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Abstract: Trace elements play an important role in the pathogenesis of several serious
ophthalmological disorders, such as glaucoma, age-related macular degeneration (AMD), diabetic
retinopathy, cataract, etc. This study aimed to measure alterations of chemical elements’ (67) levels in
the aqueous humor of patients undergoing cataract surgery. The pilot study included 115 patients,
(age 74 + 7.27, female 64.35%, male 35.65%). The aqueous levels of elements were measured by the
use of the inductively coupled plasma optical emission spectrometry (ICP-OES), quality controlled
with certified standards. The classification of elements based on their concentration was achieved by
hierarchical cluster analysis. This is the first screening study that quantifies over 60 elements which
are present in the fluid from the anterior chamber of the eye of cataract patients. The obtained results
can be suitable for understanding and identifying the causes that may play a role in the initiation and
progression of lens opacity.
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1. Introduction

A lens opacity that gets worse with age can finally lead to blindness [1]. Several indisputable
causes of cataract formation have already been identified. It is known, for example, that the risk of
lens opacity doubles every ten years [2]. Other risk factors are sex [3], diabetes [3], infrared (IR) and
ultraviolet B (UV-B: 280-315 nm) radiation [4,5], and smoking [6,7]. However, there is still a need
for new research to understand the causes of the formation and development of cataracts. Because
cataract formation is strongly associated with age and cigarette smoking, which in turn lead to the
accumulation of metal ions, many studies were devoted to analyzing the content of selected metals in
human lenses or aqueous humor collected from patients undergoing cataract surgery.

Up to now, elevated levels of cadmium and selenium, as well as a downward trend in the copper
content in the human lens, have been noted in relation to the age of patients [7]. A significant increase
in aluminum and vanadium ions, a tendency to increase the content of chromium, nickel, and lead,
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as well as a tendency to decrease the concentration of copper ions, have been observed in smokers
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lenses compared to non-smokers [7]. There is a high probability that the observed changes in the metal
ion content contribute to the formation of cataracts by inducing oxidative stress and modifying the
structure and function of the extracellular matrix of the lens.

Without a doubt, metal ions are important for the human organism because many biological
functions are dependent on their presence. The toxicity of metals occurs due to an essential metal
overload as well as exposure to toxic heavy metals from different sources. Therefore, a metal ions
scarcity, as well as excess, may provide numerous serious disorders. Toxic effects are caused either by
heavy metal ions, such as mercury and lead, or by crucial essential metals if present in excess. Among
the essential metals, the most notable include Fe, Co, Ni, Ca, Cu, Zn, and Cr. The deficiency of iron
and cobalt provides anemia, the deficiency of copper leads, in turn, to brain and heart diseases, a lower
level of zinc leads to growth retardation and skin changes, while a lower level of calcium leads to bone
deterioration and a lower level of chromium reduces the glucose tolerance [8-13]. The role of trace
metals is especially visible in the central nervous system (CNS), the haematopoietic system, the liver,
the kidneys, etc. Exposure to heavy toxic metals has risen within the last 50 years as a result of an
industrial increase. Metal ions such as zinc (Zn), iron (Fe), manganese (Mn), and copper (Cu) take
part in the neurotransmitter synthesis at the synapse [14-17]. Therefore, concentrations of these metal
ions must be tightly regulated in the nervous system [18]. Abnormal levels of metal ions can cause the
progression of several neurodegenerative disorders, including Alzheimer’s disease [19-22], Parkinson’s
disease [23], and Huntington’s disease [24]. There is some evidence that trace elements might play
a role in the pathogenesis of ophthalmological neurodegenerative diseases such as glaucoma, the
leading cause of irreversible blindness in the world or age-related macular degeneration (AMD) [25,26].
Junemann et al. [26] measured levels of selected metal ions in the aqueous humor of AMD-affected
eyes by the use of Flow-Injection-Inductively-Coupled-Plasma-Mass-Spectrometry (FI-ICP-MS) and
found significant alterations of trace element levels. It was observed that patients with AMD had
significantly higher levels of cadmium, cobalt, iron, and zinc, as well as reduced level of copper, when
compared with patients without AMD. In turn, for manganese and selenium, no significant differences
were observed. Abnormal metal levels in the central visual system structures of the mouse model of
glaucoma were observed by DeToma et al. [27]. The authors used inductively coupled plasma mass
spectrometry (ICP-MS) to examine the levels of selected elements such as iron, copper, zinc, magnesium,
manganese, and calcium in the retina of mice. ICP-MS experiments showed that mice with glaucoma
had lower retinal Fe, Mg, Ca, Mn and Zn concentrations than pre-glaucomatous mice. More recently,
the aqueous humor levels of cadmium, iron, manganese, cobalt, copper and zinc were measured in the
aqueous humor samples of patients with primary open-angle glaucoma (POAG) and pseudo-exfoliation
glaucoma (PEXG) by Flow-Injection-Inductively-Coupled-Plasma-Mass-Spectrometry (FI-ICP-MS) [28].
It was found that there were significant differences in the aqueous humor levels of zinc and iron
between glaucoma and control patients. These findings support the initial hypothesis assumed by
the authors that zinc and iron can play a role in the pathogenesis of open-angle glaucoma. In 1990,
the determination of zinc and copper in the ophthalmic fluid of cataract and glaucoma patients was
described [29]. A statistically significant negative relationship was observed between the concentrations
of these elements in the aqueous humor of patients with cataracts and glaucoma. The concentrations
of lead and cadmium were measured using an inductively coupled plasma-mass spectrometer in
the fluids and tissues of human eyes [30]. It was observed that these toxic heavy metals are able to
accumulate in human ocular tissues, especially in the retinal pigment epithelium and choroid.

