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ABSTRACT

The accurate assessment of the bioelement’s nutritional status is a condition sine qua non for judicious usage of the hair
multi-bioelement profiles in personalized medical practice. The term bioelement includes major elements and electrolytes,
trace elements, and ultra-trace elements, since all of them are simultaneously entangled in the biological matrices of the
hair and other tissues. This article aim to provide evidence on how hair is a suitable long- term biological indicator for the
assessment of the nutritional status of cobalt, chromium, and nickel in the human body. Hair was collected from 1073
healthy adult subjects (339 Men, 734 Women). Hair samples were analyzed for their Co, Cr, and Ni content with the ICP-MS
at the Center for Biotic Medicine, Moscow, Russia, and an ISO certified commercial laboratory for analyzing bioelements in
the biological matrices. The log-transformed hair Co, Cr, and Ni frequency distribution data were statistically analyzed with
the median derivatives bioassay. The generated bioassay sigmoid curves for Co, Cr, and Ni have a central linear range of
concentrations that covers about 75% of the tested population. The observed linear segment of the sigmoid power curve (r?
>0.90) represents the adequate bioelement nutritional status where the deposition of a bioelement into the hair is linearly
proportional to the hair follicle uptake of the available bioelement. The concentrations below that linear range were consid-
ered to be deficient and those above it as excessive, respectively. We have estimated that the adequate nutritional ranges
provided by the hair analysis are (ug-g?): Co (4 0.006 — 0.022, ¢ 0.01 — 0.10); Cr (3 0.212 — 0.867, @ 0.189 — 0.626); and
Ni (50.006 — 0.048, 20.150 — 0.926). Our assessment of the bioelement nutritional status is based on what was absorbed
from the diet and what was actually incorporated into the protein (keratin) biological matrix of the human hair. The pro-
posed bioassay is a promising tool for assessing the Co, Cr, and Ni nutritional status in medical practice, and for the study in
the nutritional epidemiology of the vulnerable population groups like infant’s children and pregnant and lactating women.
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BACKGROUND

Modern medical textbooks focus on nutrition since the nutrients,
like bioelements, do affect the expression of our genes [1]. The
term bioelement covers major elements and electrolytes, trace
elements, and ultra-trace elements, both essential and non-
essential, since all of them are simultaneously entangled in the
biological fabrics of our tissues [2]. About the turn of this century,
the Institute of Medicine, Washington DC, USA, started publish-
ing a set of Dietary Reference Intakes (DRI) which guided us on
how much of the nutrients, including bioelements, we are con-
suming from our diet, and how much of them we need to eat to
be healthy and well nourished. These reports also provided DRI
guidelines with regard to the age, gender, and vulnerable popula-
tion groups of infant, children, and pregnant and lactating wom-
en [3-6]. Regardless of the fact of how valuable are Dietary Refer-
ence Intakes, they do not provide the data about the bioelement
nutritional status of our bodies. Practicing health professionals
need reliable guidelines for assessing the bioelement nutritional
status, so that the wealth of the bioelement data that has ac-
cumulated over the decades of research, can find their adequate
health application. The article aims is to assess the nutritional
status of the supposedly essential trace elements Co, Cr, and Ni
[7, 8] by analyzing their frequency distribution in the hair with
a median derivatives bioassay [2]. In the series of our research
studies, we have demonstrated how the frequency distribution
of bioelements in the hair may be used for the assessment of
the bioelement nutritional status for essential, semi-essential,
and non- essential bioelements [2]. We have used the term
semi-essential to denote the bioelements that show important
biochemical activities, but which do not fulfill all the necessary

requirements needed to be qualified as essential [9].

Hair is a protein keratin polymer [10], which is easily collected,
the collection process is painless, and the collected samples
are easily stored and transported to the places where so-
phisticated analytical equipment and trained personnel are
available. Moreover, hair contains all the bioelements that
may be found in our diet and environment (Figure.1). Indeed,
bioelements are present in hair in distinct proportions and
mutual inter-relationships, respectively [11]. Hair is a prima
vista long-term biological indicator tissue for assessing the
body bioelement nutritional status; a cumulative log of all the
bioelement metabolic activity changes over a months. Hair
growth is linear, and in difference to the short-term biological
indicators of blood and urine, it does not have to equilibrate
with the surrounding tissues. There are about 100 000 hair
follicles on the human head, and their number declines as one
ages. Hair grows at a constant rate of about 1 cm per month
(0.3 mm per day), it is about 0.075 mm wide, and tends to

curls when one side of the hair tread is growing faster than

the other. Hair growth is cyclic and not constant; it goes from
the active growth phase (anagen) to the period of growth rest
phase (telogen) [12, 13]; at any moment about 10% of hair is
in its resting telogen phase [14]. Details on how this go-rest-go
cycle system is controlled is not yet known.
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Figurel: Bioelements entagled in the shape of hair (log pg-g?).

Cobalt, chromium, and nickel are considered to be the essen-
tial bioelements [15-20]; like the other essential bioelements,
the departure from an adequate nutritional intake may induce
either deficiency or excess, respectively. Deficiency of cobalt
is accompanied with pernicious anemia, anemia that is char-
acterized by the appearance of the large erythrocytes com-
bined with the lack of an intrinsic factor that is needed to help
Co absorption by the body [20], Thus far, no such associated
clinical health deficiency states were observed for Cr and Ni
[5], but some doubt arose about their respective essential-
ity [21]. There are strict safety standards on how much co-
balt and chromium should be allowed in the solutions for the
prolonged human total parenteral nutrition [22, 23], but only

animal experimental data were reported for nickel [7, 8, 24].

