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Classification models based on level of metals in hair and nails of laryngeal cancer patients.

Diagnosis support or rather speculation?
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Abstract

The relationship between the concentration of chemical elements and cancer is regarded as one of
many factors taken into account in carcinogenesis. The aim of this study is to investigate some
relations between cancer risk and element status as well as cancer risk and external factors, such as
diet, smoking and drinking habits, in order to support diagnosis of cancer. The samples of hair and
nails obtained from patients with larynx cancer and healthy subjects were analyzed. Essential elements
(Ca, Cr, Mg, Zn, Cu, Mn, Fe), besides toxic metals (Cd, Co, Pb), were determined with an inductively
coupled plasma atomic emission spectrometry (ICP-OES) and mass spectrometry (ICP-MS)
techniques. The concentration of essential elements was from 1.5- (Zn) to 4.7-fold (Fe) higher in hair
and from 2.4- to 3.3-fold higher in the nails of the control group compared to the patients, while the
opposite trend was observed for the heavy metals. The differences between two groups in the level of
metals (except for Zn) were statistically significant (p<0.05). The association of cancer with metals
and other factors was evaluated with various statistical methods, among whom the best predictions
were obtained with the logistic regression, artificial neural networks and canonical discriminant
analysis. The classifiers constructed using the data from a survey of diet and lifestyle, and analysis of
elements in hair and nails, can be useful tools for estimating cancer risk and early screening of the

disease.
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Introduction

The latest cancer statistics reported that the overall cancer mortality has steadily declined over the past
two decades. Nevertheless, in 2014, deaths from cancer are projected to reach about 585 720 in the
United States and about 1 323 600 in the European Union.'” Cancer is characterized by the
uncontrolled growth of an abnormal cell and is caused by a number of factors. The process of
carcinogenesis is quite complex and multi-directional, and therefore it is extremely difficult to find
reliable markers to facilitate the identification of cancer at an early stage.” In the case of larynx cancer,
the most important risk factor is associated with lifestyle and is definitely long-term exposure to
tobacco smoke.* Conducted studies also confirm that alcohol drinking (especially strong alcohol) is
a second major factor that has an important role in laryngeal carcinogenesis.” Additionally, tobacco
and alcohol altogether exhibit the synergistic effect with regard to larynx cancer.® Another factor
which is involved in the pathogenesis of cancer of the larynx is diet. Fresh fruit, vegetables, and
legumes have a favourable effect on laryngeal cancer, and poor nutrition is associated with an
increased cancer risk.”* Moderate consumption of olive oil was reported to be associated with reduced
risk as well.’

Lifestyle and dietary habits have undoubtedly impacted on the level of the elements in the body
which are involved in the biochemical processes that occur in the human organism. The significance of
trace elements in health and disease is undisputed because of their essential role in specific
concentration ranges and a toxic role at relatively higher levels.'” The importance of micronutrients
and toxic elements in changes in the human body indicate that they may be important as inhibitors or
promoters of the development of malignancies. The correlation between the levels of metals and the
development of neoplastic processes has been widely studied for use in medical diagnosis. Even
though the biochemical mechanism of these elements being the cause of cancer in the human body is
not very clear at the present stage, more research has to be done to get a better understanding of the
relationship, and further clinical investigations should be given to make the correlation more useful
and reliable. The elevated levels of heavy metals may be associated with a number of physiological
disorders in humans. It has been reported that cadmium is a mutagen in mammals, and that an elevated

concentration of this element may result in prostate and lung cancers.' "2

Messner et al. suggested that
atherosclerosis might be initiated by cadmium."® In prostate cancer, a high concentration of iron and
copper was reported.'*