Schmeling et al. [31] analyzed the aqueous humor and lens samples collected from 14 cataract
patients to study the presence and concentration of selected heavy metals via the use of total reflection
X-ray fluorescence spectrometry (TXRF). The data obtained show that the most commonly found
metals in both analyzed media were chromium and manganese. Another metal found in the aqueous
humor was a nickel.

Traditionally, the analysis of trace elements in biological samples is performed using widely
available flame atomic absorption spectroscopy (FAAS) or graphite atomic absorption spectroscopy
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(GFAAS). The disadvantages of the mentioned methods are quite a large sample volume and an
insufficient sensitivity, often requiring the enrichment of the sample by a targeted analyte in order to
achieve appropriate detection limits. The quantification of elements at ultra-low levels is possible owing
to more sophisticated mass spectrometry (MS) or atomic spectrometry, including atomic fluorescence
spectrometry (AFS), atomic absorption spectrometry (AAS), and atomic emission spectrometry (AES)
or optical emission spectrometry (OES). Unfortunately, atomic spectrometry techniques require
aggressive sample preparation procedures that destroy the molecular structure of chemical species.
For the speciation analysis, an on-line or off-line connection of two analytical techniques is required.
There are many hyphenated techniques that are a combination of different separation methods, such
as high-performance liquid chromatography (HPLC), size exclusion chromatography (SEC), gas
chromatography (GC) or capillary electrophoresis (CE), with sensitive atomic spectrometry detectors
for the separation, detection, identification and quantification of elemental species. It should be
emphasized that hyphenated techniques absolutely require the use of improved sample preparation
methods to preserve the species identity. To separate target species from complex biological matrices,
different extraction methods are used, ranging from the oldest liquid-liquid extraction (LLE) to
more advanced methods such as the ultrasonic micro-extraction of liquid-liquid dispersion (LLME),
liquid-phase microextraction (LPME), solid-phase extraction (SPE), and solid-phase microextraction
(SPME). The elimination of artifacts is possible due to the species-specific isotope dilution method. To
eliminate non-spectral as well as spectral interferences caused by the presence of organic compounds or
salts as components of solvents, used for elution, the concept of dispersed particle extraction (DPE) was
introduced [32-35]. In this case, the analyte-containing sorbent is introduced as a specific element into
an inductively coupled plasma optical emission spectrometry (ICP-OES) detection device. A further
improvement of the repeatability, as well as the preconcentration of the sample, are possible thanks
to the flow injection system (FI), which reduces the manual steps of the sample manipulation [36].
Recently, some review papers describing the speciation of trace elements by isolated or hyphenated
techniques have been published [37-39]. Particularly the advances in the instrumentation, calibration
strategies, and method development concerning ICP-OES are presented by Donati et al. [40]. In addition
to these, there is a whole range of techniques useful for direct elementary speciation, such as X-rays,
electron spectroscopy, electroanalysis, magnetic resonance spectroscopy, and nuclear spectroscopy
techniques [41].

