variation in the absorption
(éa/pacity along the hair shaft is presumably linked to~-changes in hair
‘sb?uctube (due e.g. to protein oxidation) .during maturation . or
/Aexposure to the atmosphere. . .
>
In addition, in the case of subject A, where the  indigenous
copper concentration was found to go through a maximum at particular
éites along tﬁe hair (Fig. 6), it ?an be seen that ;the amount ;f
: P :
copper taken ﬁp during soaking of hairs from the same subject and
plucked at the same time is maxiMum at similér ~locations along the
hair. This indicates that B such regions of increased" cdppeb
conéentration are Q9t Just indicative of a dietary.Cu fluctuation, but *
may be partl} or completely the ;é§ult of a variation in the |
absorption capacity of the hair for copper at particular sites along
the hair which may be specific for a given individual, | |

ce v ) ~—~—r -

3.1.5.2) Radioactive Tracer

The use of radicactive copper solutions for a soaking experiment

.

seemed an interesting opportuqf%y to verify the somewhat surprising q?fg
, AN o . ~
Joo -
: — ,
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Y

.1ts of the previous Section,<but' by an alternative 'measurement

technidue.

In Fig. 11 data are shown on four hairs taken from subject A, In
the top part of the figure aré\shown the patterns in two hairs plucked
at \the same time for indlgenou; COpper< and for cobpér added as
inactive tracer: these data were drawn from Fig{v2‘aﬁd 9. The bottom
part of_Fig.-11 shows the patterns$ obtained for two hairs oiucked ét a
date U months later and treated with radicactive copper tracer. In
each case a region of increased copper conceatration is found, for the
first two hairs, at about 6 cm from~the jggtl—and in the case of the
latter two hairs, at about 10 em. This difference in the poSition of

the region of increased copper-uptake is consistent with the length of

hair which would have grown during the Y MOnth period separating the

dates of acquisition of the two pairs of)hairs, given the ;:;Egye
1 sl
%

growth rate quoted in the literature (0.35 mm/day) (Fle. 54).

L

Tﬁis result confirms the ‘ﬂgg;e concluéions regarding “the .

existence of regionsaof different absorption capacity for coppef argkg
the hair "shaft. Microscopic examination using a scanning electron’
microscope failed, however, to reveal any morphological features which
could be correlated with such regions;fww

This series of experiments was extengéd to hairs from subject E

because of very particular features which were observed during the
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_experiment on copper ingestioq, discussed later. It was observed
part}gg;gp;y‘Jthatﬁ~s6ﬁétimes, shortly afterisifampooing, some of the

v hairs taken from this subject did not then exhibit ‘the concentgztion

own for this subject in Fig. 2, but
atufral copper content along the.

instead showed a rather constént,

pattern for indigenous copp

hair. . This suggested qﬁpdésible partial washing o f the natural .

copper from_ the distal part of the hair, 7a phenomeng, ndt ob§ervea

with any other,subf%ét examined.

4

i \

The results of a radio-tracer experiment shown in Fig. 1H,—_Fbr
< i X -

- five hairs, whichrwere taken from subject E'err a period of 1 month,

seem inconsigtent with the natural copper content patterns of Fig. 2 .

- P . | ¢

However, the® de correspond with the patterns of hairs taken.

> shortly after shampooing (Fig. 16 and 20), which suggests that, for

%

this‘subjeét at least, some part of the copper content 1is nogg’as
stro(ély bound to the hair structure as for other subjects, and as
) 5.

‘such can be easilyfremoved from the keratin either by sh;mpooing, in |
- K

the case of the natural copper, or by rinsing following the soaking in

the radiotracer solution.

~

3.1.6) Effects of Hair Treatment

&

1

| S

Two subjects inJolved in this study, subjects G and H, have wused

a bleaching agent on their hair, resulting in bleached and unbleached

£ e
)

¥
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regions with a rel%;ively 7haﬁp colour change between the two. the
. L

‘results of :indigenous co asurements are shown in the left part
b

“of Fig. 13 for subjégt G (performed in an undergraduate exercise by
I .

i
the.subject concerned)\\?nd in the lower éart 6f Fig. 2 for subject H.
. -
It is Seeﬂf%ﬁht, in both cases, the region of the hdir treated
: ) / C ! Fa
with the bleachd & solution exhibits an increased indigenous copper
codbentration. In addition to the bleaching treatment, for subject H

the hairs Qere redYed shortly after the experiment so that no sharp
}; A ’

colour change was then visible along the hair shaft. It seemed

interesting to see if, {in such a case, the region which used to
= ) ‘ ’ - ' .
- exhibit %n incneasé&‘COpper'concentration (at apbroximatqu\\léfo .cm

from the root to the distalvend) wogld still do so. Two such hairs
(samples'H2 andrﬁ3) were analyzed, and 'thé resulting pétterns are
shown in Fig. 2g. It is seen that for both samples,'the‘breviously
bleached [regioh no longer& showed the stronglf ,incfeased ;'Cu
congentration, &hus, the dye'emplo&ed,evidentlyvmaQe less available
- the gites ‘in .the bleached hair ‘stguéture E;— which copber 'had
> , .
previously beéj bound. The importance of the observed phenoﬁénon in
forensic applicatidns of the present analysis techn;qné is obwvious.

Further experiments were’ conducted with on§5 hair drawn from

subject G, who had wused a bleaching agent, resulting in a very
characteristic pattern fortthe natural copper’ content we discussed~
previousl& ( shown in Fig. 13). This hair was subjected to the 6MCU

/ \
. : /

/

’
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from the radiotracer solution is shown on the right side of Fig. 13.

radiotracer treatment, and the resulting variation of copper uptake

It can be seen that the region of the hair treated with the bleaching
solution exhibits an increased capacity tb take up copper from
radiotracer soi;tion, producing a pattern similar to ‘that for the
natural copper content variation in the hair from the same subject.
~ , ‘ |

In view o® this result, it see@ggriqggpesting to see if the,héirs
of subject H, which were dyed aftgrihaving been pqrtiy b%eached,.ﬁould
show a constant ubtake of radioacfiye cobper aléng‘ the hair shaft
correspong;ng to the flat pattern for the natual copper content, és
discdsiﬁﬂ pﬁeviously.< The result obtained is‘shown in‘ Fig. 12; and
clearly demonstrates the presence of an increasé in the copper uptake
in the region where the hairs wérégpreviously bleached (although the
variation of copper uptake 1is not so”important as in the case 5f

subject G, whose hairs were not 'subjected to qyé%ﬁé)._ This result

suggests that the soaking of dﬁdioacpive copper into hqir can be used

‘to reveal the existence of natural as well as artificial regions of

el . ] .
increased or decreased copper absorptivity, even after a dyeing,

trgatment has made impossible the ;isual recognitipn of, for example,
a corresponding artificial colour change. fherefore, similarities of
the radio-cdpper uptake patterns could be, 'under certain
circumstanci;; a better means of identification than the natural
copper content pattern already indicated bo;be specific of a giv?n

s o ¥
individual. bt
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3.1.7) Ingestion Experiments
The results of  the foregoing experiments, namely that the

pattefhs for natural coppepzcéhtent and those for c¢épper added from

: ’
solution were very similar, were consistent with the interpretation
re ! .

that the natural coﬂper content of hair arises entirely from external

sources such as sweat or environmental contamination.

. -

It. seemed desirable, therefore, to determine whether ANY features
of the indigenous Cu pattern arose from copper 1incorporated via the

follicle as the hair grows,

41.0". .
Afralysis of hairs from two subjects, whose diets were modified by

ingestion of -elevated quantities of copper at known times, was

i

’ expeC%ed to illuminate this question. The experimental technigues

AS H 7 - -
employed were described in section 2.6.

.. %

The results of the blood serum analysis for copper, undertaken
simulténeously with the hair analysis, are given in Table VIII,

together with the time at which the blood was taken.

It can be seen that very little correlation exists between the
blood “copper concentgation and the time of the ingestion. It seems,
furthermore, that resylts obtained by the X-Ray Fluorescence fechnique

are consistently lower than the values giyen{%y the Atomic Absorption
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TABLE VITT

L 4
Copper concentration in blood serum

ar

Time of* Sampling ‘ Cu Coﬁcentration g/100ml Serum
XRF AA
Subject E
2 days before inge;stion 142, 176°
1 day -before ingestion 160 90
L INGESTION
1 day after ingestion 95 112
3 days after ingestion 78 116
12 days after ingestion 88 112
Subject F
9 days before ingestion 75 82
5 days before ingestion ) 85 126
1 day before ingestion 116 ' 140
| INGESTION
2 davs after ingestion 170 ' 134
5 days after ingestion 153 168 .

rd

21 days after -ingestion 145 ‘ 126
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) Anaiysis.va Thus it is difficult to draw- any conclusions on the

. , ’
influence of the copper ingestion on the concentration of, this metal

in blood “serum.

