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INTRODUCTION
PART I

Biological Considerations

Hair is the keratinous proliferation
arising from follicles, distributed in a characteris-
tic‘manner over most of the dermal surfaces of the
mamaalian body, The morphology of the halr is indica-
tive of the region of origin, 1l.e, pubic, scalp,
axillary, etc, Genetic factors modify or directly
control; colour, densitj (of distribution), mean dia-
meter, patterns of distribution and balding, ete.

(1, 2, 3). |

Hair and its growth characteristics can be
used to demonstrate certain nutritional anomalies, -
particularly in animals where diet may be more easily
manipulated and regulated., The specific effects of
faulty dlets on hair are not well understood, but in-
clude certain pecullarities arising from deficiencles
or excesses of metals, notably copper, zinc and manga-
nese (1, 2). |

The effects of disease, (particularly fevers),
and senllity, on hair growth and hair morphology are
even less well understood but could be considered to

be the after-effects of disruption of, or interference
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with, certain general (or particular) metabolic
processes and hence with the nutritional factors res-
ponsible for hair growth (2).

It appears from the evidence available, that
the trace elemecat composition of hair will include those
elements entering the metabolic and nutritional pathways
of the body as well as those arising from internal and
external contamination, Some elements detected in hair
have no known metabolic function and are as yet consldered
merely adventitious; others have been assigned definite
functions in the body, particularly the enzyme co-factors
including zinc, copper, ete, (6). Only a few elements
are thought to have any specific function in the forme-
tion of hair (1, 2).

Hair is a preferred route of excretion for
certain of the more toxic, adventitious elements, in
particular, arsenic and thallium, The disulphide link-
ages of keratin protein are,‘presumably, a readily
accessible means of withdrawing these poisbnoﬁs mater-
ials from the circulation and immobilizing them in a
fashion probably less harmful to the organism than any
alternative method of excretion available, Radio-active
tracer studies have shown that the rate of incorporation

of some ingested elements into nair is relatively rapid,
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such, that in a matter of a few minutes, certain ele-
ments can be detected in the growing regions of the
hair (12). However, some days must elapse before

the emergent hair shaft will contain these radio-active
tracers, due to the time required for the shaft te
vlengthen enough so that the reglon in questlon will
appear above the scalp orvepidermal layers, Scalp

hair grows at the rate of 1/3 to 1/2 mm. a day (1, 12).

There is a good base in fact for the asser-
"tion that, incorporation of some trace elements into |
hair is a continuing process, and furthermore, that
there will be a direct relationship between these trace
elements and the nutritional and metabolic history of -
the person or enimal concerned. -

Trace elements can enter the hair by several
main pathways. One route is by direct metabolic in-
volment resulting ultimately in incorporation as cellular
debris, A less significant (perhaps) manner 1is by chance
diffusion into or entrainment by the growing reglon of
the hair bulb., A scarcely less lmportant way is by
external contaminatlion, particularly in view of the
fact that the hair is exposed to it for such long per-
fods, This is due in no small measure to the various

cosmetic and aesthetic practices indulged in by humans,
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Keratin is known to absorb metals from
solutions of their‘salts, in some cases irreversibly.
For instance, arsenic is known to be absorbed into -
hair from arsenic dust and other envirommental arsenic
gources or solutions (20)., Copper 1s absorbed from
dust and solution; and can combine with cystine by
breaking the disulphide bonds, Iron and zinc have
likewise been shown to be absorbed from solutions.

Lead is readily absorbed, elther from dust or solution, |
and cannot be removed by thorough washing since it too
is chemically bound to the keratin, There seems little

doubt that many of the trace elements found in hair,

enter the halr, to some extent at least, via this route
of external contamination,

The hair follicle is nourished directly by
a rather extensive capillary network so that the same .
elements will be‘available to the halr roots as to any
other parts or portion of the body., Nevertheless, there
are frequently, striking differences in the relative
proportions of some elements found 1n halr, compared to
other body tissues (including skin, another kefatinized
tissue) either in the natural course of events or
fdllowing chronic or intermittent exposure to these elements

(1, 2, 8, 13, 18). This would seem to indicate some process of
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selection is occurring over énd avove that due to
the availability of disulphide linkages. Perhaps
some of the enzyme systems responsible for keratin
or pigment production are the reason for these un-
usually high concentrations of some trace elements
found in hair, On the other hand it may be that
these high concentrations ﬁre caused by a form of
ion-exchange within the molecular structure of the
hair keratin not directly associated with the disul-
phide linkages (31). The already established pres- |
cence of salt cross-linkages, and hydrogen boﬁding
would facilitate such ion exchanging, The physical
structure of the keratin molecule may even permit
(to some extent) a phenomena similer to molecular
sieving, The degree of hydration would no doubt be
an important factor in such a case, affecting as it
does the inter-molecular attractions and binding
forces, and the intra-molecular spacings, as shown
by the work of Astbury (32, 33) and others, (3l4)

concerning the a-keratin and b-keratin configurations.
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INTRODUCTION
PART II

Hair Cycle

In any research involving hair, due con-
sideration must be given to the influence, if any,
of the Hair Cycle on the results of the research,
All too frequently this influence is obviously un-
appreciated or even apparently entirely unknown to
the researcher with consequent invalidation of the
analytical results (25). Even as recent-a Yeview
as that of Niyogi, S.K. (29) fails to mention the
Hair Cycle. |

The hair cycle may be defined as a period
beginning with the commencement of the growth of
& new hair (anagen), in a follicle, followed by a
resting period (telogen) and subsequent loss of the
hair, the cycle ending with the beginning of a new
halr in the same follicle, COriticism of this perhaps
oversimplified scheme known as "Dry's System", (26),
has been voiced by B.K. Davis who introduces another
step known as metagen (27), which would refer to that
phase beginning with keratinization of the halr shaft
and ending with the buginning of the catagen phase

when synthesis of hair ceases, -
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In humans, each follicle is autonomous
and shows no relationship to neighboﬁring follicles
other than in a very general sense. Each follicle
determines its own growing periods and resting per-
lods within a general average for the particular type
of hair involved, scalp, publc, etc. The total
length of the cycle varies with the type of hair
involved, Scalp hair has the longest cycle, averag-
ing twenty months 6r more, Vellus hair has the shor-
test cycle, of only a few months from start to finish.
Hair cycle lengths are known only approximately and |
in some cases are doubtful to say the least,

In the scalp (the hair of most interest to ’
forensic examiners), each follicle shows a remarkable
constancy in the length of its particular cycle, This
rhythm may be broken by plucking during anagen forcing
the start of the telogen phase with the result that

a new time baseline 1s established, the cycle frequency
being the same as formerly, There 1s some suggestion
of a seasonal fluctuation in the growth rate of the
follicles, although definite proof seems lacking. It
is postulated that the increased incidence of ultra-
violet 1light in suamer is the causative factor, besed

on Indications that the follicles are slightly influenced
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by U.V._light. Otherwise they are influenced by very

few external agents, an exception being hormones,

Hormonal control is demonstrable and indeed is predo-

minant in certain types of hair, e.g., axial hair., As

a consequence, hairs may be differentiated into three

broad ¢lasses on the basis of this hormonal control:-

Class (1)

Class (2)

Class (3)

Haeirs essentially the same 1in male

and female, evidently uninfluenced

by hormones, e.g., halr of forehead,
infra-orbital regibn, body vellus.,

To demonstrate association with this
class, hairs from male, female, hypo-
gonadlic and castrate persons'should

be substantially the same,

Halrs similar in both sexes but hor-
mone dependent; evidently the hormones
are equlvalent - in effect, whether
male or female, Hairs of axillary

and pubic regions fall in this class,:
These are hairs of an ambosexual nature,
Hairs in which full development is
normally limited to one sex, e.g.,
beard halr in men and perhaps the
terminal hair of chest, shoulders,

ete. in males,

0.09
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A random semple of hair, gathered from a normal indi-
vidual, from one area of the scalp, will include hairs
representing many phases of the growth and resting stages.
It should be specified, in any'research
invqlving hair, whether cut or plucked hair samples
are being used, It 1s manifectly difficult to obtaln
numerous, sizeable, plucked samples from live humans.
For thls reason cut samples are customarily employed.
These are satisfactory for some purposes, however,
it must be pointed out that the only way to differen-
tiate hairs as anagen or telogen phase is by reference
to the roots,. 1In cut samples the roots are necessarily
lacking and no such separation will be possible, It
should also be mentioned at this point, that, particu-
larly in studles of hair with possible forensic appli-
cations in mind, the hairs most likely to fall from
the normal head ﬁnder the usual circumstances and hence,
those most likely to be found at the scene of a crime,
would be those of the dormant, telogen phase and that
these are not the most sultable for technlques involv-
ing sectioning, as 1s explained later., It has been re-
ported that most of the scalp halrs are in anagen phase
(65-90%) but that the range of variability 1s great
and the percentage may be as low as 65% in some and as

high as 95% in others, Limited studies by this author

.. 0].0
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lead to figures of 30% anagen at least, wﬁen‘employing
only those hairs et least 6 inches long, as used in “the
1§ter experiments. Catagen halrs, the tronsition state
between anagen and telogen, are very 1nfrequent comprising
as they do only some 1% of the total, The catagen phﬁse
is quite short compared to the other phases (27).