Classical biological materials are usually used in the diagnosis of various diseases. Blood and

sometimes urine are widely used specimens for trace metals analyses. But the obtained information
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does not reflect the actual concentration of elements in the whole body. This restriction is associated
not only with the pharmacokinetics/toxicokinetics of metals, but also with the compensation abilities
of the body. Thus, in order to obtain meaningful results, it is important to select a biological material
which is free from changes caused by the body to maintain homeostasis.'> Such opportunities are
provided by alternative materials, including hair and nails. In contrast to blood and urine, analysis of
hair and nails reflects the real concentration of elements in the whole body over several months. This
retrospective information allows for the assessment of nutritional status, environmental and
occupational exposure to metals, and body load.'®'® Unfortunately, despite the many positive
attributes of alternative materials, there are some difficulties associated primarily with the
interpretation of the results. The biggest limitation is a properly defined range of reference values of
concentration, especially in relation to hair. It is a consequence of the naturally occurring diversity of
hair composition related to age, sex, ethnicity, latitude, natural conditions, the composition of the soil
and water, characteristic for the region's diet and nutritional habits. Not without significance is also the
difference in thickness, length or growth rate and hair color as well.?’ Despite these limitations, many
attempts have been taken to use elemental analysis of hair in order to both assess the exposure to
metals and for diagnosis of certain diseases, including cancer. Several studies have focused on the
relationship between the level of trace metals in scalp hair and cancer in humans, but the results were
inconsistent, thus prompting further investigations in this field.”'” Due to the difficulties connected
with analysis of hair, in recent years simultaneous analysis of both hair and nails has become a very
common laboratory practice.'”**

The aim of the study was the connection of the determination of selected metals: calcium (Ca),
magnesium (Mg), zinc (Zn), copper (Cu), iron (Fe), manganese (Mn), cobalt (Co), chromium (Cr),
cadmium (Cd), and lead (Pb), in two different materials: hair and nails, the diet and lifestyle survey,
and the application of advanced statistical methods (logistic regression, canonical discriminant
analysis, classification trees, artificial neural networks and support vector machines), in order to
discriminate between healthy volunteers and patients diagnosed with larynx cancer, and then apply the

results in the diagnosis of this disease.

Materials and methods

Study groups
The hair and nail samples for this study were collected from two groups: 68 patients with cancer of the

larynx, and a group of 73 healthy volunteers. The cases considered in the present report were 63 men
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and 5 women with confirmed laryngeal cancer. Thirty-eight people (71%) were located in the 40-59-
year-old age group, while 30 (29%) exceeded 60 years. The patients were hospitalized in the
Otolaryngology and Laryngological Oncology Clinic and Head and Neck Clinic and Oncological
Laryngology of the Poznan University of Medical Sciences, Poland. The control group included
22 men and 51 women. In this group, 15 subjects (21%) were 20-39-years-old, 18 subjects were 40-
59-years-old, and 40 (54%) were above 60 years old.

The protocol of the study was approved by the Bioethics Committee of the Poznan University of

Medical Sciences, Poland. All subjects signed an informed consent form.

Questionnaire
All subjects completed a survey that assessed sociodemographic characteristics, lifestyle habits such as

smoking and alcohol consumption, and intake of selected foods.

Chemicals

Reagents used in this study were of the highest purity available. Solutions were prepared with
ultrapure, deionized water (18.2 MQ-cm). Ultrapure, concentrated nitric acid (65%, Merck, Germany)
was used for microwave-assisted digestion. Calibration solutions were prepared from multi-element
ICP-MS Calibration Std 3 (Perkin Elmer, USA), and multi-element standard solution VI (Merck,
Germany) served as a control solution. The daily test was performed with the use of Smart Tune

Solution Std ELAN&DRC-e (Perkin Elmer, USA).

Sample collection and preparation

Seventy-three and sixty-eight samples of hair and nails were collected from healthy people and
patients, respectively. The collection method and washing procedure were described in detail
previously.”” Digestion was performed in a microwave system (MARS 5X CEM, Matthews, USA).
Seven mL of concentrated HNO;s were added to about 0.1-0.2 g of the sample of hair or nails and left
to pre-digest overnight at room temperature. After that the samples were subjected to a two-step
digestion program. The digests were quantitatively transferred to volumetric flasks and diluted with

deionized water. The digests were stored at 4°C until analysis.

Determination of metals

An ICP-MS instrument, Elan DRC-e (Perkin-Elmer, USA), was used for the determination of Cd, Co,
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Cu, Fe, Mn, Pb, Zn, and the measurement of Ca and Mg was carried out by an Optical Emission
Spectrometer (ICP-OES) Optima 2100DV, (Perkin-Elmer, USA). The certified reference material of
human hair (GBW07601, GSH-1, China) and a lab-sample of nails prepared by grinding material
collected from healthy volunteers were used for validation of the analytical method. Details about both
methods and the validation parameters were described elsewhere.”> Additionally, serum samples were
also analyzed, but the results were not statistically significant and therefore excluded from statistical

models.

