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Abstract

Received:

We performed a statistical analysis on a double logarithmic scale graph of the results
of atomic emission spectrometry of hair in 10,000 practically healthy individuals
(5,000 men and 5,000 women aged 20 to 45 years) for the content of Al, Cd, Pb, V,
Li, and Cr. The analysis allowed us to detect a power-law relationship between the
metal content in the epidermis and the number of individuals. We also performed a
comparative analysis of the content of metals (Na, K, Al, Cd, Cr, Cu, Fe, Li, Pb, V and Zn)
in three different age groups of healthy subjects (100 subjects per group), including a
comparison between two groups of subjects of the same age: one group of liquidators
of the Chernobyl accident (n=58) and a control group of practically healthy subjects
(n=58). In the last two groups, along with spectrometry of metals, an EPR analysis of
hair was performed to quantify the NO production in this biosubstrate. The evidence
obtained in favor of the synchronous (critical) mode of operation of membrane
pumps in charge of metal traffic, i.e. ATPases (P-type) gives us grounds to believe that
homeostasis of metals in the epidermis is a self-organized criticality phenomenon (‘SC
phenomenon’). This makes hair spectrometry untenable for assessing the content of
any specific metal at whole body level.
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Introduction
The spectrometric analysis of the level of sodium (Na) and
potassium (K) in the epidermis derivative (hair), which was
performed earlier in 10297 healthy individuals (from 2 to 85 years
old), revealed the following age-related features in the homeostasis
of these metals [1]. In the extreme age groups (from 2 to 9 years
and from 60 to 85 years), there was a significant (almost threefold)
increase in the content of Na and K as compared with the middle
age group (20-49 years). The average concentration values of
these metals found using the bootstrap method (since it was not
Copyright@ VI Petukhov | Biomed J Sci & Tech Res | BJSTR. MS.ID.004667.

possible to confirm the hypothesis about the normal distribution of
spectrometry data), were as follows: for potassium in the extreme
age groups - 376.9 μg/g (2-9 years) and 121.4 mcg/g (60-85 years
old), and in the group of 20 to 49 year-olds - only 47.1 mcg/g;
sodium in the extreme age groups - 324.9 μg/g (60-85 years) and
293.9 μg/g (2-9 years), and in the group from 20 to 49 years old only 99.9 μg/g. We lean toward attributing such a difference to the
increased production of reactive oxygen and nitrogen species (ROS
and RNS) in childhood [2] and senile age.
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It is known that ROS and RNS are activators of Na+, K+-ATPase,
the main transporter of Na+ and K+ ions through the plasma
membrane. The activation of Na+, K+-ATPase with ROS (oxidation)
and/or RNS (nitrosylation) occurs upon modification of SH-groups
of cysteine in the protein molecule of this enzyme. As a result, the
density (quantity) of actively working Na+ and K+ transporters
increases on the cell membrane. The use of the term ‘density’ is not
incidental. According to the theory of self-organized criticality (SC)
[3], the membrane ATPases pool is a system of oscillators that can
be activated by ROS and RNS and ‘attune’ (synchronize) their own
oscillations (given sufficient density of active molecules on the cell
membrane), thereby switching to critical condition. Consequently,
under conditions of oxidative and/or nitrosative stress with the
synchronous operation of membrane pumps, one can expect an
increase in the concentration of Na+ and K+ ions in epidermal cells.
We were able to verify the reality of such events by examining
metal-ligand homeostasis (MLH) in the epidermis (hair) of 947
healthy individuals and 954 liquidators of the Chernobyl accident
[4].