,InLorder'tqﬁgttempt detection of'a possible change in‘ th% Cu

s

pattern in the hair of subject F f9llowing ;%gestion, three samples

taken from this subject prior to the Cu ingestion were first analysed

followed by hairs taken at various times after ‘the//ingestion. e

i

times at which other hair samples were fakenvfrom subjecth are given

in Table IX togéther with the number. of hairs analysed in each case.

§ : y | ; : B ’ | l : ‘j

No significant increase of copper content was ever observed‘alqng

any of the hairs analysed as long 'as 18 days after the copper

ingestion. Especially, the copper content in the first 2 cm of the

hairs remained at the same low \lgvel‘ which was characteristic of
samples taken from the subject.the day before the ingestion. ihis
absence of response of the hair copper level to the quantity of coppeﬁr
ingestéd by subject F was attributed to a pggéibie insufficiency in
the amodnt of copper aéﬁiﬁiétéréd. It was then decided to repeat the
same experiment with another subjectA(E), who‘ingésted 40 mg of copper
instead of 20 mg. Blood analyses were. again performed with

inconclusiye results, as shown in Table VIII.

1

Y

Seven hair samples taken from this subject prior to ingestion

were analysed as described in section 2.6. Three of thesé¢2;mples
3 o
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the copper ingestion experiment on Subject F

Time of Blbod Sampling

o
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FABLE IX

~

Time of Hair Sampling

Number of Hairs

Times when} hair and blood were taken during -

Analysed

9 days before ingestion
5 days before ingestion

1 day Dbefore ingestion

2 days after ingestion
5 days after ingestion
21 days after ingestion

1 day before ingestion

P

DAY OF INGESTION
after ingestion

4 days after ingestion
5 days after ingestion
14 days after ingestion

18 days after ingestion
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TABLE X

Times when hair and blood were taken during

the copper ingestion experiment of Subject E

>

Time of Blood Sampling

Time of Hair Sampling

Number of Hairs

Analyzed

2 days before ingestion - .
1 day before ingestion 1 day before ingestion :5_\?\\
-/
INGESTION
.1 day after ingestion 1 day after ingestion‘ 3
| head shampoo
3 days after ingestioﬁ : 3 Qayg after inge;tion oy
| 6 dé&s after ingestion U
head shaampod®™™ \
7 days after indgstion / 2
11 days after ingestion 3
head shampoo
12 days af er ingestion 12 days after -ingestion 2
}21 days after ingestion 2
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have their natural copper content patterns reproduced in Fig. 2, and
are characterized particularly by the low copper content (about 0.45

nanogram) of each 2-mm segment analysed between O;ﬁ em and 2.6 cm from

the rc@. ' ' |

Results of the analysis for three hairs takeﬁ the day after the
ingestion <« Fig. 15) dQ_—ggt shqw any appreciable modification of the
patterns compared to those for the samples taken up just before the
ingestion, and the copper level in the region in the vicinity of the

scalp remains close to 0.4 nanogram per 2-mm segment.

At successively 3 and 6 days after the ingestiqn (Fig. 16 and
17), a small 1increase of the copper level to 0.5 nﬁGogram per 2-mm
segment may be noticed‘fﬁ’the same region of the hair shaft. At 7
days after the ingestion (Fig. 16) the copper contentof each 2-mm
ségment has an average value of 0.78 nanogram for ‘the two hairs
analysed, which- is significa&tly higher than the values measured for

1

periods of time closer to the ingestion.

For 11, 12, and 21 days afﬁer the ingestion, the copper level in
the region of the hair close to the root returns to its original value
| (0.4 nanogram per Z2-mm segmént). The pattepns corresponding to hairs
taken at these specific dates-are shown respectively in Fig. 19, 20,

anq 21.
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/.

In" order to facilitate the interpfetation of the results

discussed 1in this section, the average copper content has beeé? ’

.calculated for hair segments of various length in the immediate
: k2

vicinity of the root. These values are given in Table-XI.

a .- 1

¥

It -seems, therefore, that only ’hairs taken 7 days after the
ingestion shd//’an increase of copper level in the region of the hair

extending from J.4 to 2. 6 cm, as well as ln narrower zones such as 1 0

to 2.0 cm from the root. It seems important, then, tg\ test 1if the
copper level "hed at this date is 31gnif‘icantly different f‘r'om the
averaged value calculated on the seven hairs taken the day before the

ingestion. The "calculated values of the t-test show that these
: <

average copper concents of the hair extending from 0.4 to‘ 2.6 om or
from 1,0 to 2.0 cm from the root, are different at the 96% level of
confidence. It seems, then, that attribution of the. prebence of

copper in this pabt of the hair to'a mechan#m which would involve

I 3 -
i even partially its 1incorporation into the -keratin found 1in the

e\follicle.is unreasonable because:

-

-

T'he high copper content region produced by thég
echanlsm would probably not reach distances as far as 1.0 to 2.0

= cm from the root in_a 7 day period of;hair growth.
A , ‘ ’

: : B '- : b
- After 21-days, the region of the hair produced’'at the

time of sthe ingestion. (where the incorporation of copper would

\ | R
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have happened) should have grown to a distance of 7.5 mm from the
g

rbot, where no maximum in the copper content has been detected in
; ) X

this position on either hair taken at" that time after the

ingestion. ,
, -

EY

It is therefore reasonable to assume that the copper which

abpeared oh the hair shaft 7 days after the ingestion.may have been

,transported there via the swéat, altﬁod@h such a mechanism would be

expected to respond to the ingestion of high quantities of copper in a

much shqrter time.
J

Indqbendently of the results previously described, some of the
patterns obtained in the course of this experiment were dissimilar to
the curves which were characteristic of subject E prior to ingestioc
(Fig. 2). In particular, 3, 11, and 15 days after the ingestion, seme
of the hairs taken from this subject.showed a rather constant natural
copper‘content éll along ‘the hair, which is reminiscent of the
behaviour observed during the experiment with radiocactive trécer
(section 3.1.5.2) with the hairs from the same subject.

- ®
Because two of the.three sets of hair which dispiéyed "such a

&

feature were taken shortly after the subject had washed his head, it

is tempting to assume a partial washing out of the natural cdgpé; frbm
the distal part of the hair by the detergent employed. However, this

does not explain why such a flat pattern has not been found for hairs

3
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taken 7 days after the ingestion, since the subject washed his:- head
again shortly before that time, and why, 11 days after the ingestion,
one of the hairs analysed showgd no <increase of copper content along

its length althoﬁgh no shampooing had occurred in the preceeding 3

days.

|

It seems, then, ﬁhat a marked inconsistency prevails for the
results obtained with the hairs of subject E, although itéii?t be
noted that all the hairs taken prior to ingestion showed a similar
concentration pattern (Fig. 2) (with a correlation éoéfficient of
O.?1U). -Likewise, soaking of copber intoph;irs taken from the day
before the ingestion to. the °1st day after the ingestion (Fig. 14)
produced patterns consistent among themselves “‘and similar to the
concentration patterns of hairs of whiéh'the natural content may haveE
been washed out by>shamp90ing.

s

In conclusion, it seems impoésible to disregard completely the
possibility for at leaét a fraction of the copper observed in hairs to
originate from incorporation via ﬁhe root through the growth process.
' However, a larger émount of this metal would gprobably have to be
ingestedn by the subject to clearly reveal this mechanism, a proce
which is evidently impossible fo% med ical redééns. -

. ' ,-, | - ) ]

3.2) Experiments on Zinc

Some similarity between concentration patterns for 2zinec and
- et .

)
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copper was to be expected, perhaps since both are essentfﬁl elements
tos animal biochemistry, and in addition both exist in solution as

hydrated divalent ions.

™y

However, zinc was reported to be the dnly element whose natural
concentration does not vary appreéiaﬁly along the hair length
(Obr.#72), and unlike copper, which seems to be strongly bonded to the
hair structure, zinc has been shown to be easily extractable from the

keratin (Hin.#74).