If & ¢yele of 20 months is assumed for
the sake of argument and a2 sample of some 20 halrs
i3 considered and it the anagen phase constitutes 807
of the total hairs, then the sample will hsve about
16 hairs from the growing phase and li from the rest-
ing stages, respectlvely, If the anagen phase is some
16 months and the telogen phase approximately L months,
the h‘resting hairs will represent hairs ranging from
16 months to 20 months of age approximatelj and the 16
growing hairs would be 16 months or less in age.

The dlet changes daily, even from meal to
meal, It follows, that the amounts of adventitious
trace elements ingested must fluctuafe correspondingly
and hence, the trace element concentration in
the halr must vary along the length of the hair in
like manner, at least for some elemeﬁts.

It seems obvious, that for the adventitious
trace elements at least, there will be only a limited

correlation between the amounts in neighbouring hairs,

eeoll
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The exact effect will be governéd By the,relative;pro- .
portion of- growing period to resting peridd, a éomewhat
unsettled matter at pfeseﬁt. | j‘

If two adjacent hairs are both in the
growing phase (anagen) the adventitious trace elé-
ments (internal) will be indofporated in equivalent
amounts, at any particular time, |

If the adjacent hairs are in opposite
phases, then obviously the adventitious trace éles

ment (internal) will only be incorporated into

a growing hair and none should appear in the resting
hair (4, 5).

Referring to Chart I, it 1s apparent that
exyerndl'contamination willAaffect all exposed hairs §§§
in a reasonably uniform manner regardless of the |
particular period of the cycle the halr may be in,
since, to all intents and purposes, the hairs exposed
above the scalp are similar, A growing hair may be
perhaps a little less horny in the immediate root
region, but this will be probably a negligible factor
for most external contaminations, Immediately follow-
ing a single exposure to external contamination, analy-
sis should show a similar concentration of the element
in each heir, as shown in Chart I, Initial Phase, Yet,

in a very few months there will be a significant number

00012



Chart # 1
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Graphical represeatation of' the effects of adding monthly
increments to hair, removing equivalent amounts from $ip to
compensate. The first hair on the left is lost each month a new

one comnencing on the right.
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contamination.
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less than the maximum (Charts: I, Second Month; I,‘Third
Month etc,) due to the fact that~cont1nu§d.growth has
exposed uncontaminated lengths of hair, The overall e
effect 1s, then, that gome hairs thch were in telogen
(resting) phase will have a much higher concentration
of that trace element than other hairs that were, for
instance, only partially grown at the time of exposure,
if the whole hair 1s analyzed (see Chart I), Clearly
then, discretion must be employed in drawing conclu-
sions from data gathered from analysis of unselected
bundles of whole hairs, as a study of tﬁe change 1n
percentages 1llustrated, will show.

Chart 2;111ustratés the percentage concen-
tration changes which can be expected using a similar

20 hair sample and observing the changes evidenced at

one month intervals following a single instance of inter-
nal contamination, Some interesting work has been done
recently by Smith (30), 1llustrating some of the diffi-
culties experienced when attempting analyéis of un-
selected hair bundles,

Earlier data will have to be re-assessed
with these effects in mind (20), For the same reason,
caution must be exercised in using any information

resulting from sectioning of bundles of hair, This

ve013
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technique has been used in the past on thé assumption
that equal lengths of hair representméhnilar definite
periods in the history of the grower. As has now been
- established, there may be no particular relationship be-
tween the chronolog;cal ages of adjacent hairs,
Only hairs in anagen phase, of equal length, can be
séfely assumed to be approximately the same age.
The sectioning technique could be used in such a case,
In any other instance‘the hair bundle sections would
inevitably contain sections from anagen and telogen
hairs, which would be chronologically unrelated,
Naturally, such cautions would not apply té cases
of uniform chronic exposure extending over many
months, Nevertheless, any prévious data which pre-
sumed chronological relationship (20), will have to
be invalidated until such time as the mode and dura-
tion of entrance of the trace elements into the hair
is established, Such techniques as sectioning can be
used, but each hair in a bundle should be e;amined
to determine whether it is in the anagen or the telogen
phase, A separate bundle containing only anagen hairs
could then be formed for analysis, This preliminary
sorting cen be done without difficulty by a trained
hair examiner provided the roots are intact. It

should be evident that only hairs from the anagen

coodly
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phase may be employed since no definite age can be
assigned to a telogen hair, in normel circumstances.

Knowing the average rate of scalp hair
growth, the length of the hair gnd the fact that it
was actively growing (in anageﬁ phase) one maj

_ reasonably assign certain reglons of that hair to
certain chronological periods of the individual's
receht past.

It follows, that, some conclusions, drawn
from previous work in this fleld without consideration
of and due allowance for Halr Cycle effects, will '
necessarily be open to question in these respects (20).

The author is of the opinion that many of
the anomalies observed inlprevious analyses by hinself
and others, can be explained satisfactorily as being
due to effects of the Hair Cycle. For instence, sus-
pected cases of arsenic poisoning frequently show only
some 4 to 10 ppm. in the hair, (e.g. a8 reported by
Jervis and Mackintosh and Lenihan, etc.) (13, 16, 18,
19, 23) instead of the higher levels one might reason-
ebly expect in some cases of arsenic poisoning., In
view of the fact that bundles of hair were used in most,
(if not all) instances for these analyses and since
out of every 100 scalp hairs in a bundle only a few
are less than one month old and many are more than 10

months old and no longer growing (telogen phase), it

e s15
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becomes obvious that in some of these (acute poisoning)
cases, the arsenic content of some of the anagen
hairs is probably significently high but is being
averaged into the low, normal, Insignificant arsenic
content of the rest of the halr sample, This
"Dilution Effect", leads to a lower average value,
If anagen halrs were preselected, from the scalp, the
arsen;é values would doubtless be much higher,
(See Chart 2.)

It should also be obvious from a study
of Charts I and 2, why 1t should not be surprising
to get quite different analytical results from suc-
cessive single unseiected hairs, For example, if we
happened to be examining single hairs from the indi-
vidual represented by Chart I (end of fourth month),
1t is apparent that concentrations ranging from 10%
to 100% can be expected, Similarly from Chart 2,
first month, concentrations ranging from 104 to 100%
can also be anticipated, Great caution must, therefore,
be observed when interpreting data from single hair
studies, In fact, it is difficult to see how very
much success (regarding hair identification) can be
anticipated from the analysis of single hairs except
1n certain circumstances, where the source and age

of the hair are known and controlled and where con-

vee1b
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tamination has also been controlled. Data from single
hair analysis would appear to be unreliable if these
factors are uncontrolled as they would be in most

forensic cases,

« 17
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INTRODUGTION
PART III

A Definition of Trace Element

Since, for some elements, reliable data
is extremely scarce, especially as concerned with
human functions and requirements, information from
animal studies must be used to supplement data from.
human studies, There seems to be no particular ob-
jection to this as in most cases nutritional require-
ments are similar, but obviously some care must be
observed lest too sweeping assumptions and generalize-
tions are lmplied or expreséed, because there do
exist some highly svecific peculiarities in the field
of nutritional requirements of trace and other ele-
ments, One notable instance is the probable use of
vanadium instead of iron by a group of merine organisms
(Aseidian),as an oxygen storage complex or respiratory
pigment (24).

One of the primary problems in discussing
trace elements is to satisfactorily define the term,
The principal common groﬁhd of all definitions 1is that
trace means small amount. From this point divergencies
of opinion arise, Some authors favour a rigorous

quantitative statement, such as "less thea ,005% of

vea18
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an element calculated on a dry welght basis",

Probably the principal drawback to such a restrictive
specification 1lies in the inherent lack of flexibility,
Difficulties invariably arise because some species

have very different quantitative requirements when
essential trace elements ars concerned, It follows
then that a definition including a, "less than speci-
fic quantity", clause is too restrictive for general
usage, Furthermore, one must specify vhat particular
valence form of an element is being discussed as well
as which organism is being referred to, The additional
restrictions stipulated by some authors, defining mode
of action or deficiéncy-syndromé manifestations, are
frequently vague and often ambiguous. The phenomena
of; interaction, antagonism and sparing-effécts, (until
recently unappreciated), demonstrated by various ele-
ments have done nothing to clarify the problem of de-
fining an essential trace element,

In general terms it might be sald that an
essential trace element is any element occurring con-
stantly in a particuler organism in minute emounts,
the lack of which, (or decrease below a certain amount )
results in some génerally deleterious effect on the
health, appearance or well-being of the organism,

which effect is removed by the administration of said

00019
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element 1p certain small amounts, Other parameters
may have to be defined in some cases where antago-
nisms or sparing-effects are suspected or known,

Even such a general statement is to some
extent worthless, since there are good grounds for
expecting that, in the future, additional essential
trace elements will be elucidated, These, until
then, unknown co-enzymes, etc., will be required in such
extremely low concentrations that it will be im-
possible to deplete normal body reserves or to remove
them completely from food-stuffs and hence the argu-
ments concerning amount and specificity will probably
never be completely resolved,

Only when an enzyme is isolated in pure
form and the prosthetic group or co-enzyme identified,
can a function for it be proven and even then the
possibility exists that another element may replace
or "spare", the effects of deprivation of one element,

The interaction existing between or among
various trace elements further complicates the 1ssue,
Molybdenum, for instance, has an inhibiting effect on
copper retention that is markedly influenced by in-
organic sulfate. A well substantiated association
exists between iron and copper., Recent research using

rats has shown a relationship between copper and zinc.