In the light of current achievements, the deficiency or excess of the various metals can help to
study the etiology of the diseases at the molecular level and to find the appropriate remedy. Based
on this knowledge, the aim of this study was to evaluate elements of aqueous humor in cataract
patients. This is the first screening study that quantifies all metal ions appearing at a concentration
not below 0.001 ppm in the aqueous humor of patients with lens opacity. More than sixty metal ions
were determined in 115 donors aged between 55 and 94 years old. ICP-OES was chosen for the tests
due to the small sample volumes available, the wide linear range for quantification, and the low
detection limit. Furthermore, ICP-OES exhibits smaller interferences and a shorter time of analysis in
comparison to the commonly applied ICP-MS. The observed dysregulation in the metal levels can
help to understand the pathogenesis of cataracts. The collected database can be used as a reference for
future research on the analysis of elements in the eye fluid.

2. Results

2.1. Element Content

Samples of fluid from the anterior chamber of the eye were obtained from patients undergoing
cataract surgery: 115 patients between 55 and 94 years of age (age 74.94 + 7.22, female 64.35%, male
35.65%). The levels of metals were measured by ICP-OES after an appropriate sample preparation. The
measured values are collected in Table 1. Most elements showed substantial variations from patient
to patient. The widest range refers to macroelements such as calcium (1062.194), sodium (5732.618),
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potassium (539.795), phosphorus (326.269), but also surprisingly cesium (350.0), which is highly toxic.
The highest variability expressed by the CV was observed for lithium (1026.729), a fairly common
element, but also for those that are dangerous such as arsenic (434.053) and cadmium (507.174). The
large values of the standard deviations and wide ranges are not surprising considering the diversity of
patients. There is also a significant group of elements that were not detected in most patients, which
may point to their absence or occurrence at an undetectable level via the detection method that was
used. This group includes transition elements: Ru, Pd, Os, Mn, Hg, Cd, Co, and V; post-transition
metals like Sn; metalloids: B, Si, Ge, Sb; and rare earth elements: Tm, Tb, Sc, Pr, Lu, Ho, Ge, Gd, Eu, Er,
Dy. On the other hand, the results show clear trends and provide initial information about the metal
concentrations in the aqueous humor of cataract patients.

Table 1. Element concentrations” descriptive statistics.

Element/Wavelength BDL ADL Mean SD Median Min. Max Range cv
[nm] (n) (n) [ppm] [ppm] [ppm] [ppm] [ppm]
Ag/328.068 53 62 0.014 0.027 0.003 0.000 0.191 0.191 193.898
Al/396.152 0 115 2.427 1.678 1.948 0.029 12.449 12.420 69.146
As/188.980 106 9 0.097 0.419 0.000 0.000 3.071 3.071 434.053
Au/197.742 59 56 1.658 2.640 0.000 0.000 11.284 11284  159.214
B/249.772 115 0 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ba/455.403 0 115 3.547 4.551 2.869 0.005 25.461 25456  128.288
Be/313.042 7 108 0.038 0.029 0.033 0.000 0.176 0.175 76.811
Bi/223.061 49 66 0.276 0.404 0.090 0.000 3.003 3.002 146.727
Ca/422.673 0 115 294508  162.330 259.183 98981  1161.175 1062.194  55.119
Cd/214.439 110 5 0.002 0.011 0.000 0.000 0.094 0.094 507.174
Ce/446.021 60 55 0.023 0.052 0.000 0.000 0.382 0.381 224.203
Co0/238.892 82 33 0.039 0.082 0.000 0.000 0.397 0.397 210.387
Cr/267.716 38 77 0.041 0.114 0.015 0.000 1.171 1.170 280.103
Cs/697.327 2 113 89.742 65.695 71.684 0.000 350.000 350.000  73.205
Cu/327.395 0 115 0.154 0.128 0.117 0.029 1.021 0.991 83.088
Dy/364.540 75 40 0.006 0.011 0.000 0.000 0.057 0.057 171.710
Er/349.910 97 18 0.003 0.008 0.000 0.000 0.037 0.037 256.549
Eu/420.504 100 14 0.001 0.002 0.000 0.000 0.019 0.018 199.784
Fe/238.204 1 114 1.692 4.649 0.593 0.000 42.727 42.726  274.763
Ga/294.363 63 52 0.069 0.133 0.000 0.000 0.847 0.846 193.997
Gd/342.246 96 19 0.003 0.008 0.000 0.000 0.055 0.054 274.318
Ge/209.426 54 61 0.477 0.957 0.048 0.000 6.553 6.553 200.517
Hf/264.141 12 103 0.223 0.204 0.166 0.000 1.274 1.274 91.585
Hg/194.164 61 54 0.190 0.456 0.000 0.000 4.303 4.302 239.589
Ho/348.484 74 41 0.021 0.051 0.000 0.000 0.382 0.381 238.256
In/230.606 22 93 1.119 1.138 0.741 0.000 5.129 5.128 101.660
1r/205.116 63 51 0.727 1.100 0.000 0.000 5.098 5.098 151.379
K/769.897 1 114 108.810  79.111 94.219 0.000 539.796  539.795  72.705
La/398.852 5 110 0.018 0.012 0.016 0.000 0.070 0.069 66.576
Li/670.783 112 3 0.017 0.171 0.000 0.000 1.837 1.836 1026.729
Lu/307.760 90 25 0.003 0.007 0.000 0.000 0.044 0.044 234.920
Mg/285.213 0 115 16.959 5.115 16.041 4.525 35.594 31.069 30.159
Mn/257.610 112 3 0.001 0.003 0.000 0.000 0.034 0.034 351.520