-~

3.2.1)#Results for Indigenous Zinc in Hair

Because of thg high concentratioh 6% zine in hairs, and the
remarkable sensitivity of Atomic Absorption Analysis for this element,/
it was not possible to analyse theﬁusual 2-mm segments, but instead
sméller segments of 1.0- or 0.5-mm length had to be used, which is the
minimum size that can be handled by the technigue described in section v

. L
2.3. S v,

Preliminary analysis of a few hairs; however, indicated that
large segmeng—to-segment variation in tne ziné content could hide some
r&levant features of the concentrationA pattern, It was therefore
decided to increase the length of the wasHing time from &5 to 10

minutes per step of the cleaning procedure préviously employed for the

analysis of copper, and-described in section 2.2.
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The validity of the measubements of the natural zinc content of
hair was checked from time to time by adding into the furnace 10 ul of

. ultra- pure HNO aften the sample was ashed. Then, the drying and

3

ashing processes were restarted and followed by the usual atomization

»

and measurement. dnder_ such conditibns, the =zinc is expected to
dissolve in the nitric acid during the "drying" step fwhich lasted 30
seconds), and hence. the residue to.have the samé chemical form and
environméﬁg)a; in the Zase of calibration with an aliquot of a

standard solution, which was made up from zinc metal dissolved in

»

nitric acid. ’
vf

It was found that after such treatment, the amount of zinc
—— .

meéafréd was similar Eo the value obtained via normal analysis of a

pY

hair sample. A perfect agreement is, of course, not expected, due to

entration variation observed for

the important seghent—tg-segment conc

this metal.

Two hairsg&gken from the head of subject B were analysed for

their natural zinc content: the patterns obtained are shown in

@

Fig. 22, where no increase in the zinc concentration can be observed

[

along the lengtgof‘ the hair.

/

J
N ¢

This result is similar to thé conclusion of Obrusnik et al.aj

tObr. 72) «(for hairs from subject A) obtained via Neutron Activation

A —
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Analysis of successive 10 cm of the hair. .
Thése two patterns can be contrasted to the copper concehtration

patterns (shown in Fig. 2),'0btained for similar hairs taken from the

same subject, which were characterizediﬁy a large 1increase of the

natural Cu content along the hair length.

»*

Similarly, two hairs from subject I were analysed by Atomic

- Absorption Spectroscopy for zinc concentration. It can be seen again

“in Fig. 23 that the Zn confient of each 1-mm (or 0.5-mm) segment

/
analysed remains approxima y constant along the whole hair length.

It is possible to interpret these results in three different

ways:

The flat patterns obtained for these two subjects may
suggest we are looking at the result of the incorporation of zinc
into the hairs through the folliclé, as the hairs grew at roughly
a constant rate.

-Sg
—;The absence of zones of preferential absorption for
zinc (such és the ones found for Cu) may have resulted in a
constant uptake of zinc from external contgménatio? (including
sweat and falibut) along the entire hair length. = o |

o
o
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- The zinc, which may have been absorbed preferentially
in certain regions of the hair (i%e. the more distal part of the

shaft), is more intensively washed out from those regions than
from any other 2zone of the hair by the-rather long washing
ZT procedure the samples were Submitted to (90 minutes).

1

!

“~

. { .
However, the results obtained so far do not present sufficient

a

~evidence to reject any of these hypotheses. It was therefore decided

to examine the absorption of zinec in hair by means of a tracer

experiment.

n\

3.2.2) Tracer Experiment

s

»

Two hairs plucked from the head of subject B wigb subjected to a

soaking in a solution of 652n radicactivity with a‘concenirapion of
’

0.1 mg/ml and 3.6 mci/ml, the pH of which was adjusted to 5.5. The

results are shown in Fig. 24, together with the length of time each

hair was soaked in the solution.

A general increase of concentration with distance from the root,

together with local regions of increased or decreased zinc uptake, are

observed. These patterns are reminiscent of those observed in the -
case of both added and natural copper, which suggests these results

7
could be interpreted once more in terms of a variation in absorption

capacity of the hair structure for the zinc ions.
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However, the important dissimilarity observed \LPetween the
patterns of natural and added zinc for the_hairs’bf this subject (B),
may indicate that the paturél zinc may not be carried into the hair
structure by lthe sameAmechanismsdescribed previo&sly for éopper{ the
regions of inéreased iinc absorptioﬁ  of 'which the existence was
revealed by the tracer exﬁéfigéht evidently did not produce any
fluctuation in the natural cqﬁcentration of this metal alohg the hair.
Therefore, ;he zinc may originate fntirely from*incorporation via the

e -

follicle during hair.growth, or day Eepresent a residue from a washing

out process. = ' - ’;; ’

, &7 ,
The amount of zinc absorbed by each 2-mm segment is seeﬁ to be

twice as large for the‘ hair soaked for 42 hours as fq? the samplé
which remained in the solution- E;: .onlir 4 hours. The raﬁe‘ of
diffusion ofilzinc iéns into hairs, as it may be revealed by thése,
data, is evidently much slower;than the penetration of water into Athe'
same structure, which process hgs been shown to be complefé%&n less
than 1 hour (Ber. 67). |

A similar experiment was reéeated‘with the hairs‘ of subject A4,
wjich were previously shown to possess a very characteristic pattern

‘

én analysed for the natural or added copper content. /}//

However, because of the considerable change observed - in_ the

concentration patterns of subject B when the time of soaking in the

_ ’ . )
q/ . 2 - . £
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. A :
zine’ solution was increased, it was ‘decided now to maintain - the

soaking Lime constant to verifxwif a similarity of absg}ption patterns
o would be observed between the hairs taken from a’sdngle Endividual.
,‘E\A
It seems that some similagities qxist betape; the concentration

N a
patterns shown in Fig. 25 for three hairs taken from subject A4,

espectally around 2 and 10 cm from the root where the presence of

s : z ]
(: zones of increased gnd decreased absorption cag/be B Served.

[N » -

4

It must be noticed, however, that:
’ -
-‘ﬂﬁe correlation existing between these three patterns

~ is perhaps- less obvious thaﬁ’ in the case of added copper

(Fig. 11) foﬁ’%he hairs of the same subject.

’\ v

(g' I = /’/
4 & %é\ - These patterns, and the one shown for natural copper
in Fig. 2, aJé‘much less correlated, although both sets of hairpﬂl/
were taken from subject A at the same time. That is to say, the' =
$ 1 zoneg of apparent absorption of Zn and of Cu are located at ~
LN
\\ different distances from the root.

-

.

o, : A )
} Similar conclusions are to be drawn from-the data in Fig. 26 from

p two ha%gs from the same éﬁgﬁect soaked for different lengths of fime.
It can be seen that the level of Zn absorbed in these hairs increased

.by a factor of 10wwhen é%e duration of the soaking time was increased
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from 2 to 78 hours. :

Furthermore, it can be noticed ﬁpat the existence, at 6 .cm from
. ‘ , .
the root on both samples, of an inerease followed by a decrease of
, 1
zinec concentration. This is seen more clearly after a long soaking

time, . and - corresponds to the same’featgre observed at 10 cm from the

root for hairs plucked Y4 months {ater (see Fig. 25). This differende

i

in the position of the region of increased zinc uptake is consistent

once more (as in the case of copper) with the 1length of hair which

would have grown during the U4 month period separating the hair

acquisition of the two pairs of hairs, given the average growth rate

/. F
quoted in the literature (0.35 mm/day) (Fle. 54).

Again, the positions of the regions of maximum metal uptake are
N4

different for zinc and copper, as is clearly seen in Fig. 27, where

the concentration patterns of these two elements are compared for .

hairs taken simultaneously from subject A.

?

= An experiment where three hairs ffom squecﬁ I were. soaked for
136 hours in the same -solution .was conducted next, to see if such a
long period of soaking will attenuate the S}eée-to—piece and- tpe
overall variation in the amount of zinc absorbed. The results shown
in Fig. 28 prove that no such attenuation occurs, but instead that the

distal end of these three hairs absorb 2 to 3 times more zinc than the
> R

region close to the root.
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This could be interpreted as a consequence of the variatidﬁ in

the number of "binding sites" available for zinc along the hair, or ae»

being due to an increase of the rate of diffusion of zine intd&the

keratin in some specific regions of the hair fiber.

As for subject B, no similarities can be found between the
concentration ‘patterns of natural and added zinc, which seems to be a

~significant feature of the behaviour of this metal in hairs.