All three enumerated bioelements may be absorbed by the
skin [25] and are toxic to the skin [26, 27]. They may induce
allergic reactions accompanied with dermatitis (Ni;>Cr;>Co)
[26,28] they are a common constituent of dental and ortho-
pedic alloy implants [20, 29-32], and all three of them are
cancerogenic (Ni>Cr>Co) [33-36]; cardiotoxicity of Co and Ni
is also well documented [37]. The understanding of such si-
multaneous and diverse biological properties of Co, Cr, and
Ni, i.e., of being essential, allergogenic, cancerogenic, and
cardiotoxic, requires further elucidation [38]. Distribution of
bioelements within the body after they have been absorbed
followed the Fick principle of diffusion, so that concentration
of bioelements may differ from organ to organ, and tissue to

tissue [39]. Moreover, the elimination rate of the different bio-
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elements from the human body is also different.

In this article we have used the nomenclature terms proposed
by the Institute of Medicine, Washington DC, for defining re-
quirements [4, 5], where the reference values, collectively
called the Dietary Reference Intakes (DRIs), include the Esti-
mated Average Requirements (EAR), Recommended Dietary
Allowances (RDA), Adequate Intake (Al), and Tolerable Upper
Intake Level (UL). A requirement is defined as the lowest con-
tinuing intake level of a nutrient that will maintain a defined
level of nurture in an individual [4, 5]. Adequate Intakes (Al)
for adult men (M) and women (W) according to the Institute
of Medicine [4, 5] are (ug-day™): Chromium for 19-50 years: M
35, W 25; Chromium for 51 -70+ yr; M 30, W 20; Cobalt M 4.5,
W 3. For Nickel, only the Upper limit (UL) was set for adults of
both sexes. The estimated Cr intake of adult men was estimat-
ed to be 35 pg-day* (range 13-36 pg-day?), and the chromium
intake for women was 25 pg-day? (range 13-36 pg-day?) [40].
Somewhat different daily exposure estimates were recom-
mended by the British Group on Vitamin and Minerals [41].
They set safe upper limits of the mean for Vitamins and Miner-
als (arithmetic mean; 97.5% percentiles) at: Co 0.012 (0.019)
mg; Cr 0.1 (0.17) mg; and Ni 0.13 (0.21) mg. The median con-
sumption of nickel for adults and the elderly in the USA was
approximately 74 — 100 pg-d* and 80-97 pg-day?, respectively
[5]. Canadian data for all the adults were 201-406 pg-day*
[42]. Currently, the deficient levels of Co, Ni and Cr dietary in-
take are not defined [4, 5]. However, the Dietary Reference
Intakes for Vitamin B12 [4] and Cr [5] are established, whereas
for Ni we have only the upper limits (UL). The Ni upper limits
were established after elaborate calculations where a conver-
sion factor was deemed necessary to allow for the transfer of
nutritional data from animal to humans and the data from the

animal reproduction studies and animal fecundity [5].

In a series of experiments that thus far we have conducted,
we have demonstrated how the nutritional status of both es-
sential and non-essential bioelements may be assessed by
their hair frequency distribution analysis with the median de-
rivatives bioassay [2]. The aim of this article is to assess the
nutritional status of cobalt (Co), chromium (Cr), and nickel (Ni)
in the occupationally non-exposed general population of both

sexes in Croatia.
SUBJECTS AND METHODS

This prospective, observational, cross-sectional, and the ex-
ploratory epidemiological study was approved by the Ethical
Committee of the Institute for Research and Development of
the Sustainable EcoSystems (IRES), Zagreb, Croatia. The study
was conducted by adherence to the Declaration of Helsinki on
Human Subject Research [43]. Every subject gave his/her writ-

ten consent to participate in the study and filled out a short

questionnaire on his/her health status and medical history
(data not shown) [44]. Data on hair shampooing were also re-
corded and none of them declared the presence of elements

under the observation.

Hair chromium, cobalt and nickel were analyzed in a random
sample of 1073 apparently healthy adults (339 men, 734
women). Whole blood was analyzed in a subset of 233 sub-
jects (142 women and 91 men); the median age of women
and men was 47 and 50 years, respectively. Our population
consisted of subjects from the general Croatian population
who were interested in learning about their health status;
the majority of them were living in the capital city region of
Zagreb, Croatia. All the subjects consumed their usual home
prepared mixed mid-European diet, and none of them have

reported an adverse medical health condition.

Hair Co, Cr and Ni and whole blood Co, Cr, and Ni were ana-
lyzed with the inductively coupled plasma mass spectrometry
(ICP-MS, Elan 9000, Perkin EImer, USA) at the Center for Biotic
Medicine (CBM), Moscow, Russia (Appendix 1). The CBM is
an ISO Europe certified commercial laboratory for analyzing
bioelements (electrolytes, trace elements, and ultra-trace ele-
ments) in different biological matrices in health and disease.
CBM is also a member of the exclusive External Quality As-
sessment of the Surrey scientific group for the quality control
of trace element analysis. Hair Co, Cr, and Ni analysis was per-
formed following the International Atomic Energy Agency rec-
ommendations [45] and other validated analytical methods

and procedures [46].

Preparation of hair and whole blood for the ICP-MS analysis
is described in Appendix 2: Part A for hair and Part B for the
whole blood. The detection limits for Co, Cr, and Ni in the hair
and whole blood were (ng-g?): Co 0.48; Cr 66.9; and Ni 2.1, re-
spectively. All chemicals were of pro analysis grade (Khimmed
Sintez, Moscow, Russia). Cobalt, chromium and nickel belong
to the pleiad of bioelements that share the same mass num-
ber (number of isotopes/name of the element) (Table 1) [47].

Table 1: Chromium, cobalt, and nickel isotope Pleiades [47].

Element Mass No | Elemental clusters (principal element in
bold underlined)

Chromium 46-56 4Ca,7Sc,6Ti,9V,11Cr,9Mn,5Fe, 3
Co, 1 Ni

Cobalt 54-64 1V, 3Cr,5Mn,8Fe, 16 Co, 9 Ni, 7 Cu,
57Zn,1Ga

Nickel 56-66 1Cr,3Mn, 6Fe, 14 Co, 11 Ni,9Cu, 7
Zn, 3 Ga, 2 Ge

MEDIAN DERIVATIVES BIOASSAY

The frequency distribution of cobalt, chromium, and nickel in
the hair and whole blood samples was analyzed with the me-
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dian derivative bioassay of the log-transformed data when the
Gaussian frequency distribution pattern was generated and
central limit theorem re-established [48].