The prooxidant shifts detected in the blood of the liquidators
suggested oxidative stress [5], while the results of the EPR analysis
of hair (a significant increase in the EPR signal of nitroxide) were
indicative of nitrosative stress [6]. The differences revealed in
MLH among the Chernobyl liquidators as compared with the
control group concerned not only Na and K but also such metals
as Ca, V, Zn, Cu, Cd, Fe, Al, Cr, Pb, Li [7]. In addition, another
probable discriminator of nitrosative stress was found - the linear
correlation coefficient r (Pearson) between the concentration
values of K and Zn, which was 1.5 times higher in the liquidators
(rK-Zn=-0.42; p<0.05) than in the control group (rK-Zn=-0.28; p<0.05)
[7]. It is possible that a linear K-Zn bond, which becomes closer due
to nitrosative stress, may indicate that synchronous (critical) mode
of operation is inherent in the entire family of membrane ATPases
(P-type), which are responsible for metal traffic (not just Na+, K+ATPases), although the degree of this ‘criticality’ and the direction
of quantitative shifts (up or down) may be different.
We have discovered the following signs of criticality confirming
the fact that metal homeostasis in the epidermis is a phenomenon
of self-organized criticality (‘SC-phenomenon’). First, the presence
of stable linear correlation (regardless of sample size) between
the concentration values of K and Na. The synchronous work of
membrane Na+, K+-ATPases, apparently, should explain the origin
of this correlation. Please note that the value of the coefficient
rK-Na (Pearson), not exceeding 0.6-0.7 in the total sample (if you
do not take into account the Na/K ratio), increased significantly
to 0.8-0.9 with a separate definition of rK-Na in groups with Na/
K< 1 and Na/K>1 [8]. At the same time, non-constant (sample
size dependent) pairwise linear correlations (both positive and
negative) are also found between other metals [9], which does not
exclude the possibility of synchronous (critical) operation of their
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transmembrane transporters (ATPases of P-type). Second, the selforganized criticality in the MLH of the epidermis involves not only
the synchronous operation of membrane pumps but also a powerlaw relationship between the number of cells and the metal content
in them (in certain ranges of numerical values).

On a graph on a double logarithmic scale, the power-law takes
the form of a straight line, which allows this power-law dependence
to be identified, and its inherent fractality (independence of scale)
enables to identify a power-law dependence at any level which
suitable for such analysis. Therefore, if power-law dependence
really exists between the number of cells and the content of metals in
them, then it should obviously manifest itself not only at the cellular
level but also at the level of individuals. This greatly simplifies the
research task and, as our experience shows, makes it completely
solvable using hair spectrometry. Our analysis of spectrometric data
using mathematical statistics methods confirmed the applicability
of the power-law for homeostasis of Na, K, Ca, Fe, Cu, Zn [1,10]. The
results of similar studies of MLH for such metals as Al, Cd, Pb, V, Li,
Cr, are presented in this paper. Third, the degree of synchronization
(criticality) in the functioning of membrane ATPases (P-type)
can be measured using the so-called synchronization index (SI),
which is equal to the area under the curve of numerical values of
pair correlations (Pearson) between metals (without taking into
account the sign) [11].

It turned out that the SI value under nitrosative stress (accident
liquidators) was not only higher than in the control group (6.13 vs
2.17) but also combined with characteristic shifts in MLH: Al (↑), Cd
(↑), Fe (↑), Cr (↑), Cu (↓), Li (↑), Pb (↑), V (↑), Zn (↓), where arrows
indicate an increase (↑) or decrease (↓) of the metal content in the
biosubstrate compared to control. We observed the similar shifts
in 18.1% of the control group with rK-Zn= -0.43 (p <0.05), compared
with those individuals (26.7%) in which rK-Zn was equal to -0.01.
The values of SI noticeably differed in these categories of healthy
individuals: in the subgroup with a distinct negative K-Zn bond (r =
-0.43; p <0.05), the SI was 9.17; and in its absence (r =-0.01), the SI
was only 5.18 [11].
1)

2)

3)

However, we still have to answer the following questions:

Is it possible to detect quantitative age-related shifts in the
MLH of the epidermis, not only in Na and K but also in other
metals (Al, Cd, Cr, Cu, Fe, Li, Pb, V, Zn)?
How stable (reliable) is the relationship between the
characteristic quantitative changes in MLH and the level of
synchronization (SI) in the operation of membrane pumps?

Is there a connection between the SI values, quantitative
changes in MLH, and the magnitude of the NO signal of EPR
spectroscopy of hair?