Mo/202.032 13 102 0.283 0.361 0.188 0.000 2.042 2.042 127.379
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Table 1. Cont.

Element/Wavelength BDL ADL Mean D Median Min. Max Range

[nm] (n) (n) [ppml [ppml [ppm] [ppm] [ppml cv
Na/588.995 0 115 2176450 643.624 2199.520 697.710 6430.328 5732.618  29.572
Nd/406.108 97 18 0.007 0.020 0.000 0.000 0.113 0.113 278.466
Ni/231.604 40 75 0.250 0.406 0.125 0.000 2.533 2.533 162.504
0s/225.585 98 17 0.017 0.063 0.000 0.000 0.472 0472 379.535

P/213.618 0 115 19.734 31.336 14.025 2.742 329.010 326.269 158.792
Pb/220.353 71 44 0.615 1.358 0.000 0.000 8.833 8.832 220.678
Pd/340.458 93 22 0.017 0.086 0.000 0.000 0.893 0.892 507.677
Pr/417.939 65 50 0.018 0.035 0.000 0.000 0.207 0.207 189.612
Pt/203.646 4 111 1418 1.293 1.083 0.000 7.185 7.185 91.241
Rb/780.026 0 115 14.551 9.167 12.384 3.527 56.826 53.299 63.001
Re/197.248 33 82 0.517 0.710 0.283 0.000 5.172 5.171 137.156
Rh/343.488 46 69 0.062 0.083 0.029 0.000 0.438 0.438 134.481
Ru/240.272 98 17 0.019 0.081 0.000 0.000 0.768 0.768 420.936
Sb/206.834 68 47 0.341 0.719 0.000 0.000 5.407 5.407 211.004
Sc/361.383 108 7 0.002 0.011 0.000 0.000 0.100 0.099 506.182
Se/196.026 38 77 0.609 0.697 0.418 0.000 2.687 2.687 114.311
Si/288.158 78 37 1.986 4.690 0.000 0.000 26.102 26.102 236.114
Sm/442.434 8 107 0.840 0.685 0.746 0.000 4.253 4.252 81.588
Sn/283.998 64 51 0.227 0.368 0.000 0.000 1.340 1.340 161.961
Sr/460.733 1 114 0.122 0.076 0.112 0.000 0.478 0.478 62.245
Ta/268.517 72 43 0.072 0.150 0.000 0.000 1.044 1.043 208.023
Tb/350.914 85 30 0.008 0.017 0.000 0.000 0.114 0.114 225.447
Te/214.282 0 115 2.672 1.826 2.159 0.236 8.404 8.168 68.316
Th/283.730 38 77 0.137 0.198 0.061 0.000 1.294 1.294 144.333
Ti/336.122 0 115 0.122 0.140 0.090 0.025 1.350 1.325 114.598
T1/190.794 3 112 3.101 2.810 2.081 0.000 16.943 16.943 90.629
Tm/336.261 111 4 0.003 0.017 0.000 0.000 0.180 0.180 652.877
U/385.957 107 8 0.006 0.024 0.000 0.000 0.184 0.183 399.184
V/292.401 88 27 0.007 0.023 0.000 0.000 0.172 0.171 316.212
W/207.912 11 104 1.148 1.602 0.768 0.000 11.296 11.296 139.611
Y/361.104 15 100 0.024 0.023 0.018 0.000 0.109 0.108 97.013
Yb/328.937 20 93 0.006 0.006 0.005 0.000 0.029 0.028 96.014
Zn/213.857 0 115 0.357 0.520 0.234 0.025 5.163 5.138 145.568
Zr/343.823 35 80 0.020 0.025 0.012 0.000 0.162 0.162 128.335