The¢ characteristic copper concentration patterns obtained with

the hairs of subject G, who had her hair partially bleached, suggested

an experiment to test if such a feature would be observed with zinc.

-

One hair . from this “subject was therefore soaked in the

radicactive =zine solution for 1 hour, and it can be seen in Fig; 29

. that this'metal is absorbed preferentially in the region where the

hair was bleached, which is a result similar to the patterns obtained

for both natural and added coppef. ‘ Such a behaviour could be:

explaiﬁed again by the same two mechanisms we previously described,

and‘it is not possible at . this point' to decide if the 1increased
abserption observed in the bleached region could be due to a more open
structure of the keratin in this region; whichrmay favour a faster
diffusion, or to the presence of an increased number of binding sites

for zinc.

o J*}Q::.: e
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A similar experiment was finally coﬁduétedijﬁifﬁ féﬁeffhair of
subject J, which showed evidence of two zones of'disééi;fation due to
bleaching between 5 and 10 é@ from the root, and again from 12 ecm to
éhe distal end of the haif. Tne result obtained in Fig. 30 is very

similar to that described previously for subject G.

It seemed interesting, for the purpose of comparsion, to see if
such hairs will have the characteristic flat concentration pattern for
natural zinc obtained with subjects B and I. It is seen in the top of

‘Fig. 31 that the indigenous 2inc content of s&ch hair decreaseé
markedly in the bleached region in contrast to the enhanced’absorption
qpserved from radiotracer Zn solution. This observation seems to
argue againét the existence of more binding sites in such regions, bu;
argues .for  the existence of‘ a more open structure in the bleached
area, which could increase the rate of diffusion of the metallic. ions

into and out from the keratin structure.

It is now possible to interpret the difference observed between

the concentration patterns of natural and added zinc for the hairs of

subjects B and I.

The results obtained with subject J seem to demonstrate that the
natural zinc can be washed out from a region where this metal has been

shown to be absorbed preferentially during the soaking experiment.

s

e e
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Although the region of the hair where this phenomenon has been
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observed was especialhy‘ "damaged" by the bleaching treatment, it is

reasonable to ‘assume that’Such a washing out of the natural zinc would

.occur generally in the regions of the hair where this metal is
preferentially absorbed as, for example, in the case of subjects B and

I during the soaking experiment.

The increased removal of the natural zinc from such zones may be
due to -a more open structure of the keratin (as compared to regions
close to the root), wqégk—is the result of the ageing and drying of

this proteinaceous matgﬁial; :However, incorporation of the indigenous _

Zn via the follizle is not ruled out.

5
2,3) Experiments on Cobalt
\ ’ ! -
The, characteristics previously desgyibed of the behaviour of
o
absorbed zinc and copper in hairs prompted similar eiperiments with a
_further transition metal, namely cobalt. The long half-life of 6000

€

(5.27 years) made this a convenient radiotracer..
3.3.1) Tracer Experiment . N p

One hair fom subject G and one from subject J, both of whom had
used a bleaching agent which resulted in very characteristic increases

of absorption for both zin&7and copper in the discolored\region of the
' 4
X, Y 5 .
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hair, were soaked in a 0.281 mg/ml cobalt solution for 3.5 and 2.5
hours respectively, and then successively rinsed in water, acetone,

and ether for 15 seconds each step.

ot
= ‘ ¢

The/resulting radioactivity pattqrns shown in Fig. 32 and 34 seem
to sustain the conclusion reached during the zinc and copper tracer

experiment. Again, in the bleached regions of the hairs, 2 to 3 times

as much cobalé\_gn the av ‘age has been absorbed as in the untreated’

area. However, thé pattern obtained now is characterized by large
R . - : y/\r
segment-to-segment variation in the quantity of metal absorbed

(especially in the bleached region), resulting in a "leas clear-cut

difference in behaviour of the bleached \Fection from that of the 2

*

remalning part of the hair, N

™~

It can aiﬁ? be noticed that while' a soaking of 1, hour in a ’
\

0.1 mg/ml solution of zinc resulted in the bleached region absorbing 6

& . ) ;
times more Zn than the unbleached hair, a 3.5 hour soaking in a

0.28 mg/ml cobalt solution produced a factor Qf only 2 in the relative

Co concentrations. %

Furthermore, the average‘é;;:it of cobalt"f%sorbed by each 2-mm ,
. :

hair segment %s less' than the aorresponding quantity for zinec and

F<Y .

copper., This conclusion is in agreement with the finding of ;ﬁpte

(Bat. 65), who found 10 times ;Bre zinc than cobalt was absorbed in

- o
Ny | .

hairs at aph of 5.5.
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The influence of" increased‘soaking time on .-£he amount of Co
absorbed, and- the pffect of subsequent rinsing on the concentration
pattern, were investigated in an experiment, the results of which ére

| shown in Fig. 33.

b ' v’
- Three hairs taken from subject G were soaked for 91 hours in 'the
above cobalt solution, and rinsed successively in water, acetone, and
ether for the different periods 6f time given in the figure. It can

be seen; that no significant increase in the level of cobalt absorbed

can be noticed, even when the soaking time is increased to 91 hours.

In this, the behaviour of cobalt seems to be different from that
observed for zinc aﬁd copper, for which absorption was seen to
increase for prolonged soaking times. This could bé attrib;ted' to a

~ a

possible limitation in the diffusion of cogé;t to the outside ;egion
of the hair (i.e. the cuticle), with an accompanying saturétion of
the keratin in this region after a short soaking time, because of the
pregipitation_of ¢olloidal cobalt’hydroxide whose molecular dimension
prevbnted\penetration further in the Bair structure. The fﬁfluence of
the time of rinsing is seen to be similar to that observed }or coppebl

a diﬁinution 9f the quantity of Co absorbed and also theL
segment-td—segment fluctuations, togéther with a smaller difference
between the; cobalt content of the bleachéd riaion of ?ﬁedhair and.

elsewhere., It can be noticed that, for the three h@irs whose patterns

[}



(NANOGRAMS)

CO FOUND PER 2MM OF LENGTH

-

a

-133- ¢

&

o ;FIG%?E 33

COBALT HHDIQTBHCEH EXPERIMENT SUBJEET:G .
| N ;o
o- 2
S |
i e
gl
S' UNRINSED AFTER S@AKING ‘fl
¢ “1m
Vv
RINSED DURING 1'00
7 3
g- Vi
2 -
1 J e
- 7 N
i )
S' RINSED DURING -1°30%
.00  8.00  6.00  9.00 ~ 12.00  15.00  18.0C
' J ROOT DISTANCE IN CM
N\ “ ° o



~ =134

_are shown in Fig. 33, the position ofﬂ the region of increased

concentration seems to vary mabkedly from sample to sample. This was
evidently due to the bleached regions occurring in different positions
on different hairs, a circumstance verified via other hair specimens

taken from the same subject.

- 3.4) Experiment on Arsenic

-~ .

3

The analysis of the arsenic content of human hairs! has always

~

attracted forensic scientists because of its applicability to the

b

detection of poisoning.

St;pngly divergingtthegries exiSt as to whether the arsenic seen
in the hair ofiginated from incorpdratibn via the follicle during the
growth process (in which case it would be possible fo ascertain a date
of acute poisoning (Pea. 71)), or is deposited along the hair éhaft
by the sweat and the spreading‘action of -washing habits (Lim. 66). 1In
the latter casé, it would be evidently impossible gto interpret any

variation of ‘arsenic concentration along the length of the hair as

being due to a possible chronic poisoning, since after a long period

- of time, the arsenic would have migrated over theé whole length of the

-y

hair. : \
P

“>The interesting results described by Lima (Lim. 66) on the

movement by capillary action of arsenic along the surface of tﬁg hair

@
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«~emonstrate such a migration, In the 1light of. the concentration
) : . ’ /
patterns 3bserved in the present work for other elements, it seemed

&

A necgssary to verify if the présence of regions of ~high arsenic

" concentration (which were reported aloné hairs ana%ySed by Neutron

Activation Analysis (Smi. 64)) may have originated from the absorption

F

of As from external sources onto zones of high absorption capacity

“

along the hair lengfh.