The results of studies undertaken by us to find answers to these
and other questions are presented in the article.
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Volume 28- Issue 3

Materials and Methods
Atomic emission spectrometry of hair was performed at the
Center for Biotic Medicine (Moscow) in 300 practically healthy
individuals (residents of Moscow and Riga from the age of 1
to 85 years old) to quantify the level in the hair of the following
metals: Na, K, Al, Cd, Cr, Cu Fe, Li, Pb, V, and Zn. Material sampling
was carried out with the obligatory and voluntary consent of the
subjects in accordance with the ethical standards laid down in 1964
Helsinki Declaration and subsequent amendments thereto. Hair
samples were washed first with acetone, then with deionized water
three times, followed by air drying at t°=60°C. Further sample
preparation was carried out using microwave decomposition.
For this, hair samples weighing 50 mg were placed in a Teflon
container with the addition of 5 ml of concentrated analytical grade
HNO3 (Sigma-Aldrich Co, St. Louis, MO, USA). Decomposition was
carried out in a Berghof Speedwave 4 system (Berghof Products &
Instruments, Germany) for 20 minutes at t°=170-180°C.
After decomposition, deionized water was added to a final

volume of 15 ml. The metal level in the hair was evaluated using
inductively coupled plasma mass spectrometry (ICP-MS) NexION
300D (Perkin Elmer Inc., Shelton, CT, USA) using Dynamic Reaction
Cell technology with an ESI SC-2 DX4 autosampler (Elemental
Scientific INC., Omaha, NE, USA). All individuals (depending on
age) were divided into 3 groups of 100 people each: Group I: 1 to
19 year-olds (57 women, 43 men); Group II: 20 to 33 year-olds
(79 women, 21 men); Group III: 58 to 85 year-olds (76 women,
24 men). In each group, the metal content in the hair and the
degree of synchronization (SI) were measured using spectrometry
according to the previously proposed technique [11], and the linear
correlation coefficient (Pearson) between the content of K and Zn
in the hair (rK-Zn) was found.
In addition, along with atomic emission spectrometry and
determination of SI, EPR analysis of hair was performed to measure
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the level of NO production by the method used in our previous
studies [6] involving 58 Chernobyl liquidators (55 men and 3
women) and 58 healthy subjects (18 men and 40 women).

Then, a comparative analysis of the magnitude of the NO
signal on the EPR spectrogram, spectrometry data, and SI was
performed in the Chernobyl group and the control group. It should
be emphasized that the age medians in the compared groups
almost coincided (Me1 = 53 years; Me2 = 54 years, resp.). Using
the methods of mathematical statistics, we analyzed the results
of hair spectrometry for the content of Al, Cd, Pb, V, Li, and Cr
obtained from 10,000 healthy subjects: Moscow residents (5,000
men and 5,000 women) aged 20 to 45. To identify the power-law
relationship between the metal content in the epidermis and the
number of individuals (a sign of self-organized criticality), the
probability density (distribution) function (PDF) was estimated
and the distribution was adjusted using the method of linearization.
We used a similar mathematical approach in our previous study
[10]. For statistical data processing, the MATLAB software package
was used.

Results and Discussion
As already mentioned, the power-law dependence takes the
form of a straight line on a double logarithmic scale. Therefore,
appropriate plots were constructed to determine the power-law
relationship between the metal content (Al, Cd, Pb, V, Li, and Cr)
in the epidermis and the number of individuals in a given range of
numerical values. Graphical evidence of the existence of a powerlaw bond in MLH of such metals as Na, K, Cu, Fe, and Zn are not
given in this article since they were published earlier [1,10].
The probability density of a power-law distribution is
determined by the following formula:

pk ,m ( x) =

km k
x k +1

Figure 1: An “ideal” random fit case with a Pareto distribution (RND). The blue curve is the density estimate from spectrometry
data. The red curve is the fitting of the power-law distribution by linearization. RMSE is the root mean square error. Cthr is the
lowest concentration at which fitting begins.
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To be able to judge about the quality of the fit, an ‘ideal’ case
of such a fit in random numbers with the Pareto distribution
is shown below (Figure 1). To obtain a normalized histogram,
the column boundaries were chosen uniformly on a logarithmic
scale (30 columns for 10,000 measurements). Indicated above
the figures are metal name, RMSE is the standard error, Cthr is the
lowest concentration with which the fitting begins (concentration
values lower than Cthr are not considered). The calculation of the
distribution density parameters is presented in Table 1.
Table 1: Calculated power-law density parameters (PDF).
Metal