To investigate the respective hair and whole blood cobalt,
chromium, and nickel concentration frequency distribution,
we used the median derivative bioassay to fit the sigmoid lo-
gistic regression function (power function) for men and wom-

en separately (Appendix 3):

A2 + (A1 - A2)/ [1+(x/x0) p]

Where Al is the initial value (lower horizontal asymptote), A2
is the final value (upper horizontal asymptote), x0 is the center
(point of inflection) is the median (MO detected), p is power
(the parameter that affects the slope of the area about the
inflection point) (Appendix 2). The OriginPro 8.0 data analysis
and graphing software was used for this analysis (OriginLab
Corp., OriginPro Version 8.0., Northhampton, MA).

The bioassay sigmoid curves of hair log-transformed bioele-
ment concentration data belong to the Michaelis-Menten
family of saturation kinetics bioassay models [49]. Such mod-
els are widely used in pharmacology, toxicology, and radio-
toxicology, and the semantic terminology of describing such
logistic curves is well known [50-54]. Thus, (a) there is a ran-
dom dispersion of the available bioelements below the linear
range segment of the power law sigmoid curve (Co, Cr, and Ni
in this case), and below the threshold level; (b) the hair bio-
element deposition (response) is linear and proportional to
the available bioelement concentration, and (c) at high bioele-
ment concentrations only small further increases in hair bioel-
ement deposition can be achieved by increasing the available
bioelement concentrations (the high level) [51]. These three
steps are visually evident zones of the sigmoid curves for Co,
Cr, and Ni (and other studied bioeelements. The deposition
of a bioelement below the linear segment range denotes a
deficient bioelement uptake by the hair; that bioelement
concentrations which fall within the linear range segment
indicate safe and adequate hair bioelement uptake, and the
bioelement concentrations above the linear range segment
of the sigmoid power curve denotes excessive level of hair
bioelement uptake. We have already proposed that the ad-
equate, i.e., linear segment of the sigmoid power curve, may
be further subdivided into low adequate, safe, and high ad-
equate linear range of the sigmoid power curve in a 60:30:10
ratio [2]. Indeed, even health and normality of man can be
present without optimal development having taken place as
balanced nutrition can occur at various levels of the nutrients
and sparse diets are not necessarily deficient ones, although
they often are [38, 55].

RESULTS

The first step in our frequency distribution analysis was to log-
transform the data and to correct for the skew and kurtosis of
the data by re-establishing of the Gaussian distribution which
follows the central limit theorem (Figure.2) [48]. The hair
median concentrations (ug-g?) were the lowest for Co (Men
0.014, Women 0.028); those for Ni were higher (Men 0.351
Women 0.265); and the highest median concentrations were
observed for the hair Cr (Men 0.397, Women 0.317). Evident-
ly, hair contained much more Co, Ni, and Cr than the whole
blood (Appendix 3).
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Figure 2: Gaussian distribution of log transformed of Co, Cr, and Ni con-
centration data (log pg-g?) in the hair of men and women.

Top: Hair cobalt frequency distribution in men (gray) and women (white)
(log pg-g?).

Center: Hair chromium frequency distribution in men (gray) and women
(white) (log pg-g™).

Bottom: Hair nickel frequency distribution in men (gray) and women
(white) (log pg-g*).
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Figure 3: Median derivatives bioassay for hair Co, Cr, and Ni in men and

women.

Left: Hair cobalt power law bioassay sigmoid function curve of hair cobalt
median derivatives. The difference between the H-Co median derivatives
of men n=339 (gray) and women n=734 (white).

D, U men downward (D) and upward (U) median derivatives; d, u women
downward (d) and upward (u) median derivatives.

— Logistic function Y = A2 + (A1-A2)/(1 + (X/XO)?), - - - 0.95 confidence
limit, eee 0.95 prediction limit.

Men: Y = 0.98 + (-0.062 — 0.98)/(1 + (X/0.012)%12), 2 = 0.997;
Women: Y = 0.985 + (-0.08 — 0.985)/(1 + (X/0.026)*2%), r? = 0.998.

Box: Hair cobalt linear saturation range for & and 2 (log concentration).

Center: Hair chromium power law bioassay sigmoid function curve of
hair chromium median derivatives. The difference between the H-Cr me-
dian derivatives of men n=339 (gray) and women n=734 (white).

D, U men downward (D) and upward (U) median derivatives; d, u women
downward (d) and upward (u) median derivatives.

— Logistic function Y = A2 + (A1-A2)/(1 + (X/X0)?), - - - 0.95 confidence
limit, e 0.95 prediction limit.

Men: Y = 0.983 + (0.002 — 0.983)/(1 + (X/0.321)>%2), r2 = 0.999;
Women: Y = 0.987 + (-0.003 — 0.987)/(1 + (X/0.402)3%%), r2 = 0.999.

Box: Hair chromium linear saturation range for & and ¢ (log concentra-
tion).

Right: Hair nickel power law bioassay sigmoid function curve of hair nick-
el median derivatives. The difference between the H-Ni median deriva-
tives of men n=339 (gray) and women n=734 (white).

D, U men downward (D) and upward (U) median derivatives; d, u women
downward (d) and upward (u) median derivatives.

— Logistic function Y = A2 + (A1-A2)/(1 + (X/X0)?), - - - 0.95 confidence
limit, e 0.95 prediction limit.

Men: Y = 0.975 + (-0.026 — 0.975)/(1 + (X/0.252)>%51), r? = 0.997;

Hair Chromium (log ng:g™)

Hair Nickel (log ng-g™)

Women: Y = 0.99 + (-0.01 — 0.99)/(1 + (X/0.354)211%), r2 = 0.999.