\

3.4.1) Tracer Experiment

As for zinc, copper, and cobalt, the detection of regions of high

L

absorption capacity was effected by soaking different hair samples for
variable amounts of time, in a 0.58 mg/ml and 0.2 mei/ml radicactive
{ ' ,
arsenic solution with the pH adjusted to 5.5.
One hair from subject A was soaked for 22 hoﬁrs'and the arsenic
radiocactivity was assayed by the usual method. The results are shown

-

in Fig. 35, where the pattern descﬁibed is rkédly different from

s

that obtained. previously when metals su!h as copper and zinc were
, -0,

absohbed on hairs taken at the same time from the same subject.
In particular, the amount of arsenic absorbed on each. 2-mm

segment is- seen to decrease with the distance from the root; whereas

—~

.6

the natural copper content of this subject’s hairs;'increases Sh&pj?i//;

at 20 cm from the root (Fig. 2).
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Fuh;hermore, from Fig. 36 where the édded concentration patterns
of ziné and arsenic of such hairs are shown, it isvseen,that one
region of qaximum zine abéorptiqn, which was situated around 10 cm

from the root, corresponds to a zone of somewhat reduced arsenic

absorption.

This phenomenon may be related ‘to the resuits of Bate (Bat. 66&
who showed that elements such as As, Se, and P were absorbed in hairs
to a lesser extent when the pH of the soaking solution Jas raised from
3.5 to 5.5,)1n{contrast to Cu, 2ny and Co, which were absorﬁed more
strongly. . Therefore, it seems that a correlation may exist between

the absorption of elements such as Cu, 2n, and Co (and As) in hairs

and their chemical propertiés, which is a point we will dicuss later.

In view of such a particular behaviour, it was decided to extend
this experiment with arsenic to hairs of subject B, which were soaked

in the-arsenic solution for 14 hours. ' : T,

It can be seen 1in Fig. 37 that very unusual features characterize
the patterns now observggﬂ In particular, each sample possesses three
distinet regions where the arsenic is éﬁ?ongly absorbed from the

~

. @

solution, whose position along the hair length seems to coincide

relatively well from hair to hair. Patterns such as this observed for
g

indigenous arseni¢c in hair might be erroneously interpretéd as

.
indicating a date when poisoning of the subject had octurred.
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These patterns do not show correlation with the>‘¥nes shown in

Fig. 22 for zinc on the same>subject, confirming the above result for

hairs of subject A.

A similar gxperiment was cbnducted with one hair drawn-: from
subject I. Figure 38 shows the result of the variation of the amount
of arsenic absorbed per 2-mm length after a soaking of 14 hours,
namely a pattern similar to those for'subject,B. Again no cofrelation
can be found Dbetween this result and the concentration patterns of

added zianc on the hairs from the same subject we already described in

Fig. 38.
83\

The observation for the hairs of subject A of a decrease in the
amount of arsenic absorbed in each 2-mm segment, when for both zinc
and copper the absorption was 5hown to increase along the 1length of
the sample, suggested a- similar pést on hairs from a subject who
exhiSited axfonstant absoréh}on pattern for these two metals. The
hairs from subject E were chosen because of this particularity, as we
have already seen in Fig. 14. Two of these hairs were soaked for Jﬁ
hours in the above. arsenic solution, and the patterns obtained are
shown in Fig. jé. It can be seen that they are similar, and other
‘than a slight decrease in the améudt of arsenic absorbed in the
vicinity of the root, the two patterns shown can be considered as
practically flat. The hairs of this subject are therefore

characterized by the absence of =zones of increased or decreased



(NANOGRAMS)

METRL UPTRKE PER 2MM OF LENGTH

0 14.00 7 1500

8.00 10.00 12.00
4 P | And N

6.00

4,00

3

-141-

~RRSENIC SORKING EXPERIMENT SUBJECT:T |

b -
> ;

"4

HRIR SOAKED DURING 14 QBUHS

O 1

o

o' Ai v 1 v v L " T T R g [ v L A Tﬁ L ¥ l Al L L]
v.00 2.25 4.50 6.75 9.00 11.25

RGAT OISTANCE IN CM
FIGURE %8

1
13.50



(NANOGRAMS)

OF LENGTH

METAL UPTRKE PER 2M

10.00

2.50

.00

ARSENIC SBAKING EXPERIMENT SUBJECT:E

L

Fel

A\

-142-

-

HRIR SOAKED DURING 1Y HOURS

T

.00

N 2.50

T
S.00

o T

7.50 10,00 12,50 15.00
ROOT DISTANCE IN CM
FIGURE %9



- 143

absorption either of metallic ions such as Cu, or of non-metals such

@

as As,

.d
Additional experiments were conducted with ope hair of subject H,

who had uséq‘a bleaching agent on her hair, resulting in a bleached

region from 13 ¢m from the root outwards.

The added arsenic concentration pattern is shown in the bottom of
Fig. 40, whére a sharp decrease in the amount. of arsenic absorbed can
be noticed in the bleached region, which was on the other hand
obéerved to absorb copper, =zinc, and' cobalt more strongly than
elsé;;;re. This behaviour is in agreement wiﬁh what has been observed

so far as the Idifference between the behaviour of arsenic and the

other elements investigated is concerned.

fo conclude this series of experiments, one hair from the same

subjectﬁﬁ\but taken after this individual had her hair redyed, was

submitted to a soaking in the same arsenic solution. The result shown

in the top part qf Fig. Y40 indicates again a sharp decrease in the
~

amount of arsenic absorbed at approximately the same distance from the

root as for the undyed hair. waever, the sharp increase of arsenic

content observed at 4 cm from the root is unexplained.

In view of the patterns obtained for at least two of the subjects

(B and I) whose hairs were submitted to soaking in an arsenic

L )
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solution, it can be concluded that the interpretation of maxima in the

concentration pattern of natural arsenic as being caused by possible

poisoning on a particular date is subject to suspicion, since this

tracer experiment has revealed the existence of zones of preferential
arseﬁic uptake. 'These wouid undoubfedly absorb;more arsenic from the
envirobment or from sweat (perhaps. with an elevated As content
followiné poisoning) creating,m?xima in the natunalr-concentrétionf Sf

A S

this element, at locations on the hair unconnected with the time of As

administration. v ; : .

Furthermore, the consistent decrease of arsenic uptake where the

J .3

absorption of'zinc Wwas seen to fhcrease'may be caused by the possible
washing out of arsenic from these regiOns‘because of their ,more open

structure, or by a different character of the available binding sites.

/ 9 .
J

3.5) Multi-element Soakin£>Experiments

N

1

The intébpretation of tracer absorption pétterns in terms ‘of
varying concentrations of chemically specific sites perhaps could be
subjected to adgitional teét by means of experiments in which hairs
Wwere subjected to soaking in more than one tracer at a time, so that
competition for'sites,might occur.x

Sucéh experiménts, however, posed the problems of separate assay

of the tracers used (eithep/via df?ferential decay or ¥-spectroscopy),
. / .

/
/



(A

& :

-146- . o ot
0 PN

and of accomplishing such measuremenﬁé in the face of the half-lives
Al

~e

of the available tracer nuclides.‘

3.5.1) Soaking Experiments With Two Tracers

\ |

Because of the interesting'and extensive results already obtained

-from the copper‘soaking experiments, it was desirable to include this

element in a multiple tracer experimeht. However, due .to the éhort

6HC

half-life of the most convenient tracer (12.8—hours, u), it was not

possible to accomplish the necessary extensive program of

¥ -spectroscopy needed to define a hair absorption pattern with a

tracer mixture containing this nucleide, which furthermore does not

possess any strong ¥-rays.

Thus, a differential decay experiment was the remaining

@

possibility, which dictated the use of a biﬁary mixture of 6HCu and

one other nuclide with a very different half-life so that the two

activities could be easily separated.

The second compdnent chosen was 203Hg, since this element was

known to be strongly sorbed on hair and thus may act as a strong

competitor for copper. Indeed, mercury absorption was found to be

‘relatively strong, so that some difficulty was ekperienced in making

meaniqégul copper measurements against the background represented by

the mercury activity, Only in the case of one hair from subject A

~



v

(soaked for 23 hours 1in a

- . J

~147-

solution

p2s

w / ’J
at pH  4.5) “was this really

* possible, and the results are shown in Fig. 41.

Y

It will be recalled that for this subject, the copper absorption

TN— 4

pattern (seen in Fig. 11) is highly strudtured. The copper pattern in

Fig. 41 is much less struchred; some inqréése in-copper "concentration

faém the root to the distal end is still observed. Similarly, the

amount of mercury absorbed increases very slightly along the hair, but

to a far lesser extent than either copper or, for example, zinc on

hair saﬁples taken at the same time from the same subject.