«0s20
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It follows, therefore, that a study of, for instance,
iron requirements of an animal, is to some extent
meaningless unless copper, molybdenum, sulfate and
zinc are also studied and discussed at the same time,
Such relatively recent innovations and discoveries
have rendered invalid much of the early work done on
essential trace element requirements,

Since essentlal trace elements function in
such minute amounts, with such dramatic effects, there
appears little doubt that they function primarily as
catalysts, In most cases such roles are readlly demon-
strated, as for example, the role of cobalt as a complex
in Vitamin B12, or that of zinc in the enzyme carbonic
anhydrase, In these 1nstandes the assoclation 15 a
highly specific one and other elements are la:gely un-
successful as replacements if indeed they will function
at all, At the other end of the scale, however, there
are what might be called, "non-specific activators",
These include the peptidases and phosphatases wherein
the metallic portion or prosthetic group is readily
removable by dialysis, the enzyme becoming somewhat less
active but still functioning. Replacement by a tdtally

different cation 1s possible in some extreme instances,
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INTRODUCTTON
PART IV

Sources of Trace Elements

Insofar as humans are concerned, trace
elementﬁ are commonly ingested in food and beverages,
The mass production farming and the mechanical-scientific
transport, storage and processing methods of modern society
are rendering it more and more difficult to find deficien-
cies in man in the more mechanized countries.

Vegetable sources account in the first in-
stance for most of the trace elements found in humans
as in other animals, In vegetables as in all plants
there occur cafﬁon, hydrogen, oxygen, nitrogen, phos-
phorous, and sulphur associated with potassium,
magnesium, calcium and silicon. In lesser amounts
(micro nutrients) are found iron, manganese, copper,
zinc, molybdenum, sodium, vanadium, boron, chlorine
and cobalt,

| Those trace elements known and demonstrated

to be essential to man are: iron, iodine, copper, zinec
and manganese, Other elements suspected to be essential
include: fluorine, bromine, selenium, molybdenum, barium,
strontiun and perhaps cobalt,

Since modern man obtains his nutrients from

a wide variety'of sources; 1t 1s obvious that regional

ool
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or geogra§h10a1 deficlencies tend to become obscured
readily. Goitre, the deficiency syndrome of iodine,
is perhaps the only good example of & regional de-
ficiency still demonstrable in fnan. Even here, the
widespread use of iodized salt is repidly diminishing
the incidence of goitre,

0023
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INTRODUCTION
PART V

Nutritional Functions of Some of the
Trace Elements Discussed

Magnesium functions catalytically with
the following enzymes: prosphatases, phosphorylases, ,
leucylpeptidases, enolage, glucophosphomitase and ?
carboxylage,

Zinc 1is a constituent or cofactor for
several enzymes: carbonic anhydrase, uricase, phos-

pratases, carboxypeptidases and some pyridine nucleo-

tide dehydrogenases,

Copper is essential in hematopoiesis and
s a cofactor in several enzymes: ascorbic acid
oxidase, laccase, uricase, tyrosinase, butyryl CoA
dehydrogenase and phenolase complex. Copper deficiency
grayving has been noted 1in rabbits, cats and cattle,
deficiency causes loss of crimp in sheep,

Iron deficiency caused hairlessness in rats.
iron is a co-enzyme in eytochromes, catalase, peroxidase,
suceinie dehydrogenase, xanthine oxidase, aconitase

transferrin, cytochrome ¢ reductase snd fumarie

hydrogenase,

tobalt deficlency in sheep produced less wool ?

with weak fibres, Also cobalt ig associated'with Vit
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Manganése is a cofactor with arginase and
prolidase, ' a .

Molybdenum acts as a cofactor with xanthine | ;?
oxldase, aldehyde oxidase and nitrate reductase, :

Iodine is essential for the production of
thyroxine or trilodothyronine,

Vanadium has a poséible role in mineraliza-
tion of tooth and bone,

Selenium acts like Vit, E in meny functions,

Specific Functions Associated with Hair

Copper plays a role in pigmentation and is

essential for keratinization, If deficlent, grajing

occurs in rabbits, cats and cattle and causes loss of

crimp in sheep's wool,

Zinc is suspected to be essentlal for hair
formation, since hair is notably high in zine, averag-
ing 200 ppm, If deficient, pellegra-like lesions occur
end a form of Keratosis,

Iron appears to play a rble in the formation

of pigment in red hair,
Manganese - large amounts are found in hair
but no specific function is as yet known. In cattle i
a deficlency 1eads‘to dead, dry and brownish hairt
Iodine has its effect on the integument and

1ts outgrowths, hair, fur and feathers, in that, normal
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functioning of the thyroid is essentisl fop the ade=
quate growth of hair, Malfunction leads to Cretinism

or Myxedema, associated with dry, scanty hair or

shedding of the hair,

(1, 2, 6, 7, 8, 9, 10, 11),
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METHODS AND APPARATUS (I)

Trace Element Measurement

Trace element measurement and detection ;}
are processes almost invariably attended by several l
serious obstacles.‘,Accidental contamination before
and during an analysis is probably responsible, in
part, for the customarily widely varied results
quoted in the literature, A lack of sensitivity for
some elements limits, frequently, the ahount of element - &{
detectable unless very large quantities of raw mater- | ?ﬁ
lal are used, In human hair studies, the size of
suitable sample available (as already has been dis-
cussed) is rather restricted and in some cases quite

small,.

Spectrographic results are frequently open
to question when careful consideration is given to
the methods of sample premration used, Hair is one
of the more difficult of biological materials to ash
and 1s very subject to contamination from ﬁarious
sources, Results will vary depending on the method
adopted, Some representative data (Table #I) from
the literature and other sources demonstrates the
very wide variatioﬁs found in spectrographic hair

analysis,
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The sensitivity for most elementé in
a spectrographic analysis approaches abouf 10..8
to 10- grams per gram of dry material, - (Refs.,

2, 6, 1, 8, 9, 10, 11, Ashley, A,E,C,L., Chalk
River). Colorimetric processes can in some instances
exceed this figure but the'purification procedures
and hence the coptamination problems become unwieldy,

perticularly when several or many elements are to be

determined from one necessarily restricted sample,
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TABLE #I

TRACE ELEMENT COMPOSITION OF HAIR
AS DETERMINED BY
SPECTROGRAPHIC AND OTHER MEANS

Ashlex# Rothman (2) Cremer HD (10) Sgector&t
Ag .5 (ppm) 0048 - ,045 (ppm)
a6 .00002 - 36 26 - 32 (ppm)
AS x ! 05 202
Au X
Ba 1.5
Be .16
BI 2
Ca 250 188 ~ 1,900 188 - 212
cr 2 " 2
Fe 2 8l - 170 U
Mg 11 10 - 101
M 2 00001 - 116 25 - 38
Ni 5 50,-.. - 8.2 . . 5 - 8
Pb 15 17 - 28} 15 21 - 28l
b X
Sn of
M 1.l
Zn 250 9 - 562 116 - 212
81 1 000022 - ,091
Hg X .05
. X
U X .000127 Lo .000127
X - not detected (average of 3 samples),
¥ _ Ashley, Unpublished data ARCL October 1960,
4.

- Spector Handbook of Biological Data, Saunders & Co. 1956
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| As a method of trace element analysis,
Neutron Activation possesses several significant
adventages. The sensitivity for most elements is
103 or 1oh times greater than the comparable spectro-
graphic sensitivity, Contamination problems can be
very much lessened by performing all chemical opera-
tions subsequent to the irradiation so that only very
gross chemical contamination will have any significant
result, Only contamination by radioactive specles is .of
any particular consequence once irradiation is a fact.
A limitation to Neutron activation analysis is the
restricted precision obtainable., Since the process
depends on the assessment of truly random events (radio-
active disintegrations) statistical considerations
must be borne in mind and in any event will limit the

practicable precision to a few percent (19).