Box: Hair nickel linear saturation range for & and @ (log concentration).
See Appendix 3 for the input data to the median derivatives bioassay
(Co, Cr, Ni) and Appendix 4 for the median derivatives bioassay [78, 79].
The log-transformed hair and whole blood data (Appendix 3),
were used to fit the sigmoid power Law bioassay saturation
curve (Appendix 4). Every one of the three sigmoid curves for
the hair Co, Cr, and Ni, has its own linear segment range (d-
u) for women (W), and D-U range for men (M), respectively
(pg-g™): Co & 6.0 -22.0 (r* =0.98), @ 9.0 — 74.0 (r* = 0.90);
Ni & 98.0 - 432 (r>=0.98), Q 150 - 926 (r* =0.93); and Cr &
212 — 867 (r* = (0.99), Q 189 - 626 (r? = 0.99)(Figure.3). High
Confidence Interval (Cl) values and correlation coefficients (r?
> 0.90) are observed for the linear segments of the sigmoid
curve for all three enumerated bioelements. Within that lin-
ear interval range, women have more Co and Ni in their hair,
whereas men have more chromium.

The log-transformed data from whole blood (Appendix 3),
were used to fit the sigmoid power Law bioassay saturation
curve (Appendix 4). Every one of the three sigmoid curves for
the whole blood Co, Cr, and Ni, has its linear segment range
d-u for women (W) and D-U for men (M ), respectively (pg-g?)
; Co 30.30-0.80(r*=0.94), 2 0.22-0.85 (r2=0.98); Ni &' 2.2
-8.2(r?=0.93), 2 2.1 - 7.8 (r> = 0.99); and Cr) 364 - 97.4 (r?
=0.99) Q 65.3 - 100 (r? = 0.98)(Figure.4). Evidently, the satu-
ration capacity of human whole blood, indicates a very nar-
row therapeutic range for Co, Cr, and Ni, and what should be
carefully watched during the TPN. In no case should the upper
whole blood range levels of 0.85, 100, and 8.2 pg-g™* for Co, Cr,
and Ni, be exceeded.
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Figure 4: Median derivatives bioassay for whole blood Co, Cr, and Ni in
men and women.

Left: Whole blood cobalt power law bioassay sigmoid function curve
of whole blood cobalt median derivatives. The difference between the
WB-Co median derivatives of men n=91 (gray) and women n=142 (white).

D, U men downward (D) and upward (U) median derivatives; d, u women
downward (d) and upward (u) median derivatives.

— Logistic function Y = A2 + (A1-A2)/(1 + (X/X0)?), - - - 0.95 confidence
limit, eee 0.95 prediction limit.

Men: Y = 0.964 + (0.013 — 0.964)/(1 + (X/0.001)5), r2 = 0.997;
Women: Y = 0.989 + (0.025 — 0.989)/(1 + (X/0.001)*3"), r? = 0.999.

Box: Whole blood cobalt linear saturation range for & and @ (log con-
centration).

Center: Whole blood chromium power law bioassay sigmoid function
curve of whole blood chromium median derivatives. The difference be-
tween the WB-Cr median derivatives of men n=91 (gray) and women
n=142 (white).

D, U men downward (D) and upward (U) median derivatives; d, u women
downward (d) and upward (u) median derivatives.

— Logistic function Y = A2 + (A1-A2)/(1 + (X/X0)?), - - - 0.95 confidence
limit, eee 0.95 prediction limit.

Men: Y = 0.96 + (-0.012 — 0.96)/(1 + (X/0.083)8%%), r2 = 0.993;
Women: Y = 0.956 + (0.025 — 0.956)/(1 + (X/0.086)%%3), 2 = 0.994.

Box: Whole blood chromium linear saturation range for & and Q (log
concentration).

Right: Whole blood nickel power law bioassay sigmoid function curve
of whole blood nickel median derivatives. The difference between the
WB-Ni median derivatives of men n=91 (gray) and women n=142 (white).

D, U men downward (D) and upward (U) median derivatives; d, u women
downward (d) and upward (u) median derivatives.

— Logistic function Y = A2 + (A1-A2)/(1 + (X/X0)?), - - - 0.95 confidence

Blood Chromium (log ng-g™)

T T
100 1000

Blood Nickel (log ng-g")

limit, e 0.95 prediction limit.

Men: Y = 0.965 + (0.005 — 0.965)/(1 + (X/0.004)*8?7), r* = 0.992;
Women: Y =0.98 + (0.027 — 0.98)/(1 + (X/0.404)*°%), r* = 0.998.

Box: Hair nickel linear saturation range for & and @ (log concentration).

See Appendix 3 for the input data to the median derivatives bioassay
(Co, Cr, Ni) and Appendix 4 for the median derivatives bioassay [78, 79].

We also compared the Co, Cr, and Ni in the hair (a long-term
biological indicator) with that of their concentration in the
whole blood (a short-term biological indicator) (Figure.5). Our
results showed that these two biological indicator tissues are
not commensurable. Indeed, the time base for the elimina-
tion of the bioelement from the body via the whole blood is
measured in days, whereas that for hair covers months. Thus,
we have calculated that it would take a month of a cumula-
tive urine collection to be comparable with the one cm of hair

length.