~

It seems, then, that the

presence of mercury 1in the

soaking

solution may have interfered with the absorption of copper into the

keratin, since the pattern characteristic of this element (Fig. 2) in

these specific hairs seems to have been markedly modified.

This point was confirmed during the

experiment,

3.5.2) Five-element Soaking Experiﬁént—

.

five-element  soaking

Following this observatipn, and'torconclude this whole series of

experiments on trace eiement concentration patterng“in human hairs,

competition experiments were conducted with five tracers mutually

compatible for the purposes of r-spectroscopic assay, namely 203Hg,

H



(NBNOGRAMS)

METAL UPTRAKE PER 2MM GF LENGTH

~ ,
Yj\j YL,dff
o . -148- ~ :

& ~ BIELEMENT SOAKING EXPERIMENT SUBJECT:A
4 ' o

53,

Il

39,75

=

q
\

26.5
— Ty

SN e

P

3.25

-
e ¥ .
r ™

o 1 -
w
o N
—_

- 7’

. .
= //
< > : .

7 AMOUNT OF CU ABSOBBED - .
B B R

Thg0 -

%00 - 500
- .. "ROOT DISTANEE LN s

o L ;:/. e FIGURE- 41 x?.
; S \, ;"‘ : i } L

.‘.4" - ll [ L r T ¥ :’ ¥ L‘I l‘ ;j . <l . ] &
15.00 - 20.00 - 25.00  30.00
CM S

7T

“ -

k]



- v .

—149-

{

12uSb, 65Zn, ‘110mAg, and 6OCo. Despite the’ inteﬁéétihgn
obtained with arsenic, it was not possible to include fhis element
because of its short half-life (26.3 hours). ‘It was decided, however,

to replace arsenic by antimony, which has to _some “extent dimilar

chemical properties;ﬁand copper by silver for similar reasons.

i
©

One hair from subject A was soaked in the mixed solution - -for 23
. ’ /
J » .
hours, and the different patterns obtained for each element are shown®
in Fig. 42. The patterns for all five elements are seen to be rather

flat and featureless, although a slight’increaseﬂin the amount of

,;»

antimony absorbed on each 5-mm segment can be observed as a function

of distance from the root. (\

-«

It is interesting to compare the concentration pattern of zinc

particularly with the one shown in Fig. 25 for zinc absorbed by itself
fﬁ%o a hair taken from the same subject at the same time.”

—

/
/

-

. _ ‘ J
It is clear that, as in the case of tHg influence~¢f mercufy on

thé copper pattexn discussed above, the presence of the other elements

now Sorbed on the hairiat the same time as zine is responsible for

o . Fd -~
suppression of the highly structured zinc pattern previously observed,

evidently by competing for, or saturating, the binding sites
responsible. It seeﬁ%d‘interesting to verify this conclusion with

hairs from another subject (subjgct F) whose copper concentration
: LN
patterns were also known to contairrtharacteristic features such as a.

' ®
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particularly sharp increase of metal content along the length of the

hair. “ ﬁ”,,

};:thermore, to check whether tﬂé duration of the . Soaking. time
may influence the shape of the patterns observed (say via;diffugion or
saturation effects) it seemed interesting to soak the hair samples for
3;ridus lengths of time. Four hairs from subject F were soaked
respeztively for 30 minutes, 26 hours, 216 hours, and 216‘hours ;gain
in 2the same multitracer solution. Iﬁ Fig. 43 arershown the patterns
obtained after 30 minutes of soaking in the solution. Due to the low
activity -of cobalt and antimony a§sorbéd on the sample for such a

short period of soaking, the patterns of these two elements were not

determined to wuseful statistical precision’pnd are not shown in the

~

figure.

As before, in the case of hairs from subject A, the _patterh' for
mercury is essentiallylflat from one end of the hair to tﬂe other, and
the mass of mercury absorbed is the largest of the three elements
measured. The silver and zinc pgfterns do exhibit- (within the
statistical limits at;;lggle) some increase with distance down the

hair shaft, hut much less than seen i?f”Fig. 2 for_*thgﬁ patterns

obtained with copper alone.
N

~

’/Aftér 24 hours of soaking in the same solution, another hair from

the sqmple subject taken at the same time shows (in Fig. 44) similar

>

ey

(2 W
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patterns to those 1in the previods figﬁre; some small slope. in the
mercury pattern and some structure in the. zinc patﬁ@rn are now
visible, but no evidence of pattern M"saturation".

+

f - In view of such results, it was decided to use a very 1long time

/’\

of soaking, with the additional expectation that cobalt and antimony

might be detected in the hair fiber. )

\After 216 hours ofl soaking in the multi-element solution (Fig. 45
and'u6), it is possible to measure the amount of each o§ the five
elements absorbed in the two hair samples used in this experiment. It

can be seen that‘(bf mercury and silver patterns are still flat. The

<

~
zinc 5atterns are less structured than before, perhaps reflecting the

cogﬁétition from the increased mercury or silver absorbed.” The
batterns for cobalt and antimony, however, showed a broad- minimum
centrea near 2 cm from the root, and rise to higher concentrations
starting at 4 cm from the Eoot. » ”
&
It was somewhat surprising to find similar patterns for elements
of such dissimilar chemical character. It was therefore decided to

verify this result with hairs from another subject.

N .
The very strong variation of the quantity. of metal absorbed
during the single tracer experiments along hairs which had been

previously bleached suggested the use of hairs fromﬁsuch'a subject 1in

"\ , | §
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a multitracer experiment.

One hair from ’sybjéct J vwas -chosen - for thi; experiment,
exhibiting the {haracteristic bleached zones described earl¥er at
roughly 4 cm tq 11 cm from the root and from 13 cm to the distal end
of the hair.J The resulting patterns are shown_in Fig. 47, where again
the amount of silver, mercury, and zinc absorbed on each 5-mm section
is constant along the hair length, throughout the bléached énd
unbleached regions. The pﬁttern obtained for zinc, in particular, can
be compared to the result of a single tracer =zinc absgrption
experiment on the hair from the same subject (Fig. 30), where large

variations in the amount of zinc absorbed were seen. 1«

In contrast to the flat patterns obtained for mercur&, silver,

Lo

" and zinc, the absorption patterns of c&balﬁ and antimony in the same
hair are both seen to exhibit sharply increased absorptioh in the same
location, namely 4 to 11 cm from the root and herhaps from 13 em  to
the distal end of the hair, regions where éobalt alone has also been
shown to be absorged preferentially (Fig. 34). - Thus while the

presence of other elements in the solution does apparently mbdify the

Jpattebns of zinc absorption into the hair structure,, cobalt patterns

are evidently less influenced by the presence of other elements siﬁce
=
very similar patterns (although in reduced intensity) are obtained,

whether this metal is alone or together with other elements in contact

4

with the hair.
Y4
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Antimony, which was expected to hehave like arsenic, and as  such

to be less strongly absorbed in the bleached region (see Fig. 40) is,

.- on ﬁﬂp'contrary, characterized by an incrgg;ed“absorption there.

This behaviour could Qe explained if, at this pH value (M.Si,
antimony in solution exists as SbO* or Sb(OH)2+; which can be regarded
as hydrolyzed forms bf Sb3*. Under such conditions, antimony may be
prefer?gzdally attracted to regions known to absorb cations such as

Cu?* or n2+, Arsenic, however, which 53 acidic solution exists as

HAsO,, is certainly expected to be less attracted to such zones.

It is difficult to understand” why the absorption of zinc or -
silver does not increase with distance from the root in such regions,‘

except in terms of a'éompetition between these metals and meréury for

' the available binding sites in the keratin, since mercury has been

shown to be absorbed readily in hair (Bat. 66b) and to influence the

" concentration paptgrn of copper as shown above.

From the data in Fig. 47 it appears that such gﬁmpetitive action

is less important between mercury and cobalt (or antimowy) in a highly

a

heterogeneous medium such as the hair structure. A possible mechanism

i

for such a difference in behaviour will be given later.
N
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4) DISCUSS1ON

-

The results presented so far suggest the presence along the hair
, 7
of sites where elements such as copper, zinc, cobalt, and arsenic

(sBecific to a givgn region) are sorbed preferentially. The

existence of these regions could be the origin of the substantial

variations of natural metal conte€ along the hair, reported in-this
work for copper, and by Smith (Smi. 64) for arsenic. Tracer

experiments showed that the observed concentration patterns of these

- elements may have arisen entirely from the element added to thé hair

?. .
from external soumces, These sources would not only include

—

environmental contamination but also dietgry intake, followed by
excretion in sweat and sebaceous secretion with which the hair comes

[

into contact.