k

Al

3.8732

Cr

4.1316

Cd
Li

Pb
V

RND

m
1.6431

3.2382

0.12128

3.4403

0.11465

3.3006
4.5955
5.0046

0.37425
0.43318
0.1508

0.90352

Figures 2-7 show the estimates of the density and linearization
of the power-law distribution according to the spectrometry of
aluminium (Figure 2), cadmium (Figure 3), chromium (Figure 4),
lithium (Figure 5), lead (Figure 6), and vanadium (Figure 7). In the
graphs on a double logarithmic scale (Figures 2-7), you can see areas
that are approximated by a straight line and, therefore, indicate
(at least within this straight line) the presence of a power-law
relationship between the number of individuals and the content of
a particular metal in the bio substrate. The length of these sections
(the proportion of individuals with MLH in the critical phase) is not
the same, which is apparently due to the unequal duration of the
critical phase for these metals. One of the main conditions for the
synchronous (critical) mode of operation of membrane pumps is
to achieve the required threshold density (quantity) of activated
ATPases (P-type) on the cell membrane. In this case, the subcritical
(asynchronous) phase with the branching parameter σ < 1 goes into
the critical or synchronization phase (σ = 1), the beginning of which
on the graph coincides with the starting point of linearization Cthr
(Figures 2-6).

Figure 2: Evaluation of the density and linearization of the power-law distribution for aluminium (Al); designations are the
same as in Figure 1.

Figure 3: Evaluation of the density and linearization of the power-law distribution for cadmium (Cd); designations are the
same as in Figure 1.
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Figure 4: Evaluation of the density and linearization of the power-law distribution for chromium (Cr); designations are the
same as in Figure 1.

Figure 5: Evaluation of the density and linearization of the power-law distribution for lithium (Li); designations are the same
as in Figure 1.

Figure 6: Evaluation of the density and linearization of the power-law distribution for lead (Pb); designations are the same as
in Figure 1.
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Figure 7: Evaluation of the density and linearization of the power-law distribution for vanadium (V); designations are the same
as in Figure 1.
One can get an idea of the size of the critical phase in the

homeostasis of one or another metal by the percentage of
individuals in the total sample who show reliable graphic signs of
criticality. The results of this assessment are shown in Table 2.
Table 2: The proportion of healthy individuals in the total sample
(n = 10000) with MLH in the critical phase for different metals.

Metal

Proportion of healthy individuals (%) in the total sample
(n=10000) with MLH in a critical
phase

Al

59.8

Cr

40

Cd

44.7

Cu

53.9

K

77.6

Fe
Li

Na
Pb
V

Zn

58.9
44.3
72.3
62.5
22.9
50.6

As shown in Table 2, the critical phase in K and Na homeostasis
is noticeably greater than that of other metals (77.6% and 72.3%,
resp.). Perhaps this should explain the high and independent of
the sample size rK-Na (0.8-0.9) when it is separately determined in
groups with Na/K< 1 and Na/K > 1 [8]. The smallest critical phase
size (22.9%) was for vanadium (Figure 7). For other metals, the
values of this indicator ranged from 40% (Cr) to 62.5% (Pb). This
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coincides with the results of our earlier analysis of linear bonds

(Pearson), which revealed the unstable (and dependent from
sample size) nature of all pair correlations among these metals,
with the exception of K and Na [9]. The data of hair spectrometry
in the study of MLH, the values of SI and rK-Zn (Pearson) in healthy
individuals (n = 300) in different age groups are presented in Table
3.

As follows from Table 3, the quantitative shifts in the extreme
age groups (I and III) relative to Group II coincided in their direction
not only for K and Na, but also for all other metals: Al (↑), Cd (↑), Fe
(↑), Cr (↑), Cu (↓), Li (↑), Pb (↑), V (↑), Zn (↓). Moreover, the SI values
in Groups I and III are visibly higher than in Group II (12.6 and
12.05 vs 9.5 resp.). It is significant that the direction of quantitative
changes in MLH in this case (Table 3): [K (↑), Na (↑), Al (↑), Cd (↑),
Fe (↑), Cr (↑), Cu (↓), Li (↑), Pb (↑), V (↑), Zn (↓)] completely coincides
with that of the Chernobyl liquidators (n=954) in relation to control
(n=947) [4]. The value of SI in the general group of liquidators, as
already mentioned, was also visibly higher than that of healthy
individuals (6.13 vs 2.17) [11]. The dynamics of the coefficient
rK-Zn (Pearson) is also of interest: rK-Zn in Groups I and III was not
only twice as high (in absolute value), but also retained its sign (-)
in contrast to Group II, see Table 3 (-0.3 and -0.32 vs 0.16 resp).
It was of interest to find out using EPR analysis whether there is
a relationship between the detected quantitative shifts in MLH: [K
(↑), Na (↑), Al (↑), Cd (↑), Fe (↑), Cr (↑), Cu (↓), Li (↑), Pb (↑), V (↑), Zn
(↓)] and the production of nitric oxide (NO) in biosubstrate (hair).
The degree of NO production we estimated by the magnitude of
the NO signal in the EPR spectrogram. The results are presented
in Table 4.
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Table 3: Median (Me) level of metals in the epidermis, synchronization index (SI) and K-Zn correlation (Pearson) in different
age groups in healthy individuals.