We have compared two central tendencies, i.e., the arithme-
tic mean (Mean) and the median of the linear segment of the
bioassay sigmoid curve (Table 2). The arithmetic means for
hair Co, Cr, and Ni concentration was considerably higher than
that of the corresponding medians. These data differences re-
flect the consequence of the non-Gaussian distribution of the
non- log-transformed Co, Cr, and Ni concentrations. If we look
at the safe region of the sub-zoned adequate sigmoid satura-
tion bioassay curve, i.e., 60 - 90% saturation range, then we
will see how the arithmetic means of the hair Ni and Cr ap-
pears above the top of the safe sub-zone of the median de-
rivatives. Evidently, the currently available literature referenc-
es on the arithmetic means of Co, Cr, and Ni concentrations
in the hair shows systemic error towards the higher values.
The hair Co concentrations were higher in women, regardless
of the difference in calculating the central tendency with ei-
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ther arithmetic mean or median. However, all three bioele- Element | Classical | Bioassay Satura-
ment medians differ between men and women. Thus, both analysis tion
Co and Ni were higher in women than in men, but chromium Sigma Linear (60-90%) | Gender | SD
. . L median range® Mean
was higher in men than women. We assume this difference to g
. . . . Co Men 24.3* + 14 7 22° 9-35
be significant since the gender-dependent confidence interval 347
(CI) lines of the Co, Cr, and Ni sigmoid curves, for women and N N
] Women | 115 28 6 74°3 9-50.5
men, did not overlap. +486
Median 6_ ____________ e, Median @ j
(140ng-g") (280ng-g’)  ® Ni Men 471 + 265 48 432° | 200 -
100 n 791 381
© ] 89
° . g s Women |659+ [391 466 -
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o o ot 405 867° 589
° o Q.0 :
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(0.48 ng-g") 261 626° 393
om @ o o Means and linear ranges bearing different superscripts in the same col-
- umn differ significantly, SD standard deviation, Coefficients of variation
E T T T
10 100 1000 does not overlap.
Hair Co (log ng-g") . .
. _ Thus far we did not observe that the aging process would be
Median® . e Median @
317.0ng-g" g’ . . .
Sl (397.009:9) n followed by either an increase or decrease in the concentra-
B3 s . . .. . .
@ ©g ® 09 1 tion of the bioelements Co, Cr, and Ni in the hair (Figure. 6).
= © Again, there was no commensurability between Co, Cr, and Ni
K o . . .
g ° 4 - - A in the hair over the tested age interval of 18 — 90+ years. In
[e] -8 ng-g
8 100+ — H Croatia, legal adulthood is reached at the age of 18 yr.
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Figure 5: There is no correlation between the concentration of Co (Top), 2 ° 9%
= ™ s
Cr (Center), and Ni (Bottom) in the hair and whole blood. o Women, e 15 . "o ; Median @
® 10004 : - " 351.0ngg"
Men. £ iy .
8
8
Table 2: Comparative hair analysis of Co, Ni, and Cr with a standard analy- g 3 2"695"_';259:
sis (Mean, SD) and bioassay approach with log transformed data (ng g?) *
(Men, n=339; Women, n=734). 0 T = - - - o

Age (years)
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Figure 6: Aging did not affect the content of Co (Top), Cr (Center), and Ni

(Bottom) in the hair in men and women. o Women, ® men.

At the end of the Results section, we have presented our ex-
panded Tentative Hair Multi Bioelement Nutritional Status As-
sessment Guidelines for Medical Practice (Table 3). There we
have defined the adequate ranges for the thus far tested hair
bioelements with a median derivatives bioassay (ug-g?) [2].
This summary table is based on the hair bioelement analytical
results obtained at the Center for Biotic Medicine, Moscow,
Russia. We consider such data necessary for the practicing
health care providers in order to get a direct insight into the
usefulness of the hair multi-bioelement analysis in assessing
the nutritional health status of their patients.

Table 3: Summary of adequate human scalp hair multibioelement range
as assessed with the median derivatives bioassay.

Element Men Women
D-U Conc. d-u Conc. Range
Range Range Range

Calcium | Ca D2 U2 301.6 d2 u2 487.7 4456.8
1218.0

Zinc Zn D2 U2 126.4 d2 u2 131.2 254.6
247.3

Phos- P D2U2 123.0 d2 u2 123.6 200.3

phorus 171.7

Sodium | Na D3 U1 57.1 d3 ul 31.4 613.3
800.0

Potas- K D3 U1 16.4 d3 ul 12.2 2495

sium 486.4

Magne- | Mg | D3 U1 20.5 d3 ul 29.7 270.6

sium 90.2

Copper | Cu D2 U2 8.50 d2 u2 9.11 18.04
18.95

Iron Fe D3 U2 6.09 d3 u2 6.11 28.33
32.19

Alu- Al D3 U3 2.39 d3 u3 1.83 20.92

minum 27.74

Boron B D2 U2 0.771 d2 u2 0.472 3.389
6.510

Stron- Sr D2 U2 0.418 d2 u2 0.846 7.260

tium 2.950

Chro- Cr D2 U2 0.212 d2 u2 0.189 0.626

mium 0.867

lodine | D2 U2 0.150 d2 u2 0.150 1.850
1.850

Sele- Se D2 U2 0.134 d2 u2 0.078 0.623

nium 0.701

Nickel Ni D3 U1 0.098 d2 u2 0.150 0.926
0.432

Silver Ag D2 U2 0.015 d2 u2 0.024 0.965
0.215

Lithium | Li D1 U2 0.015 dl u2 0.014 0.086
0.100

Cobalt Co D2 U1 0.006 d2 ul 0.009 0.074
0.022

DISCUSSION

Assessing the human bioelement nutritional status of Co, Cr,
and Ni is an important nutritional issue. In this article, we
have presented the evidence on how to assess Co, Cr, and Ni
nutritional status by analyzing their hair frequency distribu-
tion with the median derivatives bioassay. Such an approach
allowed for data presentation as a sigmoid curve where the
deficiency, adequacy, and excess of the bioelements are eas-
ily zoned. Indeed, the subtle zoning of the adequate linear
range allows for grading of the pattern of the hair bioelement
saturation. In other words, the biological response to a bio-
element nutritional intake should be presented in the range
format [56].

Our data on hair Co, Cr, and Ni, when presented on the stan-
dard linear scale (Table 2) are comparable with those reported
in the literature [57-60]. However, our bioassay data are quite
novel and therefore would need to be validated by the other
researchers. On the average, our study’s hair Co, Cr, and Ni
arithmetic mean concentration data were substantially higher
than the comparable hair bioelement median data. With the
advancement of computer software, the fitting of the sigmoid
curves became widely accessible, and what otherwise might
take ages, if done with paper and pencil.

Our confidence intervals for the linear segments of Co, Cr, and
Ni in the hair showed significant correlation coefficients (r?
> 0.90). Such a high level of precision allowed for detection
of subtle gender dependent differences between Co, Cr, and
Ni in men and women. Indeed, hair Co and Ni were higher in
women’s hair, whereas hair Cr was higher in men’s hair. We
have observed similar sex dimorphism in hair Ca, Mg, and Sr
where women have much higher concentrations of the enu-
merated osteotrophic bioelements than men [2]. That cobalt
is higher in women than men has been already reported [61-
63], but no explanation was ever offered for that fact in the

available literature.