The results obtained so far, especially during the copper

ingestion experiment, do not contain evidence that dietary copper  may

v
enter the hair during the growth process occurring in the follicle

itself,

The presence of such zones of preferential absorption along the _

¢

hair may be interpreted as being due to:

-~

N
}
~ an increased number of "pbinding sites" %i;ilable in

this specific region of the hair whichroriginate either from a

chemical treatment such as bleaching, or from the natural

C-

4
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quification of the keratin co sition due to denaturation with

/lage . . 3 B

Y, ' . :
s : - a deformation of the hair structure, which could have

beeﬁ caused by (for example) the oxidative cleaQage by bleaching
of the disﬁlphide linkage in cystine (Fra. 72), shown to be
bartially responsible for the cohesion of thé keratin (Spe. 47).
Such a ldosening 'ofb the hair structure might facilitate the

diffusion of metallic ions, or even of bigger molecules, into and

N

out of the hair structure.

= i ~itvi§ reasonable to assume that absorption of trace element in
hair could be in fact'governeq by a combination of the two processes
, | .

breviousl& described, since the oxidative cleavage of the cystine
.. , f_vcp’ A '

&isulphide linkage results not only in a modification gf the hair

structure,'but‘alsq in the formation of sulfonic. acid groups (SO3H)

along the protein chains, which may be a possible site of binding for

2+ o+

cations such 33,Cu2+; Zn“?, or Co

»

>
-

A}
A similar mechanism may be speculated for unbleached natural

hairs, where a large variation in the proportion of high sulfur

proteins in the cortex has been demonstrated (Fra. 72). Because of

3 the affini y of metals such as copper and zine for sulphide groups,
K .

such variations should resul in fluctuation of the amount of metal

£ absorbed along the hair shaft. N

— -
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the case of extreme modificatipn of the hair strggture (as produced by

P b
~ . . +

bleaching) when major uptake of zinc and copper has been observed in
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The absorption of‘Zn “and - Cu in diffenent regions of a,hair mav be

iR : $

';- rationalized ‘in terms of a picture in which different regions“ haye'

\fvvhigh concentrations of different functionalggroups suchias ?SH.and
COZ@‘ If- zinc becomes more easily bonded to. regions ;of ‘a pecifi:f

ey ’

chanacter in the;hair while copper becomes preferent%alLv attracted to

=

zonest of ‘5’ different character then the\separate zones‘of Zn and Cu‘~

‘ »’s‘ B . ﬁu o
) * sy . ’ s
e absorption are.-to be understooﬁ* SR ‘

| ) @ N { " ~ »o 7
’1'_7} . - ) . R “ o, ) T \1’ ’ ) ‘? o N .
"iIhisb7hypothesis='isw supporﬁed ‘by‘ the observatidn Vthat, {theu

> o

The: picture is also consistent with the observed”'increaset”of;

-

e o e.g.: Zn uptake as the pH of the soaking solution is raised (i.e : as =

LI

'.4the ionizatien of carboxyl grOups becomes more complete) . lhe,veri\

PR ’

« .

v ey

"apd ‘Cu are not absorbed preferentially on the same regidﬂs except in—-

o zinc sulfur bond is less stable than thewcopper-sulfur bond (Hin T4y .

inhomogenéols structure of hair, howaver, does not -.allow. " a precise

favouring a preferential binding of zinc” to'fth; negatively charged;‘i*”
. lonized carboxyl sroups ofhthe @mino acids, rather than to 1onized -SHM
. - sites s ; e ) Lo . - : : e “
- o | o ‘ : ’ i ) )
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diffusion of tnese metals into the keratin.

. =163~

identification of the entities these metals are bonded with, and it is
N s S - : .
likely - that both " sulfur and carboxyl: groups are responsible to

e

:'different extenté for the binding of Cu and Zn in hairs.

V /\ h e
" ;

- - . o . ®

' Thq‘observatioﬁ that bleached hair.has a lerr*than normal * zinc

content, but 4t the;‘Same..bimg preferentiallx» ab'sorbs - zing fnom‘

,so}utioh; sﬁgéests'Ehanthg loosening of the hair sStructure mentioned

above is also responsible in part for the variation in the quantityvof
this metal and presumably others absorbed’along the hair length. :
S . . v" .

gﬁ?'Tbe idfluenés‘bﬁ»thé/time of socaking on the amount of both ‘zinc\

) .

and’fcqpper absorbgd in,the‘hai;_is in any,caée a good indication that

‘metal co@céntration is to soﬁé extent Qdependéntg on the rate of

- . R . ) .

The reason for the .average ambéunt of cobé}t ‘absgrbed being

H

smaller than that for zind:and copper in hairq taken on the same head
and soaked An solutions of similar concentrations must be found in' the
3

ng between this metal and shlfun aﬁd/or'-carboxyl groups.

r /f

weaker bi

Furthermore, the fact that the amount of/pobalt;abéorbed on\hdars was

s

found to be unrelated to the duration of the soaking may be explained’

by the"limita;ioni of -the diffusion of this elémgngﬂto the outside

region of the hair (cuticle). . This,phenomenon may have‘béen’due to a
. - . M - - J £ .

lébge extent - to ¥he. sdldbiliﬁy product - of cobalf hydroxide being -

appﬁoached in the solytion and at the pH used foﬁ fheu_experiment; s0’

el
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that much of the cobalt may have been present in colloidal form rather
5

however was not verified experimentaly.

-164-
than as Co**, This

wSuch an intebpretation may also explain the small increase of

absorption observed: in the vicinity of the bleached region of_%airs,

P

as compared to the sharp variation seen for Cu and Zn in indentical’

“

v

areas. -

-
-

_ The concentration patterns of added arsenic/ in hairs, and
especially for bleached samples, are to some’ extentl similar to the

patterns observed for n%tural zinc in bleached hairs. H%%ever,»the

-

pr@genqerof\sharp maxima in the quantity of arsenic gbsorbed on ‘Ssome

iy

specific regions along single hairs is difficult to explain, except in
terms of a hypdéthetical binding between H3AsOu and an amino group of a

protein chain.

-

Similarly, the competitive effect observed beﬁwé@h Hg and Cu

‘dupiqg ﬂthe two-tracer’ absorption experiment, and between/ﬁg, Zn, and
- Ad b

a

Ag in the multi-tracer absorption experiment, maf be . rationalized in

4

terms of the'fdflowingihypotheses. . . .

Y

-~ e

One region of the hair, say the high sulfur component of the )

- -

cor@ei (matrixj, contains most‘of the sites ét which Hg, Cd,-and-Zn,

and maybe Ag,zare bound;, ~ However, because of a strdng _binding of”

mercury to suifur, and since Zn and Cu seem to diffuse relat;ve;y )

a -

L
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N

- -
slowly into the*ﬁgir structure, it may be speculated that most of the

sulfur sites are occupied by mercury before tﬁe’otheb metals reach the *
)y
e ' ¢

regiogywﬂEPg they would normally have been bound.

I

b : . ) R

This supposition  is supported by the observation that the amount

N

of mercury absorbed is 4 to 8 times the amount of Zn taken up by the

Q : N
same hair, despite the fact that the multi-tracer solution , was _twicefé
~ .

as concentrated in zinc as in mercury. On the other hand, the

observation of the absence of such competitive action between mercury

‘and cobalt (or antimony) would be difficult to interpret. f

v

d —

It may be, however, that cobalt (and possibly Atimony) is

3

preferentia%ly bonded to sites closer to the surface of the hair (i.e.

the cuticle) since no diffusion of Co into thejhaiswgn prolenged,
soakinQ,was obsérved,’ in ¢ontrast ‘with mercury which appears to

. ¥
saturate the interior sites of the hair.

) i S
Thus, since different regions are involved, competition between
Hg and Co and Sb for the same sites does not occur to a significant
extent.

~—

= —

) ~

Such a mechanism would not by itself explain the flat pattern of
absorbed Hg which replaces the highly structured Zn patterns. If the
Zn-pattenns are determined by a varying density of binding sites, the

Hg patterds that replace them should be similarl§ structured. Perhaps ¥
)

/
ﬂ?
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the mercury occupfies not only the binding sites availabie to zine (and
as such interferes with absorption of this eiement) but may also be
bonded to sites distributed‘uniformly in the inner region of the hair

structure.