.l.30
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METHODS AND APPARATUS (2)

Neutron Activation Theory

Many elements when subjected to a flux of
suitable neutrons are able to form artificlally radio-
active isotopes of the parent element, irrespective
of the nature or composition of the sample or the
chemical combination state of the element, Each iso-
tope produced displays a unique mode of disintegration,
rate of decay and energy or energles associated with
the disintegration, These unique characteristics can
be used to identify, unambiguously, the isotopes present,
The amount present can be readily determined by suit-
able counting procedures,

The most probable reaction during bombard-
ment by thermal neutrons is the capture of a neutron
by the nucleus of the stable element, By considera-
tion of the properties of these elements and the con-
ditions of irradiation the expression

Az f w N @ Tac. (/- eét )
M 7T

may be employed to estimate the activity expected,

where:
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A is the disintegration rate of the activated
atoms, (d/sec.)

f is the neutron flux, (n/em?/sec,)

oac 1s the activation cross seétion, (xlO'zucm.zt)

W is sample wt, (gms.)

N° is Avogadro's mumber, (atom/gn atom)

M is atomic wt,

0 is isotopic abundance factor.

T5 1s half life, (hours)

t is time of irradiation, (hours)
Under similar circumstances of irradiation
the induced radioactivity will be a function of; the
mass of the element present, its isotopic abundance

and its activation cross-section. Since wide differ-

ences have been found in effective cross-sections
and isotope abundances, naturally the sensitivity %

of the method will vary from one element to another,

X 7t must be emphasized that this is not the
actual physical dimensions but rather represents,
as it were, the apparent willingness of a nuc-

leus to accept neutrons,
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The calculated order of sensitivity for several

elements using an NRX flux of 7 x 1013N/em?/sec. 1s:

Cﬁ6h about 1,2 x 10~ gns.,
Fe?) " 1x108

M0 v 2 x 10712
¥ v 1,7x10°10
As76 " 8 x 10712

using the following expression to calculate the
sensitivity of detection of an element under speci-

fied conditions

m rgnang) = al wt e rate of disintegration
o FeN%@dac (/- e-%73t)

Assuming: =(i)ipbvdecay period,
(2):ifféd1ation period equal to
~ ‘.one half-life at

i"7 x 1013 N/cm.a/sec.,
(3) é disintegration rate of
.200 dpm,

Under these conditions a five hour delay in counting
will reduce sensitivity for Mn56 by a factor of about
4X or to about 8 x 10-12 gns,
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No consideration has been given to
detector efficiencies nor to proportion of usable ra-
diation available, The half-1life of the isotope pro;
duced limits the sensitivity only 1nsofar as practical
considerations such as chemical manipulation are
concerned, Any isotope with a half-1ife greater
than 30 minutes can usually be satisfactorily uti-
lized using routine methods, Special procedures are
available for the other very short half-life elements,
8.8., 8trictly automated/instrumental procedures,

Herein, the basis of selection of the
elements 1listed (Table 2, page 35) 1s governed by the half-
1ife, the cross-section and isotopic abundance, the
presence of sultable gamma-ray energles and the
reported occurrence in human hair, On this basis
the elements 1isted in Table 2 were selected for
investigation,

Sodium and potassium were not considered
for Investigation due to the enormous problems
asgociated with contamination by absorption of sweat,
etc, The sheer ublquity of these two elements pre-
vents thelr routine use in the same manner as the

other elements,

ool
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Preliminary studies were undertaken to

. determine which of these listed elements could be
detected in large samples of hair (i - 10 gns,) in
- amounts which would indicate the feasibility of ex-
tending the research to progressively smaller hair
- samples, The ultimate goal would be the satisfac-
tory analysis of a single human heasd hair.

Work had previously been done on certain
1solated aspects of neutron activation analysis of
hair, notably in the case of arsenic. Jervis and
Mackiﬁtosh at A,E,C,L. (Canada), have developed
a satisfactory procedure for arsenic determination
on'small amounts of human hair (13), ILenihan, et dl,
also developed a rapid mefhod for arsenic determina-
tion in hair (17)., These methods, while satisfactory
for this particular element, are too restrictive for
general consideration and a different method was con-
sidered advisable in the present case, Arsenic de-
termination by Activation Analysis is the method of
choice of the RCMP Crime Detection Laboratories and
several cases have been done; these determinations
have been done on unséiécted hair bundles and were

not corrected for halr cycle effects,
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Isotope
Agllo
Bal39
el
ubl
759

Mn56
N165
'Zn65
As76
Aul98
CO60
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TABLE #2

SOME CHARACTERISTICS OF RADIOACTIVE
ISOTOPES FREQUENTLY ENCOUNTERED IN

ACTIVATED HUMAN HAIR

Parent
1sotope
T  abundance

270days 48.6
8imins, 12
27.8d 4.3
12,8hrs. 69.1
45.14 .38

2,6h 100
2.6h 1,16
2hba 48.9
26,4h 100
2.7d 100

5,24yrs, 100

Principal
Gamma X sect,
M(many) 3.2
163 5
325 13.5
1.34 b3
1.1 - (574) .98
1.3 - (b3%)
- m(.822) 13.3
" 16
1,12 A
+S49 Sl
W12 96
1.33 20
1.17

Reported,
in hair

p.p.m,

5
1.5
2
100
140

4o

200
.5 average| '

?

18

X By varlous methods, by various authors (See Table I particularly)
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In addition to the simple case of the n
reaction mentioned above, there are frequently other
processes occurring during the irradiation, which
must be taken into consideration, The following re-
actions might complicate the determination of arsenic,

(13, 1h).

(1) Se76 (np) As76
(2) se'” (yp) asT®
(3) Brl? (na) As?®
() o™ (ny) GeT®B-asT5, 4sT5 (ny) asT6

It has been shown that, under the conditions
specified, these four additlional reactions, while pos-
sible, occur only to an insignificant extent and need
not be considered in the final calculations,

Sinilarly in the case of Cu®3 (ny) cul

some possible side reactions are:

(1) Znéu (np) Cuéu
(2) N1%2 (ny) ¥1637Cub3 (nY) cubl

These reactions, again, will only be signi-
ficant when zine or nickel are present in very large
amounts compared to the copper., Interfering or secon-

dary reactions are possible in almost any case but
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are usually of very minor significance; the cross
sectlions for thesevreactions being very small,
Nevertheleés they must be considered, especially
when working with very low concentratioﬁs of an
element when contributions from side reactions will“ -
be most evident,

It 1s possible to use Neutron Activation as
an absolute method of measurement, Precision 1s diffi-
cult to obtain because several of the governing factors

in the equation A = 6 x 1023 Pqac & x 0 (1-e=,693T),
| X T3

are known only approximately, e.g. cross sections, In
addition, the neutron flux of reactors cannot by any

means be considered to be constant., Consideration must
also be given to attenuation in the sample, non-homogenity
of flux, self-shielding, matrix effects and even to the
supposed thermal distribution or spectrum of the neutron
energies available., For these reasons, among others,
absolute determinations are rarely completely satisfact-
ory. In any event, the irradiation of proper standards
along with the sample, as in the almost universally
employed comparative method, minimizes eny deficiencles in
flux estimation, matrix or self-absorption or shielding
effects and for most purposes is a much more satlsfactory

procedure for quantitative studies. (13, 1k, 15, 16, 17, 18).
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METHODS AND APPARATUS (3)

(1) Irradiation, facilities and procedures used

In some irradiations the NRX reactor
facilities were employed using a self-serve irradia-
tion position ylelding a nominal flux of 2 x 1013
thermal neutrons per square centimeter per second,

The customary procedure for self-serve
irrediations is to weigh the cleaned raw hair into an
aluminum capsul&'with or without polythene or nylon
inserts. These capsules are then cold-weld sealed and
1rradiated as a routine irradiation at A.E.C.L.

Following the specified irradiation, the
radio-active capsules and contents are opened in the
"activd' laboratory for the necessary chemical manipu-
lations prior to the counting procedures, the capsule
being discarded at this stage.

In other phases of the work, particularly when
short irradiations were required, the "Rabbit" was used.
For "Rabbit" 1rr€diations the cleaned hairs were wrapped
in foll and enclosed in an iron capsule which was then |
directed by compressed alr into an unused fuel rod
position in NRX having a nominal flux of 7 x 1013N/Cm2/sec.
in one position or 1'x 1013N/Cm2/sec. in another position,
The irradlated capsules are then directed back to the
"hot" lab fof unwrapping and repackaging for counting.
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METHODS AND APPARATUS (L)

(2) Counting Apparatus and Procedures

For virtually all of the later work and
in particular fbfkfﬁé”ﬁéiﬁ;gjblé Study, an automated
assembly was used consisting of a 100 channel €.D,C.X
Kicksorter from which the data was routed through
& Chalk River transistorized typewriter and tape punch
control into an IBM electric typewriter and a Friden
tape puﬁch. In this manner, simuitaneous tapes and
conventional, digital, tabular presentations of the data
were prepared. The tapes were thus available for use
on an XY plotter so that a finel semi-log presentation
was readily achieved. The XY plotter used was part of
a Chalk River assembly,

The scintillation detectors used, varied,
depending on the information being sought. Typically
(as in the Hair Cycle study) the detector was a2
. thallium activated Nal crystal used with a 2" photo-
multiplier, Following initial amplification in a pre-
amplifier the pulses were further amplified in a
Victoreen Model 851A linear amplifier and thence were
transmitted to the Kicksorter. An Atomic Instrument

Co. high voltage power supply was used to power the

k.p.c. - Coﬁ;utiﬁg Devices of Canada.
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photomultiplier, which was contained in a verﬁ large
castle, a 3' hollow cube of 3" thick lead shielding,

In some cases the radio-active source was
counted while in direct contact witﬁ thé hdusing of the
crystal. This, simplified handling and reprodu-
cibility and was permissible for less active sources
where counting losses were not excessive. In this hair
cycle study losses averaged 20% for the first count .
dropping to a few percent within 2|, hours. Losses
averaged over 80% when the cobalt monitorsk were
counted this wey. In this case, the simple expedient

was used of ralsing the source some 6" above the

erystal by placing it on a cardboard carton. Losses

then dropped to the tolerable level of appfoximately 15%.