The major conceptual novelty of the median derivatives bioas-
say is that, with the bioassay, we are dealing with the data hav-
ing Gaussian frequency distribution and not with the skewed
and kurtosis distributed data. Essentially, we have generated
a continuous (analog) data set from the individual digital data
[64]. However, we have had a large number of available data
to assemble a sigmoid curve having narrow confidence inter-
vals. The obvious advantage of the proposed bioelement me-
dian derivatives bioassay is the number of points for drawing
the line; we have more than three median derivatives inter-
vals available to draw the straight line through them. Gold [49]
would comment on this fact in his analysis about the pitfalls of
the regression analysis applied beyond the limits of the actu-
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ally measured data: “Give me five points and | can draw you
an elephant, and if you gave me six, | can make his tail wig-
gle”. The capacity of the power Law and sigmoid curves was
already used in assessing the protein requirements [65-67].
In an attempt to describe the entire growth curve, Schulz [65]
and Mercier [66, 67] have developed a complex polynomial
curve for assessing the nutrient-response relationships, and
what curves require a considerable degree of mathematical
literacy from a reader to be able to follow the argument. Re-
cently, Zheng et al. [68] took a similar analytical approach as
we did with the median derivative bioassay. They also did log
data conversion and then used a spline with confidence inter-
val to get a straight line through the 25, 50, and 75 percentile
points. Indeed, we have used median derivatives to draw a
sigmoid curve where the linear range may pass through the
12.5, 25, 50, 75, and 87.5 percentage points of the median
derivatives.

Some readers may object that the end numbers of our linear
range analysis are not nicely rounded, digits. Since we are
dealing with probabilities, there is always a possibility that
end-point data would vary to some degree, by the bending
of the sigmoid curve, either preceding or following the lin-
ear range segment, which would give us enough flexibility to
make acceptable approximations. A Similar objection may be
raised that the median and range data obtained for Croatian
people may hold differently somewhere such as Texas [69].
Indeed we have seen that data for hair phosphorus in the
adults from Croatia and Texas did not differ regardless of the
different analytical methods and instruments, or the spacing
of time between the compared analyses, and geographic lo-
cation of the tested population [2]. Indeed, the data on hair
calcium between the tested populations in Croatia and those
quoted by DiPietro et al [69] in Texas, did differ considerably,
indicating that dietary calcium intake may be quite different in
Croatia and Texas (it was higher in Croatia). However, data also
indicate that slight modifications in sample preparation may
favor analysis of one element over the other [2]. Moreover,
if an element concentration is more prevalent in one popula-
tion than in the other, then the data would concentrate on the
different parts of the linear range of the sigmoid saturation
curve. We are not claiming that our Croatian medians would
be a worldwide standard, but we propose that the data from
different regions in the world may group differently along the
linear part of the common sigmoid curve. Something that,
thus far, was not available for the scientists to compare the

results from different parts of the world.

Numerous comparative studies have shown that whereas the
analytical hair bioelement results within the same laboratory

are fairly consistent [70], the comparison between the labs

are disappointing [71]. Even though the destruction of the
biological matrices has evolved tremendously, blanks were
fine, ultra-pure chemicals available, back-ground corrections
flawless, certified standards at disposal, risk of external con-
tamination reduced to the minimum, replicates were as they
should be, quality control was never higher, and the final an-
alytical results between the laboratories would vary widely.
We consider that the linear structuring of the data preceding
statistical data analysis was at the core of the reported skew
and kurtosis ascribed to the analytical error (uncertainty [72].
However, the problem of the difference in analytical results
between the laboratories may be resolved if the two differ-
ent laboratories analyze the same true hair sample and not
the human prepared bioelement certified hair standard. That
would allow for a simple calculation of a conversion coeffi-
cient ratio for comparing the difference between the results
of two laboratories.

Apparently, there was no effect of age on hair Co, Cr, and Ni
bioelement concentration in this study [73] reported that
hair Cr content is decreasing with age of the studied subjects.
However, we did not found any other study to support their
findings in the available literature. Indeed, the rate of hair
growth and its composition does not appear to change with
age, but the number of the hair follicles does decrease with
age [12]. Since we express our bioelement concentration per
unit weight of the hair, it is not likely that the hair bioelement
concentrations of Co, Cr, and Ni would change with advanced

age.

Also, we did not find that the whole blood Co, Cr, and Ni would
correlate with those for hair Co, Cr, and Ni concentrations
(Figure.5). However, we have found that the saturation of the
whole blood with Co, Cr, and Ni is occurring rapidly, and that
indicates their very narrow therapeutic window. Something
what, thus far, we have observed only in the case of a whole
blood lithium [74]. The data indicate how great caution should
be exerted if giving Co, Cr, and/or Ni, either separately or in
combination, to the total (intravenous) parentera- nutrition
solution. In our opinion, whole blood concentrations of Co, Cr,
and Ni in any moment should never exceed (ng-g?): 0.85 Co,
100 Cr, and 8.2 Ni.

In this study, we have demonstrated how frequency distribu-
tion of hair Co, Cr, and Ni, may be used for the assessment
of their nutritional status with a median derivatives bioassay.
We think that dietary requirement should be based on what
has been actually absorbed into the hair rather than on what
is the amount of a bioelement in the diet. Indeed, measuring
dietary intake to assess the dietary reference intakes is often

based on the elusive dietary interviews [75-77]. Today, the
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health practitioners need a reliable guide on how to assess
the individual multi bioelement nutritional status. We hope
that this article may help in this endeavor.

APPENDIX 1: Instrumental setting fo Co, Cr, and Ni analysis.