Abbreviations: BDL - Below detection level, ADL - Above detection level, n - Number of subjects, Range - (max -
min), SD - standard deviation.

The main group, covering, i.e., sodium, potassium, and calcium, belongs to the so-called essential
elements, and these elements occur at a concentration between 108.81 ppm for potassium and 2176.45
for sodium. The remaining elements occur at trace levels, though iron and zinc occur at about 1.692
and 0.357 ppm, respectively. All the other metals, as well as the three metalloids (silicon, arsenic,
and selenium), occur only at ultra-trace levels, e.g., manganese and cobalt with about 0.001 and 0.039
ppm, respectively.

Among the elements found in higher concentrations, the high cesium content is noteworthy.
CsClis sold as a supplement for alternative cancer therapy. However, its effectiveness has not been
proven, and the collected evidence indicates a life-threatening toxicity. There is even a case of lethal
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toxicity after injection of a CsCl solution into a tumor [42]. The patient’s measured cesium level in the
blood was 100,000 ug L~! (reference range <10 ug L~!). However, death from an overdose of cesium
supplements is very rare. High levels of cesium cause other serious problems, such as cardiac disorders,
unconsciousness, convulsions and electrolyte disturbances, including sodium and potassium. Health
hazard arises from the chemical similarity of Cs to potassium. The danger of poisoning comes primarily
from environmental pollution. In areas of eastern Poland where radioactive contamination of the
Chernobyl nuclear power plant occurred on April 28, 1986, cesium-137 contamination of 3-8 kBq/m?
was found [43]. The comparison presented in Figure 1 shows that the content of competitive potassium
is relatively stable and generally higher than the cesium content in the ophthalmic fluid; however, in
20% of cases, an elevated cesium level was observed, which indicates the accumulation of this element.
Given the advanced age of patients and the place of residence (areas of eastern Poland affected by
cesium contamination), this seems to be justified.

——Cs e Wl P
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Figure 1. Radar charts show the content of selected elements in the aqueous humor of patients with cataracts.

Phosphorus belongs to macro elements, and its content in the body is greater than 0.01% of the
body weight, while the daily demand exceeds 100 mg/d. Phosphorus is crucial for bone and tooth
health. Phosphorus performs its functions in the body provided that there is a balance between it
and the amount of calcium. A possible phosphorus deficiency reduces calcium absorption. In turn,
phosphorus overdosing causes leaching of calcium from the body. It is very important that the balance
between these elements is maintained in the human body. When analyzing calcium and phosphorus
levels, it can be seen that calcium levels are much higher compared to phosphorus. It should be
remembered that the level of phosphorus affects the absorption and levels of some microelements in
body fluids such as magnesium, iron, zinc, and copper. Interactions between iron, calcium, phosphorus,
magnesium, copper, and zinc were studied in iron-deficient rats [44]. It has been found that iron
deficiency is associated with an increase in the absorption of phosphorus and magnesium.