Metal

Group I (n=100)
1 to 19 years old
Me (mcg/g)

Group II
(n=100)
20 to 33
years old
Me (mcg/g)

Group III
(n=100)
58 to 85 years
old
Me (mcg/g)

Al

6.6

3

4.7

Cd

0.02

0.01

0.03

Cu

11.3

13.8

11.5

K

161.2

27.9

135.6

Na

229.3

116.3

344.8

V

0.06

0.04

0.05

Cr

0.37

Fe

0.3

13.5

Li

10.8

0.02

Pb

0.01

0.58

0.35

0.41
14

0.02
0.59

Zn

155.2

193.8

176.4

rK-Zn (Pearson)

-0.3

0.16

-0.32

SI (Sync Index)

12.6

9.5

12.05

Table 4: Median (Me) level of metals in the epidermis, synchronization index (SI) and the magnitude of the NO signal in accident liquidators and healthy individuals.
Accident Liquidators
(n =58) Me (mcg/g)

Healthy Individuals
(n =58) Me (mcg/g)

Al

6.12

4.7

Cr

0.46

Metal

Cd
Cu

0.04

0.02

11.3

13.5

0.2

Fe

14.98

Li

0.08

Pb

0.97

Zn

160

178.5

34.1*

19.1*

K

Na
V

SI (Synchronization
Index)

NO-signal (n.u.)

Median (Me) of age
(years)

218

11.8
213

0.06

279

111.5

0.01

0.01

12.05
53

Note: *) significance of difference p <0.05.

0.57

8.3
54

As Table 4 shows, the quantitative shifts in the MLH of the
Chernobyl liquidators (in their direction) for all metals (with the
exception of vanadium) are similar to those in the extreme age
groups: [K (↑), Na (↑), Al (↑), Cd (↑ ), Fe (↑), Cr (↑), Cu (↓), Li (↑),
Pb (↑), Zn (↓)] (Table 3). At the same time, the magnitude of the SI
(12.05 vs 8.3) and the degree of NO production in the biosubstrate
(34.1 vs 19.1) among the liquidators were significantly higher than
Copyright@ VI Petukhov | Biomed J Sci & Tech Res | BJSTR. MS.ID.004667.

in the control (Table 4). To explain the data obtained, it is advisable
to use the basic principles of the theory of self-organized criticality,
according to which membrane pumps - ATPases (P-type), which
carry out the traffic of metals in the epidermis, (being oscillators) are
capable of self-organization or transition to a critical (synchronous)
mode of operation. The role of activators of these pumps can be
played by ROS and RNS, in particular, NO or, more precisely, its
derivatives: ions of nitrosonium (NO+) and of nitroxyl (NO-). An
increase in the production of ROS and RNS in the epidermis should
inevitably lead to an increase in the density (quantity) of activated
ATPases (P-type) on the cell membrane, thereby contributing to the
self-starting of the synchronization process.

It cannot be excluded that for the normal functioning of ATPdependent membrane pumps, it is the synchronization mode (as
a special case of a critical condition) that is the main regulatory
(controlling) mechanism of MLH. Graphical confirmation of the
power-law (fractal) distribution of hair spectrometry data (as
evidence of criticality) allows us to attribute MLH in the epidermis
to SC phenomena that are widespread in living systems. This
conclusion has not only theoretical but also practical significance.
The fact is that in most publications on hair spectrometry one can
come across the strong conviction of the authors that in order
to assess the elemental status of the whole body (for example,
the availability of metals) it is sufficient to know the mineral
composition of hair (spectrometry). However, is it really so? If hair
spectrometry data at the level of individuals demonstrates powerlaw distribution, then due to the inherent power-law to scale
invariance a similar distribution should be expected at the cellular
level.