The ICP-MS system was conditioned and calibrated via exter-
nal calibration. The external calibration solutions containing
0.5, 5, 10 and 50 ppb were freshly prepared for every sam-
ple batch from the Universal Data Acquisition Standards Kit
(#N9306225, PerkinElmer Inc.) diluted in DDIW acidified with
1% of HNO,. In order to account for incomplete acidity and
viscosity matching between calibration and sample matrices
the online internal standardization with yttrium-89 and rho-
dium-103 was used via 7-port FAST valve. The internal stan-
dard solution containing 10 ppb Y and Rh was prepared from
the stock yttrium and rhodium solutions (#N9300167 and
#N9300144, PerkinElmer Inc.) in 8% of 1-Butanol ((#1.00988,
Merck KGaA), 0.8% Triton X-100 (Sigma #T79284 Sigma-Aldrich,
Co.), 0.02 % TMAH (#20932, Alfa-Aesar, Ward Hill, MA 01835
USA), and 0.02% EDTA acid (Sigma #431788 Sigma-Aldrich,
Co.).

Certified reference material GBW09101 — Human Hair (Shang-
hai Institute of Nuclear Research, Academia Sinica, China) was

used for the quality control of the analytical data.

Plasma power 1500 W
Plasma argon flow 18 L/min
Aux argon flow 1.6 L/min
Nebulizer argon flow 0.98 L/min

Sample introduction system

ESI ST PFA concentric nebu-
lizer and ESI PFA cyclonic spray
chamber (Elemental Scientific
Inc., Omaha, NE 68122, USA)

Sampler and skimmer cone
material

Platinum

Injector ESI Quartz 2.0 mm I.D.
Sample flow 637 pL/min
Internal Standard flow 84 uL/min

Dwell time and acquisition
mode

10-100 ms and peak hopping
for all analytes

Sweeps per reading 1
Reading per replicate 10
Replicate number 3

DRC mode

0.55 mL/min ammonia
(294993-Aldrich Sigma-Aldrich,
Co., St. Louis, MO 63103

USA) for Na, K, Ca, Ti, V, Cr, Fe
optimized individually for RPa
and RPq

STD mode

for the rest of analytes at
RPa=0 and RPg=0.25

APPENDIX 2: Preparation of hair and blood prior to the Co,

Cr, and Ni analysis.

Hair analysis

Strand of hair 5-7 cm long and weighting less than one gram
would be cut with titanium-coated scissors over the anatomi-
cally well-defined bone prominence at the back of the skull
(lat. protuberantia occipitalis externa). The individual hair
samples were further minced into strands less than 1 cm long
prior to chemical analysis, stirred 10 min in an ethylether/ac-
etone (3:1, w/w), rinsed three times with deionized H,0 (18
MQ-cm), dried at 85°C for one hour to constant weight, im-
mersed one hour in 5% EDTA, rinsed again in the deionized
H,O, dried at 85°C for twelve hours, wet digested in HNO3/
H,O, in a plastic tube, sonicated, and microwaved. The di-
gested solutions were quantitatively transferred into 15 ml
polypropylene test tubes. The liners and top were rinsed
three times with the deionized water, and the rinses were
transferred into the individual test tubes. These test tubes
were filled up to 15 ml with deionized water and thoroughly
shaken to mix. The samples were run in NexION 300 +NWR
2013 spectrometer (Perkin Elmer, USA). Graduation of the
instrument was carried out with a monelement Perkin Elmer
reference solution. We used certified GBW09101 Human Hair
Reference Material (Shanghai Institute for Nuclear Research,
Academia Sinica, Shanghai 201849, China to validate the qual-

ity of the analytical work.

Whole Blood Analysis

Whole blood was drawn by venipuncture from v. cubiti and
collected into green-cup Vacuette collecting tubes (#454082
LotA13030M7m Greineer Bio On International AG Kremsmun-
ster, Austria) which were randomly assigned for the ICP-MS
analysis. Whole blood samples of 0.5 ml were digested in a mi-
crowave oven with 0.1 ml of HNO, at 175°C. Blood standards
were liophylised Seronorm TM Trace Elements Whole Blood
Reference Standards Level 1 (OK 0036, Level 2 (MR 9067), and
Level 3 (Ok 0337) for Co, Cr, and Ni in the whole blood (SERO
AS, Bilingstadt, Norway). Five ml of redistilled H,O were add-
ed to every reference standard and stirred gently at a room
temperature for two hours to equilibrate. One ml of such
equilibrated standard was pipetted in 25 ml quartz glass vial,
dried at 105°C for 24 hours. The microwaved samples were
dissolved in 5 ml of redistilled H,O with 0.1 ml of H,0, added.
All chemicals were of proanalytical grade (Khimmed Sintez,

Moscow, Russia).

APPENDIX 3: Input data for the median derivatives bioassay

Co, Cr, and Ni.
Cobalt median derivatives to fit the power function sigmoid.