The Kicksorter was ordinarily used at a
setting of 17 K.s.V. per channel, with channel 1 at a
level of 170 K.i.V. Sensitivity was adjusted by control-
ling the gain of the amplifying systems so that the
03137 photopeak came at channel 30-31,

In some instances difference spect;raM were
plotted by hand, primarily, wherever it was desired to
remove background interferences as much as possible.

- The factors to be consldered in the counting

procedures were; statistlcal reliability, detector

efficiency, background and resolution.

kpage 57,

A obtained by subtracting background counts from each
channel, o

L
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Statistical reliability is achieved in
counting random events by Increasing the total
events recorded, Practical considerations limit
the time available for counting, Increasing the ace
tivity of the sample or decreasing the distance
between source and detector is not always the
best way to increase counts per unit time, A point
is reached where the detector is, in effect, saturated
and can no longer discriminate between successive
gammas, due to the small, but finite, dead time charac-
teristic of each type of crystal, Such coincident pulses
may not be registered, introducing what can be a large
error'into‘the counts regisfered. The error will, of
course, be proportional to events per unit time and be
a function of the type of crystal used, Corrections
may be applied provided various factors are known,
Detector efficiéncy depends on the shape
and size of the crystal phosphor, Shielding and
other surrounding materials, background conditions
and electrical systems - resolving time, dead time
etec., all affect performance, These effects can be
greatly minimized by using samples of about the same
slze, the same source geometry and the same operating
conditions, as was done during the research whenever

possible,
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The background, (counts registered in
the eyétem when no deliberate source is present)
for critical counting periods must be monitﬁred
or at least randomly sampled., Usually areas, in
which it is intended that accurate counting be per-
formed, are selected on a basis of negligible back-
ground.' »

Resolution (as distinguished from re-
solving time) is a function of the crystal and
phosphor used, The photomultiplier and associated
clrcultry can contribute thermal noise in poorly
4designed or operated equipment, orincipally when
measuring low energies,

Counting times varied and were chosen
with a view to obteining statistically reliable
counts without unduly prolonging counting neriods,
Semple sizes and irradiation times were selected
whenever possible so that counting periods of less
then 20 minutes were satisfactory, When dealing
with single hairs the primary consideration was to
obtain sufficlent counts, convenlence was a sec-
ondary consideration and for this reason, counts

of one hour or more were commonly employed,
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METHODS AND APPARATUS (5)

(3) Cleaning Haip i

The importance of a cleaning process
can hardly be emphasized enough. The problem is
not so much in deciding whether or not cleaning
should be done, rather, the difficulties consist
in determining how much cleaning should be done

and the most suitable way to do it,

Hair is very susceptible to contamina-

tlon {rom external sources, due to its physical

'structure and chemical nature, PFine, particulate

matter is readily entrained in the natural, waxy,
sebaceous covering of hair and in the interstices

of the cuticular scales, Under certain conditions

a pronounced electrostatic field can exiét on a

head of hair, a matter of common experience,

Cosmetic and aesthetic practices encourage the

liberal use of nostrums and potions at frequent
intervals, all containing oils, greases and scents.
These factors all contribute to the usual presence of
an extremely tenacious film or layer of a dirty, greasy
nature on each hair, The film can be removed completely,

by drastic cleaning methods, resulting, usually, in

coolihy
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actual damage to or removal of the cuticular layer,
Any other, less extreme, cleaning procedure must
necessarily be consideredlincomplete, as can readily
be proven by microscopic examination, On the other
hand, removal of the cuticular layer can hardly be
justified on any other'grounds. It could be, that
certain elements are concentrated in the cutipular
layer for some reason and removal of this cuticle
could thus affect the completeness or validity of
& trace element analysis,

The cleaning problem is perhaps unresolv-
able, in a practical senée. It can be minimized,
at leasf, by careful selection of cleaning agents
and procedures and by adhering to a rigid time sche-
dule so as to ensure a measure of reproducibility,
Since some hairs ére more coarse than others, the
question arises, "Is the same washing time suitable
for all hair samples?". The answer to that ques-
tlon will not be found in this paper or anywhere else,
All reagents must be screened carefully since it is
reported by Lenihan and Smith (20) that some deter-
gents contain arsenic which is found to be readily
absorbed into hair byisoaking. It was concluded

by those authors that the arsenic was present as an
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impurity in the sulfuric acid used in the manu-
factufe of the detergents. Only sulfuric acid of
the 1ead-chahber process variety appears to suffer
from this type of contamination, due to the pres-
ence of arsenic in the pyrites used as a sulfur
source in this case. No doubt arsenic could
appear in many products made with this particular
acld,

There can be little reason to suppose
that arsenic is unique as a contaminant, As is
menfioned elsewhere in this paper, many elements
are known to be absorbed by hair from solutions,
aerosols, dusts, etc, It just happens that arse-
nic has been intensively studied in this regard recently
and the data are available,

Some limited experiments were conducted to
determine a permissible washing procedure. These
studles resulted in the six stage procedure outlined

below:

Stage 1 - soaking in ether, 1 minute with agltation.

Stage 2 - soaking in acetone, 1 mingte with aglitation,

Stage 3 - soaking in distilled water, 1 minute with
agitation,

Stage i - soaking in acetone, 1 minute with agitation.

T
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TABLE #3

SHOWING EFFECT OF WASHING PROCESS
ON _SODIUM CONTENT OF HAIR

Sample X
51 MEV Wt, in Corrected
Sample Peak Ht. Grams PX Ht, Average A
i b
1 2100 .26 806l ) |
Rew 2| 1600 | .22 | 7286 ) | 7700 © [100

Washed 3| 1150 J8 | 6210 ) 6150 80
Once U 1050 177 5985 ) ‘

Washed 5 830 .186 LL57 ) 14650 .62

Twice 6| 980 .207 4802 )
Washed 8] 980 .193 5096 5100 66
Thrice

X Corrected means that all peak heights are extrapolated
back to immediate end of irradiation = 0 decay time
and that all sample welghts are equated,
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Stage 5 - soaking in ether, 1 minute with agitation,

Stage 6 - repeat from stage 2,

Stage 7 - air drying, indefinite (at least seversl
hours),

The reagents were avallable for this
procedure in a state of satisfactory purity as far
as could be determined by routine chemical aﬂalysis.
Sampleé of halr were prepared using the above pro-
cedure in various ways, the results of which are
shown in Table 3.

These studies were conducted using the
level of sodium activity as an index of washing
efficiency since sodium had proven to be trouble-
some during earlier irradiations and all efforts
were subsequently bent to minimizing the interfer-

ence from sodium 2”. It appears that two washing

cycles abstracted all the sodium that could be readily

removed, being due, oresumably, to surface contamina-
tion, Since it was desirable to perform the least
washing permissible, to minimize lsaching and con-
tamination, the cleaning process was standardized
at two wash cycles, each cycle comprising all six
steps, with the exception, that step 7 was eliminated

between cycles 1 and 2 and step 6 after cycle 2.
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Stage 5 - soaking in ether, 1 minute with agitation,

Stage 6 - repeat from stage 2,

Stege 7 - alr drying, indefinite (at least several
hours),

The reagents were avallable for this
procedure in a state of satisfactory purity as far
as could be determined by routine chemical aﬁalysis.
Semples of halr were prepared using the above pro-
cedure in verious ways, the results of which are
shown in Table 3,

These studies were conducted using the
level of sodium activity as an index of washing
efficiency since sodium had proven to be trouble-
some during earlier irradiations and all efforts
were subsequently bent to minimizing the interfer-
ence from sodium Zh. It appears that two washing
cycles abstracted all the sodium that could be readily
removed, being due, presumably, to surface contamina-
tion., Since it was desirable to perform the least ,
washing permissible, to minimize leaching and con-
tamination, the cleaning process was standardized
at two wash cycles, each cycle comprising all six
steps, with the exception, that step 7 was eliminated

between cycles 1 and 2 and step 6 after cycle 2,
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Earlier work on this project had demon-
strated the desirability of a water washing to re-
move as much sweat as possible, otherwise very high,
unreallstic values for sodium and chloride were
obtained, It was found, however, that preliminary
treafment with ether was necessary to remove natural
and introduced hair oils prior to water washing,
otherwise the water was unable to wet the hair
satisfactorily. The acetone is employed primarily as
an agent miscible with both ether and water, Detergents
end other wetting agents were avoided to minimize contami«
nation (20),