Statistical methods
The statistical analysis was done with the two statistical software package. The Statistica 10 program
(StatSoft, Poland) was used to perform the Mann-Whitney U test, and calculate Spearman correlation,
and the rest of the calculations were performed with SAS® 9.4 software (SAS Institute Inc, Cary, NC).
A variety of statistical data mining procedures has been used, including logistic regression, canonical
discriminant analysis, classification trees and artificial neural networks, in order to interpret the results
from elemental analysis in a few different perspectives. Because there were numerous missing
observations, two paths of analysis were chosen: with and without data imputation. Also, to evaluate
and eliminate the possibility of the overfitting, the data pool has been randomly divided into two or
three datasets. Two new datasets: train (80% of cases from original dataset) and test (20% of cases),
were created when imputation was not applied. The train dataset was used to establish the model and
estimate its parameters, and the test dataset was used to obtain an unbiased estimate of the
misclassification rate resulting from application of that model. For the complete dataset (i.e. after
imputation), the data was split into three instead of two parts: train (60%), validation (20%) and test
(20%). The additional validation dataset was intended to be used with stepwise procedures. Stepwise
procedures were applied whenever possible to pick important covariates. While generating candidate
models, an inclusion criterion of p<0.5, and p<0.05 was assumed as a stay criterion. When a validation
set was available, the misclassification rate was estimated with it for each candidate model, and the
model with the lowest error count was chosen. In the absence of the validation set, the cross-validation
procedure (leaving one out) was used. The complete (non-split) data were also fitted in another run to
reveal additional factors which could be overlooked due to insufficient sample size. The factors
potentially taken into account included binary (various ingredients of diet), ordinal (age group,

cigarette smoking) and interval (concentration of elements in alternative materials) variables.
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Canonical discriminant analysis. Information obtained from element analysis of hair and nails was
also used to identify the association of the selected elements with cancer. The equation of the
discriminant function was constructed using the stepwise forward method.

Logistic regression. A probability of larynx cancer in a pooled population of patients and controls
was modeled using logistic regression. Stepwise regression was applied.

Logistic regression with interval data replaced by the corresponding principal components.
The original set of interval factors (i.e. concentration of elements) was replaced by the set of principal
components. This enables a relinquishing from correlations that existed in the original data, and creates
an opportunity to reduce the number of necessary interval factors. These new variables, along with
nominal and ordinal factors that were taken intact, formed input to the stepwise regression.

Classification trees. This technique yields results that have probably the most straightforward
interpretation. Based on various statistical tests, minimal trees with satisfactory classification power
are constructed.

Artificial Neural Networks (ANN). This method, which borrowed its concepts and methods from
human nervous system physiology, proved to provide exceptionally flexible tools for approximation
and classification.

There is, however, an increased risk of overfitting — the network may adapt itself to an actual data
rather than to generally observed rules. It is also difficult to find a simple interpretation of the resulting
network parameters and to indicate factors that most influence the result.

Support Vector Machines (SVM). This is yet another approach to machine learning. It shares is
flexibility with ANN. It also potentially has the same deficiencies as ANN: lack of proper

generalization because of the overfitting tendency, and inability to recognize important factors.

Results and discussion

Lifestyle and diet characteristics

The results of the surveys regarding smoking and drinking habits, and diet, are presented in Table
1 and 2, respectively.

The group of patients was characterized by a higher percentage of people heavily addicted to
nicotine, who smoked over eleven cigarettes a day. Only 3% of the patients have never smoked, while
in the control group the figure is 44%. Similar conclusions can be drawn from alcohol. In patients,
significantly more people drank alcohol compared with healthy subjects. These data confirmed the fact
that long-term exposure to tobacco smoke and alcohol abuse predisposes to the development of cancer

