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Abstract: There is increasing epidemiologic and experimental evidence that lithium (Li) exhibits
significant health benefits, even at concentrations lower than the therapeutic oral doses prescribed as
treatment for mental disorders. The aim of this study is to determine the content of Li in 18 brands
of bottled natural mineral waters that are available on the Portuguese market and from which the
sources are found within the Portuguese territory, to provide data for Li intake from drinking water.
Analyses of Li were performed by inductively coupled plasma-mass spectrometry. The results indicate
highly different Li concentrations in natural mineral waters: one group with low Li concentrations
(up to 11 µg Li/L) and a second group with Li concentrations higher than 100 µg/L. The highest
Li concentrations (>1500 µg Li/L) were observed in the highly mineralized Na-HCO3 type waters
that are naturally carbonated (>250 mg/L free CO2). As a highly bioavailable source for Li dietary
intake these natural mineral waters have potential for Li health benefits but should be consumed in a
controlled manner due to its Na and F− contents. The consumption of as little as 0.25 L/day of Vidago
natural mineral water (2220 µg Li/L), can contribute up to 50% of the proposed daily requirement of
1 mg Li/day for an adult (70 kg body weight). In future, Li epidemiological studies that concern the
potential Li effect or health benefits from Li in drinking water should consider not only the Li intake
from tap water but also intake from natural mineral water that is consumed in order to adjust the Li
intake of the subjects.

Keywords: lithium intake; natural mineral water; health benefits; public health

1. Introduction

One of the challenges of the present century is the improvement of human health and to prevent
the spreading of diseases. This specifically also applies to mental disorders that occur in all regions and
cultures of the world. The most prevalent of these being depression and anxiety, which are estimated
to affect nearly one in ten people on the planet. At its worst, depression can lead to suicide [1].

Lithium is the gold standard treatment for several psycho-neurological diseases (e.g., as bipolar
disorders). The relationship between Li and health has been shown over time, since the time of
the Roman Empire but the clinical history of lithium only started in the mid-19th century when it
was used to treat gout, that proved to be ineffective. Its use in the treatment of psycho-neurological
began in 1948, by John Cade [2] in Australia. It is administered essentially as carbonate (Li2 CO3)
and at therapeutic doses within the limits of 600 to 1200 mg/day (113–226 mg Li/day [3]). Due to
the toxicity of Li there is a rather narrow therapeutic window (between 0.6 and 1.2 mmol/L blood
serum) for Li medication, which must be continuously monitored. Lithium is known to interact with
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neurotransmitters and receptors in the human brain, increasing serotonin levels and reducing brain
production of norepinephrine. The mechanisms under which Li acts neurologically have yet to be fully
understood, although several hypotheses exist [4].

In the human body the average (total) Li quantity is approximately 7 mg [5] and it is found in
various organs and tissues. Schrauzer [6] reported that Li appears to have an important role in fetal
development, considering the relatively high Li content within embryos during the early pregnancy.
Post-mortem human studies revealed that the cerebellum, cerebrum, and the kidneys retain more Li
than other organs [6]. Although, Li was not yet officially recognized as an essential element and no
recommended dietary allowance was proposed, in 2002 Schrauzer [6] indicated for a 70-kg adult a
provisional daily requirement of 1 mg Li/day (14.3 µg/kg body weigh).

All the essential elements and those considered beneficial must be provided by the diet or
nutritional supplements.

Environmental Li exposure and population diet intake can vary greatly from region to region.
The available data of daily Li intake point low to average doses in Belgium (8.6 µg/day) [7], the United
Kingdom (16 µg/day) [8], France (48.2 µg/day) [9], Hanoi (Vietnam) (36 µg/day) [10] and New Zealand
(20–29 µg/day) [11]. Depending on different Li content in food and beverages and to different ingestion
habits, the intake could be significantly higher as in Canary Islands (3.6 mg/day [12]) and vary over a
wide range [6]. Based on literature data, some grains and vegetables are the primary sources of Li
(0.5–3.4 mg Li/kg) as compared to dairy products (0.5 mg/kg) and meat (0.012 mg/kg) [13]. To meet the
nutritional demand for Li, Goldstein and Mascitelli [14] suggested that cereal grain products should be
fortified with Li or it be added to dietary supplements. Mleczek et al. [15] also investigate mushrooms
Li fortification, as food or alternative medicine in various cultures but further studies are necessary to
investigate the safety implications of these Li-enriched food items.

Not only solid food, which is the major source of mineral nutrients in the human diet but also
drinking water can contribute with variable amounts to the total intake. The role of non-alcoholic
beverages was reported in a French diet survey where it was observed that important contributions
to Li intake were water (35% for adults), followed by coffee (17%) and other hot beverages (14%) [9].
Lithiated beverages were common in the beginning of the twentieth century, as they were believed
to mediate health benefits. One of the most popular soft drinks in the world was launched in 1929;
the “Lithiated Lemon Soda” that was supplemented with 5 mg Li (as Li citrate/L) until 1948 [16],
when it was banned by the government. It was believed to cure alcohol-induced hangover symptoms,
make people more energetic and give lust for life and on the top of that shinier hair and brighter
eyes [17]. In fact, it is still on the market but since 1936 its name changed to 7UP. In 1949, John Cade
discovered that higher Li concentrations were toxic. Nowadays, according Seidel et al. [16] 7UP only
contains 1.4 µg Li/L.

In recent years, there have been ecological studies on aggregate data that suggest that long-term
intake of low Li concentrations, such as occurring in public drinking water (tap water), may also promote
mental health benefits for the general population. This research found that higher concentrations of Li
in the tap water are associated with lower suicide mortality rates. These results were observed in Texas
(1–160µg Li/L [18]), Japan (1–60µg Li/L [19]), Austria (<3–1300µg Li/L [20]), Greece (0.1–121µg Li/L [21])
and Lithuania (0.5–35 µg Li/L [22]). This inverse association was found with or without adjustment for
additional confounding factors such as the socioeconomic factors that are closely related to suicide.
However, in the east of England where Li concentrations in tap water are between 0.1 and 21 µg/L [23],
in Italy (0.11–60.8 µg Li/L [24]), Denmark (0.6–30.7 µg Li/L [25]) and in Portugal (<1–191 µg Li/L [26])
the association that high Li concentration in drinking water may protect against suicide was not
well supported.

Lithium has also been considered as a possible therapeutic agent for treating chronic
neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and Huntington’s diseases [27]. A Li
dose of 300 µg/day has been reported to stabilize cognitive impairment in patients with Alzheimer’s
disease although the underlying molecular mechanisms have not yet been fully understood [28].
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Furthermore, there is experimental evidences that Li may have positive effects on bone health [29] and
muscle function [30].

From these findings it has been suggested that Li should be added to public drinking water
supplies to improve the mental health of the general population, although this would be premature
and raises ethical concerns [31] and further research on this subject is necessary.

Lithium doses used for mental health treatment are considerably higher than those obtained from
daily exposure to Li in tap water. This raises questions regarding whether (an increased) daily intake
of Li from tap water can reduce the risk of suicide or otherwise be beneficial towards the mental health
of the population. As reported above, tap water is not the only liquid dietary source of Li and the
earlier discussed studies did not take it into account.

Several studies have shown that various bottled waters are rich in Li; the highest values reported
(9860 and 5450 µg Li/L) were from bottled waters from Slovakia [32] and Armenia (Hankavan-Lithia:
5.45 mg Li/L). Mineral waters such as Vichy Catalan (1.3 mg Li/L) and Evian (6.6 µg Li/L) were initially
also promoted as Li waters based on their Li content [33].

Bottled water plays a more and more important role in daily life. The worldwide bottled water
consumption is characterized by a significant growth over the last decade. Its consumption is still
increasing [34], especially in developed countries, even though tap water quality is good and several
orders of magnitudes less expensive than bottled water. Although all bottled waters might look the
same, in fact each natural mineral or spring water has its own distinctive taste, a unique set of properties
and a specific chemical composition at the source from where it is extracted, that reflects the geological
characteristics of the region and water-rock interactions occurring at depth. Moreover, the defining
characteristics of naturally sourced waters are reflected in their protected origin status and are guaranteed
by strict European Union (EU) legislation governing the extraction and packaging of the product [35].

European and national legislation distinguish three categories of waters: natural mineral water,
spring water and drinking water.

The EU has laid down specific rules for natural mineral and spring waters, which clearly set them
apart from drinking water, more commonly known as tap water [36]. Lithium is one of the elements
for which no potable water standards are defined in Europe. In Australia Li is listed as a pollutant
that causes environmental harm and it is limited to 2.5 mg/L for general irrigation and to a limit of
0.075 g/L for the irrigation of citrus cultures, respectively [37].

Bottled water in the EU is predominantly made up of the natural mineral water category [35].
The bottling and commercialization of natural mineral waters first began in Europe in the mid-16th
century, with the mineral waters from Spa in Belgium, Vichy in France, Ferrarelle in Italy, and Apollinaris
in Germany.

In 2016, natural mineral water accounted for 83% of EU bottled water retail, with spring water
accounting for 14% [34].

In Portugal, like in other countries, natural mineral and spring waters have always aroused great
interest due to their exceptional quality, diversity, and health-friendly effects. In 2018, the Portuguese
per capita consumption of bottled waters was 134 L/year, which is the 7th highest European Union
average consumption (EU average is 119 L/year) [35].

Each natural mineral water in Europe must receive official recognition from the State’s competent
authority. In the list of natural mineral waters brands recognized by the EU 27 Member States, Portugal
accounts for 22 brands [38].

According to Portuguese Legislation [39] natural mineral waters (the subject of this study) are
bacteriologically pure waters, of underground circulation, with stable physico-chemical characteristics
at the source within the range of natural fluctuations and which may result in possible therapeutic
properties or favorable health effects. Spring waters are also natural waters of underground circulation,
bacteriologically pure, which do not have the characteristics necessary for qualification as natural
mineral waters, provided that at the source they are suitable for drinking.

3
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The present study aims to quantify the Li concentration in Portuguese marketed bottled natural
mineral waters to identify if they may represent a significant source of dietary Li intake. Due to its
biological impact, it becomes more and more important to understand the Li content in drinking water
obtained from different sources, particularly in bottled natural mineral waters, especially in big cities.
These data will be very helpful for evaluating the future Li intake via drinking water and diet of
Portuguese epidemiological studies related with Li health effects on the population or at an individual
level, also contributing to the development of a Li food data base.

2. Materials and Methods

2.1. Sample Collection

The eighteen brands of bottled natural mineral waters characterized in this study were selected
from the list of the bottled natural mineral waters recognized by Portugal, updated in September
2019 [39]. On this list, the brands Monchique and Chic are, according their label, the same mineral
water but commercialized in different packages. Also, the mineral waters Pedras Salgadas and Pedras
Levíssima only differ in their CO2 content [40].

All studied natural mineral waters were purchased in supermarkets and local shops. Regarding
the type of packaging, nine of the natural mineral waters were bottled in polyethylene terephthalate
(PET) and ten in glass bottles. It is not expected that the content of Li and other trace element
under study in these mineral waters can be affected by bottled material leaching. According some
experiments [32] this becomes problematic for Sb in PET bottles and for Pb, Cr and Ce in glass bottles
at acid pH but not for Li.

These natural mineral waters have their catchment area on the Portugal mainland. Only the brand
Magnificat issues at the volcanic island of São Miguel, Azores Archipelago (Figure 1).

 

Figure 1. (a) Portugal geographic location; (b) Distribution of the catchment location of the studied
Portuguese bottled natural mineral waters (adapted from Reference [41]).
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2.2. Sample and Data Analysis

The pH value of the samples was measured with a glass electrode connected to a WTW pH
325-meter, previously calibrated against buffer solutions at pH 4.0, pH 7.0 and 10.0 (Merck), with an
accuracy of the pH measurement of about ±0.05 pH units. Electric conductivity corrected to a
temperature of 25 ◦C was measured using a WTW Cond 330i probe (WTW, Weilheim, Germany),
previously calibrated with a 0.01 M KCl standard solution (WTW).

The anions, fluoride, chloride, nitrate, and sulphate were analyzed in non-acidified samples at the
Laboratory of Mineralogy and Petrology of the Instituto Superior Técnico (LAMPIST, Lisboa, Portugal)
by ion chromatography. A Thermo ScientificTM DionexTM ICS-900 (Dionex, Sunnyvale, CA, USA) with
auto-sampler equipped with a conductivity detector, an IonPac AS22 column and a self-regenerating
suppressor using a sodium carbonate–sodium bicarbonate eluent was used for the analyses. Standard
solutions (Merck) and ultrapure deionized water (resistivity 18.2 MΩ.cm at 25 ◦C) produced in a
Direct-Q®3 water purification system (Merck Millipore) were used to prepare calibration standards.
A multi ion anion IC standard solution (Alfa Aesar Specure) was used every batch of samples as reference
and recalibration was performed if the average of triplicate measurements deviated by more than 10%.

The alkalinity was determined by volumetric titration on unfiltered and unacidified samples
(50 mL) with a 0.02 N HCL solution, using an automatic Metrohm titrator (titration end point pH
8.3 to determine OH- and/or CO2

3−
, followed to titration end point pH 4.5 to determine HCO3

−

concentration, according to Standard Method 2.320B [42]).
The dry residue (DR) content,was obtained from evaporation and drying the water sample at 180 ◦C.
The cations were analyzed at Activation Laboratories, Ltd. (Actlabs) (Vancouver, BC, Canada),

an accredited Laboratory, by inductively coupled plasma-mass spectrometry using a Thermo iCAP Q,
after the samples had been acidified with concentrated HNO3 (≥65%) to a pH < 2. The Detection and
Quantification Limits (LOD/LOQ) in µg/L are as follow: Li (0.02/0.06), Na (2/7), K (1/5), Ca (20/70),
Mg (2/6), Mn (0.1/0.3), Rb (0.002/0.006) and Cs (0.001/0.003). Quality controls were achieved according
to the Laboratory standards methods and quality assurance and protocols. The standards NIST 1643e
and SLRS was used by Actlabs to check the validity and reproducibility of the results.

All samples were analyzed without filtration to represent the water consumed as it is in the bottle.
The charge-balance errors, based on the percentage difference between the total positive charge

and the total negative charge (mEq), was below 10% for each sample.
Pearson’s correlation coefficient and linear regression with a confidence interval of 95% were

calculated with TIBCO®Data Science—Statistica® (Palo Alto, CA, USA) software (version 13.5.017)
and Piper diagram projections with RockWorks17 software.

3. Results and Discussion

The natural mineral waters discussed in this study are groundwaters abstracted from boreholes and
bottled directly at the source. Their distribution across the Portuguese mainland is uneven, with a greater
concentration in northern part of the country (Figure 1), mainly caused by the (i) geomorphologic
and climatic conditions (higher mountains, colder climate, more rainfall/recharge), (ii) structural
characteristics such as the prevalence of deep faults responsible for meteoric waters infiltration at deep
and natural mineral waters up flow to the surface as springs and (iii) geological signatures (more
fractured and permeable rocks promoting water-rock interaction at depth and developing different
water geochemical characteristics (e.g., Reference [43]).

The main characteristics of the studied Portuguese bottled natural mineral waters are presented
in Table 1.
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Table 1. Characteristics of the studied Portuguese bottled natural mineral waters.

Mineral Water Brand Type pH
EC DR F− Cl− HCO3

− NO3
− SO4

2− Na+ K+ Ca2+ Mg2+ Mn2+ Li+ Rb+ Cs+
Water Type Place of Exploitation

µS/cm mg/L µg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L µg/L µg/L µg/L µg/L

1 Salutis S 5.2 49 32 16 7.8 1.2 3.8 1.8 4.3 0.7 0.8 0.57 10 1 2.4 0.04 Na-Cl Ferreira—Paredes de
Coura

2 Fastio S 6.0 35 141 19 3.8 8.5 2.3 0.8 4.3 0.6 1.2 0.47 1 <1 1.7 0.11 Na-HCO3
Chamoim—Terras de

Bouro

3 Monchique S 9.4 419 107 1058 31.7 126.9 nd 47.8 76.9 2.0 1.3 0.05 <1 1 5.1 0.03 Na-HCO3
Caldas de

Monchique—Monchique
4 Vimeiro Lisa S 7.1 83 75 <10 8.4 21.4 0.4 3.6 9.2 0.3 5.6 1.46 <1 1 0.3 0.02 Na-HCO3 Maceira—Torres
5 Vitalis S 5.7 50 71 28 6.3 3.7 2.2 2.7 5.2 2.1 0.9 0.55 8 1 14.5 0.34 Na-Cl Castelo de Vide

6 Caldas de
Penacova S 5.5 48 41 <10 7.8 4.3 1.8 1.3 6.1 0.3 0.7 1.10 4 2 0.9 0.19 Na-Cl Penacova

7 Magnificat NC 5.0 166 234 533 18.0 81.0 13.6 4.2 21.9 9.7 8.4 5.04 142 3 33.9 0.15 Na-HCO3 Serra do Trigo—Açores
8 Castello AC 5.4 793 472 123 46.2 361.7 18.3 18.0 34.3 0.9 94.8 26.20 <1 7 0.4 0.04 Ca-HCO3 Pisões -Moura
9 Luso S 5.6 58 56 31 7.3 12.2 1.5 1.4 7.4 0.8 0.8 1.81 3 7 3.5 0.39 Na-Cl Luso—Mealhada

10 Vimeiro AC 5.7 1050 2291 221 176.3 425.8 7.8 79.4 144.0 3.7 112 27.1 <1 11 3.4 0.19 Na/Ca-HCO3 Maceira—Torres
11 Carvalhelhos S 7.0 248 453 963 2.6 141.5 0.2 6.9 55.0 1.4 5.6 0.70 1 173 16.3 30.90 Na-HCO3 Carvalhelhos -Boticas
12 Carvalhelhos AC 5.3 189 208 498 2.7 124.4 1.1 7.6 52.3 1.4 5.9 0.62 <1 177 17.9 32.60 Na-HCO3 Carvalhelhos -Boticas

13 Melgaço NC 5.7 840 439 657 10.6 691.7 1.2 7.5 87.5 3.6 145 3.01 275 600 19.5 6.73 Ca-HCO3
Quinta do

Peso—Melgaço
14 Campilho AC 5.9 1892 1289 4131 15.6 1288.3 0.9 8.7 428.0 27.1 37.4 10.06 1 1590 215.0 222.00 Na-HCO3 Vidago—Chaves
15 Frize NC 6.5 2300 2336 1440 100.2 1941.0 1.6 nd 630.0 41.1 75.6 25.05 53 1760 335.0 331.00 Na-HCO3 Sampaio—Vila Flor

16 Pedras
Salgadas NC 6.1 2660 1825 1265 22.9 1897.1 0.2 7.5 594.0 34.4 95.6 24.70 213 1800 238.0 49.00 Na-HCO3

Pedras Salgadas—Vila
Pouca de Aguiar

17 Bem-Saúde NC 6.0 2310 1600 2100 90.0 1596.0 20.3 7.2 510.0 46.0 84.0 21.00 100 2000 na na Na-HCO3 Sampaio -Vila Flor
18 Vidago NC 6.0 1554 1797 25 25.5 1869.0 0.8 7.7 624.0 53.8 73.7 14.40 20 2210 415.0 253.00 Na-HCO3 Vidago—Chaves

Notes: S—still natural mineral water; NC—naturally carbonated natural mineral water; AC—artificially carbonated natural mineral water; na—not available; nd—not detected.
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The natural mineral waters are commercialized with or without CO2 gas (carbonated or still
water, respectively). In some of the sources, the dissolved CO2 can be present due to natural geological
processes. If bottled as such it must be labelled as “naturally carbonated natural mineral water”
(Table 1: NC waters). For example, in the case of Vidago and Pedras Salgadas waters, following [44]
and references therein, their δ13 CCO2 values vary between −7.2 and −5.1‰ vs. V-PDB and CO2/

3He
ratios range from 1 × 108 to 1 × 109, indicating a deep (upper mantle) source for the CO2. It may also be
possible to capture the natural source of CO2 and re-inject it into the water prior to bottling or added
it artificially, being, in the second case, described as “artificially carbonated natural mineral water”
(Table 1: AC waters). If the waters are subjected to gasification processes, this must be indicated on
the label.

Considering the major ions present (expressed as percentage of the total mEq/L), the natural
mineral waters under study are mainly of the Na-HCO3 type, follow by the Na-Cl type (Salutis, Vitalis,
Caldas de Penacova and Luso) and Ca-HCO3 type (Castello and Melgaço) (Table 1 and Figure 2).

 

δ − −

Figure 2. Piper Diagram showing the chemical composition of the studied Portuguese natural mineral
waters (water type legend: Ca-HCO3 (triangles); Na-Cl (circles), Na-HCO3 (squares); low and high Li
content (open and closed symbols, respectively); sample identification (number) as indicated in Table 1).

The natural mineral waters studied present a large range of Li concentrations. It ranges from less
than 1 to 2210 µg/L and two groups can be recognized from the dataset: one group with low Li content
(up to 11 µg/L) that represents 55.5% of the natural mineral water samples and a second group with
higher Li contents (173 to 2210 µg/L).

3.1. Bottled Natural Mineral Waters with Low Li Content

The group with low Li samples ascribed to natural mineral waters with Li ranging between
<1 and 11 µg/L) are also waters with very low (DR < 50 mg/L) or low dissolved salts (50 < DR <
500 mg/L). An exception is Vimeiro, with 2291 mg/L, due to water circulation through evaporite (with
halite and gypsum) and carbonate rocks that occur at the contact of diapiric structures [45]. The Li
concentrations measured in this group compare to Li concentrations observed in public drinking waters
from 54 Portuguese municipalities [26]. According to Neves et al. [46], 75% of the water samples studied
by Oliveira et al. [26] show concentrations below 10µg Li/L, with a median of 4µg Li/L. This is also lower
than the median of 14.9 µg/L detected for Li, in 1785 samples of bottled waters collected in 38 European
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countries and analyzed for the European Groundwater Geochemistry Atlas [32]. In comparison to Li
data available from German beverages such as wine (11.6 ± 1.97 µg/L), beer (8.5 ± 0.77 µg/L), soft and
energy drinks (10.2 ± 2.95 µg/L) as reported by Reference [16], these Portuguese natural mineral waters
can be considered Li-poor food items. The contribution of these natural mineral waters to the dietary
Li supply will not be significantly different from the contribution of tap water.

Little is known on the effects of dietary Li on the Li status in the human body that is estimated
either from the concentration in blood (plasma or serum) or from urinary Li excretion. Like it is for
sodium, Li homeostasis is adaptively regulated by the kidney and Li is mainly reabsorbed in the
proximal tubule. Under normal conditions, approximately 80% of Li is reabsorbed by renal tubes [47].
Excretion of Li occurs within 24 h after its oral intake and is facilitated by the kidneys. A small extent
(2–3%) it is also excreted with feces and sweat [48].

Considering that the amount of Li taken by drinking water or food is probably reflected in serum
or urinary Li levels, it will be necessary measure such levels, particularly in individuals that do not
receive Li therapy.