In the group of elements present at a trace level, the high content of aluminum, lead, tellurium,
and thallium is noteworthy. Until now, no one has studied the level of these elements, although their
concentrations are much higher than, e.g., copper, chromium, selenium or zinc, which was previously
determined in the aqueous humor. So far, high levels of aluminum (2.3%) have been found in lenses
with cataract in smokers [7]. This is the first study showing a high Al content in ophthalmic fluid
in people with cataracts. Because Al is involved in neurodegenerative processes, this is a clinically
relevant observation. As has been shown so far, a chronic exposure to Al causes its accumulation in
various tissues [45-51]. It has been proven that even low doses of aluminum are neurotoxic, induce
inflammatory processes, and adversely affect cognitive functions and morphological changes in the
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central nervous system. It is very likely that the increased accumulation of Al is due to the general
increased oral exposure to this element. It has already been confirmed that silicon can have a protective
effect in the case of aluminum contamination [51-53]. An increased intake of silicon probably mobilizes
various forms of aluminum in vivo and reduces its storage in tissues. There is evidence that silicon
reduces the uptake of aluminum in the intestine. High levels of aluminum (mean value: 2.427 ppm)
were detected in the aqueous humor of all patients. The fairly low coefficient of variation for the
occurrence of this element in the studied group (CV = 69) confirms the fact that patients are commonly
exposed to this element. The co-occurrence of silicon in less than half of the patients (43.3%) seems to
confirm Si—Al interactions in tissues in vivo.

All of the tested samples contained high thallium levels within 0-16.9 ppm. Thallium is a highly
toxic element, comparable to lead, cadmium, and mercury. Thallium (III) compounds show a similar
toxicity to mercury (II) compounds, and less toxic thallium (I) compounds are up to 10 times more
toxic than lead (II) compounds. Tal has mutagenic, carcinogenic and teratogenic effects, among others.
The accumulation of this element causes gastrointestinal ulcers, alopecia, and polyneuropathy. Thallium
dispersion in the environment is mainly due to the activity of industry [54-56]. The main anthropogenic
sources of thallium are solid emissions and wastes from coal, iron, non-ferrous mining, and metallurgy or
cement production processes. It can get into surface waters, soils, plants and, as a consequence, into the
digestive system. Hair has already been tested for thallium content [57,58], as well as blood and urine [59].
It turns out that highly-soluble thallium (I) compounds are easily absorbed, even through skin [60].

Much is known about lead toxicity [61], whose measured concentration ranges between 0-8.8 ppm;
surprisingly little information is available on the presence and concentration of other toxic metals in
the eye tissue and their effects on both sight and sharpness. To date, there are no studies that show
such high contents of another toxic element, namely tellurium, in the ophthalmic fluid. The measured
level in patients with cataracts ranges from 0.2 to 8.4 ppm. The human body absorbs tellurium with
food and it accumulates in the bones, liver, and spleen. Due to human health hazards, tellurium has
been classified in the Regulation of the European Parliament and of the Council (EC) No. 1272/2008w
as a substance showing acute inhalation toxicity, causing serious eye damage/eye irritation, and toxic
to internal organs and reproduction. Tellurium in the tested material occurs at a level comparable to
lead, thallium, and aluminum. The accumulation of these toxic elements in the aqueous humor in
people with cataracts is of clinical importance and sheds new light on the causes of this disease.

2.2. Statistical Analysis

The aim of the statistical analysis is to divide all chemical elements in the eye fluid of patients
undergoing cataract surgery, based on their concentration. Using a statistical analysis, a non-arbitrary
division was achieved. Due to the nature of the data, unsupervised machine learning methods were
used [62]. The division into homogeneous groups was applied using pairwise comparisons [63] and a
cluster analysis [64].

The distributions of the chemical elements in the raw data were characterized by a high right-hand
side asymmetry. This phenomenon is widely known. Asymmetry is affected by the fact that many
people have low levels of chemical element concentration. The lowest asymmetry is for Te (A = 1.07)
and the highest for Li (A = 10.7).

There were two reasons why the transformation of the raw concentration of elements was needed.
First, all of the earlier mentioned statistical methods need to resemble a symmetric distribution.
Second, the division of the elements obtained from the raw data is not interesting. Using a logarithmic
transformation of the elements’ concentration, a more interesting partition was obtained. Figure 2
illustrates the changes in the distribution between the transformed and raw concentrations of Ca [65].
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Figure 2. Distribution of the (a) raw and (b) transformed concentration of Ca. The transformed version
is more symmetric.

2.2.1. Division Based on Pairwise Comparisons

The idea of dividing elements into groups is based on the idea that elements that have similar
levels of concentration should be in one group. However, large differences in the concentration of
particular elements make it difficult to discriminate between them.