Probebly any similar washing procedure
would prove as suitable, providing care were taken
to ensure reproducibility. Jervis et al, (19) used
water and a mixture of acetone and methanol. No
tests were conducted to determine the thoroughness
of this system, In another paper, Mackintosh and
Jervis used acetone followed by three water washings,
This system was not tesﬁéd eifher. Cleaning data is

lacking in papers from most other authors, ¥

X Although Baychi and Ganguly (8) appsar to have
used a very elaborate cleaning procedure which
while probably efficacious in one way could
hardly fail to grossly contaminate the hair in
other ways,
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It is difficult to establish whether cleaning was : . ‘
even attempted in some earlier work, Since hair
is so easily containinated, meking washing obligaetory,
apparentl_y some previous work must be viewed with
reserve and even suspicion, Most of the trace ele-
ments reportéd earlier may have been actually
external to the hair in the form of adhering or

introduced contamination,
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METHODS AND APPARATUS (6)

(l4) Chemical Procedures

It was orlginally intended to perform
the counting procedures on the irradiated hair
without chemical manipulation but it was found that
the Nazh activity seriously hampered the acquisition
of useful data by purely electronic processes for
& lengthy period following irradiation.

Necessarily then, a method of removing
the Nazh activity was desirable particularly if
the shorter lived isotopes were to be studied, e.g,
Cu6u, Mn56, etc, (12,6h and 2,6h respectively),

Many procedures were studied and rejected
elther because of the tediousness asgsociated with
the process and hence its unsuitability for a num-
ber of routine analysis or because reproducibility
appeared to be a problem, In the end two methods
were adopted for further consideration: "Modified Sul-
phide Precipitation" and "Anion Exchange Using Chloride
Complexes",

A) The Sulphide Precipitation as ultimately

adopted consists of the following steps:
a) Dissolve the washed, weighed, irradiated
hair using 10 x the wt., of the hair of

conc, sulfuric acid,

ees5l
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Add an accurately known amount of arsenic

carrier (pentavalent) (about 10 mg, As.)

Heat to fuming and add 30% H202 vntil a

clear, pale yellow solution is attained,
(Total time about 30-35 minutes,)

b) Dilute to an acid concentration of about 2 M.
Add HZS gas, (saturate)

Filter through a millipore filter. The dried
precipitate is welghed for chemical yleld and
examined by gamma spectroscopy (fraction I),
¢) The filtrate is boiled to remove free H2S.
The filtrate is treated with NH4OH to pH 9
after adding Fe. carrier (about 10 mg.,).

d) The hydroxide-oxide ppte., is filtered off,
weighed and dried and examined by gamma
spectroscopy. (fraction II),

e) The filtrate is then treated with H2S at about
PH 9 after adding Zn carrier (10 mg.,) The ppte,
is filtered, dried, welighed and examined by
gamma spectroscopy. (fraction III).

f) The filtrate is evaporated and examined for Naz’+
and other activity (fraction IV), as a check
on the completeness of the various preciplta-

tions and filtrations,
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This procedure was expected to yield
these fractions: (See also accompanying gamma

spectrographs pn, 524 and 52B.)

(1) the acid sulphide fraction to contain;
As, Mo, Cu, Au, Sb, Pb, Cd, Re, and
Se,

(II) the hydroxide-oxide fraction to contain;
Ca, Al, Fe, Cr, Mg, Sr, and Barium in
the form of the daughter Lalho.

(III) the basic sulphide fraction to contain:
Zn, Co, Ni, and Mn,

(IV)  the filtrate fraction to contain;
Na and X,

Chemical yields calculated as As, Fe, and Zn
averaged 60-80%,

As was expected, very little Nazu was
detected in the pptes, It appeared principally
in the filtrate (IV),

Separations were on the whole satisfac-
tory although some elements apparently were in-
completely precipitated on occasion, appearing in

subsequent precivitations, as carry over,
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524 chart 3

SULFIDE PRECIPITATIONS

~ Pasle Sulfide Fraction III “;
.... Basic Hydroxide " T
vere chd Sulfide " I i

.5 1.0 1.5

M.ELV,

Approximately 6 hours after end of irradiation,
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Acid Sulfide Fraction
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TABLIE #

SOLUBILITIES OF SOME SULFIDE SALTSHX

Cold Water Hot Water
Magnesium Sulfide dec
Aluminium " sol
Antimony " .000175
Arsenic. " & insol
Cadmium " .00013
Chromium (ic) " insol dec
Cobalt " insol
Copper (ic) " & 000033
Gold (ic) " insol
Iron (ic) i v 8ls (dec) .001
Lead (ic) " insol
Manganese (ic) " & insol
Mercury (ic) " .000001 or insol
Nickel " insol
Selenium " insol
Silver " ,00002
Strontium " sol
T (d¢) " 00002
Zinc (ie) " & .00069 000065

X (Handbook of Chemistry and Physics, LOth Edition).

¥ Flements listed in Tables 2 and 3.

dec = decomposes
80l = soluble
insol = insoluble
V = very

sl = slightly

...511-
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The alternate procedure considered and tested was

B) Anion Exchange Using Chloride Complexes (21, 22),

The principal obstacle in this method
was the conversion of the sulfuric acid oxidation
solution to a hydrochloric solution for the forma-
tion of the chloride complexes, This was accom-
plished principally by vigorous evaporation and
addition of HCl cone, The HC1 solution, adjusted to
. about 8 M, with 10 mg, each of several carriers added,
was run through a column of Dowex 1, prepared accord-
ing to Nelson and Kraus (21), and the successive
fractions were eluted with progressively weaker acid
solutions ranging from 11 N, 9.6, 8.2, 6.9, 5.5, k.1,
2.7 to 1.4 N to distilled water, followed by conc,
NH4OH, There was, of course, some degree of overlap
in such a series of serial elutions and it was found
that several fractions could be combined without
meterially altering the separations obtained which,
on the whole, were quite good and roughly as expected.
The appended charts demonstrate the effects of elution
with progressively more dilute acid, Chart 5 shows
the gamma spectrograms obtained from each eluted
fraction immediately following elution of all frac-

tions, Chart 6 shows the gamma spectrometer scans
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obtained from the same frgctions four days later,
Chart 7 shows the scans obtained after a four months
decay period, Thése demonstrate first of all, the
sometimes remarkable chemical separations obtainable
with ion exchange procedures, In the sscond place,
the four day and four month scans demonstrate that
certain elements, at first prominent, soon decay to
insignificance and in their place certain long lived

isotopes achieve prominence after a period of time,
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558 Chart 6
ION EXCHANGE CHLOKIDE COMPLEXES

Four days after irradiation and
separation
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ION EXCHANGE CHLORIDE COMPLEXES

Four months after irradistion
and separation.
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An Experiment Designed to Illustrate the Effects
of the Hair Cyecle on Data Obtainable from
Human Hair by Neutron Activation Analysis

For this study, 80 hairs were selected from
a batch of some 123 which had been individually and ran.
domly plucked at one time from the same area of the scalp
of a 2l year old woman, The.diet, environment and cos-
metic oractices of this subject are considered typical,
with the reservation, perhaps, that she had experienced
very few professional hair treatments of any sort during
her lifetime,

The 80 hairs mentioned consisted of two lots,
One lot of LO hairs represented almost the entire content
of anagen hairs found in the 123 hair sample '(hé were
definitely classed as anagen on the basis of a microscopic
study of the roots), All the other hairs were identified
a8 "not definitely anagen halrs", and included those
hairs definitely "telogen", as well as those whose roots
had broken off on vlucking in addition to those hairs
which were tentatively classed as "doubtful anagen",

“rom these 77 halrs, LO were selected and called "the

telogen series",

Y
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The entire sample of 123 hairs was washed
using the procedure outlined on page 45. The 80 further
selected (4O plus 40) were then each trimmed to a length
of 6" by removing hair from the tip end only, The tip
end can be readily determined (if there is any doubt) by
pulling the hair between the fingers, the direction of
easlest pull is from root to tip,

Sixty of the 80 hairs were individually weighed
(Table 6, p., 63) end then each of them was inserted into
individual one>cm. lengths of polyethylene tubing (approx,
1l mm, ID). Ten of these packed hairs were inserted into a
stendard iron capsule used for pneumatic facility (rabbit)
irradiations in the N,R.X, reactor. Into each capsule also
was inserted a 1 cm.vlength of an A1/Co alloy of 1% Co
content, to serve as a neutron flux monitor. The weights
and activities of some flux monitors are seen in Table 5,
appended. The garmma spectrograms are also appended
(see Appendix, last page),

Irrediations were of 164 hours duration in
the "J" rod vosition of N.R.X. reactor (nominal flux of
1 x 1013 N/bmz/éec.). Following irradietion, using
the rabbit facility which happened to be convenient for
the purpose and was available at this time, the capsule
vas opened and discarded and the hairs were transferred
to fresh, labelled sections of tubing of somewhat longer
length to facilitate handling,
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TABLE

Wts. and Peak Hts. of Cobalt Monitors

wh. gms,  Counts/Unit Time

at
1,19 MEV and 1.33 MEV

A series 0346 £ 00005 13960

B " 03450 " 1240
c " L0346 " 1120
D " .03360 " 13600

10600
10900
10800
10400

Since the weights and activities correspond within

a few percent no corrections were deemed necessary to

the values obtained by counting the respective series

A, B, C and D, Had extreme accuracy been necessary

the flux could have been considered to have been some

2 - 3% lower during irradiation of sample D and corres-

ponding increases could be made in the data for that

series, This was not done however for reasons stated

elsewhere,
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Each capsﬁlefull of 10 samples was desig-
nated with an alphabetical letter A, B, C, etc., and each
hair was further labelled with a number 1 to 10, so that
each hair was identified thusly; Al, A2, A3 etc, = A series,
Since there were 40 hairs in the anagen group there were
four serles, A, B, C and D, The telogen group consisted
qf series E, F and G. The E and F series were prepared,
irradiated and counted in as nearly identical fashion
to A, B, C and D as was possible.