of the larynx.*’ Simultaneously, exposure to them causes a multiplicative increase in risk.*
7
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Acetaldehyde, which is produced from ethanol through bacterial and/or mucosal alcohol
dehydrogenase and cytochrome P-4502E1, plays a significant role in developing cancer. Additionally,
ethanol eases mucosal penetration by carcinogens contained in tobacco smoke.?” Other factors that
were considered in terms of the influence on the level of elements are diet and intake of supplements
containing trace elements and vitamins. A defective diet may contribute to the development of cancer.
Reiss et al.”® suggested that increasing the amount of fruit and vegetables in the diet may reduce the
risk of cancer. Comparing the consumption of meat in both groups, there are no significant differences
in the amount of eaten poultry, beef and pork. It can therefore be assumed that the impact of
micronutrients in this kind of food was similar in both groups. A similar situation existed with regard
to whole grains and dairy products. In contrast, the only difference was in the amount of wheat germ
and cornflakes. Definitely more people in the control group declared the presence of these products in
their diet. Due to the fact that they are a rich source of magnesium, calcium, iron, zinc and copper, the
concentration levels of these elements may be higher in a group of healthy patients, provided that they
are consumed on a regular basis and for a long time®’. On the other hand, Edefonti et al.*’, who
analyzed the dietary patterns of 2452 head and neck cancer cases, and 5013 controls, concluded that
a diet rich in cereals, animal products and monounsaturated, polyunsaturated and saturated fatty acids,
and vitamin E, was positively associated with laryngeal cancer, and those rich in vegetables and fruits

is negatively related to oral and pharyngeal cancer.

The elements concentration profile in hair and nails in the control and case groups

Nowadays, considering the enormous number of deaths from cancer, many epidemiologic studies have
been undertaken to identify potential risk factors for this disease. Some attention has been paid to the
association of cancer with trace elements.”' The clinical application of metal analysis of hair has tried
to investigate the association of some diseases/symptoms with trace bioelements (including essential
and toxic) like autism,* other neurodegenerative and neuropsychiatric disorders,*® and cardiovascular
disease.”* Many researchers have tried to evaluate the potential diagnostic values of metals to predict

333637 breast,”™ prostate,*” liver and stomach.’’

different types of cancer: lung,

In the present study, ten elements were chosen to be analysed in the hair and nails. The selection of
essential metals (Ca, Cr, Cu, Fe, Mg, Mn and Zn) were based on the hypothesis that if they are
involved in important metabolic functions, then both shortage and excess of trace elements leads to
physiological disturbances. Heavy metals (Cd, Co, and Pb) are well-known carcinogenic agents whose
role in the development of head and neck cancer has been extensively examined.*' The median

concentration of metals in the hair and nails of cancer patients and controls, along with the molar
8
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concentration and interquartile range, are presented in Table 3. The mean levels are not shown because
they are not representative of the centre of the groups (the distribution of the data is not symmetric).
Statistical evaluation of the differences between the groups was based on the Mann-Whitney U test.
The results of the serum analysis are not presented.

The biggest differences, when comparing the mean level of essential elements in the hair of the
control group to those of the patients, were observed for Fe (4.7 times higher), Mg (4.6 times higher)
and Ca (3.9 times higher), following by Mn (3.0 times higher), Cu (2.2 times higher) and Zn (1.5 times
higher). Only Cr was present in 5.6-fold higher level in the patients than in the healthy subjects. In
case of heavy metals, the mean concentration of Cd and Pb was 3.4- and 8.3-fold higher, respectively,
in the patient group than in the controls, whereas the mean level of Co in the hair samples of the
healthy volunteers was 7.0 times higher than that of the cancer patients. The comparison of the results
to those reported by Cihan ez al.> reveals some similarities. The level of Ca and Mg was higher in the
controls than in the patients with breast cancer, whilst the concentration of Cd and Pb was lower. In the
study by Qayyum and Shah®* the healthy subjects had the increased concentration of Ca, Cr, Mg and
Zn, whereas the patients with lung cancer — Pb, Cd, Co, Cu and Pb.

In case of the nails, the mean concentration of Ca, Mg, Cu, Fe and Mn was found to be 2.4-, 3.3-,
3.0-, 2.9-, and 2.6-fold higher, respectively, in the controls than in the patients, while the level of Cr
and Zn was respectively 6.6- and 2.0-fold higher in the cancer group than in the control group. Two
heavy metals were present in 6.4- (Cd) and 4.9-fold (Pb) higher concentrations in the nails of the
patients than in the healthy subjects, and the mean level of Co was 3.0 times higher in the controls than
in the cancer patients. Data on the metals content in cancer patients is scarce and not completely
consistent with the results from present study. Qayyum and Shah®* reported that the level of Ca, Cd,
Co, Cr, Cu, Fe, Mn, Pb and Zn was increased in the cancer patients when compared to the control
group, and only the concentration of Mg was decreased. Similar observations were made by Karimi ef
al.** — the concentration of Cu, Fe and Mn was higher in the cancer group, except for Zn.