Figure 3 shows that there are differences between the concentrations of elements. A first attempt
to group them in view of the concentration was based on pairwise comparisons [66]. An ANOVA test
confirmed that the differences in the means of the concentrations between the elements are significant
(F =333.93 and p = 0). However, a post hoc test [66] failed in the creation of groups because almost
all elements were characterized by a bimodal distribution, which means that there are two groups of
observations for a particular element, one with a near-zero concentration and a second with a higher
concentration (i.e., see Au in Figure 3). The groups thus obtained are superimposed on each other.
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Figure 3. The distributions of the transformed concentrations of elements.
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2.2.2. Division Based on Hierarchical Cluster Analysis

The second approach was based on a hierarchical cluster analysis. This method aims to divide the
observations into k homogeneous groups, characterized by similar levels of characteristics describing
them, while maximizing the dissimilarities between the groups. The similarity is measured by a
Euclidean metric. In each step of the agglomerative hierarchical approach, an observation or a cluster
of observations is merged into another cluster (the two closest clusters or observations are merged into
a single new cluster). In this process, the number of clusters shrinks, and the clusters themselves grow
larger. To measure the similarities between clusters, Ward’s method was used, which uses intra-group
and inter-group variability [67].

Using this method for each observation separately, you can obtain a division in which the same
element will be in two different groups because its concentration for one patient will be higher and
lower for the other. Therefore, averaged logarithmized concentrations of individual elements were
first used for all patients. As a result, a hard division of elements was obtained, which means that each
element belongs to only one group.

The results of the hierarchical clustering are usually expressed by a dendrogram, on the basis of
which it is estimated how many groups should be formed. There are also other methods for assessing
the number of clusters, and for thus determining the distribution of observations into groups. One of
them is the silhouette method (Figure 4) [68], which indicates that the division into 5 clusters will be
good. However, both the silhouette criterion and dendrogram show that a division into 3 groups is
also reasonable.

Optimal number of clusters
0.6

o
»

Average silhouette width
(=]
N

0.0

3 4
Number of clusters k

Figure 4. Silhouette criterion plot.

Based on hierarchical cluster analysis (Figure 5), the following division was obtained:

e C(luster 1. - Ag, Ce, Co, Cr, Ga, Hg, Ho, Pb, Pr, Rh, Sb, Si, Sn, Ta, Yb, Zr,

e  (luster 2. - Al, Ba, Fe, In, Pt, Sm, Te, T, W, Zn,

e C(luster 3. - As, B, Cd, Dy, Er, Eu, Gd, Li, Lu, Mn, Nd, Os, Pd, Ru, Sc, Tb, Tm, U, V,
e  C(Cluster 4. - Au, Be, Bi, Cu, Ge, Hf, Ir, La, Mo, Ni, Re, Se, Sr, Th, Ti, Y,

e  C(Cluster 5. - Ca, Cs, K, Mg, Na, P, Rb.
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Figure 5. Dendrogram of the averaged logarithm of the concentrations of elements.

It can be seen that the 5th cluster consists of elements of the highest concentration (see Table 2).
Cluster 2 is made of elements with the second-highest concentration. The lowest element concentrations
are in cluster 3 because both central tendency measures (median and mean) are minimal. The increasing
order of the groups in view of the element concentrations is as follows: cluster 3, cluster 1, cluster 4,
cluster 2, and cluster 5. The least homogenous group is cluster 5 because it has the largest variance.
Moreover, as the level of concentration increases, its variance also increases.

Table 2. Element concentrations [ppm] descriptive statistics.

Group Min. Median Mean Max. SD
1 0 0.000 0.234 26.102 1.329
2 0 1.071 1.832 42.727 2.685
3 0 0.000 0.012 3.071 0.111
4 0 0.072 0.352 11.284 0.904
5 0 62.918 388.679 6430.328  778.327

The distribution of the averaged logarithm of the concentrations of elements can be described
by the densities (Figure 6). Even after the aggregation of the logarithmized concentrations, the
distributions are bimodal. Quite similar results are obtained if 3 clusters are chosen. In this case,
clusters 1 and 3 are merged into one group, and clusters 2 and 4 are merged into another one.
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Figure 6. The densities of the element concentration in clusters.