G series, on the other hand, was treated sbme-
what differently, In this case it was desired to examine
the longer half-life elements in the (unfortunately -
realized) hope that the similarities and differences
were to be found therein ratﬁer than in the short half-
1life material examined thus far, The G series was ir-
radiated for éome 10 days using the self-serve irradia-
tion facilities available at N,R.X., Since more space is
avallable in a self-serve capsule than in a "rabbit"
capsule, twenty hairs were ifradiated together along
with the cobalt monitor. Several of the resulting
"gammagrams" are appended for the sake of completeness,
(see Appendix), |

| The A, B, C, D serles were irradiated on
successive days and in each case counting was commenced

(gemma spectroscopy) at 11:00 a,m, of the same morning

.0.60




- 60 -

irradiation was terminated, Rach hair was counted three
times the first day after irradiation, once a déy for the
next three days and once again following a lapse of one
day, once again after a further lapse of two days etc,
The E series was irradiated and counted some four weeks
after A, B, C and D series. The F serles were examined
some nine days after that,

The counting schedule followed may be seen in

Table 7, Initially, counts were of 10 minute duration,

however, after about 6 days it was necessary to lengthen
counting periods to one hour to accumulate sufficient cdunts.
In all cases, counting was performed with the sample in
contact with the crystal shield, ILosses were high (20%) for
early counts but, since all samples were counted the samé
way, such losses were ignored,

The CDC Kicksorter was used, as before des-
cribed, with the addition of a Friden tape punch (Data-
tron format) so that a tape was vunched while the print-
out ohase was being performed. These tapes were then
put through an XY recorder so that the linear readout
from the Kicksorter was plotted in a semi-log presentation.
Since some [ 00 graphs were vrepared for this study 1t can be
appreclated wnat a time-saver this recorder was, The frontis-
plece graph contains sométhing 1ike l;,000 voints and would

never have been considered had manual plotting been required.
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Table 7

A

Counting Schedule

I DAY3 5
‘loi2: 67891011 1213 1k 15 16 17 18 19 20 21 .
# D
A 1ALAGAGA 70 84 A i

X 2A | ? 104 i
3A ,, i
v -
B 1B4B5B6B 7B - 8B on 108 o
X 2 i
3B o
¢ 1CL05c6¢  7¢ 8¢ 9¢ 10¢°
X 2¢
3C
D | 104D5D6D 7D & oD 10D |
X 2D
3D
o 1ELESEGE 7E  6E
X 2§
3E
gl
{

# Irradiated June 3/63, beginning at 1600 houps,
it Irradiated July R/63, beginning at 1600 hours,
#i# Irradiated July 17/63, beginning at 1600 hours, counted
once sept 17/63,

1A, 2A ete. indlcates first count of A series (14, to 1y4),
second count {2A1 to 2A10), ete,
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No corrections for weight or flux difference
were épplied in any instances, although the data”that
| would be required for these corrections, if necessary, was
obtained when possible, The principal reason mitigating
against such corrections was, of course, that the X{ plotter
could not be used without the time-consuning and expensive
‘step of repunching all tapes on a properly programmed
and Informed computer. The advantages accruing from
thése corrected plots would be tenuous in any event, due to
the pdssibility of a flux variation of some 10% albng the
'iéhgth'of the irradiation capsule which, if present, could |
 completely conceal any quentitative variations of lesser \

magnitude'found from otherwise completely corrected data,
It was originally anticipated that the primary
“objective of this particular study could be adequately |
| seived by é strictly qualitative comparison, This antici-
'pation'hds not been completely borne out as a study of the
graphs and charts will reveal,
A few hairs were selected at random and the
- corrections were applied to some of the déta to attempt to
visualize the magnitude of adjustment indicated by these
ceses, The flux differenceswere ignored since no appre-
ciable flux difference was found to exist, Weight correc-
tions were tested, howeQer, and were found in most cases
to accentuate, even more so, fhe similarities between the

anagen samples,
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The welghts of the hairs ape shown below
. 8ince 1t 1s interesting in itself to see the. range en-
countered (or available perhaps) in semi-random scalp

hair sampling, These hairs are washed and trimmed to
6",

A B C D 'E P ?i
+00059  ,00080  ,00066 ,00082 ,00107 .00098 ;
-00088 .00110 .00068 .00091 .00096 00085
-00066 .00100 00100 ,00071 .00085 00107

.00082  ,00081 .00096 .00112 .00072 00104
.00085 ,00087 ,00075 200077  .00100 ,00103
.00070  ,00050 ,00077 .00073 .00099 ,00119
.00100  .00079 ,00078 .00070 .00087  .00093
.00086  .00092 ,00103 .00110 .00102 0009}
.00090  .00059 ,00112 ,00083 .00083  ,00095
.0008 ,00081 ,00100 .00057  ,00095 .00076

Anagen, average wt, ,00082 gns, Mostly telogen,
average wt, ,00095
gns .,

Insofar as was possible - every effort
was made to schedule counting periods so that compari-
sons between series would be facilitated as much as

vossible, 1,e, sample Al was counted for the first time

«e bl
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at 11:01 a.m,, sample Bl was counted 2l hours later at
11:01 a.m., Cl was 2l hours later ete, After several
days had elapséd following irradiation 1t was no longer
necessary to be quite so rigid in observing counting
periods since the rapidly decaying short half-lived
materials had diminished by then to a great extent.
The cesium 137 standard was counted at apbroﬁriate inter-
vals (2 or 3 times a day) so that drift in the Kicksorter
would be kept to a minimum by frequent minor corrections
to the fine gain control (drift ﬁas generally less than
1 channel in a four or six hour period). ‘
It had been predicted, from considerations of
the hair cycle, etc., that the degree of correlation among
the LO anagen hairs (A, B, C and D) would be very close,
in fact, no significant differenées were to be expected.
Allowing for the quantitative differences already mentioned,
and expected, due to the lack of correction for weight, ete.,
an examination of the appended graphs and spectrograms
shows that the expected similitude is indeed realized.
The only stipulation observed in selecting these spectro-
grams 1s that they, of necessity, must represent nearly
similar stages of the radio-active decay scheme of the
hairs. It is not permissible, obviously, to compare a
halr freshly irradiated to a hair irradiated some days or

weeks previously,
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| The simple expedient of plotting together
the graphs of all the hairs of a similar relationship,
for instance; 242, 2B2, 202, and 2D2 (see Appendix) shows
that these curves could be readily superimposed with only
minor quantitative adjustments. Similarly; LA2, 4B2, 4C2 and
D2 show the same degree of similarity, at a later count.

Many plots were done, (see Appendix) choosing
hairs more or less at random and arranging the data in many
ways., If, for example, all of the hairs in any one series
were plotted together; 3Al, 3A2, 3A3, 3AL — etc., once
again & high degree of similarity is encountered (bearing in
mind that 3A10 would have been counted some 2 hours
after 3A1 and thus had decayed two hours more than 3Al).