In a study performed by Bochud et al. [49] both serum and urinary lithium concentrations were
measured in Belgians and South Africa participants and in the tap water consumed by them (10 µg Li/L
and 0.21 µg Li/L, respectively). Their results showed that the 24-h urinary lithium excretion was higher
and more dispersed in the Belgians than in the South African participants (8.2 ± 5.6 and 3.1 ± 4.1 µmol
per 24 h) but serum lithium levels were almost identical (0.31 ± 0.16 and 0.32 ± 0.21 µmol Li/L).
These observations suggested that serum lithium is tightly regulated even when there are large
variations in Li dietary intake from natural sources.

No increase in serum Li concentration was also observed by Seidel et al. [50] in the group that
received low Li mineral water (1.7 µg/L) and they reported that the 24-h urinary Li excretion exceed
the total uptake. At very low dietary intake, filtered Li is not fully reabsorbed [51] and Seidel et al. [50]
suggested that there could be a minimum dietary need for Li to ensure a positive Li balance.

Concerning the protective effect of low exposure of Li from drinking water, future epidemiologic
studies are required. The only individual-level cohort study carried out, on the Danish population for
the period 1991–2012 [25], did not find any association for Li levels up to 31 µg/L in drinking water.
However, information is still lacking regarding the quantity and/or duration of low Li exposure that is
necessary to be achieved for relating Li either with anti-suicide effects or to reduced aggressivity and
impulsivity, both associated with an increased risk of suicide [52].

3.2. Bottled Natural Mineral Waters with Higher Li Content

The group of the natural mineral waters with higher Li contents (173 to 2210 µg/L) are mostly of the
Na-HCO3 water type, except in the case of Melgaço that is of the Ca-HCO3 type (ascribed to granodioritic
rocks [53]). The highest Li content is measured in Vidago (Table 1). These waters are mainly exploited
from Hercynian granitic rocks in the north of Portugal, from within the Minho and Trás-os-Montes
regions, in the Geotectonic unit Galiza-Trás-os-Montes Zone (Figure 1). The catchment areas of these
Li-rich waters is well correlated with regional fault systems, such as the “Penacova-Régua-Verin
Fault”(Campilho, Vidago and Pedras Salgadas), the “Vilariça Fault” (Frize and Bem-Saúde) and the
“River Minho Fault” (Melgaço) (Figure 1), since they normally provide the best conditions for the
rising of fluids from deep crustal zones [43–45,53,54]. With exception of Campilho, all these Li-rich
natural mineral waters are naturally carbonated, with free CO2 contents above 250 mg/L, identified on
the bottle label as a “gasocarbonic” water. Carbonated waters were preferred by the consumers, as in
addition to the slightly acidic taste, it stimulate the papillae tastes, favors digestion and especially if
they are sodium carbonated water, they help to neutralize the acidity of the stomach [55].

Natural mineral waters with Li contents above 1500 µg/L present also high dissolved solids (DR >
1000 mg/L) and they are rich in sodium (Na > 400 mg/L), potassium (K > 27 mg/L) and magnesium
(Mg > 10 mg/L). A good correlation was observed between Li and Na (r = 0.966, p < 0.05) and between
Li and K (r = 0.976 p < 0.05), as also reported by Reference [50]. As their Na contents are higher than
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200 mg/L they are classified as “water with sodium” [36] and so a regular consumption of these waters
is not recommended for individuals that are on a low sodium diet.

Other elements that stand out in this Li rich group of bottled natural mineral waters, are fluorine
(F−), rubidium (Rb) and cesium (Cs) (Table 1). Fluorine ranges from 1265 µg/L (Pedras Salgadas)
to 4131 µg/L (Campilho), which according to Reference [36] can be also classified as “water with
fluorine” (F− > 1 mg/L). In this group the Vidago natural mineral water with only 25 µg F−/L, is the
exception. According to Calado and Almeida [56], this anomalous F− content, that does not result
from the dissolution of fluorite, as it was supposed but has a deep genesis, related to the circulation of
mineralizing fluids meso and/or infra-crustal origin. These fluids will be related to the lifting crustal
phenomena (uplift) that mainly affect the north and center of the country [56].

The European Union (EU) Directive [57] defines a maximum admissible concentration of 5 mg
F−/L in natural mineral waters and requires that F− concentrations above 1.5 mg/L are indicated on the
label, following the general EU Directive [58] for drinking water. Excessive F− (>1.5 mg/L) incurs a
risk of possible dental fluorosis, especially when the water is drunk regularly by children below the
age of 7 and should be avoided also by adults.

Rubidium and Cs are also elements that are reported, together with Li, as a characteristic for some
mineral waters related with water circulation through Hercynian granites. The maps of Rb (maximum
673 µg/L) and Cs (maximum 415 µg/L) in European bottled water [32] also shows up flow sites in
northern Portugal and France (Massif Central) related to young granitic intrusions and complex type
pegmatites of the LTC (Li-Ca-Ta) family.

It should be noted here that Li in water is present in aqueous solution in the form of hydrated
Li+ ions. Being in solution, it may assimilate in the human body more easily as compared to solid
food or with the salts as used in medication. If the beneficial effect of Li could be achieved at safer
lower doses, increasing its dietary intake would offer an approach to the prevention of the incidence of
mental disorders and a reduction in suicide attempts, aggressive behavior and conducted disorder as
reported [18,59–61]. This way, it may be possible to reduce the amounts necessary to be administered
and could also reduce side effects.

A recent study with healthy male volunteers [50] indicates that Li derived from medium to high
Li mineral water (171 and 1724 µg/L, respectively), is highly bioavailable. The consumption of the
mineral water with higher Li concentrations resulted in a peak serum content of up to 10–12 µmol Li/L
which did not return to baseline levels within 24 h. Also, the total urinary excretion of Li was positively
associated with Li uptake via mineral water. The data suggested that some minerals waters are an
important and bioavailable Li source for human intake. If confirmed, these findings have public health
relevance and emphasize the need for more data on Li concentrations in drinking water, as bottled
natural mineral water, and their intake in a daily basis.

Among the Portuguese bottled natural mineral waters, Campilho, Frize, Pedras Salgadas,
Bem-Saúde and Vidago waters, are the ones that can contribute more intensively to a significant Li
absorption or even to reach the provisional daily adult intake (1 mg Li/day).

A consumption of 0.5 L of each of these waters may provide between 0.75 and 1.1 mg Li/day,
assuring adequate Li intakes, especially people that are at risk of Li nutritional deficiencies.
So, as a source of bioavailable Li, its amount and frequency of ingestion cannot be ignored in
ecologic/epidemiologic Portuguese studies evaluating relations with intake of natural doses of Li via
drinking water or diet and mental health benefits.

It must be realized that the studied Li mineral waters are also rich in other elements as F− and
Na, which can limit recommendations to be consumed regularly as source of Li for all individuals.
For example, Vidago natural mineral water, due its lower F− content could be indicated as one that
can be used for this purpose but attention should be put to its Na+ concentration, as excessive Na
in the human diet can harm the kidneys and acerbate high blood pressure that is associated with
hypertension and coronary diseases in some individuals [62]. On the other hand, a higher Na content
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in the water can also modify the Li absorption process, as an increased of Na intake may increase the
excretion of Li [48].

Considering a consumption of 0.5 L, Vidago natural mineral water may provide up to 315 mg
Na/day, which is approximately 15.7% of the Daily Value (DV: 2 g Na/day) recommended by World
Health Organization (WHO), for consumption. As a general guide, 5% DV or less of Na per serving is
considered low and 20% DV or more is considered high [63].

However, Vidago natural mineral water also contains higher amounts of bicarbonate ion (HCO3
−)

instead of chloride (Cl−) as the anion associated with the Na+ cation. This is relevant because it is
established that the effect of sodium in blood pressure depends on the corresponding anion; the blood
pressure effect of sodium bicarbonate is much lower than that of equivalent amounts of sodium
chloride [64]. A crossover, non-blinded study that evaluated 17 individuals ingesting 0.5 L/day of
Pedras Salgadas and Vitalis natural mineral water (on Table 1) for 7 weeks, shows no effect on blood
pressure values on normotensive individuals [64]. Another study conducted by Schorr et al. [65]
also found that the ingestion of HCO3

− rich water (1.5 L/day) had hypotensive effects in and elderly
population. However, this study was not replicate with hypertensive individuals, more prone to salt
sensitivity. So, further research is necessary to improve knowledge on human body interactions with
these anions and the benefits of these Li-rich natural mineral waters for our mental health.

Vidago natural mineral water is usually sold and consumed in 0.25 L bottles. The regular daily
consumption of this natural mineral water volume can also provide a continuous supply of 550 µg Li
per drink (half of the provisional Li daily intake) and Na with lesser health concerns, as it supplies
160 mg Na (8% DV) per serving. In that condition this mineral natural water will have potential to be
regarded as an available natural nutritional Li supplement for suggested health benefits.

4. Conclusions

Depending on the chemical composition, natural mineral waters may significantly contribute to
the recommended daily intake of minerals and provide us with a natural source of healthy hydration.

The health effects of Li in drinking water, both tap waters and bottled waters is not fully understood
yet but there are indications that natural moderately high Li contents may be beneficial to the mental
health situation of the population. In the present study the Li content from a set of bottled natural
mineral waters from Portugal was evaluated. Based in the Li content two sets of natural mineral waters
could be recognized. A set with low Li concentrations (up to 11 µg/L) that will not have any different
effects on the dietary Li supply as compared to the contribution of tap water to the dietary contribution
of Li and a second set with higher Li concentrations (173 to 2210 µg/L). The natural mineral water with
higher Li contents (>1500 µg/L) is highly mineralized, mostly Na-HCO3 type waters and naturally
carbonated (CO2-rich waters with > 250 mg/L free CO2). These Li-rich natural mineral waters can be a
source of bioavailable Li and its consumption cannot be ignored in studies evaluating the intake of
natural doses of Li via drinking water or diet. It thus is important to take into consideration for studies
towards Li health effects or benefits for the population or at an individual level. Among the studied
bottled natural mineral waters, the consumption of 0.25 L/day of Vidago natural mineral water can
contribute significantly to reach the proposed provisional Li daily intake.

It should be noted that the dose of Li ingested through bottled natural mineral water is significantly
less than the recommended doses for therapeutic purposes and for that reason these waters can be also
regarded as a natural nutritional supplement.

Lithium’s interaction in human biochemistry is complex and should be a subject for continuous
research to demonstrate the possible clinical effects of natural low-dose Li intake on mental health of
the public.
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Abstract: Benthic macroinvertebrates and sediments can act as good indicators of environmental
quality. The aim of this study was to assess the accumulation of chemical elements in the Gomphidae
(Odonata) collected in the Blyde River. Seven sites were sampled for river sediments assessment
and five sites for larvae (naiads) of Gomphidae bioaccumulation analysis. The tissue samples were
analysed using inductively coupled plasma optical emission spectrometry (ICP-OES). The results
showed high levels of all of the tested elements except Cd in the sediment. The mean concentrations
of As, Cu and Cr exceeded the standard guideline values, whereas Pb and Zn were below the
standard guideline values. In the insect body tissue, the concentrations of most elements were higher
than in the sediments. The elements with the highest concentrations were Mn, Zn, Cu, and As.
The bioaccumulation factor (BF) showed a tendency for bioaccumulation for almost all of the selected
elements in the insect. The BF value was high for Cu, Mn, Sb, and Zn (BF > 1). The high concentrations
of elements in the insect body tissue may pose a risk to fish that consume them, and subsequently
to humans when fish from the river are consumed. It is therefore important to monitor the river to
reduce pollution to prevent health risks in humans, especially in communities that rely on the river
for water and food.

Keywords: bioaccumulation; Gomphidae; heavy metals; naiads; metalloids; pollution; sediments

1. Introduction

Globally, rivers and streams are threatened by anthropogenic pollution, such as toxic elements,
due to intensive land-use and inadequate environmental management practices [1–3]. Though most
elements occur naturally in the biogeochemical cycle, many are released into inland waters as
industrial, mining, agricultural, and domestic effluents, and may be harmful to aquatic systems [4].
River sediments serve as a habitat for various benthic macroinvertebrates and can serve as a sink
for elements such as heavy metals. The burrowing activity of some benthic organisms leads to their
chronic exposure to sediments contaminated with chemical elements [5].

Some elements are essential micronutrients for living organisms, while some (e.g., Cd, Cr and
Pb) are toxic to living organisms, even at low concentrations. The toxicity of elements in aquatic
ecosystems is complex and dependent on their bioavailability. Due to their prevalence and toxicity,
heavy metal contamination in aquatic ecosystems poses a serious environmental threat [6–8]. This may
lead to a decline in freshwater ecosystem functioning and biodiversity [9]. The available elements in
the environment (sediment and water) can be assimilated into living tissues through direct uptake
and the food chain, and if accumulated at unacceptable concentrations can affect the aquatic biota [10].
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When the contaminants are incorporated into the food chain, it poses a toxicity risk to the organisms
that consume them: fish, fish-eating birds, mammals and humans [11].

Many benthic organisms represent a link for the transfer of elements from the sediments to
upper trophic levels. Macroinvertebrates play a major ecological role in conveying energy from lower
trophic levels upwards. They serve as food for many predatory organisms in the water including fish,
which are a vital food for many rural communities, especially low-income groups [12]. Humans who
regularly consume contaminated fish are at risk to genotoxic, carcinogenic, and non-carcinogenic
health impairment from long-term exposure to toxic contaminants [13,14]. Thus, it has become
increasingly important to assess the levels of chemical elements in the body tissues of aquatic organisms
as an indicator of metal and metalloid pollution in aquatic systems and to determine whether the food
(e.g., fish) from impacted river systems are suitable for human consumption [15].

The Blyde River is one of the main tributaries of the Olifants River System. The river serves as
a source of drinking water and food (fish) to the rural communities living in the catchment. The larvae
(naiads) of dragonflies (Gomphidae, order Odonata) were selected for the study. They are good
ecological indicators and reflect the quality of aquatic systems [16,17]. The larvae are important
predators in aquatic ecosystems and prey on benthic and planktonic invertebrates [18] and also serve as
food for many fish species. The aim of the study was to assess the concentration of chemical elements
(bioaccumulation) in the larvae of Gomphidae and to predict the potential risk of transfer of toxic
elements to fish species.

2. Materials and Methods

2.1. Study Area

The Blyde River rises on the western slopes of the north-south trending Drakensberg Mountains
and flows northwards towards the escarpment edge where it is dammed. From the dam, the Blyde River
cascades down a steep series of rapids to its lower reaches, where the river again flows northwards to join
the Olifants River at the town of Hoedspruit in Limpopo Province [19]. The Blyde River sub-catchment
is approximately 2000 km2 in size. Geologically, the northern part of the sub-catchment is made up
of crystalline gneissic and granitic rocks of the Basement Complex, underlying the catchment [19].
The sub-catchment lies partly on the escarpment and, as a result, experiences considerably higher
rainfall than the other sub-catchments in the Olifants River Basin, with mean annual precipitation
sometimes exceeding 1000 mm [19]. During the last decade, there has been an increase in human
activities in the area, especially agriculture, which are likely to cause environmental pollution in the
freshwater systems.

The river is subjected to various sources of anthropogenic pollution, including domestic waste
(S1 and S2), agricultural runoff (S3 and S5), and industrial waste (Site 4), while S6 and S7 are nature
reserves (Table 1). The sampling sites were spread along the Blyde River until near the confluence with
the Olifants River. The study sites ranged between 24◦30′59.46” S 30◦47′56.14” E and 24◦15′30.38” S
30◦50′13.22” E (Figure 1).

Table 1. Location, description of activities, vegetation cover and substrate type (%).

Site Activity Vegetation Cover Cobbles Sand Silt Mud

S1 Domestic 70% (mainly shrubs and trees) 50 20 20 10

S2 Domestic/agriculture 60% (mainly shrubs, grass, and a few trees) 30 30 20 20

S3 Agriculture (mainly mangoes and citrus) 90% (mainly trees and shrubs) 40 30 20 10

S4
Industries (mainly local furniture
manufacturing, automotive services and
fruit processing factories)

20% (mainly shrubs and grass) 30 20 30 20

S5 Agriculture (mainly mangoes and citrus) 70% (mainly trees and shrubs) 20 20 30 30

S6 Nature reserve (little human activity) 80% (mainly trees, shrubs and grass) 20 20 30 30

S7 Nature reserve (little human activity) 50% (mainly shrubs and grass, and a few trees) 30 30 20 20
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Figure 1. Map of the study area, showing the locations of the seven sampling sites of the Blyde River.

2.2. Sampling and Analysis

Sediment samples were collected at seven sites along the Blyde River during the months
of February, April, July and October, in 2018. The samples were collected in acid pre-treated
polyethylene bottles. The sediment was frozen prior to chemical analysis. Gomphidae larvae were
sampled using a 30 by 30 cm SASS net with a 500 µm mesh size [20]. The samples collected at S3
and S7 were not sufficient for chemical analysis. Sediments and macroinvertebrate samples were
then analysed for elements at an accredited (ISO 17025) chemical laboratory (WATERLAB (PTY)
LTD, Pretoria, South Africa). The samples were put in acid-washed polypropylene pre-weighed
vials and dried at 60 ◦C for 24 h, and a mixture of HNO3 and HCl was added. Subsequently,
the samples were digested in an oven [21]. The digested samples were cooled at room temperature,
filtered using filter papers, and collected in beakers. The following metals and metalloids were then
analysed in batches with blanks using inductively coupled plasma–optical emission spectrometry
(ICP-OES; Perkin Elmer, Optima 2100 DV, Pretoria, South Africa): Arsenic (As), Antimony (Sb),
Cadmium (Cd), Chromium (Cr), Copper (Cu), Lead (Pb), Manganese (Mn), Nickel (Ni) and Zinc (Zn).
The analytical accuracy was determined using certified standards (De Bruyn Spectroscopic Solutions
500 MUL20 - 50 STD2) and recoveries were within 10% of certified values. The detection limits
were: As—0.001 mg/kg, Cd—0.0001 mg/kg, Cr—0.001 mg/kg, Cu—0.001 mg/kg, Mn—0.0025 mg/kg,
Ni—0.001 mg/kg, Pb—0.001 mg/kg, Sb—0.001 mg/kg, and Zn—0.001mg/kg.

2.3. Statistical Analysis

The mean and standard deviation of four samples at each site from the respective concentrations
of the elements in the sediments were calculated. Analysis of variance (ANOVA) was performed
using SPSS to determine whether there were significant differences among the different sites for the
concentrations of the elements. Pearson’s correlation matrix was used to identify the relationship
between the metals. The ability of benthic macroinvertebrates to accumulate chemical elements was
quantified through the bioaccumulation factors (BF) according to Klavinš et al. [22]
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The bioaccumulation factor is calculated using the following formula:

BF = Corg/Csediment

where Corg is the element mass fraction in the organism (mg kg−1 dry weight) and Csediment is the
element concentration of the sediment (mg kg−1 dry weight).

3. Results and Discussion

The mean concentrations of the elements in the sediment samples at the different sites are shown
in Table 2. The concentrations of As, Cu and Sb varied significantly among the different sites (p < 0.05).
The variations in the concentrations of the elements among sites could be due to the type of effluents
washed into the river from the catchment. The highest concentrations of As, Cu, Sb, and Zn were
recorded at S3. The highest concentrations of Cr, Mn and Ni were recorded at S5, and the highest
concentrations of Cd at S6.

The high concentrations of most of the chemical elements may be due to direct or indirect land
surface runoff of agricultural fields at S3 and the release of urban sewage and industrial effluents at
S5 [23,24]. Furthermore, the grain-size distribution of the sediments at different sites could have also
contributed to the type and concentrations of the elements. The proportion of finer particles at S5
was higher than that of coarse grains and may have contributed to the high concentration of chemical
elements. Thus, as the grain size decreases, the metal content increases [25,26]. The mean concentration
of As was greater than the CCME [27] guideline value of 13 mg kg−1, dw at all the sites. The high
As concentration at S3 might have been coming from pesticides and fertilizers used in agricultural
fields [28,29]. The mean concentrations of Cr exceeded the guideline value of 37.3 mg kg−1, dw at all the
sites. Chromium and its salts are used in pigments and paints, in fungicides, and in chrome alloy and
chromium metal production [30]. In this study, the main source of Cr in the sediment was mainly from
agricultural activities. The concentration of Cu exceeded the guideline value of 37.3 mg kg−1, dw at all
the sites except S7. The high concentration of Cu in the study sites could be attributed to agricultural
activities (pesticides, herbicides and fungicides) and to municipal wastewater and discharges from
the catchment.
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Table 2. Concentrations (mg kg−1) of chemical elements at different sites in the Blyde River sediment samples.

Element
S1 S2 S3 S4 S5 S6 S7 SQG

AVE ± SD AVE ±SD AVE ±SD AVE ±SD AVE ±SD AVE ±SD AVE ±SD

As 29.04 19.6 57.2 59.2 107.57 49.3 51.03 40.5 44.88 46.6 50.79 46.0 6.23 3.6 5.9
Cd ND - 0.04 0.05 0.09 0.1 0.01 0.02 0.11 0.18 0.41 0.7 ND - 0.6
Cr 56.33 15.5 48.9 16.8 98.24 42.5 80.44 50.3 108.0 73.8 41.5 12.8 76.1 449 37.3
Cu 36.74 20.4 82.0 90.2 274.34 148.3 73.99 50.8 63.46 52.8 63.62 62.1 15.23 8.9 35.7
Mn 494.6 69.1 748.7 530.4 1175 490.5 949.8 635 1298.8 776 685.31 263 984.3 404 -
Ni 137.4 118 126.9 111.2 166.4 104.8 115.1 101 281.69 329 109.9 104 288.1 301 -
Pb 4.94 0.57 7.23 1.68 16.13 4.1 7.18 1.83 7.36 1.1 7.49 2.1 6.57 0.75 35
Sb 1.48 1.1 8.19 7.71 24.74 6.7 6.3 5.6 7.24 7.0 7.11 5.4 0.4 0.69 -
Zn 29.19 24.2 30.1 22.19 75.68 62.2 48.26 25.0 38.58 23.6 42.83 38.7 45.58 40.9 123

AVE: Average; SD: standard deviation; ND—not detected. SQG: Sediment quality guideline (CCME).
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The correlation matrix showed a very strong relationship between Cr and Ni (0.868), Cu and Zn
(0.897), and Pb and Zn (0.766), at a significance level of 0.01. There was a strong relationship between
As and Cr (0.635), Cd and Cu (0.760), Cr and Mn (0.679), Ni and Mn (0.750), and Cd and Zn (0.727) at
a significance level of 0.05 (Table 3). These results indicated that these elements originated from similar
pollution sources. The absence of a correlation among some of the elements suggests that they are
not controlled by a single factor [31]. The high concentrations of these elements in the sediments may
pose an ecological risk to the aquatic biota, especially bottom-dwelling organisms. The concentration
of Cd was very low in the river. The relatively low levels of the elements at the downstream sites
(S6 and S7) is attributed to the nature conservation practices at these two sites. This is an indication
that the conservation practice is having a positive impact on the downstream of the river.

Table 3. The correlation coefficients between chemical elements of the sediments in the Blyde River.