Hair Median Derivative Concentrations (MDC).
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HAIR COBALT
Men (n = 339) Women (n = 734)
Median (M,) = 14.0 ng-g™ Co Median (M) = 28.0 ng-g™* Co
MDC n Co MDC n Co MDC n Co MDC n Co
D1 140 7.0 U1l 140 22.0 d1l 367 14.0 ul 367 74.0
D2 70 6.0 u2 70 48.0 d2 184 9.0 u2 184 190.0
D3 35 5.0 u3 35 79.0 d3 92 7.0 u3 92 380.0
D4 18 4.0 u4 18 122.0 da 46 5.0 ud 46 592.0
D5 9 3.0 us 9 149.0 d5 23 4.0 u5 23 994.0
D6 5 .03 u6 5 230.0 dé 12 3.0 ub 12 1385.0
Whole blood Median Derivative Concentrations (MDC).
WHOLE BLOOD COBALT
Men (n=91) Women (n = 142)
Median (M ) = 4.8 ng-g* Co Median (M ) = 5.5 ng-g* Co
MDC n Co MDC n Co MDC n Co MDC n Co
D1 46 4.1 U1l 46 6.0 d1 71 4.3 ul 71 7.3
D2 23 34 U2 23 8.0 d2 36 33 u2 36 8.5
D3 12 31 u3 12 12.9 d3 18 2.2 u3 18 10.1
D4 6 1.2 ua 6 21.4 d4 9 0.9 ud 9 14.9
D5 3 0.3 us 3 59.8 d5 0.3 u5 95.7
D6 2 0.3 ue 2 1076.4 dé 3 0.3 ub 3 351.3
Capital letters (D1 — D6, U1 — U6) men, small letters (d1 — d6, ul — u6) women.
Chromium median derivatives to fit the power function sigmoid. Hair Median Derivative Concentrations (MDC).
HAIR CHROMIUM
Men (n = 339) Women (n = 734)
Median (M ) =397.0 ng-g™* Cr Median (M ) =317.0 ng-g™ Cr
MDC n Cr MDC n Cr MDC n Cr MDC n Cr
D1 140 281.0 U1l 140 0.595 dl 367 233.0 ul 367 457.0
D2 70 212.0 U2 70 0.867 d2 184 189.0 u2 184 626.0
D3 35 186.0 U3 35 1.050 d3 92 141.0 u3 92 821.0
D4 18 144.0 ua 18 1.375 da 46 116.0 ud 46 1162.0
D5 9 83.0 us 9 2.080 d5 23 77.0 u5 23 1532.0
D6 33.0 ue 5 2.605 dé 12 51.0 u6 12 1830.0
Whole blood Median Derivative Concentrations (MDC).
WHOLE BLOOD CHROMIUM
Men (n =91) Women (n = 142)
Median (M ) = 82.7 ng-g* Cr Median (M ) = 85.8 ng-g* Cr
MDC n Cr MDC n Cr MDC n Cr MDC n Cr
D1 46 73.1 U1l 46 97.4 dl 71 76.4 ul 71 100.0
D2 23 68.4 U2 23 120.5 d2 36 65.3 u2 36 143.0
D3 12 66.3 U3 12 133.7 d3 18 49.4 u3 18 200.7
D4 6 64.0 u4 6 191.3 da 9 38.5 ud 9 416.7
D5 38.6 us 3 350.1 d5 5 25.5 u5 5 451.6
D6 2 30.5 ue 2 403.4 dé 3 21.8 u6 3 633.2

Capital letters (D1 — D6, U1 — U6) men, small letters (d1 — d6, ul — u6) women.
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Nickel median derivatives to fit the power function sigmoid. Hair Median Derivative Concentrations (MDC).

HAIR NICKEL
Men (n =339) Women (n = 734)
Median (M) = 265.0 ng-g™ Ni Median (M ) =351.0 ng-g™ Ni

MDC n Ni MDC n Ni MDC n Ni MDC n Ni

D1 140 154.0 U1l 140 432.0 di 367 218.0 ul 367 631.0
D2 70 117.0 U2 70 898.0 d2 184 150.0 u2 184 926.0
D3 35 98.0 u3 35 1360.0 d3 92 107.0 u3 92 1334.0
D4 18 72.0 U4 18 1985.0 d4 46 83.0 ud 46 2345.0
D5 9 59.0 us 9 3090.0 d5 23 63.0 us 23 3730.0
D6 5 34.0 ue 5 3960.0 dé 12 41.0 uéb 12 5715.0

Whole blood Median Derivative Concentrations (MDC).
WHOLE BLOOD NICKEL

Men (n =91) Women (n = 142)

Median (M) = 4.5 ng-g* Ni Median (M) = 4.8 ng-g* Ni
MDC n Ni MDC n Ni MDC n Ni MDC n Ni
D1 46 3.6 Ul 46 8.2 di 71 3.3 ul 71 7.8
D2 23 2.7 u2 23 13.3 d2 36 2.1 u2 36 11.9
D3 12 2.2 U3 12 20.2 d3 18 0.4 u3 18 18.4
D4 6 0.4 u4 6 58.0 d4 9 0.4 ud 9 26.8
D5 3 0.4 us 3 64.4 d5 5 0.4 u5 5 62.8
D6 2 0.4 u6 2 240.9 dé 3 0.4 uéb 3 1817.6

Capital letters (D1 — D6, U1 — U6) men, small letters (d1 — d6, ul — u6) women.

APPENDIX 4: Median derivatives bioassay. (Population Size, PS = 1.000).
Median (Moln=1073 ug-g?)

< >e< >
Median Derivative Downward (Descending) Median Derivative Upward (Ascending)
Branch (D, .,, = PS/2 =0.500) Branch (U, .., =PS/2=0.500)
Descending Median Derivatives Ascending Median Derivatives
D,=D,/2 0.250 U=U,+U/2 0750

< ° >< ° >
D,=D,/4 0.125 U,=U,+U/4 0875
L L > < ° >
D,=D,/8 0.062 U,=U,+U/8 0937

P [ > <mmmmmem [ >
D,=D,/16  0.030 U,=U,+U/16 0.969
<---0---> <-—--0--->
D, =D,/32 0.016 U,=U,+U/32 0.983
<-0-> <-0->
D,=D /64 0.008 U,=U5s+U/64 0.992
[ ] [ ]

We studied the frequency distribution of hair and whole blood Co, Cr, and Ni median and its derivatives to assess the
Co, Cr, and Ni nutritional status and environmental exposure. First we assess the median (Mo) hair and whole blood
concentrations of studied Co, Cr, and Ni. By definition, one half of the studied population was above the median
(upward median branch, Uo), and the other half was below the median (downward median branch, DO). Hence, the
population size (PS) for M, is the sum of the respective upward and downward median branches around the central
inflection “hinge” M, i.e., PS=U_ + D =0.5+0.5 = 1.0. Both the respective upward and downward median branches
can be further divided in the same “median of median” way into a series of sequential median derivatives (U
,and D
be identified. Thus, instead of mechanically throwing the preconceived percentile grid upon the observed data, we

0,1,2,3..n-1,

0123 n1 o)- FOr every median derivative of the population, the actual hair and whole blood concentration can

inferred the median derivative grid out from the data set itself [78, 79].
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