The median concentration of all of the essential metals in the hair and nails (except for Cr in the hair
and nails and Zn in the nails) was higher in the healthy donors in contrast to toxic metals (Cd, Pb),
which were at a higher level in both biological materials in the cancer patients (with the exception of
Co). Except for Zn, there was a statistically significant difference between the level of all metals both
in the hair and nails of the cancer patients and controls (p<0.05). The basic interpretation of the results
for the alternative materials provided a basis for the preliminary conclusion that it is possible to

distinguish the studied populations with the use of elemental analysis.
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The present study evidences that metabolism in cancer patients may be affected by toxic metals.
Absorption and distribution of essential elements is regulated by a number of homeostatic processes,
some of which are highly selective. Through the mechanisms of molecular and ionic mimicry heavy
metals compete with essential elements for the site on the transporter proteins and enzymes.43 For
example, the divalent metal transporter 1 (DMT1), which is the major carrier of Fe, can also transport
Cd, Co or Pb into the cells.* Lead enters the cell through the same plasma membrane ion channels as
Ca and impairs its transport.” Interactions between toxic and essential metals are thought to be
involved in the development of cancer. Carcinogenesis is the multistep process, which includes many
mechanisms, such as DNA damage, dysregulations of cell signalling pathways, cellular proliferation
and programmed cell death.*® Metals, both essential and toxic, play different roles in these processes.
Chromium(VI), in contrast to essential Cr(III), reacts with cellular reductants (e.g. glutathione), and
forms Cr(V) and reactive oxygen species (ROS) which react with DNA.“In present study, the patients
had the increased concentration of Cr in hair as well as Cd and Pb. Cadmium probably induces
oxidative stress by replacing Cu and Fe in membrane proteins, what increases the concentration of
unbound metal ions, capable of Fenton reactions, where ROS are generated.”® Similar mechanism is
proposed for Pb. This metal also inhibits the activity of d-aminolevulinic acid dehydratase (ALAD),
causing the increase in the level of §-aminolevulinic acid (ALA), which promotes the generation of
ROS.* Among studied heavy metals, only the level of Co was increased in the control group. Even
though this element was proved to directly induce oxidative stress and react with DNA, it is classified
as a Group 2B carcinogen by the International Agency for Research on Cancer (IARC) due to the lack
of human data proving its cancerogenity.” In case of essential elements, they should be considered in
the context of their deficiencies. Ions of Zn and Cu are a part of the enzymes forming the antioxidant
barrier in the body, so a lack of these elements causes its weakening, and promotes oxidative stress.”'
Mahabir et al.> indicated that increased dietary intake of Cu and Zn decreased the risk of lung cancer,
and Lappe et al.> suggested that high Ca intake may decrease the incidence of different cancers. lons
of this metal serve as messengers in many cellular processes (e.g. proliferation, apoptosis) that are
disrupted by cancer.”* Magnesium is a cofactor in enzymes involved in the replication and repair of
DNA. There are many studies that show the level of Mg in diet is inversely correlated with the
incidence of cancer.”® Although Fe is essential for many cellular processes, as cell proliferation and
DNA synthesis, it is believed that the excessive amount of metal might have a cancerogenic effect by

the ability to produce ROS via Fenton reactions.”®’

10



Page 11 of 29 Metallomics

©CoO~NOUTA,WNPE

Data mining

Apart from the fact that the analysis of elements in hair and nails gives an opportunity to discriminate
both groups, the results can be used as variables, along with the information obtained from
questionnaires, to construct statistical models. There are several reports which describe the
employment of multivariate analysis of the concentration of trace elements for classification
purposes.>* "% However, all previous studies have taken into account only the level of elements in
one biological material.

The results of all data mining procedures are compiled in Table 4. “None” in the column “Criterion
of model choice” indicates that the model finally chosen by the stepwise procedure was used. The
elements, which diversified the two groups the most, were Ca, Pb and Mg in hair and Mg, Zn, Cr and
Ca in nails.