Element Sb As Cd Cr Cu Pb Mn Ni Zn

Sb 1 0.217 0.103 0.099 −0.271 −0.389 0.574 0.452 −0.289
As 1 0.111 0.635 0.259 −0.342 0.597 0.386 −0.161
Cd 1 −0.452 0.760 0.368 −0.110 −0.552 0.727
Cr 1 −0.086 −0.500 0.679 0.868 −0.392
Cu 1 0.586 −0.202 −0.386 0.897
Pb 1 −0.531 −0.628 0.766
Mn 1 0.750 −0.467
Ni 1 −0.556
Zn 1

The tissue of Gomphidae (Odonata) was analysed for these chemical elements; As, Cd, Cr, Cu,
Mn, Ni, Pb, Sb and Zn. Aquatic insects can accumulate pollutants such as heavy metals from stream
sediments and from food [32,33]. There were significant differences in the concentrations of Mn, Ni,
Pb and Zn recorded in the body tissues of the insect larvae (p< 0.05). The concentrations of the elements
in the body tissues varied among the sites, with the highest concentrations of all the elements with the
exception of Mn and Ni were at S1. The concentrations of most of the elements in the aquatic insect
were about five to 10 times those of the sediments. The larvae bioaccumulated lower concentrations
at the downstream site, S6 (Table 4). The highest bioaccumulation of elements was at S1, instead of
S3 or S5, which had the highest concentrations of most of the elements in the sediments and could
partly be due to the local bioavailability of these elements.

Table 4. Concentration of chemical elements (Mean ± S.E) in the tissue of Gomphidae (Odonata) larvae
at different sites of the Blyde River (S.E: standard deviation).

Element S1 S2 S4 S5 S6

As 32.26 ± 0.0 19.81 ± 2.4 12.32 ± 0.0 16.59 ± 3.5 7.3 ± 3.3
Cd 0.56 ± 0.0 0.28 ± 0.03 0.17 ± 0.0 0.09 ± 0.03 0.25 ± 0.25
Cr 13.81 ± 0.0 4.59 ± 1.78 2.05 ± 0.0 5.55 ± 2.2 1.82 ± 0.53
Cu 187.13 ± 0.0 101.07 ± 28.1 78.18 ± 0.0 61.1 ± 29.2 52.9 ± 26.6
Mn 3173 ± 0.0 2106 ± 395 3068 ±0.0 3637 ± 1038 563.2 ± 33.6
Ni 11.13 ± 0.0 8.17 ± 2.79 9.99 ± 0.0 29.47 ± 10.3 6.23 ± 5.7
Pb 1.9 ± 0.0 0.55 ± 0.1 0.33 ± 0.0 1.11 ± 0.6 0.38 ± 0.05
Sb 3.54 ± 0.0 0.97 ± 0.05 1.46 ± 0.07 2.18 ± 0.95 1.03 ± 0.17
Zn 362.2 ± 0.0 168.2 ± 3.9 183.8 ± 0.0 108.7 ± 57.6 102.3 ± 41.2

Most of the elements detected in high concentrations in the sediments and in the insect larvae
are widely used in several fertilizers as a source of micronutrients. The larvae of Odonata are known
to tolerate heavy metals [34]. The concentrations of Cd, Cu, Zn and Mn were found in higher
concentrations (>50%) in the insect tissue than in the sediment. Meanwhile, the concentrations of As,
Cr, Ni, Pb and Sb were higher in the sediments than in the tissue of the larvae (Figure 2). The elements
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in high concentrations in the sediments, such as Mn, Cu and Zn, were highly bioaccumulated in
the insects. In this study, the transfer of Cr, Ni and Sb into the body tissue of the insect larvae was
relatively less efficient, whereas Cu, Mn and Zn showed relatively high transfer efficiency. In aquatic
insects, the concentrations of Cd, Ni, Cr, As, Pb, Cu, Ti, Zn and Mn change with size, life cycle stages,
and different bioaccumulation patterns [35]. For example, Caddisflies have been found to accumulate
Pb, regulate Zn and Cu, while Stoneflies accumulate Pb and regulate Zn [36].
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Figure 2. Composition of chemical elements in the sediments and the tissue of Gomphidae larvae.

The bioaccumulation factor (BF) of the elements in the insect larvae of Gomphidae from the Blyde
River are shown in Figure 3. The BF value was >1 for Cu, Mn, Sb and Zn, thus these elements may
be transferred to fish, and then to humans who consume fish from the river. The BF was high at
the upstream sites, S1 and S2, indicating a high bioavailability of the elements for the insect larvae,
whereas the lowest BF was at S6 (downstream site), with relatively low concentrations of the elements in
the sediments. The results show that the larvae of Gomphidae accumulate chemical elements from the
environment and they can be used to detect metal and metalloid pollution in aquatic environments [37].
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Figure 3. Bioaccumulation factor (BF) for larvae of Gomphidae samples from the Blyde River (ratio of
concentrations of chemical elements in the larval tissue and in the sediment).
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4. Conclusions

The metal and metalloid analysis of the river sediments showed variations in their concentrations
among the sites. The effects of these elements may have consequences not only on aquatic insects,
but also on higher trophic levels, such as fish and humans. In the insect body tissue, the concentrations of
most of the chemical elements were higher than in the sediments, meaning that the insects accumulated
the elements from the sediments. The study suggests that the concentrations of many of the elements
studied are too high in the sediment and the larval tissue; it is therefore necessary to monitor and
control chemical pollution in the river. Further study is required to assess the level of accumulation in
the different functional groups of macroinvertebrates and to determine the transfer of toxic elements
through the food chain.
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Abstract: Identifying and treating co-existing diseases are essential in healthcare for the elderly,
while physical rehabilitation care teams can provide interdisciplinary geriatric care for the elderly.
To evaluate the appropriateness of demand and supply between the population at demand and
physical rehabilitation resources, a comparative analysis was carried out in this study. Our study
applied seven statistical indices to assess five proposed methods those considered different factors for
geographic accessibility analysis. Google ratings were included in the study as a crucial factor of
choice probability in the equation for calculating the geographic accessibility scores, because people’s
behavioral decisions are increasingly dependent on online rating information. The results showed
that methods considering distances, the capacity of hospitals, and Google ratings’ integrally generated
scores, are in better accordance with people’s decision-making behavior when they determine which
resources of physical rehabilitation to use. It implies that concurrent considerations of non-spatial
factors (online ratings and sizes of resource) are important. Our study proposed an integrated
assessment method of geographical accessibility scores, which includes the spatial distribution,
capacity of resources and online ratings in the mechanism. This research caters to countries that
provide citizens with a higher degree of freedom in their medical choices and allows these countries to
improve the fairness of resource allocation, raise the geographic accessibilities of physical rehabilitation
resources, and promote aging in place.

Keywords: physical rehabilitation; elderly; geographic accessibility; resources allocation; spatial inequality;
medical geology

1. Introduction

1.1. Physical Rehabilitation Resources and Active Aging

The World Health Organization (WHO) proposed a policy framework for active aging in 2002,
emphasizing that active aging is a process wherein aging is guided by policies. By providing the
elderly with the best opportunities in pursuit of health, social participation, and a safe environment,
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their quality of life can be effectively promoted [1]. Therefore, the crucial implication active aging is to
help the elderly achieve the stage of successful aging. Phelan et al. [2] pointed out that the elderly
believe successful aging involves the integration of multi-faceted health conditions, including physical,
functional, psychological, and social abilities. In addition to medical services, social activities that
increase mental flexibility and connection to support networks that strengthen health also promote the
quality of life of the elderly. Due to the physical limitations of the elderly, the geographical accessibility
of physical rehabilitation resources affects their ability to use community care resources and reflects
fairness in the design of the resource allocation policy.

Identifying and treating co-existing diseases are essential in the healthcare for the elderly,
while physical rehabilitation care teams can provide high-quality and interdisciplinary geriatric care
for the elderly [3–5]. Board-certificated physiatrists are practitioners who complete their training in
physical medicine and rehabilitation residency and pass the national examinations. They possess
the professional knowledge to diagnose and treat many diseases of the elderly. Research has shown
that with the intervention of physiatrists, the elderly enjoy better functional recovery from injuries
and illnesses [6]. With the rapid growth of the elderly population, Taiwan is about to become a
super-aged society. Every older person in Taiwan has the same health insurance. The current healthcare
system in Taiwan, known as National Health Insurance (NHI), was instituted in 1995. NHI is a
single-payer compulsory social insurance plan that centralizes the disbursement of healthcare funds.
The system promises equal access to healthcare for all citizens, and the population coverage has reached
99% [7]. The National Health Insurance of Taiwan covers medical insurance for 99% of the population.
People are free to choose from medical centers, community hospitals, and specialist clinics when
they look for treatments. The integrated medical specialist teams led by physiatrists and supported
by physiotherapists, occupational therapists, speech therapists, nurses, nutritionists, and orthotists
can provide interdisciplinary physical rehabilitation care in appropriate environments with proper
equipment and provide comprehensive care for the elderly [8,9].

1.2. Accessibility Assessment of Elderly Physical Rehabilitation Resources

Some studies addressed the perception of accessibility of elderly physical resources, such as reports
by clinic managers versus actual accessibility in healthcare clinics for persons using wheelchairs [10],
problems of access to primary care [11], people with physical disabilities feel they are experiencing
difficulty accessing adequate and appropriate primary healthcare services [12]. According to these
studies, the transportation factor is important for the elderly to access healthcare resources. Therefore,
evaluating the appropriateness of the demand and supply between the population at demand and
physical rehabilitation resource is important for policy-making. In a comprehensive review of the
literature, studies that address a geographic accessibility assessment of elderly physical rehabilitation
resources are rare.

A geographic accessibility assessment could provide a fair distribution in allocating healthcare
resources [13–24]. Identifying and treating co-existing diseases are essential in healthcare for the
elderly, while the accessibility of physical rehabilitation resources should be taken seriously.

Frail older adults can go to hospitals by their family’s vehicles or apply for the governmental
rehabilitation bus service. Taiwan’s NHI provides a free rehabilitation bus service for those who have
a handbook of physical and mental disabilities with moderate or above multiple disabilities including
limbs, moderate or above visually impaired, vegetative (wheelchair accessible), and extremely severely
disabled vital organs [25]. For those who could not pay the premium, the premium is fully subsidized
for the households below the poverty line. Or, the NHI can refer those very poor persons to charitable
organizations for help. The transportation for older adults is organized by families and the NHI.
Therefore, income would not become the main obstacle of transportation, but the accessibility of
resources would be an important issue for aging in place.

The discussion of fairness in the distribution of physical rehabilitation resources involves the
degree of coordination between the population at demand and service supply as well as distance
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factors. For frail older adults who need regular and periodic physical rehabilitation, high-geographic
accessibility is important to promote aging in place. The use of assessment methods for resource
accessibility help examine whether the allocation of physical rehabilitation resources shows inequity
due to regional differences. The author of this study attempted to employ geographic accessibility as
the assessment method. The investigation analyzed and compared the results drawn from five types
of geographic accessibility calculation methods examining the adequacy of physical rehabilitation
resource allocation.

In this study, open data of 2020 were retrieved from Taiwan Academy of Physical Medicine and
Rehabilitation, and its member list of board-certificated physiatrists and registered clinics was the
supply points for the resources. People aged 65 and above in towns were held to be the population
at demand. With the aforementioned data, the geographical accessibility of rehabilitation resources
for the population at demand in towns were examined. For the presentation of analytical data,
assessments focused on the data of county/city levels, which were aggregated from the data of town
levels. Therefore, the counties/cities over the island that need to be prioritized for the improvement
of resource accessibilities at physical rehabilitation points are pointed out in this study to present
the problems in the appropriateness of demand and supply between geographical locations and the
density distribution of population at demand. The research results are expected to turn into references
for relevant administrative and management departments when they formulate resource allocation
policies of rehabilitation resources.

The current distribution of the population at demand and physical rehabilitation resources,
population at demand to physical rehabilitation resources ratio, and the service load of rehabilitation
hospitals were examined in the study. The investigation helped consider how to increase the
accessibilities of physical rehabilitation for the elderly by assisting them to look for treatment at
clinics nearest to their homes and reduce traffic obstacles they may encounter to promote their health.
The author explored the following issues:

1. The spatial distribution of the population at demand and number of physical rehabilitation
resources in towns.

2. To carry out a comparative analysis on geographical accessibility scores of physical rehabilitation
resources with five calculation methods based on different decision-making considerations and
choice probabilities.

3. To suggest follow-up improvements of policies based on the differences in densities of physical
rehabilitation resources in counties/cities.

2. Materials and Methods

2.1. Data Collection: Study Area and Datasets

The geographical area covered by the analysis in this study includes 19 counties/cities and
349 towns on the main island of Taiwan. Information about board-certificated physiatrists was
retrieved from the open data of Taiwan Academy of Physical Medicine and Rehabilitation in 2020 [26].
Information about the population aged 65 and above in towns was retrieved from the database of
Department of Household Registration, Ministry of the Interior, which was released in March 2020 [27].

The convenience of transportation is an important factor that determines senior citizens’ access
to community care resources. However, to examine the differences in convenience of transportation
in counties/cities, we will have to consider the types of vehicles, frequencies of running and travel
time, fare policies, as well as fare subsidy policies of counties/cities. Due to the scarcity or low
credibility of relevant data, it is infeasible to include such information in the analysis of road network
data. In the evaluation of factors that affect geographic accessibility, the study took reference from
the research method of Page et al. [28]. While retrieving data for the analysis of transportation
influencing factors, the road network data in government open data representing actual route distances
were adopted instead of the traditional map distances (the linear distance between two points) to
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reduce the error. As for map data, numerical maps were taken from the Ministry of Transportation
and Communications [29]. The ArcGIS application, which adopts geographic information systems,
was used to calculate geographic accessibility by a geography information system (GIS)-based network
analysis. As the geographic accessibility analysis focused on the convenience of users’ mobility, if the
data of supply points in the main island and outlying islands of Taiwan are mixed and assessed
collectively, the issues in traffic and geographic distance will produce deviations in resource accessibility
assessment. Therefore, the study area was limited to the main island of Taiwan.

To define the searching area of physiatrist resources, registered specialist clinics were listed and
filtered in this study, according to the Taiwan Academy of Physical Medicine and Rehabilitation.
As these resource data only list service units, we had to search for the addresses of every service
unit before converting the addresses to coordinates by geocoding applications. Next, with the use
of the geography information system (GIS), the latitudes and longitudes of the locations of every
resource were positioned in the TWD97 2-degree transverse Mercator coordinate system. Cartographic
visualization was employed to test the accuracy of every coordinated point and reduce location error.
Finally, the cartographic data of physiatrist resources were produced. As of March 2020, there were
688 physiatrist service points in the main island of Taiwan, while there were 1140 physiatrists in total.

Preliminary investigations in this study indicated that there were 3,618,878 people aged 65 and
above on the main island of Taiwan as of March 2020. As there were 1140 physiatrists in total, it means
that for every 10,000 elderly people there were 3.15 physiatrists on average. As the number is close to
the population of towns, the weighted center point of towns (generated by the weighed calculation of
population in villages) would represent the center point of people in demand for resources.

2.2. Measuring Geographic Accessibility to Elderly Physical Rehabilitation Resources

The geographic accessibility of resources is a critical basis for considering resource allocation.
A main method to analyze resource accessibility is to calculate the ratio of resources allocated (amount
and spatial distribution) to the population at demand.

At present, Taiwan’s policy formulation relies on the regional average method in weighing
medical resource accessibility. Taking each administrative region as a unit, the number of hospitals,
medical personnel, and hospital beds per 10,000 (or per 100,000) people in the region is calculated and
becomes a potential accessibility indicator for the framework of accessibility to medical resources [30].
In terms of the assessment of medical resources, the method assumes that the administrative region
equal to the activity space where people utilize medical resources and distances does not bring about
differences in the usage of medical resources within the region. However, patients can seek treatments
by crossing into different administrative regions in reality. This characteristic of spatial mobility is
not taken into consideration in the regional average method, and this is where problems arise [15].
The method was identified as method A0 in this study, with Equation (1) as follows:

Ai,0 =

∑

j∈Di
S j

Pi
(1)

where Ai is the geographic accessibility score of a town i and implies the average amount of supply
point resources enjoyed by each person in demand in the region of the town i;

∑

j∈Di
S j represents the

amount of supply point resources in region i of the town; Pi represents the population at demand aged
65 or above in the region i of towns.

Luo and Wang [14] proposed the two-step floating catchment area method, which breaks the
aforementioned limitations caused by setting administrative regions as activity areas. Not only does the
research method consider the possibilities of cross-region healthcare utilization by people, but it also
sets a reasonable range of seeking treatment and, in turn, assesses the spatial accessibility of medical
resources. The two-step floating catchment area method is primarily divided into two stages [19,21,31].
In stage one, the service loads of each service provider of resources are calculated. In stage two,
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the ratios of resources that can be reached by each location of the population at demand are calculated
to assess the geographic accessibility scores of resources [20].

The three-step floating catchment area method [32] is an advanced and improved search method
derived from the two-step floating catchment area method. The new method evaluates different
choice probabilities of the population at demand when people approach nearby locations of medical
resources. The effects of hospitals’ capacities and travel distances on the utilization behavior of medical
resources are specifically taken into consideration. The concept of this method is to calculate the
probability of seeking treatment, which represents the probability of each patient to visit different
hospitals through distance weighting and hospital capacities. The probability of seeking treatment is
then used to estimate the average ability of the medical resource allocation of each hospital. In the
same manner, with the hospitals’ capacities and distances from the served regions, the probability of
each region in demand to visit different hospitals is calculated. According to the choice probabilities,
the average ability of the medical resource allocation of each hospital will be allocated to the region in
demand appropriately, wherein we obtain the distribution situation of geographical accessibility to
medical resources in the research area.

The calculation of geographical accessibility proposed in this study originates from the calculus
concepts of the three-step floating catchment area method. Equations (2)–(5) are as follows:

Ai,1 =
∑

r=1∼h

∑

j∈Dr

S j ∗ f
(

di j

)

∑

r=1∼h

∑

k∈Dr
Pk ∗ f

(

d jk

) (2)

Ai,2 =
∑

r=1∼h

∑

j∈Dr

S j ∗Ki j ∗ f
(

di j

)

∑

r=1∼h

∑

k∈Dr
Pk ∗K jk ∗ f

(

d jk

) (3)

Ai,3 =
∑

r=1∼h

∑

j∈Dr

S j ∗Vi j ∗ f
(

di j

)

∑

r=1∼h

∑

k∈Dr
Pk ∗V jk ∗ f

(

d jk

) (4)

Ai,4 =
∑

r=1∼h

∑

j∈Dr

S j ∗KV
ij
∗ f
(

di j

)

∑

r=1∼h

∑

k∈Dr
Pk ∗KV

jk
∗ f
(

d jk

) (5)

where Ai,1 is the simplest calculation of the geographical accessibility score of a location at demand i

and implies the average amount of supply point resources enjoyed by people at demand in the location
at demand i; Sj represents the scale of supply at each service point (physiatrist) j; Pk represents the size
of the elderly population in the location at demand k; dij is the route distance between the location at
demand i and the service point j; djk is the route distance between the service point j and the location at
demand k. In the equations, f(dij) is the distance-decay function, while the search radii of resources
in this study are divided into three districts (r = 1~3) according to the respective distance. The first
district (dij ≤ 3 km) is the area that the elderly can reach on foot in about an hour [24]. The second
district (3 km < dij ≤ 15 km) is the area that the elderly can reach by driving for about half an hour.
The third district (15 km < dij ≤ 30 km) is the area that the elderly can reach by driving for about an
hour. f(dij) is shown in Equation (6):

(

di j

)

=



































1, di j ≤ 3 km
3

di j
, 3 km < di j ≤ 15 km

15

(di j)
2 , 15 km < di j ≤ 30 km

0, di j > 30 km



































(6)

Ai,2 calculates the geographical accessibility score of a location at demand i when Kij, which is the
different choice probabilities of the population at demand to approach various nearby service points,
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is taken into consideration. With considerations of the scale of supply at service points Sj and distance
decay dij, Kij represents the choice probabilities of the location at demand i to service point j and is
expressed in Equation (7):

Ki j =
∑

r=1∼h

S j ∗ f
(

di j

)

∑

k∈Dr
Sk ∗ f (dik)

(7)

Ai,3 is a new method of calculation introduced in this study, which calculates the geographical
accessibility score of a location at demand i when Vj, the overall rating of the location point j summited
to Google by ordinary users, is taken into consideration. It represents the crucial decision basis of
people when they choose to visit a particular service point in reality. With considerations on rating Vj

and distance decay dij, Vij represents the choice probabilities of the location at demand i to service
point j and is expressed in Equation (8):

Vi j =
∑

r=1∼h

V j ∗ f
(

di j

)

∑

k∈Dr
Vk ∗ f (dik)

(8)

Ai,4 is another new method of calculation introduced in this study. It calculates the geographical
accessibility score of a location at demand i while integrating the factors of rating Vj, the scale of
supply at service points Sj, distance decay dij, and the different choice probabilities of the population at
demand to approach various nearby service points KV

ij
. KV

ij
is expressed in Equation (9):

KV
ij =

∑

r=1∼h

V j ∗ S j ∗ f
(

di j

)

∑

k∈Dr
Vk ∗ Sk ∗ f (dik)

(9)

The flow of calculation follows Equations (1)–(8). First, we calculated the service load to be
provided by each service point of physiatrists to the three districts divided by the distances and
within a 30-km search radius of resources (the service load = the total population at demand in towns
within a 30-km search radius/scale of service at the particular service point). Finally, we calculated the
accumulated service load provided by the service points of physiatrists to each weighted center point of
people at demand in towns, while the service points are within a 30-km search radius of the weighted
center point. In this way, the accessible ratio of resources at the service points of physiatrists to the
population at demand in towns was obtained, which is held to be the geographical accessibility score.
Table 1 shows the calculation equations used in this study to evaluate the geographic accessibility
scores of physical rehabilitation resources.
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Table 1. Definition of elderly physical rehabilitation resources geographic accessibility scores.

Method Description Equation Distance-Decay Function

A0 Regional average method Ai,0 =

∑

j∈Di
S j

Pi

1

A1 Two-step floating catchment area method without
choice probability Ai,1 =

∑

r=1∼h

∑

j∈Dr

S j∗ f(di j)
∑

r=1∼h

∑

k∈Dr Pk∗ f(d jk)

f
(

di j

)

=



































1, di j ≤ 3 km
3

di j
, 3 km < di j ≤ 15 km

15
(di j)

2 , 15 km < di j ≤ 30 km

0, di j > 30 km



































A2 Three-step floating catchment area method with
considerations of choice probability Kij

Ai,2 =
∑

r=1∼h

∑

j∈Dr

S j∗Ki j∗ f(di j)
∑

r=1∼h

∑

k∈Dr Pk∗K jk∗ f(d jk)

A3 Three-step floating catchment area method with
considerations of choice probability Vij

Ai,3 =
∑

r=1∼h

∑

j∈Dr

S j∗Vi j∗ f(di j)
∑

r=1∼h

∑

k∈Dr Pk∗V jk∗ f(d jk)

A4 Three-step floating catchment area method with
considerations of choice probability KV

ij
Ai,4 =

∑

r=1∼h

∑

j∈Dr

S j∗K
V
ij
∗ f(di j)

∑

r=1∼h

∑

k∈Dr Pk∗K
V
jk
∗ f(d jk)
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2.3. Google Rating

In the era of Web 2.0, consumers increasingly rely on the rating mechanism of online service
platforms as crucial factors for decision-making. The online rating mechanism has become an important
asset in the digital “reputation” economy [33]. For example, people who prepare to choose a hotel put a
high value on the review scores left by tourists on travel information websites Agoda and Tripadvisor.