3. Materials and Methods

3.1. Subjects

The research material consisted of the aqueous humor from the anterior chamber of the eye taken
from patients undergoing cataract surgery in The Department of Retina and Vitreous Surgery at the
Medical University of Lublin in Poland. The study was approved by the Local Bioethical Committee of
the Medical University of Lublin (approval No. KE-0254/271/2019). The work has been carried out in
accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki) for
experiments involving humans. The samples were collected from 115 subjects (41 male, 74 female) at
the beginning of the cataract extraction surgery.

3.2. Sample Preparation Procedure

The samples were stored in 1.5 mL polypropylene tubes at —80 °C until analysis. A wet
mineralization of each sample was performed via the addition of 2 mL of 65% suprapur nitric acid
HNOs3; (Merck, Darmstadt, Germany), followed by heating to 180 °C in close Teflon containers in
the microwave mineralization system Mars 6 (CEM, Matthews, NC, USA). Finally, the samples were
diluted to 10 mL by ultrapure water obtained in the purification system Milli-Q (Millipore, Darmstadt,
Germany).

3.3. Analytical Procedures

The inductively coupled plasma optical emission spectrometer Agilent 5110 ICP-OES (Agilent,
Santa Clara, CA, USA) was employed for an elemental analysis. In doing so, the radio frequency (RF)
power was 1.2 kW, the nebulizer gas flow was 0.7 L min~!, the auxiliary gas flow was 1.0 L min~?,
the plasma gas flow was 12.0 L min~!, the charge coupled device (CCD) temperature was —40 °C, the
viewing height for the radial plasma observation was 8 mm, while the accusation time was 5s. The
analysis was repeated three times. ICP commercial analytical standards (Romil, Cambridge, UK) were
used for the calibration. The detection limits (LOD) were determined through 3-sigma criteria and
were on the level of 0.001 (ppm) wet weight (w/w) for all elements determined. The uncertainty for the
complete analytical process (including the sample preparation) was at the level of 20%. The traceability
was assessed by a standard addition procedure. A recovery of 80-120% was considered acceptable for

all the determined elements.
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3.4. Statistical Analysis

All calculations and illustrations were done using statistical environment R Core Team 2019 [69]
with necessary packages [70-73].

4. Conclusions

The role of metals in physiological and pathological processes has been of interest to scientists for
years. According to recent works, metals also contribute to the pathogenesis and development of eye
diseases. Until now, the morphological structures of the eyes were examined only for the content of
selected metals, such as Co, Cd, Zn, Fe, Cu, Mn, and Se. This work is the first study that classifies all
metals present in concentrations exceeding the detection limit of the ICP-OES determination method,
i.e., 0.001 ppm, present in the fluid from the anterior chamber of the eye of patients undergoing cataract
surgery. The analysis showed the existence of a statistically significant series of metals present at
various concentration levels. The classification of elements was made by a hierarchical cluster analysis.
The existence of 5 independent clusters was statistically justified. In the group of elements found
at high concentration levels (cluster 5), the results obtained for phosphorus are noteworthy. While,
the other elements belonging to this group are characterized by a fairly small coefficient of variation
(29.572-72.705), phosphorus has a coefficient about twice as large, i.e., 158,792. There is, therefore, a
significant variation in the levels of this element in the patient population being studied. In future
research, therefore, particular attention should be paid to this element due to its effect on the calcium
distribution and absorption of microelements in body fluids.

This study showed for the first time that patients with cataracts are characterized by elevated
levels of very toxic elements in the anterior chamber fluid. Cluster number 2 contains, e.g., thallium
and tellurium. The fifth cluster of elements with the highest concentration contains toxic cesium.
Considering the fact that these metals, along with lead or aluminum (of known prevalence and toxicity)
have a strong neurodegenerative potential, the observations made are clinically relevant. Among the
toxic elements, the variability of the levels of Al (CV = 69.146), Cs (CV = 73.205), Te (CV = 68.316)
and TI (CV = 90.629) in the population is noteworthy, while the variability of Pb (CV = 220.678), Cd
(507.174), and Bi (CV = 146.727) is definitely higher. This result illustrates the diversity of patients’
exposure to poisoning by these elements. Low levels of silicon with recognized protection properties
against aluminum contamination and disturbed proportions of Cs-K, P-Ca, P-Mg, P-Fe, P-Cu, P-Zn
were also found. The performed tests confirm the increased exposure of patients with cataracts to
toxic elements.
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