Logistic regression. The fitted equations of models are presented below:

Model no. 1: logit(P) = 15.24 - 2.84 log(Cayg;;) + 2.8710g(Pby,;) - 8.72diet reql
Model no. 2: logit (P)=-0.98 - 1.64 log(Cay,i,) + 1.911og(Pbyai)+ 1.77102(Pberum)
Model no. 3: logit (P) = 9.60 - 2.27 log(Capyy) + 2.38log(Pbp,ir) + 1.3110g(Crpgyis) + 2.88cigy+ 5.17cig,. - 4.10dieteereqr

Model no. 4: logit (P)=10.30 - 2.27 1og(Capgi) + 2.3910g(Pbyair) + 1.6110g(Cryaits) - 4.40diet erear
Model no. 5: logit (P)=-2.53 - 2.38 log(Cay,;,) + 1.63 1og(Pby,i) + 1.5110og(Crpais) + 15.79age,+ 13.62age .

Model no. 6: logit (P)=8.68 - 1.81 log(Cay,;,) + 1.3810g(Pby,;r) + 1.12(Cryairs)

The classification error of Models 1-4 for the test set ranged from 6.9% to 13.8%. Hernandez-
Caraballo et al.”® achieved the sensitivity values ranging from 75% to 100% in the test set.

All models contained Ca and Pb in hair as important factors. Models with a greater data pool also
included Cr in nails. A cereal diet appeared in three regression models.

The probability of cancer always decreased with an increase of Cayg;,. An increase of Pbj,; ot Crogis
caused a greater risk of cancer. Model 5 suggested that middle age (B) individuals are most likely to be
ill, and Model 3 confirms the more cigarettes one smokes, the greater the risk of cancer is.

Decision trees. Classification trees (Models 7-9) are shown in Figures 1-3. Factor diet cereal means
that cereals were eaten at least once a week (path “A”) or not (path “B”). Factor cig_sum is the number
of cigarettes smoked per day (path “<B” — less than 20, path ‘“>=B” — 20 or more).

The accuracy of Models 7 and 9 for test set was 79.3% and 83.9%, respectively. Chen et al.*”’
successfully classified of normal and cardiovascular disease groups according to concentration of nine
metal in blood/urine samples. Their classifiers performed with the accuracy of 97.6% for blood and

96.4% for urine.
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Canonical discriminant analysis. The classification ability of the canonical variables is shown in
Figures 4-7.

The classification error of the classifiers for the test set ranged from 6.7% to 17.1%. Most models
contained Ca, Pb and Cu in hair and Zn or Cr in nails, although the simplest model only used Ca and
Pb in hair. The only serum element that was included in one of the models was Pb.

Tan et al.”’ presented the classification power of linear discriminant analysis in the case of lung

cancer. Both the FDA (Fisher's discriminate analysis) classifier and the ELDA (ensemble linear
discriminant analysis) classifier achieved an accuracy of 92.9% for the test set.
Artificial neural networks. The perfect fit was reached for the train data, but the validation/test data
revealed overfitting. The accuracy of Models 16 and 17 for the test set was 86.2% and 87.1%,
respectively. Serum concentrations had to be excluded from the models without imputation (Models
17 and 18) due to numerous missing data. This way all subjects could be included in the study;
otherwise the results proved to be extremely poor.

Artificial neural networks were successfully used by Hernandez-Caraballo et al.”® to distinguish both
healthy and cancer groups on the basis of the concentration of Fe, Cu, Zn and Se in serum.

Support vector machines with linear kernel. This method performed similarly to ANN. The
classification errors of Models 19 and 20 for the test set were 10.3% and 12.9%, respectively. Also,
missing data had to be handled in the same manner as for ANN (serum concentrations excluded from
Models 20 and 21).

Logistic regression of principal components. Principal components were built only for interval
variables; i.e. concentration of clements. However, nominal and ordinal data were also taken into
account in the regression. Among them, the cereal diet appeared to be the most important; it was
present in all but one model (Model 28). Cigarette smoking was present in two models. Each model
contained the first principal component (PC1). Other components that were used by at least one model
were PC2, PC3, PC4 and PC8. No model used