In 1995, Taiwan implemented the National Health Insurance policy, which provides convenient
medical services to citizens. People are free to choose from various hospitals when they look for
treatments. Faced with the competition in the free market, hospitals have adopted business models
of marketing and branding to attract patients. Hospital rating mechanisms on online platforms,
where people provide reviews voluntarily and freely, have emerged as crucial sources of references
for patients’ healthcare-seeking decisions. Broadly speaking, rating mechanisms include blogging,
Facebook, YouTube, and Google’s rating mechanism for businesses. Among them, Google Rating is the
rating mechanism that performs best in structuring consumers’ feelings and is the most recognized by
the public [33–35]. Google Rating scores are divided into 1~5 points, representing evaluations ranging
from least satisfied to most satisfied.

Based on the open competition in Taiwan’s medical market, the high degree of freedom enjoyed by
people in seeking treatment, and the multiple choice factors in healthcare-seeking decisions, this study
innovates and introduces new methods of calculating the geographic accessibility scores of physical
rehabilitation resources, in which Google ratings for businesses is included as a choice factor in
the calculation equations. The methods are detailed in the descriptions of methods A3 and A4 or
Equations (7) and (8).

2.4. Gini Coefficient

The Gini coefficient was defined by Italian statistician Corrado Gini based on the Lorenz curve
as a measure of income distribution equality within a society [36]. The Gini coefficient can range
from 1 to 0, wherein 1 represents complete inequality in people’s annual income distribution and 0
represents complete equality in income distribution. Generally speaking, a Gini coefficient below
0.2 indicates highly equitable income distribution, 0.2–0.3 represents equitable income distribution,
0.3–0.4 indicates bearable inequitable income distribution, 0.4–0.6 tends toward serious inequality in
income distribution, and above 0.6 indicates high inequality in income distribution [37]. Therefore,
when the Gini coefficient is above 0.6, the ruling authority would usually be advised to be on the
alert for excessive income inequality within the society, as the situation may lead to social conflicts.
Due to its nature, the Gini coefficient is also called the inequality coefficient. With reference to the
above-mentioned scaling of the coefficient, this study explains the disparity in the accessible ratio of
resources at service points of physiatrists to the population at demand in counties/cities.

The Gini coefficient was used in this study to evaluate the equality of the accessible ratio of service
point resources to the population at demand. Therefore, a higher Gini coefficient in a county/city
represents a more inequitable distribution of resources at service points to the population at demand.
Based on the definition of y1 = f (x) of the Lorenz curve, the y-axis measures the accumulated
percentage of the accessible ratio of service point resources in each town, while the x-axis measures
the accumulated percentage of the population at demand in each town. The Gini coefficient is equal
to the area between curve y1 and line y2, divided by the area below line y2. The Equation (10) is as
follows [38]:

G =

∫ 1
0 (y2 − y1)dx
∫ 1

0 y2dx
=

∫ 1
0 (x− f (x))dx
∫ 1

0 xdx
= 2
∫ 1

0
(x− f (x))dx (10)
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3. Results

3.1. Distribution of People at Demand in Towns and Physical Rehabilitation Resources

Table 2 summarizes the results of resource assessments using the regional average method
(method A0). The National Health Insurance of Taiwan adopts an ideology of open and free
competition concerning the setting up of hospitals. As a result, operating in metropolitan areas to
attract clients is the first choice of most physical rehabilitation clinics and physiatrists. Furthermore,
teaching hospitals focusing on physical rehabilitation training tend to cluster in metropolitan areas.
Consequently, many physiatrists choose to register and practice in the same metropolitan area where
they complete their specialist trainings. Therefore, in the six most urbanized municipalities (Taipei City,
Kaohsiung City, New Taipei City, Taichung City, Tainan City, and Taoyuan City) where 68.12% of the
elderly population live, the density of physiatrists per 10,000 elderly people ranged between 1.55%
and 5.29%, while the average density of physiatrists on the main island of Taiwan was 1.80%.

Table 2. Summary statistics of 65+ population and physical rehabilitation physicians’ scores by
administrative districts (method A0).

Administrative
District

65+

Population
65+

Population %
Number of

Towns
Number of
Physicians

Physicians-to 10,000
Population %

Yilan County 76,134 2.10% 12 25 1.82
Hsinchu County 71,911 1.99% 13 16 0.91
Miaoli County 91,283 2.52% 18 21 1.13

Changhua County 205,532 5.68% 26 42 0.99
Nantou County 89,157 2.46% 13 12 0.79
Yunlin County 127,220 3.52% 20 19 0.81
Chiayi County 99,858 2.76% 18 13 0.92

Pingtung County 140,607 3.89% 32 18 0.65
Taitung County 35,707 0.99% 14 8 0.54
Hualien County 55,009 1.52% 13 20 1.49

Keelung City 62,020 1.71% 7 23 3.35
Hsinchu City 57,138 1.58% 3 22 3.29
Chiayi City 42,062 1.16% 2 24 5.72
Taipei City 483,523 13.36% 12 255 5.29

Kaohsiung City 444,875 12.29% 38 143 2.52
New Taipei City 590,644 16.32% 29 172 2.09
Taichung City 368,586 10.19% 29 141 3.66

Tainan City 299,640 8.28% 37 83 1.55
Taoyuan City 277,972 7.68% 13 83 2.19

Total 3,618,878 100% 349 1140 1.80

3.2. Overview of the Google Ratings of Physical Rehabilitation Hospitals in Towns

Table 3 shows the Google ratings of physical rehabilitation hospitals in towns. Concerning
mean values, eight counties/cities had a mean value lower than Taiwan’s average value. The eight
counties/cities are Hsinchu County, Miaoli County, Yunlin County, Chiayi County, Pingtung County,
Chiayi City, New Taipei City, and Taoyuan City. Among them, New Taipei City and Taoyuan City are
densely populated and highly urbanized. The two municipalities also have a high number of hospitals
and a physiatrist to elderly population ratio higher than Taiwan’s average value. However, the mean
values of physical rehabilitation institutes’ Google ratings in the two municipalities are lower than
Taiwan’s average value, while the standard deviations are higher than Taiwan’s average value. In the
digital era, people rely heavily on the rating mechanism of online service platforms as crucial factors
for decision-making, and the ratings can alter patients’ preference in seeking treatment. They may
be more inclined to choose hospitals that have high ratings but greater travel distance comparatively.
Therefore, as an innovation, this study introduced methods A3 and A4, which integrated Google
ratings into the calculation of choice probabilities affecting geographic accessibility.
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Table 3. Summary statistics of physical rehabilitation hospitals’ Google rating.

Administrative District Number of Hospitals Mean SD Min Max

Yilan County 15 3.71 0.74 ⊚ 2.40 * 5.00
Hsinchu County 13 3.65 * 0.47 2.60 4.60 *
Miaoli County 12 3.49 * 0.63 2.50 * 4.80 *

Changhua County 23 3.75 0.70 ⊚ 2.50 * 5.00
Nantou County 11 3.87 0.86 ⊚ 2.70 5.00
Yunlin County 11 3.69 * 0.57 3.00 4.90
Chiayi County 5 3.64 * 0.21 3.40 3.90 *

Pingtung County 15 3.41 * 0.58 2.50 * 4.30 *
Taitung County 6 3.78 0.77 ⊚ 2.50 * 4.90
Hualien County 11 3.76 0.80 ⊚ 2.10 * 5.00

Keelung City 11 3.85 0.55 2.80 4.50 *
Hsinchu City 12 3.79 0.67 ⊚ 3.10 4.90
Chiayi City 11 3.66 * 0.49 3.20 4.50 *
Taipei City 114 3.79 0.56 2.60 5.00

Kaohsiung City 96 3.78 0.68 ⊚ 2.20 * 5.00
New Taipei City 102 3.62 * 0.72 ⊚ 1.90 * 5.00
Taichung City 83 3.75 0.68 ⊚ 2.50 * 5.00

Tainan City 57 3.74 0.69 ⊚ 2.20 * 5.00
Taoyuan City 50 3.63 * 0.70 ⊚ 2.00 * 4.90

Total 658

Average 3.72 0.66 2.56 4.80

Note: 1. *: lower than average. 2. ⊚: higher than average.

Some conventional inequality measures are the mean, median, Gini coefficient, maximum and
minimum values [39]. The median is the middle number in a sorted list of numbers, with the same
amount of numbers below and above. The median is sometimes used as opposed to the mean when
there are outliers in a sequence that might skew the average of the values. The median of a sequence
can be less affected by outliers than the mean. As physical rehabilitation resources are unequal in
Taiwan, especially between urban and rural districts, this study applied these inequality measures to
compare accessibility values between methods. Table 4 shows the comparison of all resulting scores of
geographic accessibilities. All equations generated a minimum value (Min) of 0, which means that
regardless of the calculation method chosen, there exist situations in which no physical rehabilitation
resources are reachable within 30 km. The mean value of the results of the regional average method
(method A0) is the lowest, but its value of standard deviation and maximum value are the highest
among all methods. As the regional average method completely disregards the effectiveness of distance
and sets limits on the cross-district usage of resources, the results of the regional average method create
an illusion wherein the dispersion of geographic accessibility scores is the highest, with a median at 0
and the highest Gini coefficient.

Table 4. Summary statistics of physical rehabilitation resources accessibility scores by methods A0–A4.

Method Mean Median SD Min Max Median-Mean Gini Coefficient

A0 1.80 0.00 3.32 0.00 31.74 −1.80 0.53

A1 1.87 1.56 1.58 0.00 6.27 −0.31 0.05

A2 1.89 1.20 1.72 0.00 8.96 −0.69 0.10

A3 1.91 1.16 1.96 0.00 15.06 −0.75 0.15

A4 1.90 1.21 1.74 0.00 9.13 −0.69 0.11

In the results of the two-step floating catchment area method (method A1), the dispersion of
geographic accessibility scores is the lowest, with the highest median and the lowest Gini coefficient.
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Method A2 represents the results of the traditional three-step floating catchment area method with
consideration of choice probabilities related to distances and resource sizes; method A3 represents
the results of the new three-step floating catchment area method with considerations of choice
probabilities related to distances and Google ratings, and method A4 represents the results of the
new three-step floating catchment area method with comprehensive considerations of distances,
resource sizes, and Google ratings. The results in Table 4 show that, when comparing the results of
methods A2–A4, which considered the choice probabilities of people’s healthcare-seeking behavior,
and the results of method A1, which disregarded choice probabilities, the results of the former group
show higher mean values, standard deviations, and maximum values and had lower median values.
The results of methods A2–A4 also show higher dispersions of geographic accessibility scores and
higher Gini coefficients.

When comparing the scores of geographic accessibilities in methods A2–A4, which considered
the choice probabilities of people’s healthcare-seeking behavior, the values generated from method A4
show a tendency to land between the values of methods A3 and A2. With consideration of distance
decays, sizes of hospitals, and Google ratings, the standard deviation and maximum value of the
results of method A4 are lower than method A3, while the median value is higher than method A3.
The dispersion of geographic accessibility scores and the Gini coefficient of method A4 are lower than
method A3. It implies that concurrent consideration of non-spatial factors (online ratings and sizes of
resource) are in better accordance with people’s decision-making behavior when they determine which
resources of physical rehabilitation to use compared with the sole consideration of online rating factors.

3.3. Assessment of Distribution Inequality of People at Demand in Towns and Physical Rehabilitation Resources

Table 5 shows the mean values, standard deviations, and median values of geographic accessibility
scores of counties/cities, which were evaluated by different calculation methods, while the differences
in the resulting values are presented. Method 3 considers distances and Google ratings, whereas
method A4 adds resource size factors to the basis of method 3. When the median values and mean
values are compared, if the median value is lower than the mean value in a county/city, it implies
that more than 50% of the resources have low accessibilities. In methods A3 and A4, only three
counties/cities (Hsinchu City, New Taipei City, and Taoyuan City) have median values higher than
mean values, which implies that the majority of the towns in the counties/cities enjoy plentiful resources.
When we take the next step and compare the median values, 12 counties/cities have higher geographic
accessibility scores in method A4 than in method A3, which are marked with “*” next to the median
values of method 4. Among the counties/cities with more than 30 towns, Kaohsiung City and Pingtung
County have higher accessibility scores in method A4, which means that in counties/cities with vast
administrative regions, the resources of medical services are more inclined to concentrate in densely
populated areas. Therefore, the people may have access to better medical services, as they would
consider the credibility and service sizes of the hospitals and choose to visit hospitals that are farther
but larger in size. The median values of method A4 rise due to the above reasons.
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Table 5. Summary statistics of physical rehabilitation resources accessibility scores by methods A0–A4.

Administrative District Number of Towns

Estimated by 10,000 * Capacity/People

Method A0 Method A1 Method A2 Method A3 Method A4

Mean Median SD Mean Median SD Mean Median SD Mean Median SD Mean Median SD

Yilan County 12 1.82 0.00 3.33 2.43 2.52 1.73 2.27 1.72 1.90 2.27 1.72 2.00 2.28 1.75 * 1.90
Hsinchu County 13 0.91 0.00 1.96 1.67 1.64 1.13 1.45 0.91 1.42 1.41 0.89 1.39 1.44 0.91 * 1.42
Miaoli County 18 1.13 0.00 1.79 1.57 1.66 1.34 1.45 1.10 1.51 1.44 1.08 1.51 1.44 1.08 1.50

Changhua County 26 0.99 0.00 1.78 1.61 1.06 0.96 1.49 0.75 1.25 1.46 0.72 1.27 1.49 0.75 * 1.25
Nantou County 13 0.79 0.00 1.06 0.83 0.81 0.74 0.92 0.50 0.94 0.89 0.51 0.90 0.92 0.52 0.93
Yunlin County 20 0.81 0.00 1.78 1.17 1.02 0.97 1.16 0.71 1.2 1.18 0.64 1.31 1.16 0.70 * 1.21
Chiayi County 18 0.92 0.00 3.02 1.59 1.64 1.05 1.33 0.95 1.11 1.30 0.85 1.48 1.33 0.95 * 1.11

Pingtung County 32 0.65 0.00 1.47 0.88 0.97 0.70 0.89 0.74 0.94 0.88 0.70 0.98 0.89 0.74 * 0.93
Taitung County 14 0.54 0.00 1.38 0.55 0.02 1.25 0.87 0.03 1.76 0.88 0.03 1.81 1.00 0.03 2.14
Hualien County 13 1.49 0.00 2.50 1.63 0.78 2.03 1.66 0.82 2.04 1.65 0.82 2.06 1.66 0.82 2.04

Keelung City 7 3.35 1.83 4.07 2.67 2.52 0.58 3.45 3.45 1.32 3.38 3.23 1.72 3.45 3.40 * 1.31
Hsinchu City 3 3.29 1.92 4.15 3.41 3.88 1.16 3.26 4.03 1.80 3.29 3.91 1.9 3.26 4.03 * 1.80
Chiayi City 2 5.72 5.72 0.34 4.21 4.21 0.12 4.64 4.64 0.07 4.59 4.59 0.22 4.64 4.64 * 0.06
Taipei City 12 5.29 5.43 2.45 4.74 5.00 0.86 4.73 4.66 0.44 4.84 4.67 0.63 4.70 4.64 0.43

Kaohsiung City 38 2.52 0.47 4.73 2.06 1.78 1.55 2.11 1.52 1.72 2.29 1.45 2.63 2.12 1.54 * 1.73
New Taipei City 29 2.09 1.43 3.09 2.08 2.08 1.70 2.30 2.48 2.00 2.37 2.48 2.69 2.31 2.44 2.03
Taichung City 29 3.66 2.52 6.09 3.13 2.83 1.99 3.10 3.03 1.87 3.15 2.88 1.96 3.10 3.03 * 1.89

Tainan City 37 1.55 0.00 2.93 1.68 1.28 1.41 1.67 1.00 1.51 1.65 1.01 1.54 1.67 0.99 1.51
Taoyuan City 13 2.19 2.34 1.72 2.13 2.00 1.18 2.30 2.58 1.24 2.24 2.38 1.22 2.29 2.55 * 1.24

Total 349

Average 1.80 0.00 3.32 1.87 1.56 1.58 1.89 1.20 1.72 1.91 1.16 1.96 1.90 1.21 * 1.74

Note: *: (median by A3) − (median by A4) < 0.
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4. Discussion

Table 6 compares the regional average method (A0), the two-step floating catchment area method
(A1), and the innovative three-step floating catchment area method A4 introduced in this study by
the values of “median value minus mean value” and Gini coefficients. When the value of “median
value minus mean value” of a county/city is negative, it implies that 50% of the medical resources
in its towns have low accessibilities distribution. In addition, the mean values of the counties/cities
that are lower than Taiwan’s average are marked with “*”. In the regional average method (A0),
the counties/cities with low accessibilities in 50% of the medical resources in its towns are entirely
different from those in methods A1 and A4. When we take a further step and compare the degree
of inequality in resource accessibilities of counties/cities using the Gini coefficient, we can see that
when we carry out an assessment with the regional average method (A0), as the analysis only included
the amount of physical rehabilitation resources within the respective administrative regions, it led to
calculation results in which 11 counties/cities fell into the category of resource distribution inequality.
When the government allocates resources with reference to the regional average method (A0), it is
easy to neglect the effects of distance and cross-district usage of services, and the phenomenon of
resource distribution inequality worsens as a result. In method A4, Taitung County is the only place
with a negative value of “median value minus mean value” and has a Gini coefficient that represents
median inequality. The county belongs to Eastern Taiwan and comprises 14 towns. Despite the vast
administrative region, there are only six hospitals and 14 board-certificated physiatrists operating in
the county, which makes it the county with the highest inequality in resource accessibilities.

In this study, the geographical accessibility scores are grouped into quintiles and the spatial
distributions of the accessibility scores of rehabilitation physicians are clearly presented on maps.
The colors from lowest to highest accessibility score are red (0%~20%), orange (21%~40%),
green (41%~60%), light blue (61%~80%), and dark blue (81%~100%). Figure 1 shows that red
areas (low accessibility) measured by method A0 cover almost the entire island, meaning that many
towns’ accessibility scores are evaluated as low because their medians are 0.0. Figures 2 and 3 are
drawn using method A1 and method A4, respectively. The difference between these two methods is
that the latter considers the selection probability of each hospital. Figure 3 shows that the number of
high-accessibility towns (light-blue and dark-blue area) is increased compared to Figure 2. This result
shows that the distribution of medical service resources tends to concentrate in densely populated
areas and downtowns. People may travel farther based on the reputation and service capacity of
hospitals to get better medical services.
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Table 6. Measures of geographic inequality of physical rehabilitation resources accessibility scores by methods A0, A1, A4.

Estimated by 10,000 * Capacity/People

Administrative District
Method A0 Method A1 Method A4

Median-Mean Gini Coefficient Median-Mean Gini Coefficient Median-Mean Gini Coefficient

Yilan County −1.82 * 0.49 ⊚ 0.09 0.08 −0.53 0.11
Hsinchu County −0.91 0.45 ⊚ −0.03 0.10 −0.54 0.16
Miaoli County −1.13 0.39 0.09 0.23 −0.36 0.24

Changhua County −0.99 0.27 −0.55 * 0.38 −0.74 * 0.28
Nantou County −0.79 0.43 ⊚ −0.02 0.16 −0.40 0.25
Yunlin County −0.81 0.61 ⊚⊚ −0.16 0.24 −0.46 0.29
Chiayi County −0.92 0.81 ⊚⊚ 0.06 0.18 −0.38 0.26

Pingtung County −0.65 0.70 ⊚⊚ 0.09 0.13 −0.16 0.15
Taitung County −0.54 0.20 −0.53 * 0.19 −0.97 * 0.59 ⊚

Hualien County −1.49 0.30 −0.85 * 0.08 −0.84 * 0.09
Keelung City −1.51 0.47 ⊚ −0.14 0.02 −0.05 0.11
Hsinchu City −1.37 0.33 0.47 0.03 0.77 0.02
Chiayi City 0.00 0.03 0.00 0.01 0.00 0.01
Taipei City 0.14 0.22 0.27 0.09 −0.07 0.03

Kaohsiung City −2.05 * 0.63 ⊚⊚ −0.28 0.03 −0.58 0.09
New Taipei City −0.66 0.48 ⊚ 0.00 0.08 0.13 0.11
Taichung City −1.13 0.55 ⊚ −0.31 0.18 −0.08 0.20

Tainan City −1.55 0.59 ⊚ −0.40 * 0.05 −0.68 0.09
Taoyuan City 0.15 0.14 −0.13 0.06 0.26 0.06

Average −1.80 0.53 ⊚ −0.31 0.05 −0.69 0.11

Notes: 1. Level of distribution inequality estimated by score of “Median-Mean”. *: smaller than average. 2. Level of distribution inequality estimated by Gini coefficient. ⊚: 0.4~0.6,
median inequality, ⊚⊚: > 0.6, high inequality.
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Figure 1. Accessibility score of rehabilitation physician service in Taiwan using method A0.

 

 

Figure 2. Accessibility score of rehabilitation physician service in Taiwan using method A1.
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Figure 3. Accessibility score of rehabilitation physician service in Taiwan using method A4.

Based on the three-step floating catchment area method, Table 7 shows the results of assessments
on inequality in resource accessibility with methods A2–A4. According to the calculation results of
the three methods, 50% of the medical resources in towns had low accessibilities (negative value of
“median value minus mean value”) in Taitung County and Hualien County. When we compared the
inequality in resource accessibilities of counties/cities with the Gini coefficient, the value of Taitung
County was close to the critical value of high inequality.

Comparing Figures 3–5: Figure 3 was drawn by method A4 which considers both spatial factors
(distance) and non-spatial factors (Google Rating score and resource capacity). In Figure 3, the number of
dark-blue areas is increased in vast towns of the central and eastern administrative regions. Compared
with method A2 (which only considers the selection probability of distance and resource capacity),
and method A3 (which only considers the selection probability of distance and Google Rating score),
the assessment result of method A4 may be more in line with people’s decision-making in choosing
rehabilitation medical resources.

With method A4 proposed in this study, an assessment of physiatrist resource allocation policies
on the main island of Taiwan was carried out. The results of our study have important implications for
rehabilitation physician services and elderly care policy in Taiwan. In the first stage, the improvement
of resources in Taitung County should be prioritized. The next in line should be the three counties/cities
(Taitung County, Changhua County and Hualien County) where 50% of the medical resources in towns
had low accessibilities and scored lower than Taiwan’s average. In the third stage, work should be
carried out on the 12 counties/cities with low accessibilities in 50% of the medical resources in towns.
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Table 7. Measures of geographic inequality of physical rehabilitation resources accessibility scores by methods A2–A4.