[

7
\ ' The results of Bate (Bat. 66b)on the comparative absorption of Zn

N 3

and Hg seem to corroborate this hypothesié 8ince the amounﬁ'.of Hg

absorbed 1is, at”pH 6.5, 11 times greater in mass and_hence .1 times

5

greater {n\the number of atoms than_ the quantity of qutaken‘up ,

by haibs, sé‘phaﬁ additional sites are evidently involved in Hg/

o
P

bonding.

-
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»
CONCLUSION

The aim of the present work was not- primarily , to present a .

mechanism able to explain the binding of the few trade elements
s , S . Y
investigated here into the hair structure.

_— ¥

N : Lo
Although some hypotheses on such mechanisms have been presented,,
. e . i

-~

the raison d’etre of ~such work has ’Qeén' the delineation of the

a

,,¢inongéqic histopology of hair. | /;Jéé—\ . : .

I
4

The aeiistech of characteristic concentration patterns in

individual hairé‘ for both “indigenous and added coﬁper has been
T .o . Lot O . SR :
demonstrated, - and the forensic applications of such features has - been

%

outlined. It rgmains'a fact, hd@ever,‘that a method of identification

= v

. or héir matching based on. such pattern similarities is limited by:.

’

)

L -’The necessity of identifying éhe ha;r samples to be
métched as being both ig the anagen pegiod of the growth phase
and as such, tﬁg necessity for such Sama}es to have vroéts
aftached (since hair pattern features aré:displaced as haifs
grow, and thus,fhe relative growth "time scales" of two ?éi;s ‘to

bé matched must be known). &

. ¥ -

* - The sometimes low correlation which exists bétween

&

" hairs coming from a single individual, whOSe trace element

1
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patterns are flat and featureless.
—

“

-
E

- The pogsibility of "mésking" a naturalitrace element
patternlby hair treatments such as bleaching and/or dying.

It_is evident that amoéz all the elements investigated so far,‘
copper patterns may be the most useful for identificat}on purposes.
This may be related td the strong binding of=this eleﬁent with,sulfur,_
which may prevent a washing out o? the pattern as appears ta occur \’
with zinc and maybe cobalt and arsenic.

7

The rather disappointing and featureless patterns obtained durgfig

"fhe multi-tracer absorption experiment gives the impression that such

method of "labelling" the characteristic absorption sites of an

“individual hair is not promising as a technique for hair matching.

Sucﬁ expe}iments,’ waever, may be more successful for
"fiﬁgér-grint%ng* thg hair if mercury is replaced bxban element whose
absoﬁption by the ke atfn nwili be ‘less ﬂtropé so that g complete
saturation of mos£ bindiqg sites a&ailable (which ;ppears to have

b

occurred) will be avoided. o
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Appendix A

1) The Coefficient @f Correlation

a

In order to determine whether the trace element concentration

Y
A}

patterns. measured on two hairs are similar to some degr;q“\of

statistical significance, one may employ a test of linear correlation

£

~between the concentrations ('say x and y) measured at given distance
[

from the root on each hair, The Strengtﬁ of linear relationship

N

between two such variables may be measured by the “linear correlation
.coefficient (r). . V - ‘L
Al

The linear correlation between x and'y is expressed through the

relationship

y = a+ bx . ﬁj

¢ ; o
where the slope is given b{ ’ 4

,

<
e

_ n nd n . ‘n t;‘ n 2
b= (N ;Xiyi - Ey:xi yzyi{ﬂN ;X/ij - []zxi] ) {Men. 71a)

[ s = ~

where N is the number of pairs of measurements (xi,yi) being compared.
1 Lo e
If théﬁ% gs'no co}relation between the quantities XC%QC 'y, then

theré will bq:noétendendy for the -vatue of y to increase or decrease

N = B . f

With increasing x. Jince we are looking -for an interrelationship
SRR

between the variables x and y, we -can equally consider x as a function ”k

RPN . | T o - \(
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‘of y, and see if the data correspond to a straight line of the férm |

1

: . ‘ o 3
-~ - 8

-

b;fis similar to b and can be written as s ’ L

CBTENN Txy; - Zxg Dy /N Dyi2 -.(Typ)2)

<
[y

" If there is.complete correlation between x and - y, ~‘then ’ there

@
’

" exists a relatioﬁshig betweenrihq,coefficients a, b-and a’, b"

Y= =a/(b7) + (1/b)x = a+bx_ 3 a = -a’/(b")

e,

.’A” :}pb’:1'

>

o ,

If there is no corresation,. both b and b ' are null, sfnce ‘the
. ;
variation of y is not oproportional to a variation of x,;and vice

¢
versa. )

-

¢ -

It is therefore possible ¥to employ the experimental 1linear

. correlation coefficient

»

as a measure of the degree of linear correlation.

ro= NXiYi - X% 2V 7
NINTx2 - (Tx)2] [N Fy;2 - (Typ)2]
R |
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The value of r ran¢es from 0, when there is no correlation, to 1,

wher there is complete (or)perfect) correlation.

- & ’ ' 4

2) Physical Interpretation of the Correlation Coefficient

[y
B .

The sample correlation coefficient, r, may be usj;uaﬁsén estimate

\

" of a population correlation coefficient p, which would be obtained iff

the coefficient of correlation was‘c?ICu%%fed using all the points in

the complete population. As such, r is a measure of common phegomena .

in the source of the two populations which generated the samples x.and °

S B

-
»

For examplé, a coefficient of-correlation equal to 0.5 will, in

3

the case of twu concentration distribution patterns, fndicateé that

about 50% of the characteristics of the samples being.compared have a N

common origin. * )

3)’Application of Coefficient of Correlation Calculations to the
Comparison Between.Trace Eleﬁent Concentration Patterns
A |
_Because ot the large amount of data’of which each concentration
pattern consists, the calculation of a coefficient of correléﬁion
should yield‘ é ”statistically‘ significant: measurel of .pattern

similarity.
- 4

.
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The calculations were performed on an IBM 370 computer on the

. ”~ .
dﬁfferent cupper patté}ns reproduced in Fig. 2. Correlation was

examined between the pattern; in hairst taken from the same subject,

and in hairs taken from different subjects, in order to determine if

the former wsre significantly more correlated than,theé latter.

The significance of the 4 difference between ¢t two iiiitﬁ:i/(f*
correlation coefficients were tested by the student’s '
(Stu. 08). This test is designed to plage a confidence interval on

the significance of the difference between the means of small random
£

samples drawn from two populations which possess a normal’ probability
distribution. It 1is well adapted to the problem of calculating the
T

probability of erroneously recognlsing two hair samples as orlglnatlng

from dlfferent subjects, when they in fact come fr@/[ the same

N

»

individual.

Assuming tnat the populations of correlation'coefficients possess
either é'qénmal proBability,distribution, or, at least, cluster around
some average value éMen. B71), one may cBlculate the numerical value
of the test statistic t via

t = (R - Rl/(sV(T7my) + (1/n3))

where R1 is the mean of the  correlation coefficients between

concentration batterns of hairs taken from a single

individual

RN )



_17/3_ .‘ ‘

R2-i§ the mean -dfj the - correlation coefficients betﬁeen

concentration. patterns df hairs taken from different -

» E . s :
S 1is the pooled estimator of the common population variance,
. . . g

ipdividuals

and is equal to:'- .

s f3J@n151)s12,+ (ny=1)812 /(ny + ny 2 2)
n, and n, beiggw,fhg npmber: of " -measurements made 1in each
population of data.
3 512 and 522 are rEspectiVely the estimators oflthe variances
of tne two populations of cd;ﬁélaﬁion ‘coefficients whose

Ld

means are compared (Men. T71).

If the numerical value of the test statistic t 1is greater .than
the critical value t corresponding to a given degree of freedom
(nj#ny-2), (Mer. 61), then it may be concluded that the mean of the
cbrrelation coefficients between concentration patterns of hairs taken
from a single individual is greater than the mean of the correlatien

H
coefficidnts between{ cqopncentration patterns of hairs sampled on

’

different individuals,\HF the a level of significance.

If t is such that t < t , there is not sufficient evidence at the

a level of significance to reject the hypothesis that the corre%ation

coefficient means are equal, and it is therefore impossible to claim

»,"
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that the concentration patterds of hairs coming from the same head are
significantly more correlated than the patterns of hairs coming from

different heads. The value of « can be chosen to produce the desired

rigidity of the test.

1

/’\
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