Membrane pumps, operating in a critical mode, are apparently
the main reason for the power-law distribution of metals between
individual cells. At the same time, most of these cells have a
relatively low metal content, while the number of cells containing
metal in high and ultra-high quantities will be much smaller. A
similar pattern can be observed in the classic SC model, a ‘sand pile’,
when careful (minimal amount) addition of grains of sand leads to
‘avalanches’ (critical state). Moreover, most of these avalanches are
small and medium in size (while the number of large avalanches
is much less). It is significant that there is power-law dependence
between the number and the size of avalanches. It should be noted
that there are more signs of similarity between the ‘sand pile’ model
and the homeostasis of metals in the epidermis than it may seem at
first glance. In both cases we are talking about the events of the socalled ‘phase transition’ in open dynamical systems on the border of
Chaos and Order, when antientropic energy-consuming systems are
trying to preserve: in one case (sand pile) - its structural ordering,
and in the other (epidermis) metal-ligand homeostasis.
Anti-entropic factors in a sand pile include the weight of sand
grains and the strength of their adhesion (rest friction), while in
the epidermis these are ATP-dependent membrane pumps working
21703
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against an electrochemical gradient. The power-law (fractal)
nature of the distribution of metals at the level of individuals, as
already mentioned, should remain as such at the cellular level as
well. Therefore, the predominance of individuals with a small and
medium level of metals (according to hair spectrometry), with the
existing power-law relationship between the metal content and the
number of individuals, is explained by the features of the powerlaw distribution itself which does not depend on the level of this
metal in the whole body. Figuratively speaking, the power law in
the ‘sand pile’ model works in a critical state regardless of the size
of grains of sand (or the size of the sand pile). Therefore, a similar
independence of the results of hair spectrometry from the total
metal content in the body should be expected in the MLH of the
epidermis.
If we are talking about factors capable of influencing MLH in one
way or another, then it is necessary to mention: the metal-binding
sites of ATP-pumps (TM-MBS), chaperone proteins, transport and
depo proteins (RyR1, RyR2, Atox1, CCS, Cox17, metallothioneins,
transferrin, ferritin), as well as other ligands, binding with which
is necessary to prevent the destructive effect of free metal ions on
cellular structures. However, the role of these factors in the events
of MLH (in comparison with the power law) is hardly decisive. As
follows from Table 4, the critical mode of operation of membrane
pumps was found in 72.3% and 77.6% of individuals for Na and
K, and in 48.6% (on average) for other metals. This indicates a
significant (and in some cases dominant) influence of criticality
(synchronization) on the processes of MLH in the epidermis.

Conclusion

1) MLH of the epidermis in extreme age groups (1-19 yearolds and 58-85 year-olds) has visible differences compared
with that in 20-33 year-olds. These are quantitative shifts in
the MLH of extreme age groups that coincide in their direction
with respect to the middle age group (20-33 years): [K (↑), Na
(↑), Al (↑), Cd (↑), Fe (↑) Cr (↑), Cu (↓), Li (↑), Pb (↑), V (↑), Zn (↓)].

2) Unidirectional quantitative shifts in the MLH of the

extreme age groups were accompanied by a higher level of
paired linear bonds between the concentration values of
metals if we evaluate them (bonds) by the SI value (criticality
sign). The dynamics of rK-Zn was similar to the dynamics of SI.

3) In the observations where the age factor was excluded

Copyright@ VI Petukhov | Biomed J Sci & Tech Res | BJSTR. MS.ID.004667.
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(comparative analysis was carried out in identical age groups),
the results of EPR spectroscopy of the hair confirmed the
relationship between NO production and signs of criticality in
the operation of membrane pumps: a significant increase of NO
production in the epidermis was associated with an increase in
SI and characteristic unidirectional shifts in MLH.

4) The concept of MLH in the epidermis as an SC phenomenon

makes it impossible to assess the content of any specific
metal in the whole body by the level of this metal in the hair
(spectrometry).
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