Estimated by 10,000 * Capacity/People

Administrative District
Method A2 Method A3 Method A4

Median-Mean Gini Coefficient Median-Mean Gini Coefficient Median-Mean Gini Coefficient

Yilan County −0.55 0.12 −0.55 0.18 −0.53 0.11
Hsinchu County −0.53 0.16 −0.52 0.16 −0.54 0.16
Miaoli County −0.35 0.24 −0.35 0.24 −0.36 0.24

Changhua County −0.73 * 0.28 −0.74 0.26 −0.74 * 0.28
Nantou County −0.42 0.20 −0.38 0.25 −0.40 0.25
Yunlin County −0.45 0.29 −0.54 0.31 −0.46 0.29
Chiayi County −0.39 0.26 −0.44 0.31 −0.38 0.26

Pingtung County −0.15 0.15 −0.18 0.17 −0.16 0.15
Taitung County −0.84 * 0.54 ⊚ −0.85 * 0.55 ⊚ −0.97 * 0.59 ⊚

Hualien County −0.84 * 0.09 −0.84 * 0.10 −0.84 * 0.09
Keelung City 0.00 0.11 −0.14 0.14 −0.05 0.11
Hsinchu City 0.77 0.02 0.62 0.03 0.77 0.02
Chiayi City 0.00 0.01 0.00 0.00 0.00 0.01
Taipei City −0.08 0.03 −0.17 0.05 −0.07 0.03

Kaohsiung City −0.60 0.09 −0.83 * 0.21 −0.58 0.09
New Taipei City 0.17 0.12 0.11 0.22 0.13 0.11
Taichung City −0.07 0.19 −0.27 0.23 −0.08 0.20

Tainan City −0.67 0.09 −0.63 0.10 −0.68 0.09
Taoyuan City 0.28 0.07 0.14 0.07 0.26 0.06

Average −0.69 0.10 −0.75 0.15 −0.69 0.11

Notes: 1. Level of distribution inequality estimated by score of “Median-Mean”. *: smaller than average. 2. Level of distribution inequality estimated by Gini coefficient. ⊚: 0.4~0.6,
median inequality.
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Figure 4. Accessibility score of rehabilitation physician service in Taiwan using method A2.

 

 

Figure 5. Accessibility score of rehabilitation physician service in Taiwan using method A3.

5. Conclusions

As the free market influences the medical environment, people have many choices of medical
services and have access to duplicate medical treatments. Therefore, when we discuss the distributional
fairness of physical rehabilitation resources, not only do we focus on the degree of coordination
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between the population at demand and service supply, but we also have to consider the distance factor
when the patients travel to hospitals. In the information age, the rating mechanism of online service
platforms, which allows ordinary people to review freely, has become a crucial source of references for
people when they choose from numerous hospitals. In this study, various methods were utilized to
assess the geographic accessibility of resources, while Google ratings were added as a choice factor
for when people examine the credibility of hospitals. These features were integrated into method
A4, which is an innovative research method to assess the appropriateness in the demand and supply
of physical rehabilitation resources. Method A4 combines the spatial condition of travel distance,
non-spatial conditions of hospital capacity, and Google Rating mechanism. This helps examine whether
the allocation of physical rehabilitation resources shows inequality due to regional differences.

With restrictions on the access of data and lack of details, the limitations encountered in this study
include the following: (1) The people at demand were positioned at the weighted center points of
population in geometry. This only provides reference locations of the people at demand and cannot
reflect the exact locations of each elderly person at demand in reality. The author suggests employing
finer space scales such as the scale of basic statistical areas (BSAs) for better research in the future.
(2) Activity areas regarding geographical accessibility were merely represented by route distances and
the estimation of the range of activities of the elderly may not be precise. In the future, transportation
time or different vehicles can be integrated into calculations and evaluations. (3) This study only
examines geographical accessibility. Relevant social and economic conditions can be weighted and
added to the calculation processes in the future to facilitate analysis combined with geographical
accessibility. (4) The open data of the government do not disclose the number of users, statistics of
service items, and details of duplicate medical treatments in hospitals. Therefore, concerning the
differences in people at demand and the actual number of users, a cross-validation cannot be carried
out in this study. At the same time, assessments and comparisons between the service loads and the
actual service effectiveness of hospitals cannot be carried out.
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Abstract: Trace elements (TE) homeostasis is crucial in normal brain functioning. Although imbalances
have the potential to exacerbate events leading neurodegenerative diseases, few studies have directly
addressed the eventual relationships between TE levels in the human body and future cognitive status.
The present study aimed to assess how different TE body-levels relate to cognitive decline. This
exploratory research included a study-group (RES) of 20 elderly individuals living in two Portuguese
geographical areas of interest (Estarreja; Mértola), as well as a 20 subjects neuropsychological
control-group (CTR). Participants were neuropsychologically assessed through the Mini Mental
State Examination (MMSE) and the Montreal Cognitive Assessment (MoCA) and the RES group
was biomonitored for TE through fingernail analysis. After 5 years, the cognitive assessments were
repeated. Analyses of the RES neuropsychological data showed an average decrease of 6.5 and
5.27 points in MMSE and MoCA, respectively, but TE contents in fingernails were generally within
the referenced values for non-exposed individuals. Higher levels of Nickel and Selenium significantly
predicted lesser cognitive decline within 5 years. Such preliminary results evidence an association
between higher contents of these TE and higher cognitive scores at follow-up, suggesting their
contribution to the maintenance of cognitive abilities. Future expansion of the present study is needed
in order to comprehensively assess the potential benefits of these TE.

Keywords: cognitive decline; longitudinal study; risk for dementia; trace elements; nickel; selenium;
human tissues; industrial area; mining area
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1. Introduction

The rapid aging of the world’s population is a current phenomenon that imposes great social
and economic challenges. It is estimated that by 2050, there will be 1.5 billion people with ages
above 65 years worldwide, corresponding to 16% of the population [1]. It is further foreseen that
this proportion will be much higher in specific countries, such as Italy, Portugal, Greece, Japan, and
Korea, where it will exceed the one-third mark [2]. Specifically, in Portugal, the estimations predict
a ratio of 464 elderly (≥65 years old) per 100 young individuals by 2060, the quadruple of the ratio
registered in 2001 [3]. Such aging rebounds in a growing number of people living with dementia—a
condition characterized by the gradual loss of cognitive and functional capacities that interferes with
the performance and execution of daily-living activities—as its prevalence/incidence increases sharply
with age (from 2.3% among 65–69 years old individuals to 42% among elderly aged 90 or older) [2].
With a forecast of 41 million cases across OECD countries by 2050 [2], dementia is currently a major
public health priority [4].

Strict genetic etiology is rare in dementia, being the vast majority of cases sporadic in origin [5–7].
Among elderly people, Alzheimer’s disease (AD) is the most frequent form of the condition and
is mainly expressed by an accentuated loss of memory, as well as by the progressive decline of
other cognitive and functional capacities. At the cellular level, AD pathology is characterized by
neurofibrillary tangles (abnormal accumulations of hyperphosphorylated tau protein) and senile
plaques (aggregations of amyloid-β protein) [8]. Several factors have been reported as contributors
to the development of sporadic AD—besides aging, genetics is another well-established risk factor,
with the presence of the APOE ε4 allele being the strongest genetic elicitor of increased risk for the
disease [9]. Meanwhile, environmental exposure to toxic metals, to certain chemical compounds
(such as pesticides and industrial chemicals) and to air pollutants have also been proposed as a risk
factor [5,7,10].

Although not all environmental contaminants/toxins have been tested in regards to their effects on
the central nervous system, it is hypothesized that there may be a risk for older adults to develop AD
(and other neurodegenerative diseases such as Parkinson’s disease) that is associated with the neurologic
impairments resulting from such environmental exposures [10–13]. Trace elements homeostasis is
crucial in normal brain functioning, and disturbances may exacerbate AD-associated events [14,15].
Amongst trace metals, the relationship between AD and aluminum (Al) seems to be the best understood,
with larger environmental studies, epidemiological studies and case-control evidence supporting
an association between high levels of exposure to Al and the risk for AD [11,16]. For instance, this
association has been suggested by studies reporting high rates of AD among older adults exposed
to high concentrations of the metal [17], as well as by evidence of higher blood Al levels among AD
patients (e.g., [18–20]). Copper (Cu) is another widely investigated element. Post-mortem case-control
studies report a significant decrease of Cu in brain tissues of AD patients [21,22], particularly in
region such as the hippocampus, amygdala [23], frontal cortex [24], cerebellum, motor and sensory
cortex, cingulate gyrus, temporal gyrus, and entorhinal cortex [25]. In turn, research on iron (Fe)
evidences higher contents of this metal in the same biological matrix [26], namely, in the Brodmann
area [21], frontal cortex [27], and amygdala [23]. Furthermore, epidemiological studies report an
association between higher levels of Fe in soil and the diagnosis of AD [28] as well as between these
concentrations and AD-related mortality [29]. Indeed, this metal seems to be responsible for oxidative
stress and increases amyloid deposition [30]. Abnormalities of brain copper (Cu), iron (Fe) and zinc
(Zn) homeostasis in AD were reported [31].

Systematic exposure to trace elements (TE) is a common occurrence worldwide. Human
contamination may result from various pathways, namely, through inhalation of contaminated
air/ambient particulate matter, ingestion of contaminated soil/dust, water and foodstuffs (such as
agriculture crops, meat, and seafood), and dermal absorption of TE present in soil/dust [10,32,33].
The toxicity of each TE is dependent on the route and absorbed dose, which is in turn dependent on
the concentration and duration of exposure [34]. Furthermore, each TE has a specific half-life, and
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the elimination of different elements from the body widely varies [35]. Previous studies report the
significance of occupational exposure to specific TE and their effects on the development of cognitive
disorders and dementia [5,6,35–37].

Despite the increasing evidence reporting the role of environmental exposures in the development
of neurodegenerative diseases, the real effects of long-term exposure to TE in cognition remain
unclear—literature on the possible pathogenic role of different metals do not provide direct evidence to
define a causal relationship between environmental exposure to certain metals and AD [15,16]. Thus,
the study of the influence of TE in the cognition of elderly people is necessary. The crossing of biological
and neuropsychological assessment data to address this matter is an interesting approach. On the one
hand, a comprehensive neuropsychological assessment is an essential component to identify subtle
cognitive and behavioral deficits associated with neurotoxic exposure [38–40]. On the other hand, the
use of fingernails for biomonitoring purposes provides a valid measurement of relatively long-term TE
intake/exposure in a single specimen analysis [41]. Human nails are mainly constituted by keratin-rich
proteins, and as they remain isolated from further metabolic activities after growth, they retain a high
content of most TE. Moreover, the incorporation of TE in the nails’ matrix occurs in a time-integrated
fashion and in proportion to the dietary intakes and other exposures to which an individual may be
subjected [41,42]. Bioaccumulation ratios show that nails have higher mass/mass ratios (mass of TE
per mass of sample) compared to blood and urine [32,41,43]. As nail samples are easy to collect (nail
clipping is a non-invasive procedure), transport, and store [44], fingernails are useful and cost-effective
specimens for element profiling.

Considering this translational approach, the present exploratory study comprises the cognitive
assessment of a group of elderly individuals residing in potential environmentally-toxic geographic
regions 5 years after the TE biomonitoring, in order to assess whether nail TE levels are associated with
performance scores. The main aim is to investigate the effects of TE on future cognitive status.

2. Materials and Methods

2.1. Participants and Study Design

The present research comprised a study-group (RES) and a neuropsychological control-group
(CTR). Criteria for participants’ inclusion accounted: (i) being a native Portuguese speaker, (ii) being
over 50 years of age (given the likelihood of this cohort to report cognitive complaints and/or being
involved in pathological aging processes of the dementia spectrum), (iii) having resided in the study
areas for at least the past 5 years (prior to this study, in order to ensure minimum exposure time [45];
applicable for the RES group), (iv) having maintained the same occupation/professional activity.

The exclusion criteria were the following: (a) having a history of neurological disease (other than
of the dementia spectrum); (b) having a history of psychiatric illness, including depression with the
exception of stable mild depressive symptoms (depression symptomatology was assessed through
the application of the Geriatric Depression Scale—30 [46–48]; individuals with total scores ≥ 21 were
excluded); (c) having a significant visual, auditory, or language impairment that would negatively
affect their ability to satisfactorily complete cognitive tests or understand test instructions; (d) current
or prior alcohol, drugs, and other substances abuse; (e) current or prior use of antipsychotic medication;
(f) being a smoker; (g) current or prior intake of supplements containing any of the analyzed TE;
(h) significant changes in diet.

All subjects enrolled in the RES group were permanent residents from the municipality of Estarreja
or from the municipality of Mértola and were voluntarily recruited through convenience sampling.
Participants from the CTR group were randomly selected from an already existing longitudinal cohort
composed of 250 community-residents recruited from several social institutions, aging associations and
primary health care centers, who have been neuropsychologically assessed for the past 10 years. This
cohort has been stratified according to several sociodemographic variables with a distribution similar
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to that observed in the Portuguese population, resulting in a cohort representative of the population of
the country.

The RES group was initially composed of 76 participants who were cognitively assessed by
an experienced neuropsychologist and whose fingernail clippings were collected and analyzed for
biomonitoring of twenty selected TE: Al, arsenic (As), barium (Ba), cadmium (Cd), cobalt (Co),
chromium (Cr), Cu, Fe, mercury (Hg), lithium (Li), manganese (Mn), nickel (Ni), lead (Pb), antimony
(Sb), selenium (Se), tin (Sn), strontium (Sr), titanium (Ti), vanadium (V), and zinc (Zn). Out of the
initial group, a total of 20 individuals were available for the second neuropsychological assessment,
performed 5 years after the biomonitoring study. The neuropsychological data was paired with
the biological data resulting from the nails TE profiling. In turn, the CTR group was composed of
20 subjects randomly selected from the mentioned pre-existing cohort of 250 subjects, previously
matched by educational level with the RES group. For comparability reasons, since this pre-existing
cohort has been followed for 10 years, the data considered for the CTR group referred to the 5-year
follow-up benchmark.

All cognitive performances were assessed through the application of two cognitive screening
tools: the Mini-Mental State Examination (MMSE [49,50]) and the Montreal Cognitive Assessment
(MoCA [51,52]). The referred educational pairing between the two groups was performed based on
previous evidences that report educational level as the variable that most significantly contributes to
the prediction of scores on cognitive screening tests, such as MMSE and MoCA [53–57].

Ethical approval for the present research was obtained from the National Committee for Data
Protection (No. 11726/2017). This study complies with the ethical guidelines for human experimentation
stated in the Declaration of Helsinki committee and all participants gave written informed consent
prior to participation after the aims and research procedures were fully explained by a member of the
study group.

2.2. Geographical Areas of Interest

The study included residents from two distinct areas in Portugal—a northern industrial region
(Estarreja) and a southern region associated with the mining industry (Mértola). Both areas display
interesting characteristics to study the potential effect of long-term environmental exposure to chemicals.

Estarreja, a municipality located near one of the largest Portuguese cities, Aveiro, hosts one of the
largest chemical complexes of the country. In this municipality, located near the small town with the
same name, the Estarreja Chemical Complex (ECC) has been intensively operating since the 1950s in
the production of aniline and derivatives, chlorine-alkalis, sodium and chlorate compounds through
electrolysis using Hg cathodes, polyvinyl chloride resins, and polymeric methyl diphenyl isocyanate.
In the past, the ECC also produced ammonium sulphate, ammonium nitrate, and sulphuric acid [58].
Until the 21st century such activity had serious deleterious effects on the environment with regards
to soils/agricultural fields, surface waters, groundwater, and atmosphere [59–63]. Toxic solid wastes
and liquid effluents were discharged directly into manmade, permeable water channels, without any
previous treatment [58]. Environmental remediation works only began in 1998 [63].

Mértola is a municipality located in Baixo Alentejo, a southern area with several abandoned
manganese mines spatially related with the Iberian Pyrite Belt. Mining releases large amounts
of potentially toxic elements into the environment, which contaminate soils, surface waters, and
groundwater. Right next to Mértola are the São Domingos Mines, the biggest Portuguese mining
exploration until their shutdown in 1996. Close to the mines, the abandoned tailings deposits remain
exposed to the weathering conditions that promote mineral leaching, with the release of elements
such as As, Pb, Cd, and Cr. In addition, depending on the weather conditions, fine and ultrafine
mineral particles are re-suspended and added to the ambient particulate matter, being transported to
the neighboring areas [64–66].
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2.3. Neuropsychological Assessment

All participants were inquired in regards of their sociodemographic features (i.e., age, educational
level, nationality, number of years residing in the regions of interest, marital status) through a
sociodemographic questionnaire; their current and past clinical history (i.e., weight, height, medical
records) through a clinical structured interview; and their professional activity and consumption habits
(i.e., main profession, working-time in agriculture/factories/mines, use of pesticides, consumption of
home-grown foodstuff, and source of water for consumption/irrigation), through specifically developed
questionnaires. Furthermore, all participants underwent a neuropsychological assessment performed
by an experienced neuropsychologist. The screening tools of the assessment battery were administrated
in a fixed order and were the following:

1. The Mini Mental State Examination (MMSE [49,50]), which is a brief cognitive screening tool widely
used in the assessment of cognitive impairment [53]. It is composed of 30 dichotomous items
(0—incorrect; 1—correct) and assesses 5 cognitive domains: Orientation, Memory, Attention and
Calculus, Language, and Visuoconstruction. Higher scores indicate better cognitive performance.

2. The Montreal Cognitive Assessment (MoCA [51,52]), which is a screening tool developed to
detect milder forms of cognitive decline, such as Mild Cognitive Impairment (MCI [67]). This
instrument assesses 6 cognitive domains—Executive Functions; Visuospatial Abilities; Memory;
Language; Attention Concentration and Working Memory; Temporal and Spatial Orientation—on
a scale of 30 points, whose higher global scores translate better cognitive functioning.

3. The Geriatric Depression Scale—30 (GDS-30 [46–48]), which is a brief scale specifically developed
for the screening of depressive symptoms in advanced adulthood. It is composed of 30 yes/no
questions regarding the affective and cognitive domains of depression. Greater scores indicate
more severe symptomatology.

2.4. Fingernail Samples and Analysis

Fingernail clippings from the RES participants were collected individually with a synthetic quartz
knife and put into decontaminated plastic bags. Plastic forceps were used to remove visible exogenous
material when needed.

The procedure used is described elsewhere [68]. Fingernail clippings were properly washed in
order to remove exogenous contamination while preserving endogenous TE content. Samples were
then dried at 95 ◦C in a laboratory drying oven (Raypa, Spain) until a constant weight was reached
(ca. 40 h). The dried samples (approximately 0.1 mg) were mineralized in a Milestone (Italy) MLS
1200 Mega high-performance microwave digestion unit equipped with an HPR 1000/10 rotor, through
a microwave-assisted acid digestion procedure using 1 mL of concentrated HNO3 (>69.0% m/m;
TraceSELECT®, Fluka, France) and 0.5 mL of H2O2 (≥30% v/v; TraceSELECT®, Fluka, Germany).
The used microwave oven program (W/min) was the following: 250/1, 0/2, 250/5, 400/5 and 600/5. After
cooling, ultrapure water was added to the samples digest, and the volume was brought to 10 mL The
solutions were then stored at 4 ◦C in closed propylene tubes until analysis.

All labware materials were decontaminated by immersion for at least 24 h in a 10% HNO3 bath
followed by thorough rinsing with ultrapure water. The ultrapure water (resistivity > 18.2 MΩ·cm
at 25 ◦C) was produced in an aarium® pro (Sartorius, Germany) water purification system. For
each digestion run (10 samples), a sample blank was prepared, and the average blank level was
subtracted from the samples’ values. The certified reference material ERM-DB001—Trace Elements
in Human Hair was used for analytical quality control, digested and analyzed through the same
procedures as for the study samples. TE concentrations were determined through Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS) using a Thermo Fisher Scientific (Waltham, MA, USA) iCAP™
Q instrument equipped with a MicroMist™ nebulizer (Glass Expansion, Port Melbourne, Australia),
a Peltier-cooled baffled cyclonic spray chamber, a standard quartz torch, and a two-cone interface
design (nickel sample and skimmer cones) operated under the instrumental conditions presented
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in Table S1. High-purity argon (99.9997%; Gasin, Portugal) was used as nebulizer and plasma gas.
The instrument was tuned before each analytical series for maximum sensitivity and signal stability
and minimum formation of oxides and double-charged ions. Calibration standards and the internal
standard solution were prepared from commercially available multi-element stock solutions (Plasma
CAL, SCP Science, Baie-D’Urfe, QC, Canada, and ICP-MS Internal Std, Isostandards, Material, Madrid,
Spain, respectively).

The following elemental isotopes were monitored for analytical determinations: 7Li, 27Al, 48Ti,
51V, 52Cr, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 66Zn, 75As, 82Se, 88Sr, 111Cd, 118Sn, 121Sb, 137Ba, 202Hg, and
208Pb. The elemental isotopes 45Sc, 89Y, 115In, and 159Tb were used as internal standards. Limits of
detection were calculated as the concentration corresponding to three times the standard deviation of
10 replicate measurements of the blank solution (2% v/v HNO3) and are presented in Table S2. Results
for the certified reference material are presented in Table S3. The reference material used provides
data for a limited set of TE, but the analytically most problematic elements are included. Since the
analytical procedure has been validated for this set, accuracy problems are not expected for the other
determined elements.

2.5. Statistical Analysis

Descriptive statistics were used to characterize both groups, RES and CTR, as well as the analytical
results. Differences between the cognitive assessment scores of RES subjects at baseline and past
five years were studied through a Wilcoxon signed-rank test analysis. Group differences between
the cognitive decline registered for the RES group and for the CTR group were assessed through a
Mann–Whitney U test. This option for non-parametric tests was based on the small size of the follow-up
study group (the RES group). A probability of ≤0.05 was assumed as significant in testing the null
hypotheses of no differences between the two moments of assessment and of no differences between
the two groups. Potential relationships between TE contents in fingernails and neuropsychological
data from the follow-up were firstly assessed through correlation analyses. Linear regression models
(simple and multiple) were then computed to further investigate these relationships and assess whether
TE significantly predicted future cognitive performance. A significance level of 95% was also used as
criteria in both correlation and regression analyses. Comparisons between regression models were
based on changes in the variance explained by each model, indexed by the adjusted coefficient of
determination (R2

adjusted). All statistical analyses were conducted using the Statistical Package for the
Social Sciences (SPSS) for Windows, version 22 [69].

3. Results

3.1. Sample Characterization

The baseline and the follow-up assessments were separated by a 5-year interval (M = 5.30;
SD = 0.47). Out of the 76 RES participants initially enrolled in the study, a total of 20 individuals (26.3%)
could be included in the follow-up. Drop-outs were mainly due to death (42 out of 56 cases). Of the
42 deceases registered, 10 were due to cardiovascular disorders, 8 to respiratory infections, 8 to cancer,
5 to stroke, 4 to dementia complications (1 case of AD, 1 case of Parkinson’s disease, and 2 cases of
non-specified dementia, diagnosed by general practitioners), 1 to gastrointestinal hemorrhage, and
6 due to unknown reasons. Other reasons for experimental death were medical conditions (2 cases),
unreachability (9 cases), and unavailability (3 cases). Most RES participants enrolled in the follow-up
were female (80%), with an average age of 83.60 ± 6.98 years, 2.45 ± 1.73 years of formal education
(6 were illiterate), and a mean time of residence in the study areas of 61.93 ± 25.08 years. As for the
education-matched control group (CTR), this was composed of 20 subjects, 55% of which were females,
with a mean age of 74.70 ± 4.51 years and an average educational level of 3.30 ± 0.80 years (p > 0.05).
Descriptive statistics of the two groups regarding marital status, occupation/professional activity, and
medical history are presented in Table 1.
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Table 1. Descriptive statistics of the total sample in terms of marital status, occupation/professional
activity, and medical history, discriminated by group.