In short, no matter which halrs or series of
hairs were compared, a very remarkable relationship
could be readily seen, bearing in mind the restric-
tions regarding matching decay periods,

Unfortunately, the foregoing observations
regarding similarity among the anagen hairs were also found
to hold true of series E, F and G of the "telogen series",
A study of the spectrograms appended will show no
obvious differences between these telogen series and the
earliér series, in fact the similarity, on the contrary

is remarkable.
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DISCUSSION

Investications to date, using whatever neutron
activation procedures were most suiteble, have shown the
following elements to be present in human hair: arsenic,
copper, zinc, iron, silicon, sodium, vanadium, gold,
cobalt, manganese, molybdenum, selenium, chlorine, bromine,
lodine, mercury, germanium, chromium and manganese (19).
Barium in the form of the daughter Laluo was found by
Kerr in material fractionated by sulfide precipitations,
Some later studlies showed antimony to be vresent in signi-
ficant amounts. These 20 odd elements, while reoresent-
ing those most readily observable using routine methods,
are probably only a small part of those actually present,
Bear in mind, also, that frequéntly one or more of the
above listed elements may be absent from a hair sample.
Mercury, for instance, is by no means always detected,
at least using present procedures, Particularly when
dealing with small samples or single hairs, it is not
uncommon to find that many of the elements are difficult,
or impossible, to detect. v

The results quoted by Jervis, Perkons, Mackintosh
and Xerr (19) are a good example of what may be accomplished
by instrumental means, Very little chemistry was employed
with the resultant advantéges aceruing thereto, There

are limitations to such a procedure, in that, some elements
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may not be satisfactorily worked with, due to masking,
spectraoverlap, etc, On the other hand, chemical separa-
tions are at best tedious and at worsf,.can be a source
of error,

A judicious blend of both procedures would
appear to have merit in some cases., The increased time
expended is perhaps justified by the additional elements
‘_'utilizablq and the extra sensitivity and accuracy possible
- oﬁqocqasioh,

: Tf'; ‘Some of the more disturbing veriations found
 ﬁﬁ11n thé»literﬁturéfare; values for caleium ranging from
188 ppm‘tovh900 ppm; manganese values from 1 x 1075 ppm
' ~_£o hévppm; strontium varying from 23 x 1076 ppm to
91 x 10‘3'pﬁm. One aﬁthor, Cremer (10) reports 4O ppm of
. ﬁranium;‘anothér, Rothman, quotes 12,7 x 1075 ppn for the
Jsamefglément.' Whether these remarkable varlations repre-
senﬁ tfue.éxtrémes of concentration or merely the effects
of gross cdhﬁamination, before or during analysis, is a
mnoot point. 
Ashley (unpublished data A,E.C.L. see Table I)
reports the presence of beryllium in one sample of halr,
It was detected in a hair sample taken four years pre-
vious to analysis. More'recent samples from the same
source do not show this element, In general, Ashley's
results appear typlcal of those reported elsewhere, As

in most spectrographic analyses, Ashley's samples are

...68
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large, unselected, random samples of hair from an entire
head, They were washed as outlined on page 45, Ashley
reports the presence of tin and bismpth as well as barium,
elements which do not appear to have been mentioned else-
where as yet, with the exception of barium which was ré-
ported by Kerr (19),

The theoretical aspects of the Hair Cycle and
its effects on trace element content of hair are based
on reasonable and sound, premises and postulations., There
can be little doubt concerning the mechanics of trace
elementabsorptioninto, and excretion by, the body., These
are reasonably straightforward processes, Much doubt
st11l remains, however, regarding the actual incorporation
into, or diffusion into, or contamination of, the hair
by these trace elements. It appears most likely that no
one single orocess is at work here, but rather thatbseveral
possibiiities must be considered, and it appears probable
that, under different circumstances, different processes
will predominate,

Although there is, as yet, no direct evidence
~to indicate positively that it must be so, it avpears
likely that a significant part (if not most) of these
trace elements enter the halr by a process of external
contamination, Tﬁe exact mechanism will vary depending
on the material and the circumstances, By the same token,
the problem of adequately cleaning the hair prior to

analysis raises several insurmountable difficulties.
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'That cleaning is mendatory cen be established by even a
cursory microscopic examination, The most desirable
cleaning method is, of course, the one which causes the
least contamination in itself. For this reason it
appears necessary to forego the undoubted advantages of
detergents and rely principally on the more volatile,
organic solvents from which metallic contaminahts are
more readily removed, At least one wash with distilled
water is necessary to remove adhering salt and similar
detritus. Reproducibility of the washing proéess is
important inlview of the fact that any of these washing
procedures results in either leaching materials from the
halr or adding contaminants to the hair, All that can
be done is to minimize this as much as possible and
attempt to reproduce that which is unavoidable, It is
unfortunate, that (as far as can be determined) most pre-
vious chemical analyses of hair have overlooked, or un-
duly minimized, this very important aspect of halr cleaning,
Cosmetic cleaning will not suffice,

Much time and effort was expended in an endeavor
to amass sufficient data to demonstrate that the Hair Cycle
did, in fact, govern the incorporation of elements into the
hair and also, that a oredictable pattern of Incorporation

would result from a given type of contamination,
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Unfortunately, this attempt has been, to date,
largely unsuccessful, Several reasons suggest theméeives.
The sample material may have been gathered from the
"exception" rather than from the "rule", The donor of the
hair used leads a rather sedentary life and, in fact, has
not, in the last ten years, been more than, at most, a
few hundred miles from her birth place and then only for
very brief periods. Her diet also 1s unspectacular. These
factors may have a bearing on the lack of difference between
her anagen and telogen hairs.

It 1s a possibility aléo, that the method of
analysis used was Inadequate in some respect, The sensi-
tivity of activation analysis is good but nevertheless -
one 6" hair is a rather restrictive sample to work with, of
necessity, the work was done using the most prevalént,
(highest concentration) elements and the differences eX=-
pected may not, in fact, lie therein,

For these, and other, reasons, it appears that
there is no other satisfactory alternative than to use what
might be termed a "doped" sample, Time has not permitted
such a study to be commenced but all logical considerations
point to such a study as being a very desirable one and
€ven a necessary one, The oroject, as envisaged by this
author, would consist, simply, of deliberately conteminating

& scalp by, perhaps, shampooing with a soap to which a small
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amount of gold chloride had been added. This would con-
stitute a, "éingle 1nstanc§ of external eontaminationﬁ.

This scalp would then be sampled at appropriate intervals

and analysed for the remaining gold, The pattern of gold
distribution should eventually resemble that of Chart I,

In 1ike manner, a scalp could be prepared showing the effects
of a single dose of internal contamination ﬁsing some suit-
able easily analysed material - zinc for instance.

For the sake of completeness, samples could be
collected for a period of 2l months following treatment,

If the trace element pattern found, corresponds to Charts

I and II then it would indicate almost complete vindication
of the predictions set forth in the section concerning the
Helr Cycle. The reservations regarding the use of single
hairs would also be substantiated,

If all these suraises sre found to be true, it
will indicate that altogether too much stress has been
olaced on the chemical aspects of the trace element prob-
lem in the past and insufficlent study has been concentreted
on the biological facets involved, These two fields must
be integrated for truly meaningful interoretations to
emérge from this and similar research nrojects involving
blological materials,

Neutron Activation Analysis remains a very promis-

ing tool both for routine analysis and for such highly
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specific employment as that involved in forensic hair

identification. It is the only feasible analytical mefhod
sultable for analysis of a single hair, To use the process
for this particular apnlication one must be, however,
fully cognizant of the problems involved, in order that the
reputation of the method will not be Jeopardized by a
too-hasty or ill-considered, erroneous opr misleading

conclusion. It is unfortunate, but true, that such a mis-

hap would tarnish the method to some extent rather, ver-

haps, than the user,
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SUMMARY

Nutrition, metabolism and contamination play
the significant parts in determining the trace element
composition of hair, Derinite correlations between
certain elements and particular morphological manifesta-
tions in hair have long been established -Other factors
influencing metabolism and morphology are, as yet, less
well correlated ‘

Most of these trace elements are normally pre-
sent in hair in very small amounts, of.the order of a few
parts per million or less, Assessment of such trace
elements is hempered by the'lsok of suitebly sensitive
methods of analysis, Sensitivity 1s.necessitated by the
limited amounts of suitable hair available from a speci-
fic area of an individuel at any one time,

Activation analyéis, employing thermmal neutrons
to determine these trace elements, is discussed, along
with some results obtained osing this procedure. Sul-
phide precipitation and ion exchenge of chloride complexes
are the two chemical separation methods employed, The major
portion of the work was conducted using strictly instrumental
mneans, . Rk

Evenooelly,:itlis emtioipated that such analyses
may helo to identify the individual from whom the hair
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vas obtained, The importance of the role that the Hair
Cycle vlays in such an analysis is discussed and suggestions
are presented in an attempt to circumvent the many problems
presented by the effects on the eycle,

Experiments designed to test the effects of the

Halr Cycle are outlined., The results of one such test are k.
appended and a discussion of the significance of the test fg&
is included, It would appear that much of the previous

data regardiﬂg»hair analysis should be viewed with a great

deal of cautipn.{f;}3,‘ u

: .?;The problen of adequate hair cleaning is also
mentioned'as‘are;somesof;fhe difficulties. involved,
A compromise cleaning method is detailed.

- It 1s Increasingly obvious that much more atten-
tion must be vaid to the blological agpects of hair growth

if truly meaningful 1nternretations.aée to be gathered

from any analysis involving hair, Iﬁ the case of single
hairs it is at least theoretically essential to be cogni-
zant of the immediate past history of the hair involved,

An assessment of the elements present can be quite meaning-
less unless certain pertinent facts are known concerning

the involvement of the Halr Cycle.
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