RES n = 20 CTR n = 20

Marital Status, n (%)
Single 2 (10) 1 (5)

Married 2 (10) 12 (60)
Divorced 3 (15) 1 (5)
Widowed 13 (65) 6 (30)

Occupation/professional activity, n (%)
Agriculture/fishery 6 (30) 1 (5)

Industry/construction 4 (20) 3 (15)
Commerce/Services 8 (40) 14 (70)

Housewife 2 (10) 3 (10)

Medical History, n (%)
Diabetes 4 (20) 2 (10)

Dyslipidemia 12 (60) 9 (45)
Cardiovascular diseases 16 (80) 15 (75)

3.2. Neuropsychological Data

Overall, RES participants exhibited worse cognitive capacities at follow-up, comparatively to
the baseline. Subjects scored on average less 6.5 points in MMSE (Baseline: M = 23.80; SD = 5.06;
Follow-up: M = 17.30; SD = 6.94; Z = −3.628, p < 0.001, r = −0.811) and less 5.27 points in MoCA
(Baseline: M = 16.00; SD = 4.472; follow-up: M = 10.73; SD = 5.985; Z = −2.317, p = 0.020, r = 0.699)
after 5 years. When compared to the Portuguese normative data established according to age and
educational level, the percentage of individuals classified as “with cognitive deficit” (i.e., with scores at
1 standard deviation or more below the expected mean considering age and education) raised from
65.0% to 85.0% according to the MMSE [70] and from 78.6% to 81.8% according to the MoCA [67].
The percentage of individuals with scores below the cut-off defined for AD, Frontotemporal Dementia
(FTD), and Vascular Dementia (VD) raised from 60.0% to 85.0% according to the MMSE (cut-off of
<26) [71–73] and from 71.4% to 83.3% according to the MoCA (cut-off of <17) [71–73].

In order to assess whether the cognitive decline of RES participants significantly differed from
the cognitive decline observed in the general Portuguese population, differences between the RES
group and the CTR group were explored based on the decline observed in MMSE and MoCA scores
(decline = baseline score—follow-up score). While the CTR group exhibited a mean score difference of
1.40 ± 1.59 points in the MMSE and of 2.06 ± 1.35 points in the MoCA, the RES group presented score
differences of 6.50 ± 4.27 and 5.27 ± 5.20 points, respectively. The observed decline was significantly
different between the two groups for both the MMSE (U = 56.500, p < 0.001, r = −0.616) and the MoCA
(U = 19.000, p = 0.005, r = −0.583).

3.3. TE Content in Fingernails

Descriptive statistics for TE content in fingernails of the RES group are summarized in Table 2.
Observed values were compared to values reported in the literature for non-exposed people [74] and
healthy centenarians [75]. For most TE, the obtained results were within the reported ranges, with Cd,
Co, Li, and Pb contents falling in the lower part of the intervals reported for non-exposed individuals.
The same was observed for Co and Mn contents when compared to the intervals reported for healthy
centenarians. The contents of Ba, Sr, and Se fell within the reported range for non-exposed people but
were below (Ba and Sr) and above (Se) the reference range for healthy centenarians.
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Table 2. Descriptive statistics for the observed trace elements (TE) contents in fingernails (research study-group (RES)), expressed as µg/g; values reported in the
literature are presented for comparison purposes.

RES Group (µg/g)
Literature Data

Non-Exposed Individuals [74] Healthy Centenarians [75]

Min-Max M SD Md Min-Max M SD Md Min-Max M SD Md

Al 3.57–54.61 18.93 14.22 14.42 12.00–137.00 36.00 22.00 32.00 - - - -

As 0.07–0.30 0.12 0.06 0.11 0.07–1.09 0.27 0.19 0.22 - - - -

Ba 0.11–2.21 0.64 0.73 0.31 0.28–3.99 1.34 1.35 0.89 0.94–22.92 5.10 3.92 3.85

Cd 0.002–0.06 0.01 0.01 0.01 0.01–0.44 0.11 0.18 0.06 0.004–0.19 0.03 0.03 0.02

Co 0.003–0.04 0.01 0.01 0.01 0.01–0.12 0.03 0.03 0.02 0.01–0.64 0.10 0.10 0.07

Cr 0.25–0.93 0.61 0.20 0.60 0.22–3.20 1.16 1.05 0.76 0.08–2.51 0.82 0.44 0.82

Cu 2.66–7.40 4.67 1.32 4.83 4.20–17.00 8.40 3.50 7.60 2.02–8.53 3.71 0.99 3.55

Fe 7.31–49.84 24.01 13.25 20.06 12.00–189.00 42.00 30.00 37.00 16.52–692.00 154.40 124.80 116.70

Hg 0.12–0.85 0.42 0.20 0.42 0.03–0.31 0.12 0.098 0.098 - - - -

Li 0.005–0.18 0.04 0.04 0.02 0.01–0.25 0.07 0.07 0.05 0.02–2.07 0.31 0.32 0.23

Mn 0.04–2.93 0.58 0.79 0.17 0.19–3.30 0.90 0.75 0.65 0.21–15.40 3.09 2.18 2.62

Ni 0.09–2.98 0.93 1.04 0.36 0.14–6.95 1.65 2.20 0.84 0.02–3.67 0.95 0.85 0.66

Pb 0.07–1.73 0.38 0.38 0.30 0.27–4.75 1.38 1.14 1.06 0.13–9.61 1.86 1.81 1.33

Sb 0.008–0.13 0.04 0.04 0.03 0.01–0.13 0.05 0.05 0.04 - - - -

Se 0.60–1.03 0.803 0.13 0.80 0.62–1.53 0.94 0.21 0.93 0.24–0.70 0.44 0.11 0.44

Sn 0.01–1.20 0.33 0.36 0.17 0.11–2.56 0.63 0.51 0.48 - - - -

Sr 0.07–2.24 0.48 0.53 0.27 0.17–1.39 0.43 0.21 0.39 1.40–18.50 6.20 2.47 5.80

Ti 3.68–6.75 5.14 0.77 5.15 0.94–16.10 4.46 5.01 2.71 - - - -

V 0.05–0.38 0.120 0.07 0.10 0.02–0.48 0.08 0.05 2.71 - - - -

Zn 88.65–219.31 144.10 39.15 137.34 80.00–191.00 120.00 29.00 116.00 93.00–326.00 148.00 36.00 138.00

Note: Min =minimum; Max =maximum; M =mean; SD = standard deviation; Md =median; Al = aluminum; As = arsenic; Ba = barium; Cd = cadmium; Co = cobalt; Cr = chromium;
Cu = copper; Fe = iron; Hg =mercury; Li = lithium; Mn =manganese; Ni = nickel; Pb = lead; Sb = antimony; Se = selenium; Sn = tin; Sr = strontium; Ti = titanium; V = vanadium;
Zn = zinc.
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3.4. Relationship between Fingernail TE Content and Cognitive Performance

In order to assess the relationship between TE in fingernails and the results of the
neuropsychological assessment (total scores obtained with the MMSE and MoCA), a correlation
analysis was performed. Correlation coefficients for the relationship between MMSE scores and Ni
content (r = 0.489), MoCA scores and Ni content (r = 0.626), and MoCA scores and Se content (r = 0.647)
were the only ones that reached statistical significance (p < 0.05), evidencing a moderate to strong
positive association between these elements and the cognitive screening tests’ scores [76,77].

To further investigate whether TE contents could predict the cognitive performance of the RES
group 5 years after the biomonitoring, linear regression analyses were run. The computed linear
models assumed as predictor variables the TE contents of Ni and Se (the elements that led to significant
correlation coefficients with the cognitive scores). Models are reported in Table 3.

Table 3. Linear regression models.

Linear Regression Models R2
adjusted Model Significance

MMSE-1 MMSE = 14.258 + 3.259 Ni 0.197 p = 0.029
MMSE-2 MMSE = 10.329 + 1.436 Education + 3.700 Ni 0.288 p = 0.022
MoCA-1 MoCA = 7.503 + 3.369 Ni 0.331 p = 0.029
MoCA-2 MoCA = −9.258 + 26.821 Se 0.361 p = 0.023
MoCA-3 MoCA = −9.460 + 2.851 Ni + 23.017 Se 0.622 p = 0.005
MoCA-4 MoCA = −16.147 + 1.556 Education + 3.525 Ni + 24.022 Se 0.679 p = 0.007

Note: MMSE =Mini Mental State Examination; MoCA =Montreal Cognitive Assessment; MMSE-n = regression
models assuming MMSE total scores as the dependent variable; MoCA-n = regression models assuming MoCA
total scores as the dependent variable.

Initially, simple linear regressions showed Ni as a significant predictor of MMSE total scores
(β = 0.489, t = 2.381, p = 0.029), with the regression model (MMSE-1) explaining 19.7% of the variance
of the scores. Regarding MoCA total scores, both Ni (β = 0.626, t = 2.538, p = 0.029) and Se (β = 0.647,
t = 2.687, p = 0.023) showed as relevant predictors. After gathering both TE in a single regression
model, the statistical significance for both variables persisted, with Se being highlighted as the best
predictor variable (explaining 55.6% of MoCA scores, vs. the 52.9% for Ni). The resulting statistically
significant model (MoCA-3; p = 0.005) could explain 62.2% of the MoCA total scores variance (an
increase of 29.1% and 26.1% of the variance explained by the models MoCA-1 and -2, respectively).

Because education greatly influences cognitive performance on screening tests [53–57,78] and
since aging seems to be associated with cognitive decline [63,64], age and educational level were
included in the regression equations in order to account for these two confounding variables. Models
for MMSE and MoCA with the inclusion of age showed a lack of statistical significance, and age was
not a relevant predictor of the tests’ total scores (p > 0.05). Contrastingly, when the educational level
was included into the equations, Ni and Se remained as relevant predictors, with the regression models
showing statistical significance. Compared to the MMSE-1, a 9.1% increase in the variance explained
by the model was observed, despite education being shown as a non-significant predictor (β = 0.358,
t = 1.818, p > 0.05). In the resulting MMSE-2 model, both Ni and education explained together 28.8%
of MMSE total scores. The same was true when the educational level was added to the MoCA-3
model. Although education was not a significant predictor (β = 0.304, t = 1.605, p> 0.05) of MoCA
total scores, its inclusion caused an increase of 5.7% of the variance explained by the regression model.
The resulting MoCA-4 model explained 67.9% of MoCA total scores. Therefore, MMSE-2 (where Ni:
β = 0.556, t = 2.821, p = 0.012) and MoCA-4 (where Ni: β = 0.655, t = 3.441, p = 0.009; Se: β = 0.580,
t = 3.329, p = 0.010) were selected as the final linear models. In MoCA-4 model, Ni is highlighted as the
best predictor variable. In both MMSE-2 and MoCA-4 models, higher contents of Ni/Se in fingernails
predict better cognitive performances in screening tests 5 years after biomonitoring analyses.
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4. Discussion

Despite the increasing evidence reporting the role of environmental exposures in the development
of neurodegenerative diseases, literature on the possible pathogenic role of different metals does not
provide direct evidence to define a causal relationship between environmental exposure to certain
metals and AD [15,16]. Therefore, research on the influence of TE on the cognition of elderly people is
warranted. The present study aimed to explore potential relationships between TE levels in the human
body and cognition. Specifically, the goal was to assess how TE content in fingernails relate to future
cognitive performance.

Analyses of the RES neuropsychological data revealed an average decrease of 6.5 points and
5.27 points on the global scores of MMSE and MoCA, from baseline to follow-up (5 years later), as
well as an increase in the portion of elderly individuals classified as “with cognitive deficit”—from
65.0% to 85.0% and from 78.6% to 81.8%, respectively. When compared to the CTR group, the decrease
observed in MMSE and MoCA scores was significantly greater among the RES participants, indicating
that the residents of the geographical areas of interest suffered a steeper cognitive decline than the
general Portuguese population of the same educational level (within a 5-years period).

In terms of the RES participants with a cognitive performance similar to patients diagnosed with
dementia (AD, FTD, and VD), they constituted 85.0% and 83.3% of the study group, according to the
cut-offs of the screening tools [71–73]. These percentages of dementia-like performances are greater
than expected considering the prevalence rate of the condition estimated for the Portuguese population
(9.2% based on the 10/66 Dementia Research Group’ dementia diagnostic algorithm [79]), which indicates
a higher frequency of cognitive impairment across the study group in comparison to the general
Portuguese population older than 65 years. Literature systematically reports aging as the primary
risk factor for neurodegenerative diseases, as this process implies a set of biological changes at the
cellular level, from genomic instability to altered intercellular communication [80]. Indeed, cognitive
decline seems to be intimately associated with age, and the prevalence of dementia cases increases
exponentially after 65 years of age [80,81]. Considering that the average age of the RES elders included
in this study was 83.6 years (with the youngest participant being 68 years old) and that the average age
reported by Gonçalves-Pereira et al. for their study group was 74.9 years [79], it is plausible to admit
that the difference observed in the frequency of cognitive impairment between both studies can be at
least partially explained by the approximately 9-years gap between both groups of elders. However,
the observed percentages of dementia-like performances seem to remain disproportioned even when
compared to the prevalence estimated for the sub-group of individuals with ages above 80 years
(18.37–19.61% based on the 10/66 Dementia Research Group’s dementia diagnostic algorithm [79]) assessed
by Gonçalves-Pereira et al., suggesting that such differences are not attributed to age discrepancies.

The comparison between fingernails TE content in the RES group and values reported in the
literature for non-exposed individuals [74] showed an overall good fit, suggestive of non-significant
exposure to environmental contaminants. Nevertheless, it is worth noting that the mean age of the
study sample (approximately 84 years) is substantially different from the average age of the population
assessed by Rodushkin and Axelsson [74], which mean age was 33 years (range: 1–76 years).

With regards to the potential association between TE content in fingernails and cognitive
performance, we found positive significant correlations between Ni and Se levels and the global
scores of MMSE and MoCA. Regression analysis showed Ni and Se as significant predictors of future
cognitive performances and revealed that, together with educational level, Ni explains 33% of the
variance observed in MMSE total scores after 5 years, while Ni and Se explained 68% of the variance in
MoCA. It is important to note that age proved to be a non-significant, non-relevant, predictor of the
tests’ total scores, which is in line with the previous hypothesis that the cognitive decline observed
among RES participants is not age-derived.

Nickel is a silver-white metal that belongs to the ferromagnetic elements group and that is widely
distributed across the environment. It can be absorbed through the respiratory track, digestive system,
and skin [82], and besides being essential for some plants and animal species [83], this metal is also a
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micronutrient essential for proper functioning of the human body (as it increases hormonal activity
and is involved in lipid metabolism [82]). Depending on the duration, intensity, and pathway of
exposure, Ni can act as an immunotoxin, as well as a carcinogenic agent, and cause several health
problems (e.g., [84–87]). Furthermore, Ni accumulates in the brain and can act as a neurotoxicant [88].
Despite the molecular mechanisms not being well understood, its actions seem to be linked with
oxidative stress, mitochondrial dysfunctions, and Ni-induced apoptosis (please see [83] and [88] for
more details). Defective apoptotic processes may lead to excessive cell death, which underlies several
neurodegenerative conditions. Toxicological studies in rats have shown alterations in the neuronal
morphology of rat’s brain after Ni administration [89]. A significant reduction of intact neurons in
the hippocampus and striatum was observed, as well as ultrastructural alterations in neurons of the
hippocampus, striatum, and cortex [89,90]. Mitochondria seemed to be the key target in Ni-induced
neurodegeneration [90]. Cognitive and motor behavior were also compromised [89].

Literature reports tend to portrait Ni as an element with neurotoxic repercussions that may
affect cognition and contribute to the development of neurodegenerative diseases. Our study seems
to contradict such evidence, as the results obtained showed that fingernail Ni content significantly
predicts a lower cognitive decay within 5 years. However, the observation that Ni content in fingernails
was within the interval reported for both non-exposed individuals [74] and healthy centenarians [75] is
relevant, as it not only suggests that our study group was not significantly exposed to this TE but also
that our results are limited to normal (non-toxic) content levels. Therefore, our findings suggest that,
in spite of its potential neurotoxic effects, Ni may also have beneficial effects on long-term cognitive
performance maintenance, provided it is maintained within certain concentration levels.

The role of Se in the human organism seems to be much better understood. Se exists in several
chemical species [91–93], being a TE of interest for both nutritional and toxicological reasons. While it
is an essential element for the biosynthesis of selenoproteins when in the selenocysteine-bound organic
form [94], it is also a toxicant when in the selenomethionine and inorganic forms [93]. Furthermore, Se
has a very narrow range of safe exposure [95], and both its deficiency and excess are associated with
important adverse health effects [96]. In the human body, Se plays an essential antioxidant role [97]
and is very important for the maintenance of the homeostasis of the central nervous system [98]. Its
beneficial effects are mediated by selenium-containing proteins (the selenoproteins) such as glutathione
peroxidases (GPx), the plasma Se-transport protein (SePP), and thioredoxin reductases (TrxR) [99].
One of the roles of these selenoproteins is to regulate oxidative stress, which has been linked with an
increased risk of cognitive decline [100]. For GPX specifically, whose main function is to eliminate
peroxides (therefore maintaining lower levels of reactive oxygen species), it is also known that is
expressed in neurons and glia cells [101]. Additionally, Se also appear to be inversely associated with
systemic inflammation, a critical process in age-associated cognitive decline and dementia [102,103].
In vitro studies observed this negative relationship in several cells, including neurons [104] and
macrophages [105]. Such features are essential for neuroprotection and therefore brain metabolism
of this TE is different from other organs [106]. In case of deficiency, the brain is the last organ to be
depleted and is the first one to return to normal store levels when Se is replenished [107].

Given its beneficial effects, Se has been widely studied within the scope of healthy aging and
cognitive impairment. Reduced levels of Se are believed to lead to neurons destruction and increased
risk of cognitive decline/dementia [108,109]. Studies show that, compared to healthy elder adults, AD
patients exhibited reduced levels of Se in plasma, erythrocyte, blood, cerebrospinal fluid (CSF), and
nails [97,110–112]. Specifically, the levels of this TE seem to be decreased in the temporal, hippocampal,
and cortex regions of AD patients [113]. Higher CSF levels of selenite (a common inorganic Se species)
seem to predict progression to AD in non-vascular MCI patients [114]. Studies on Chinese elderly report
an association between lower levels of Se in nails and poorer cognitive performances and that apoE4
carriers have significantly lower nail content of Se than non-carriers [111,113]. Concordantly to this
evidence, our findings highlight the beneficial effects of Se in cognition, as higher fingernail Se contents
predict lesser cognitive decline in 5 years. The determined Se content in fingernails was also within the

57



Int. J. Environ. Res. Public Health 2020, 17, 6051

reported interval for non-exposed individual [74], which suggests non-excessive exposure and lines
up with the well-known U-shaped relationship between Se levels in the human body and adverse
health effects. Interestingly, Se levels were higher in our participants when compared with healthy
centenarians [75]. As age increases, the decrease of organs’ physiological functioning can greatly affect
the absorption, distribution, metabolism, and function of Se in the human organism [115]. Given the
differences in age between our study group (with a mean age of approximately 84 years) and the
centenarians, this may explain the difference in Se levels. Indeed, previous studies report a reduction
of Se levels in red blood cells not only in AD and MCI but also in normal elderly people [116,117].
Nevertheless, information on this topic is inconsistent, as studies have also shown higher levels of Se
in the plasma among centenarians, when compared to septuagenarians [118] and nonagenarians [119].
An important variable contributing for the heterogeneity of results is the choice of different tissues and
fluids when assessing TE levels. Literature findings show how the relationship between Se and certain
diseases may vary across studies based on different tissues [120].

The main limitation of the present research lies on the number of drop-outs, mainly due to
participants passing away (55% of the initial study sample), which led to a reduced sample size that
potentially may have prevented results from reaching statistical significance. Notwithstanding, this
limitation stems from a longitudinal methodology based on a 5-years follow-up that was implemented
in a cohort whose average age is higher than the life expectancy of its population (estimated to be
80.8 years for Portugal [121]). Furthermore, the present study does not include the measurement of TE
in the CTR group, and therefore, results should be interpreted in a preliminary/exploratory framework.

5. Conclusions

The present exploratory study provides original preliminary evidence of an existing association
between the concentration levels of TE in the human body and future cognitive status—our findings
show that fingernail contents of Ni and Se predict lesser cognitive decline within 5 years. Future
expansion of the present research is warranted. More comprehensive samples and individual-level
measurements of TE for control groups must be included in order to assess the real beneficial potential
of these TE in the maintenance of cognitive capacities. Further research on humans is needed, and
similar translational approaches based on crossing other biomarkers with neuropsychological data
should be considered. Such contributions have the potential to open new avenues for a more successful
prevention of cognitive impairment and dementia.
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Abstract: Passive diffusion tubes for volatile organic compounds (VOCs) and carbonyls and low
volume particulate matter (PM2.5) samplers were used simultaneously in kitchens and outdoor air of
four dwellings. PM2.5 filters were analysed for their carbonaceous content (organic and elemental
carbon, OC and EC) by a thermo-optical technique and for polycyclic aromatic hydrocarbon (PAHs)
and plasticisers by GC-MS. The morphology and chemical composition of selected PM2.5 samples
were characterised by SEM-EDS. The mean indoor PM2.5 concentrations ranged from 14 µg m−3 to
30 µg m−3, while the outdoor levels varied from 18 µg m−3 to 30 µg m−3. Total carbon represented
up to 40% of the PM2.5 mass. In general, the indoor OC/EC ratios were higher than the outdoor
values. Indoor-to-outdoor ratios higher than 1 were observed for VOCs, carbonyls and plasticisers.
PAH levels were much higher in the outdoor air. The particulate material was mainly composed of
soot aggregates, fly ashes and mineral particles. The hazard quotients associated with VOC inhalation
suggested a low probability of non-cancer effects, while the cancer risk was found to be low, but not
negligible. Residential exposure to PAHs was dominated by benzo[a]pyrene and has shown to pose
an insignificant cancer risk.

Keywords: dwellings; indoor/outdoor; VOCs; carbonyls; PM2.5; OC/EC; morphology; PAHs

1. Introduction

We spend most of our time in indoor environments. As building infrastructures are increasingly
airtight to save energy, epidemiological studies need to understand the extent to which outdoor
levels of air pollutants persist as a determining factor of exposure and, consequently, of health in the
indoor environment. Many of the outdoor pollutants are also prevalent within homes, contributing
to unhealthy air. Kitchens are spaces not only for preparing meals, but also for socialising with
family and friends, and where children often do their homework, and most of us watch television.
The kitchen is indeed the heart of the home. Places where meals are made and eaten are considered
microenvironments with specific characteristics [1]. After the bedroom, this indoor area is probably
the room people spend the most time in. Air quality in a kitchen is influenced by many factors,
such as the method of meal preparation and ingredients used, the cooking style, the temperature of
the cooking process, the volume of the room, the efficiency of the exhaust hood, and the number of
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persons using the space [1–3]. However, in developing countries wood stove emissions are the main
cause of kitchen-related air pollution in many deprived homes [4–6]. Nearly 3 billion people use solid
fuels, especially biomass and coal, for cooking and heating and this number will continue to rise in the
next decade [5] (and references therein). Since biomass-burning cookstoves are a noteworthy source
of carbonaceous aerosols and gaseous compounds, this source of pollution has received increasing
attention because emissions greatly contribute to the global burden of disease [5,7–13]. Estimates
by the World Health Organisation (WHO) indicate that exposure to air pollution from cooking with
solid fuels contribute to more than four million annual premature deaths globally, half a million of
which are children under the age of 5 who die of pneumonia [14]. Emissions from biomass-burning
cookstoves encompass products of incomplete combustion, such as volatile organic compounds (VOCs)
and particulate matter with an aerodynamic diameter less than or equal to 2.5 µm (PM2.5), which can
penetrate deeply into the alveolar sacs, where they can deposit and be absorbed, contributing to the
entry of toxic substances into the bloodstream, including carcinogenic polycyclic aromatic hydrocarbons
(PAHs) [15].

In the last two years, a substantial number of research articles has been published with the objective
of documenting the indoor air quality in kitchens with low-efficiency biomass cookers, especially in
underdeveloped countries. Some of these articles aimed at comparing emissions from traditional
biomass stoves for household cooking with those from improved cookstoves [16–33]. In developed
countries, in most cases, gas or electric stoves/cookers are used for meal preparation. Furthermore,
a ventilation system mounted directly over the cooker/stove is an essential element in every kitchen
to reduce the transport of odours and pollutants to neighbouring rooms. However, despite the
pollutant levels in well-equipped modern kitchens are reportedly much lower, studies on this type
of microenvironment are scarce and mostly focused on gaseous contaminants [34–38]. The WHO
concluded that there is no convincing evidence of a difference in the hazardous nature of particulate
matter from indoor sources as compared with those from outdoors and that the indoor levels are usually
higher than the outdoor levels [39]. Continuous pressure to re-evaluate air quality standards stems
from studies that have observed effects at low levels of particulate matter. These studies have suggested
that, instead of mass concentration, some chemical components (e.g. carbonaceous compounds) may
be a better metric for estimating the health risks [40]. A better understanding of indoor air pollutants,
their levels and sources in specific microenvironments can help in adopting more efficient management
strategies and mitigation measures to reduce health risks from exposure to PM2.5 and associated
toxic constituents.

This study is based on a multi-pollutant monitoring campaign carried out in four biomass-free
kitchens, for which studies are comparatively much scarcer, in order to answer the following questions:
Are there significant differences in pollutant levels between modern kitchens equipped with gas ranges
or electric hobs? Do the observed levels and compounds depend on housing factors or outdoor air?
Are the risks resulting from inhalation of pollutants (VOCs and PM2.5-bond PAHs) routinely considered
by international agencies of concern to health? Are these metrics sufficient to infer sources and effects
or can the particle morphological analysis give us additional indications? The aim of this pilot study is
not only to characterise air quality in a poorly studied microenvironment, such as kitchens, but also to
draw lessons for conducting wider researches in the future.

2. Methodologies

2.1. Sampling and Analysis

A monitoring programme involving four kitchens with different characteristics (Table 1) and the
respective outdoor air was conducted in the region of Aveiro, Portugal, in October and November 2017.
Along with the neighbouring city of Ílhavo, Aveiro is part of an urban agglomeration that includes
120,000 inhabitants. Aveiro is located on the Atlantic coast, in the Central Region, at about 250 km to
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the North of Lisbon and 70 km to the South of Oporto. It is surrounded by beaches and by an extensive
coastal lagoon.

Table 1. Characterisation of dwellings and sampling details.

Characteristics House 1 House 2 House 3 House 4

Location Ílhavo Aveiro Aveiro Aveiro

Area Periurban/rural Urban Suburban Urban

Type of dwelling

Detached house
with lawn and

extensive
vegetable garden

City centre
apartment with

permanent
occupancy

Detached house on
the outskirts, with
small garden, near
a main road with

intense traffic

Terraced house in a
residential

neighbourhood,
near a main road

with intense traffic

Kitchen area (m2) 24.5 16.5 15.4 20.2

Number of
permanent
occupants

3 3 3 4

Number of daily
occupancy hours 15 24 15 17

Smokers No No No No

Pets 1 dog, 1 cat No No No

Source of energy
for cooking Gas Gas Electricity Electricity

Ventilation Natural Natural Natural Natural

Range hood Under cabinet Under cabinet Under cabinet Under cabinet

PM2.5 sampling
equipment TCR Tecora MiniVol TCR Tecora MiniVol

Number of samples 10 (indoor)
10 (outdoor)

7 (indoor)
7 (outdoor)

10 (indoor)
10 (outdoor)

7 (indoor)
7 (outdoor)

Sampling period 16/10/2017 to
05/11/2017

16/10/2017 to
06/11/2017 06 to 26/11/2017 07 to

28/11/2017

Low volume samplers were used to collect particulate matter (PM2.5) onto 47 mm diameter quartz
filters. ECHO PM samplers (TCR Tecora, Cogliate, Italy) operating at 38.3 L min−1 were deployed in
two residences, in which ten pairs of PM2.5 samples were collected for periods of 48 h. MiniVolTM

TAS samplers (Airmetrics, Springfield, OR, USA) were used in the other two dwellings, in which
seven pairs of PM2.5 samples were collected for periods of 72 h at a flow of 5 L min−1. In the kitchens,
the samplers were positioned near the dining tables in a central location. Outside, the equipment was
placed on the porch, terrace or balcony adjacent to the kitchens. VOCs and carbonyls were sampled in
parallel, also indoors and outdoors, using Radiello® (Merck, Darmstadt, Germany) diffusive passive
tubes (cartridges codes 145 and 165, respectively) in triplicate. Two consecutive samplings, each lasting
10 days, were performed at each site. VOCs were analysed by thermal desorption coupled to gas
chromatography-mass at the Istituti Clinici Scientifici Maugeri (Pavia, Italy). The carbonyl-DNPH
derivatives were analysed at the University of Aveiro by eluting with 2 mL of acetonitrile poured
directly into the cartridge and stirring from time to time for 30 min. The extracts were filtered and then
analysed in a high-performance liquid chromatography system (Jasco, Cremella, Italy) equipped with
a PU- 980 pump, also from Jasco (Cremella, Italy), a manual injection valve (20 µL loop, Rheodyne,
Rohnert Park, CA, USA), a Supelcosil LC-18 column (250×4.6 mm; 5 µm; Supelco, Darmstadt, Germany)
and a Jasco MD-1510 diode array detector (Cremella, Italy). The elution was performed with an
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isocratic mixture of acetonitrile and water (60:40), with a flow rate of 1.5 mL min−1. External calibration
curves in six concentration levels were constructed from standard solutions.

The gravimetric quantification of PM2.5 was performed on a RADWAG MYA 5/2Y/F (Radom,
Poland) microbalance with an accuracy of 1 µg in a humidity (50 ± 5%) and temperature (20 ± 1 ◦C)
controlled room. Filter weights were obtained from the average of six consecutive measurements with
variations between them of less than 0.02%. The carbonaceous content (organic and elemental carbon,
OC and EC) of PM2.5 samples was analysed by a thermal-optical transmission technique. At least,
two replicate analyses were performed for each filter. In each analytical run, two 9 mm punches
are first heated in a non-oxidising atmosphere of N2 in order to volatilise the carbonaceous organic
compounds. After the first step of controlled heating, the remaining carbonaceous fraction is burnt in
an oxygen-containing gas mixture. During anoxic heating, some OC is pyrolysed (PC), and quantified
as EC in the second stage of heating. The minimise the bias in the OC/EC split, the blackening of the
filter is continuously monitored by a laser beam and a photodetector, which allows reading the light
transmittance. OC and EC are measured in the form of CO2 by an infrared non-dispersive analyser.

For chemical and morphological characterisation, the filters with the lowest and highest
concentration in each kitchen and the respective outdoor pairs were chosen. Two 5 mm diameter
punches were cut from each of these filters. A Hitachi S-4100 scanning electron microscope (SEM)
coupled to a Bruker Quantax 400 Energy Dispersive Spectrometer (EDS) (Bonsai Advanced, Madrid,
Spain) was employed.

Since several punches were removed from each filter for analysis of the carbonaceous material
and for morphological characterisation, the remaining area did not contain enough mass for the
quantification of PAHs. Thus, for each site, the leftover area of the various filters was combined
and extracted together to obtain an “average” of the concentrations. Each set of filters was extracted
three times with dichloromethane (DCM) in an ultrasonic bath (25 mL for 15 min, each extraction,
with 5 min stops between them). After each extraction, the 3 DCM organic extracts of each composite
sample were combined, filtered through pre-cleaned cotton and concentrated to a volume of 0.5 mL
using a Turbo Vap®II evaporation system (Biotage, Charlotte, NC, USA). The concentrated samples
were transferred into vials and dried under a gentle nitrogen stream. The extracts were analysed
in a gas chromatographer-mass spectrometer (GC-MS) from Agilent (Santa Clara, CA, USA) with
single quadrupole. The chromatographic system (GC model 7890B, MS model 5977A) was equipped
with a CombiPAL autosampler (Agilent, Santa Clara, CA, USA) and a TRB-5MS (60 m × 0.25 mm ×
0.25 µm) column (Teknokroma, Barcelona, Spain). The quantitative analysis was performed by single
ion monitoring (SIM). Blank filters were analysed in the same way to obtain blank-corrected results.
Data were acquired in the electron impact (EI) mode (70 eV). The oven temperature programme was as
follows: 60 ◦C (1 min), 60 to 150 ◦C (10 ◦C min−1), 150 to 290 ◦C (5 ◦C min−1), 290 ◦C (30 min) and using
helium as carrier gas at 1.2 mL min−1. The following mixture of deuterated internal standards (IS) was
used to quantify PAHs: 1,4-dichlorobenzene-d4, naphtalene-d8, acenaphthene-d10, phenanthrene-d10,
chrysene-d12, perylene-d12, fluorene-d10 and benzo[a]pyrene-d12 (Supelco). In the case of plasticisers,
deuterated diethyl phthalate-3,4,5,6-d4 and bis (2-ethylhexyl) phthalate-3,4,5,6-d4 (Supelco) were used
as IS. Calibrations were performed with authentic standards (Sigma-Aldrich, St. Louis, MO, USA) at
eight different concentration levels.

2.2. Data Analysis

For the statistical treatment, SPSS (IBM Statistics Software V.25, Armonk, NY, USA) was used.
The normality of the data was assessed by the Shapiro-Wilk test. The Mann-Witney non-parametric
test was applied to obtain the statistically significant differences with a significance of 0.05 (Tables
S1–S4). Uncertainties of measurements were estimated as 5/6 times the method detection limit, which is
a common procedure adopted in factor analysis. On average, the absolute uncertainties for PM2.5,
OC and EC were 0.40, 0.14 and 0.13 µg m−3, which correspond to relative errors of 1.4–2.9%, 1.8–4.4%
and 2.0–5.8%, respectively. For organic compounds, depending on the PAH or plasticiser, uncertainties
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were estimated to be in the range from 1.2 to 25 pg m−3, accounting for relative errors of 1.3–5.2%.
In the case of volatile organic compounds, individual uncertainties were always < 0.1 µg m−3 with
relative errors ranging from 0.28 to 6.6%.

2.3. Health Risk Assessment

To estimate the risk associated with inhalation of pollutants, the methodology proposed by
the United States Protection Agency (USEPA), and extensively described in the literature (e.g.) [41],
was followed. The assessment refers only to the period at home, since information on the time spent at
work or other microenvironments or outdoors was not available. Given that several studies suggest that
there are no significant differences between the levels in the various subcompartments of the residential
dwelling (e.g.) [42,43], measurements in the kitchens were taken as representative of exposure at home.
To account for the permanence in each household, time-adjusted concentrations (Ei) were calculated
using the following equation:

Ei =
∑

j

Cijtj ×
EF
NY
×

ED
AL

(1)

where Ei is the time-weighted daily personal exposure to compound i (µg m−3), Cij is the measured
concentration of compound i (µg m−3) in each household, tj is the time fraction spent at home, EF is
the exposure frequency (350 days/year considering that people spend 15 days on vacation away from
home), NY is the number of days per year (365 days/year), ED is the exposure duration (30 years),
and AL is the average lifetime (70 years).

The inhalation unit risk (IUR) is the excess cancer risk resulting from continuous exposure to a
unit increase of a compound via inhalation. IUR values listed in Table 2 are derived from previous
studies by the USEPA for the general population with a default body weight of 70 kg and a default
inhalation rate of 20 m3 day−1. The chronic inhalation cancer risk (CR) is the increased probability of
developing cancer as a result of a specific exposure to a certain compound. CR is calculated using the
following equation:

CRi = Ei × IURi (2)

Cancer risks < 1 in a million are considered negligible, whereas values above 1.0 × 10−4 are
classically considered of concern.

The inhalation non-cancer risk is estimated as follows:

HQi = Ei/RfCi (3)

where HQi is the hazard quotient of compound i, and RfCi is the chronic reference concentration of
compound i in µg m−3 (Table 2). The hazard index (HI) is the summation of non-cancer risks from
multiple compounds. Values higher than 1 express a chance that non-carcinogenic effects may happen,
whilst values below 1 indicate low or no risk of non-carcinogenic effects on humans.

Table 2. Toxicity parameters for VOCs provided by the Office of Environmental Health Hazard
Assessment (OEHHA) and Integrated Risk Information System (IRIS) of USEPA (n.a.—not available).

Compound. IUR (µg m−3) −1 RfC (µg m−3)

Benzene 2.2 × 10−6 30
Toluene n.a. 5 × 103

Xylenes n.a. 100
Ethylbenzene 2.5 × 10−6 1 × 103

Styrene 1.63 × 10−7 900
Tetrachloroethylene 2.6 × 10−7 40
1,4-Dichlorobenzene 1.1 × 10−5 800

Formaldehyde 1.3 × 10−5 9
Acetaldehyde 2.7 × 10−6 9
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The carcinogenic risk due to exposure to PAHs is based on benzo[a]pyrene equivalent
concentrations (BaPeq). These are calculated multiplying the individual PAH concentrations by
their toxic equivalent factor (TEF) [44]. The inhalation cancer unit risk of BaP is 1.11 × 10−6 (ng m−3) −1.
It is estimated from the cancer potency factor (CPF) using the following equation:

IUR = CPF × 20 m3/(70 kg × 106) (4)

where inhalation unit risk (IUR) represents the excess cancer risk associated with an exposure to a
concentration of 1 µg m−3, CPF (equal to 3.9 (mg/kg-day) −1 for BaP) indicates the excess cancer risk
for an exposure to 1 mg of a compound per kg of body weight (70 kg), 20 m3 is the default inhalation
rate per day, and 106 is the conversion factor from mg to ng. The excess cancer risk for a receptor
exposed to PAHs via the inhalation pathway can be estimated by equation 2, where Ei represents the
time-weighted daily personal exposure to the sum of BaPeq concentrations.

3. Results and Discussion

3.1. Carbonyls and Volatile Organic Compounds

Formaldehyde (HCHO) and acetaldehyde (CH3CHO) are highly reactive carbonyl compounds
that are normally found in both indoor and outdoor environments. Formaldehyde is emitted by various
building and insulating materials, some consumer products (e.g. disinfectants and cosmetics), carpets,
fabrics and new furniture, principally if made of plywood [45,46]. In indoor environments, combustion
processes, including tobacco smoking, also emit large amounts of these compounds. Acetaldehyde
is also present in various consumer products such as deodorants, and in many foods and alcoholic
drinks [45], which can represent emission sources in kitchens.

Indoor and outdoor formaldehyde concentrations were 7.61 ± 3.08 and 1.49 ± 0.67 µg m−3,
respectively, whilst the corresponding acetaldehyde levels were 7.94 ± 4.63 and 0.41 ± 0.36 µg m−3

(Table 3).

Table 3. Comparison of carbonyl concentrations (µg m−3) obtained in the present study with those
reported for other places.

Location Environment Formaldehyde Acetaldehyde Reference

Aveiro region, Portugal
Kitchens 7.61 ± 3.08 7.94 ± 4.63 Present

studyOutdoor 1.49 ± 0.67 0.41 ± 0.36

61 flats in Paris, France Kitchens 21.7 ± 1.9 10.1 ± 1.8 [42]

Dwellings in Bari, Italy
Kitchens 16.0 ± 8.0 10.7 ± 8.8

[45]
Outdoor 4.4 ± 1.7 3.4 ± 2.0

59 homes in Prince Edward
Island, Canada Not provided 5.5–87.5

(median 29.6)
4.4–79.1

(median 29.6) [46]

Shiraz, Iran
Outdoor-summer 15.1 ± 9.17 8.40 ± 4.29

[47]
Outdoor-winter 8.57 ± 5.91 3.52 ± 1.69

Formaldehyde levels in the kitchen of the detached house on the outskirts were found to
be statistically different (p < 0.0146) from those in houses 1 (rural) and 2 (city centre apartment).
The acetaldehyde levels of house 2 differed significantly from the values obtained in house 1 (p = 0.0224).
Concentrations in kitchens were much higher than those observed outdoors. Statistically significant
differences between the values of the indoor and outdoor environments were registered (p = 0.0001
for formaldehyde, p = 0.0004 for acetaldehyde, α = 0.05). These carbonyls are known to be irritants
of the eyes and upper airways. Formaldehyde is a known human carcinogen [48]. In the present
study, its concentrations never exceeded the protection limit of 100 µg m−3 imposed by the Portuguese
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legislation. Acetaldehyde was incorporated by the WHO in Group 2, which comprises pollutants
of potential interest, but additional investigation would be needed before it is clear whether there is
enough evidence to warrant their inclusion in the guidelines. Based on studies of short- and long-term
exposure, countries such as Canada have set a maximum daily limit of 280 µg m−3. An extended review
of formaldehyde concentrations worldwide in all types of indoor environments has been compiled
by Salthammer et al. [49]. In a study carried out in dwelling in Bari, Italy, indoor formaldehyde
and acetaldehyde concentrations were found to be significantly higher than outdoor concentrations.
No significant relation was observed by the authors between the levels of aldehydes in the kitchens
and the age or restoration of the building, the time windows or balcony doors were kept open or the
time the burners were kept alight [45]. These two carbonyl compounds were also assessed in three
principal rooms of 61 flats in Paris [42]. Statistically, the levels monitored in the kitchens did not differ
from those registered in bedrooms and living rooms.

Many of the sources that contribute to carbonyls are also emitters of other VOCs. A few of these
VOCs, such as benzene, are designated by multiple authorities as human carcinogens. Short- and
long-term exposures can affect many organs and cause multiple symptoms [50]. In the present study,
for most compounds, all the kitchens registered indoor-to-outdoor VOC concentration ratios higher
than one, proving the strong contribution of endogenous emission sources. Statistically significant
differences were found between indoor and outdoor levels of toluene (p = 0.0236), ethylbenzene
(p = 0.0397), m + p-xylene (p = 0.0273), styrene (p = 0.005), o-xylene (p = 0.0500) and α-pinene
(p = 0.0001). The dwelling with the most significant differences for a greater number of compounds
compared to the others was the permanently occupied apartment, where an elderly woman who
needs nursing care at home resides. The concentrations of VOCs in the four dwellings are within
the wide range of values measured in homes of several other regions [41,43,51–53], although closer
to the lower levels. The indoor concentrations of benzene, trichloroethylene, toluene, styrene and
tetrachloroethylene were well below the thresholds laid down by the national regulation (Table 4).

Table 4. Minimum, maximum and mean values for VOC concentrations and I/O ratios, and legal limits.

VOC
Indoor Concentration

Range and Mean
µg m−3

Indoor-to-Outdoor
Ratio

Threshold by the Portuguese
Legislation [54]

µg m−3

Benzene 0.78–3.3 (1.6) 0.39–1.3 (0.68) 5
Ethylbenzene 0.87–6.6 (2.4) 1.1–7.4 (2.9)

Toluene 4.1–21.6 (9.4) 1.1–4.6 (2.3) 250
m + p-xylene 2.7–20.2 (7.6) 1.1–7.6 (3.1)

o-Xylene 1.0–8.9 (3.1) 0.97–8.0 (3.0)
Styrene 0.33–1.6 (1.0) 1.5–5.0 (3.5) 260

1,4-Dichlorobenzene <0.10–1.2 (0.38) 25
Trichloroethylene <0.10

Tetrachloroethylene 0.30–2.9 (0.96) 0.56–1.2 (0.89) 250
α-Pinene 2.9–17.4 (9.5) 16.4–152 (71.1)

Indoors, benzene, toluene, ethylbenzene and xylenes (BTEX) were highly correlated with each
other (r2 from 0.64 to 1.0), suggesting common emission sources. Outdoors, toluene, ethylbenzene
and xylenes correlated well (r2 from 0.73 to 0.97), but the relationships involving benzene were
weaker. However, the indoor concentrations of the various compounds did not correlate with the
respective outdoor levels, indicating that the emitting sources in the kitchens are different from those
observed outside. The only exceptions were tetrachlorethylene (r2 = 0.95) and styrene (r2 = 0.68).
Tetrachlorethylene is mainly used for dry cleaning of fabrics, whereas styrene occurs naturally in
small amounts in some plants and foods, such as peanuts, cinnamon, and coffee beans, although it
is mostly used to make products such as food containers, rubber, plastic, carpet backing, insulation,
fiberglass, pipes, and automobile parts. The highest indoor concentration was generally observed
for α-pinene, followed by toluene and m + p-xylene. α-Pinene concentrations were 16 to 152 times
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higher in the kitchens than outside. This monoterpene is mainly synthetised by plants and commonly
incorporated as fragrance in several consumer products (e.g. cleaning agents and air fresheners). It is
emitted from numerous indoor items, including furniture of wooden origin [55]. Furthermore, cooking
with condiments has been reported to be an important source of terpenes in indoor environments [56].
α-Pinene was also the most abundant and frequently detected VOC in UK and Polish homes [55,57].
On average, a toluene-to-benzene (T/B) ratio of 2 was obtained for the outdoor samples, which is
a typical value for traffic emissions [58]. The indoor T/B ratios were three times higher than those
observed in outdoor air. Likewise, the indoor samples were characterised by m + p-xylene-to-benzene
and ethylbenzene-to-benzene ratios of 4.9 and 1.5, on average, while the corresponding outdoor values
were 1.3 and 0.4. Toluene and benzene are common constituents of gasoline. However, toluene,
together with ethylbenzene and xylenes, is used in solvents, while benzene is not. Solvents are the
main component of cleaning agents, coatings, paints, adhesives, etc. Thus, evaporative emissions
from coated surfaces and cleaning products, among other sources, may have contributed to enhanced
emissions of toluene, xylenes and ethylbenzene in the kitchens. The m + p-xylene-to-ethylbenzene
(mpX/E) ratio is frequently employed as an indicator of the age of air masses at a given site [58],
since m,p-xylene disappear more rapidly than ethylbenzene through photochemistry. Thus, a higher
mpX/E ratio suggests fresh local emissions, whereas lower ratios are related to more photochemical
activity and associated emissions from some distance. In the present study, mpX/E ratios presented
very little variability, averaging 3.3 and 3.1 for indoor and outdoor samples, respectively. These values
are in agreement with ratios of fresh in situ emissions [58].

3.2. PM2.5 Concentrations and Carbonaceous Content

The mean indoor PM2.5 concentration ranged from 13.8 µg m−3, in the kitchen located in a rural
area, to 30.2 µg m−3 in the city centre apartment with permanent occupancy (Figure 1).
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Figure 1. PM2.5 concentrations monitored in kitchens and outdoor air.

The kitchen of this apartment was the one where the concentrations most often exceeded the WHO
guideline value. As observed for VOCs, the PM2.5 levels of this kitchen were found to be significantly
different from those measured in any of the other dwellings (p < 0.0262), suggesting that concentrations
increase with the occupancy rate. A mean outdoor level of 18.3 µg m−3 was obtained in the rural area,
while very close mean values were recorded in the centre and outskirts of the city (27.6–29.5 µg m−3).
Much higher PM2.5 concentrations have been monitored in household kitchens where biomass fuels
are used for cooking (Table 5).
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Table 5. PM2.5 concentrations measured in the present study and in kitchens of other countries using
different cooking fuels or energy sources.

Location PM2.5 (µg m−3) Cooking Fuel or Energy Source Reference

Aveiro region, Portugal 20.6 ± 10.9
17.8 ± 12.2

gas
electricity This study

Bhaktapur, Nepal

630 ± 924
759 ± 988
656 ± 924
169 ± 207
101 ± 130
80 ± 103

wood
rice husk

biomass mixture (wood + rice husk)
kerosene

LPG
electricity

[59]

Rural households, India

910
447
432
78

dung cakes
agricultural residues

fuel mixture (wood + dung)
LPG

[60]

Lanzhou, northwest China
(heating season)

204 ± 50
114 ± 39
107 ± 43

coal
gas

electricity
[61]

Lanzhou, northwest China
(non-heating season)

213 ± 89
65 ± 42
55 ± 35

coal
gas

electricity
[61]

In these kitchens, it has been observed that particulate matter levels vary according to the fuel
type: cow dung cakes > rice husk > agricultural residues > firewood > gas. Li et al. [61] evaluated
the household concentrations of PM2.5 among urban residents of Lanzhou, China, concluding that
changing from coal to gas or electricity could result in a reduction of PM2.5 in the kitchens by 40–70%.
The application of a statistical test to the databases of the present study indicated that the PM2.5

concentrations in kitchens equipped with gas ranges are not statistically different from those in kitchens
with electrical appliances (p = 0.486, α = 0.05).

Total carbon accounted for about 30% of the PM2.5 mass in the kitchens of the rural area and city
centre apartment (Figure 2). In the kitchens of houses with less central location, but near roads with
intense traffic, the TC/PM2.5 values were higher (40–50%). The corresponding outdoor mass fractions
ranged, in general, between 20 and 40%, the highest values being registered at the two locations more
influenced by traffic. In the kitchens, OC represented 30–35% of PM2.5, while lower mass fractions
of this carbonaceous constituent (18–23%) were obtained in the outdoor air. In general, the indoor
OC/EC ratios were higher than the corresponding outdoor values. Regardless of location, ratios >2
were usually observed. The highest OC/EC ratios were measured at the beginning of the sampling
campaign, when the region was hit by wildfires. Measurements carried out in a busy roadway tunnel
in central Lisbon exhibited an OC/EC ratio in a narrow range from 0.3 to 0.4, reflecting the composition
of fresh vehicular exhaust emissions. Much higher ratios are indicative of secondary OC formation,
biomass burning emissions, and cooking fumes [62] (and references therein). Additional sources
that contribute to the organic carbonaceous component of PM2.5 in indoor air include paper and
clothing fibres, microscopic specks of plastics, contaminants brought on the soles of our shoes, bacteria,
skin flakes, cosmetics, cleaning products, etc. [63]. On the other hand, VOCs in indoor air react and
form lower volatility reaction products. These reaction products may condense on existing particles or
nucleate, producing secondary organic aerosols (SOA), which grow with time into larger particles.
Surface chemistry can also be a source of indoor SOA [64].
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Figure 2. Ratios between total carbon (TC = EC + OC) and PM2.5 and between organic carbon and
elemental carbon.

PM2.5 outdoor concentrations were weakly or moderately correlated with indoor concentrations
for three of the households (r2 = 0.23–0.53), while an excellent relationship (r2 = 0.96) was found for
the terraced house in a residential neighbourhood, near a main road with intense traffic. Similar
relationships were observed for EC. The indoor and outdoor OC levels correlated well for all households
(r2 = 0.76–0.91), indicating common sources or formation processes. The slopes of the correlations
between indoor and outdoor concentrations represent the infiltration factors, i.e., the fraction of the
outdoor PM2.5 carbonaceous component that penetrates indoors and remains suspended [65]. It was
estimated that from 32% (rural house) to 74% (city centre apartment with permanent occupancy and
with a window often open) of the indoor OC was infiltrated from the outside.

3.3. PM2.5-Bound Polycyclic Aromatic Hydrocarbons and Plasticisers

Eight phthalate plasticisers and one non-phthalate plasticizer [bis(2-ethylhexyl) adipate] were
quantified in PM2.5 (Table 6). This type of compounds can be found in large quantities in plastics,
vinyl flooring, varnishes, coating agents, sealing compounds, industrial and natural rubber articles,
and adhesives. The finishing of textiles also relies on the use of flexibilising substances to improve
their feel and pliability. Plasticisers can leak out of the different products, thus escaping into the
environment, making them ubiquitous. Total concentrations in the kitchens ranged from 44 to 171 ng
m−3. These values were three to 12 times higher than those detected in the outdoor air, reflecting the
widespread employment of plasticised indoor materials. Total concentrations in the kitchens were
found to be significantly different from those outdoors (p = 0.0343). The most abundant compounds
were diisobutyl phthalate and bis (2-ethylhexyl) phthalate, together with di-n-butyl phthalate in two of
the kitchens. The latter two compounds have been listed as major plasticisers in household dust [63].
Health concerns related to phthalate ester exposures have focused primarily on cancer and reproductive
effects [66]. Evidence for an association between phthalate exposure and diabetes risk and obesity was
also found [67]. Moreover, it has emerged that exposure to phthalates aggravate pulmonary function
and airway inflammation in asthmatic children [68].

PAHs are prevalent environmental pollutants generated primarily during the incomplete
combustion of organic materials. Except in the permanently occupied housing, PAH concentrations
were much higher in the outdoor air. It should be noted that in this house a greater number of meals
are prepared, and gas is used for cooking. The total concentrations obtained in the kitchens were
statistically different from those found outdoors (p = 0.0499).
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Table 6. Indoor and outdoor concentrations (ng m−3) of plasticisers and polyaromatic compounds and
diagnostic ratios.

House 1 House 2 House 3 House 4

Indoor Outdoor Indoor Outdoor Indoor Outdoor Indoor Outdoor

Plasticisers

Dimethyl phthalate 0.0993 0.00616 1.57 0.115 0.281 0.0105 0.916 0.119
Diethyl phthalate 1.49 0.0538 5.55 1.24 0.825 8.87 1.53

Diisobutyl phthalate 13.4 4.15 72.3 13.2 7.96 3.11 76.5 3.12
Di-n-butyl phthalate 1.44 30.9 3.92 2.80 56.8

Benzyl butyl phthalate 0.547 0.394 2.05 0.160 0.302 0.135 0.580 0.132
Bis(2-ethylhexyl) adipate 7.93 2.70 6.34 0.847 3.20 2.18 6.11 0.985

Bis(2-ethylhexyl) phthalate 29.8 7.11 29.1 11.2 25.4 8.18 20.4 6.92
Di-n-octyl phthalate 2.95 1.16 0.113 1.91 0.254 0.747 0.294
Diisononyl phthalate 1.31 0.168 0.211 0.0376 1.17 0.0601 0.265 0.101

Total 59.0 14.6 149 30.8 43.8 13.9 171 13.2

PAHs

Naphthalene 1.13 1.19 1.93 0.0192 1.81 1.22
Acenaphthylene 0.156 0.00896 0.0425 0.354 0.101 0.244
Acenaphthene 0.491

Fluorene 0.0202 0.00557 0.0219 0.0387
Phenanthrene 0.0540 0.0411 0.000917 0.00745 0.185 0.0415 0.233

Anthracene 0.0132 0.00579 0.0159 0.0529 0.0473 0.0402
Fluoranthene 0.501 0.0484 0.0710 0.0963 0.666 0.183 0.602

Pyrene 0.656 0.0293 0.0534 0.0109 0.718 0.188 0.662
p-Terphenyl 0.0229 0.0110 0.0155 0.0168

Retene 0.106 5.26 0.568 1.31 0.117 0.621 0.136 0.581
Benzo[a]anthracene 0.0387 0.780 0.0705 0.0981 0.0604 1.13 0.194 0.731

Chrysene 0.0612 1.11 0.0950 0.162 0.0643 1.64 0.330 1.30
Benzo[b]fluoranthene 0.319 1.86 0.297 0.329 0.671 2.43 0.830 1.77

7,12-Dimethylbenz[a]anthracene 0.164 1.60 0.486 0.448 0.0910 0.298 0.0933 0.190
Benzo[k]fluoranthene 0.277 1.83 0.261 0.280 0.715 2.24 0.813 1.80

Benzo[e]pyrene 0.258 1.37 0.288 0.304 0.556 1.71 0.665 1.28
Benzo[a]pyrene 0.202 1.36 0.128 0.157 0.627 1.89 0.668 1.15

Perylene 0.108 0.719 0.0806 0.0920 0.301 0.875 0.314 0.528
Indeno[1,2,3-cd]pyrene 0.533 1.72 0.345 0.332 0.633 1.68 1.05 1.50
Dibenzo[a,h]anthracene 0.0749 0.245 0.0424 0.0389 0.0924 0.222 0.122 0.180

Benzo[g,h,i]perylene 0.460 1.47 0.359 0.345 0.547 1.52 1.05 1.41
Total 3.73 21.9 5.10 4.55 4.65 18.3 8.65 15.5

Ratios between PAHs

BaA/(BaA + Chry) 0.39 0.41 0.43 0.38 0.48 0.41 0.37 0.36
IP/(IP + BghiP) 0.54 0.54 0.49 0.49 0.54 0.53 0.50 0.52

BaP/(BaP + BghiP) 0.36 0.48 0.45 0.47 0.50 0.53 0.39 0.48
BaP/BghiP 0.44 0.92 0.36 0.46 1.2 1.2 0.64 0.82

Empty cells mean below detection limit or of the same order of the blanks; BaA—Benzo[a]anthracene;
Chry—Chrysene; IP—Indeno[1,2,3-cd]pyrene; BghiP—Benzo[g,h,i]perylene; BaP—Benzo[a]pyrene.

The highest PAH levels were obtained in the house under the influence of wildfires. In the outdoor
air of this dwelling, the retene concentration deserves to be highlighted. This alkylated phenanthrene
has been described as the most abundant polyaromatic in particulate matter samples from several
wildfire events [69]. An overwhelming proportion of retene has also been found in the organic extracts
of PM2.5 from the combustion of vegetal charcoal in barbecue grills [70]. More recently, it has been
detected in non-exhaust particles resulting from tyre wear [71]. Retene in tyre-related samples may
originate from the natural waxes and resins added as softeners and extenders to rubbers. In addition
to biomass burning, this traffic non-exhaust source may justify the detection of retene in the outdoor
air, which in part penetrates inside the buildings. In all samples, high PAH molecular weights with
≥ 4 rings dominated over lighter compounds, indicating prevalence of pyrogenic with respect to
petrogenic sources.

Concentration ratios between PAHs have been frequently used as diagnostic tools to infer their
sources [69,70,72]. In the present study, regardless of the location, BaA/(BaA + Chry) ratios around 0.4
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were obtained, revealing a mixed contribution from petrogenic sources, cooking fumes and biomass
burning emissions. Also, irrespective of the sampling site, a rather constant IP/(IP + BghiP) ratio
around 0.5 was observed. Values ≥ 0.5 have been linked to wildfires, coal combustion and residential
wood burning, while emissions from petroleum combustion are characterised by much lower ratios.
Values between 0.4 and 0.5 have been described as typical of cooking emissions [73]. In contrast,
the BaP/BghiP ratio showed some variations. The indoor ratios were always lower than those observed
outdoors. The highest ratios were obtained in the suburban detached house, which is close to a charcoal
grilled chicken restaurant without fume removal or scrubbing system. BaP/BghiP ratios > 1.2 have
been pointed out as typical of both wildfires and coal combustion, whilst values around 0.4–0.5 are
characteristic of vehicle emissions [69,70,72].

3.4. PM2.5 Morphological Characteristics

SEM images are widely used in the study of atmospheric particle morphology, and can directly
show the particle size, shape, aggregation characteristics, composition, and even sources. The individual
particle details could contribute to establish pollution tracers emitted by specific sources in future studies.
The filters used in this study are made of quartz fibres with different diameters in a tree-dimensional
filtration substrate. A blank/clean quartz filter (Figure 3a) was analysed by SEM in order to compare
its microstructure with that of the filters on which the particles were collected. The particulate material
was mainly composed of soot aggregates, fly ash particles and mineral particles, which mainly derive
from combustion and dust.

 

 

 

(a) (b) 

(c) (d) 

Figure 3. SEM imagens of (a) control blank quartz filter with 1.0 µm scale; (b–d) collected particles.

Figure 3b shows the diverse types of materials found in the outdoor environment of house 1
(rural) between 22 and 24 October 2017. Black arrows (Figure 3c) indicate some of the PM2.5 present in
different depths of the quartz fibre filter and the size of the circles on the bottom right corner represents
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the aerodynamic diameter cut-off for PM1 and PM2.5 in a sample collected in the kitchen of house 2
(city centre apartment). The kitchen samples from house 3 (Figure 3d) also reveal a mix composition
of different materials, reflecting the contribution from diverse sources, e.g. cooking activities and
particle resuspension.

In outdoor samples, carbonaceous particles represent a significant amount of the total particulates,
being soot aggregates the dominant carbonaceous material (Figure 4a,b). These soot masses are formed
by ultrafine aggregates of spherical particles with nanometric variable sizes (50–200 nm). Previous
studies suggest that these types of particles are formed during combustion processes, e.g. biomass,
coal, and diesel [74]. The EDS analysis revealed carbon, oxygen and sulphur peaks typical from
combustion. Indoor particles from households 1 and 2 also show soot aggregates with lower sulphur
content, which are likely associated with the use of burner gas hobs in these two kitchens. Additionally,
silicate and iron plerospheres and cenospheres (Figure 4c,d) fly ashes, with diameter ≤ 2 µm, were also
found in outdoor samples, with Fe-Si-Cu-Al-Ca variable composition. In the outdoor sample of house
1 collected from 16 to 18 October, soot materials and fly ashes were more abundant than in other filters
from the same location, possibly due to the occurrence of wildfires in those days in the nearby forests.

 

≤

 

 

(a) (b) 

(c) (d) 

Figure 4. SEM images of soot aggregates with branching structures (a,b) and with cenosphere fly ash
(c,d) in outdoor samples.

In indoor samples of house 1, several particles related to the peri urban/rural environment were
found. Brochosomes (Figure 5a) are spherical honeycomb like particles, composed of proteins and
lipids < 1 µm in diameter with which the leafhoppers (family Cicadellidae) coat themselves [75]. Also,
in all houses, kitchen salt (NaCl) particles with dimensions <2.5 µm were abundantly found (Figures 3c
and 5b).
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Figure 5. SEM imagens of (a) brochosomes, and (b) salt (NaCl) particles in indoor samples.

In summary, PM2.5 was not only comprised of irregularly shaped agglomerate particles but also
contained spherical, elongated, and flocculent particles. It is known that spherical particles and soot
aggregates can enable the fine particles to easily adsorb toxic and harmful substances, such as heavy
metals, volatile organic contaminants, and semivolatile organic pollutants. The observation of many
particles in the ultrafine mode, including in the nanoscale size range, is relevant from the point of
view of health. In addition to being able to penetrate deeply into the airways, these particles have a
high adhesion surface to adsorb various chemical constituents, resulting in an enhanced complexity
and toxicity.

3.5. Cancer and Non-Cancer Risks

Regardless of household, the hazard quotients associated with VOC inhalation were always below
1, indicating a low probability of non-cancer effects (Figure 6). The total hazard index ranged from 0.40
to 0.64. As observed in previous works [41,43], formaldehyde and acetaldehyde were the compounds
that contributed most to the total risk, accounting for 25–63% and 32–70% of HI, respectively. The global
excess lifetime cancer risk varied between 2.7 × 10−5 and 4.7 × 10−5. Thus, CR was lower than the
USEPA guideline of 1.0 × 10−4, but not negligible (>1 × 10−6). The major contribution to CR came,
once again, from formaldehyde (59–81%) and acetaldehyde (8–35%). The highest risks were obtained
in households located near roads with more intense traffic.
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Figure 6. Hazard quotients (HQ) for individual VOCs for the four dwellings.
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The cancer risks associated with domestic exposure to PAHs through the inhalation pathway
ranged from 1.1 × 10−7 to 3.5 × 10−7, which can be taken as negligible. Benzo[a]pyrene accounted
for more than a half (51–61%) of the total cancer risk, followed by dibenzo[a,h]anthracene and
indeno[1,2,3-cd]pyrene with shares of 10–19% and 7–13%, respectively.

4. Conclusions

Particulate matter (PM2.5), VOCs and carbonyls were monitored in the indoor and outdoor air of
modern kitchens of four houses. Except for benzene and tetrachloroethylene, all pollutants presented
indoor-to-outdoor ratios higher than 1, demonstrating the contribution of domestic emission sources.
Concentrations were lower than the thresholds stipulated in the legislation or recommended by
international organisations and well below the values reported for kitchens in developing countries
where solid fuels are used for cooking. The levels of both PM2.5 and VOCs in the kitchen of the
permanently occupied home were significantly different from those observed in the other dwellings.
Thus, it seems that a higher frequency of activities associated with full-time occupancy is the most
determining factor for air quality. Carbonaceous constituents represented about 30–50% of the
PM2.5 mass, with the highest mass fractions recorded in houses closest to high traffic routes. It was
estimated that from 32% to 74% of the indoor OC penetrates from outdoors. OC/EC ratios were
higher indoors than outdoors, always surpassing 2, and peaked when the region was plagued by
wildfires. In outdoor samples, pherospheres and cenospheres fly ashes composed of Fe-Si-Cu-Al-Ca
were abundant, while ultrafine soot aggregates represented the dominant carbonaceous material.
Soot aggregates with lower sulphur content were also found in kitchens with burner gas hobs. Salt and
mineral particles from soil resuspension were observed in all kitchens. Brochosomes were only detected
in the kitchen of the rural house. Although the particle levels were found to be statistically different
in only one of the dwellings, the PM2.5 morphology indicated the presence of particles with distinct
properties in kitchens with gas cooking appliances compared to those equipped with electric hobs.

Irrespective of the type of house, a low probability of non-cancer effects due to inhalation of
VOCs was estimated. The global excess lifetime cancer risk was lower than the USEPA guideline
of 1 × 10−4 but was higher than 1 × 10−6, so it cannot be considered negligible. Formaldehyde and
acetaldehyde were the compounds that contributed most to the total cancer and non-cancer risks
in the indoor environments. The cancer risk associated with residential exposure to particle-bound
PAHs via inhalation was found to be insignificant. However, it is necessary to bear in mind that the
morphological analysis revealed the presence of numerous ultrafine particles, including nanometric
variable sizes, with a complex composition that comprises metals known to cause oxidative stress and
other health hazards.

Although logistically difficult, future studies should consider the analysis of other gaseous
pollutants and a more detailed chemical characterisation of size distributed particulate material for a
larger number of samples in order to be able to apply source apportionment models. The fact that
concentrations are generally low does not offer a complete guarantee of health protection. For this
reason, it is advisable that, in the future, chemical analyses be accompanied by in vitro toxicity testing
to assess which constituents can be related to health impairment.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/17/14/5256/s1,
Table S1: Statistical comparison between carbonyl concentrations in the kitchens of the four dwellings for a
confidence level of 95%. p-values of statistically significant differences are in bold, Table S2: Statistical comparison
between VOC concentrations in the kitchens of the four dwellings and in the outdoor air for a confidence level
of 95%. p-values of statistically significant differences are in bold, Table S3: Statistical comparison of VOC
concentrations in the kitchens for a confidence level of 95%. p-values of statistically significant differences are in
bold, Table S4: Statistical comparison between the PM2.5 concentrations in the kitchens of the four dwellings for a
confidence level of 95%. p-values of statistically significant differences are in bold.
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Abstract: Clays are natural ingredients used to prepare therapeutic cataplasms suitable for topical
application. The knowledge about these formulations and their preparations to be applied on humans
and animals has been orally transmitted since ancient times. Several empirical methods using clays
have demonstrated fast and effective results in the reduction of the inflammatory response and
the formation of edemas in horse limbs. The use of traditional and alternative medicine, such as
pelotherapy, is now becoming more popular in veterinarian medical practice, alone or combined
with other therapies in horse muscle and tendon rehabilitation. This study characterizes the use of
commercial equine clays and an old therapeutic clay cataplasm formulation, using acetic acid, to
treat tendon injuries in horses. This work might contribute to a major database characterization of
clays used empirically on equine health, the potential of dermal absorption, the risks of exposure to
some toxic elements, and safety assessment for these formulations. The present study was carried out
to characterize the suitability of four commercial equine clays (Group II) and a protocoled healing
mixture: “clay acetic acid cataplasm”, (Group III), to treat tendon injuries in horses. In this mixture,
three conventional “green” clays (Group I) without any mineralogical specificity were used and
blended with acetic acid. The mineralogical composition was determined through X-ray powder
diffraction and X-ray fluorescence data. To determine the performance of the samples, cooling kinetics,
oil absorption, expandability, and specific surface area were measured. According to the mineralogical
composition, Group I was mainly composed of carbonates and silicates, while Group II was much
richer in silicates with the main clay minerals kaolinite and illite. Group II exhibited the highest values
for As, Pb, Cr, Ni, and Zn, considered potentially toxic. Both groups showed low cation exchange
capacities and exchanged mainly Ca2+, with the exception of VET.1 and VET.7, which also highlight
Na+, and VET.5 and VET.6, which have K+ as an exchangeable main cation. The addition of acetic
acid (Group III) does not reveal any significant chemical changes. The results confirm that both clay
groups are adequate for the therapeutic propose. They have good plastic properties (skin adherence),
good oil absorptive capabilities (cleaning), and exchange an essential physiological element, calcium.
Group II has prior industrial preparation, which is probably why it showed better results. Group I
presented lower heat retention capacity and higher abrasiveness, which could be improved using
cosmetic additives. The clinical benefit of the “clay acetic acid cataplasm” (Group III) could be the
systemic anti-inflammatory effect established by the acetic acid.

Keywords: ethnoveterinary; pelotherapy; healing clays; quality control; equine limb injuries
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1. Introduction

It is well documented that clayey formulations have been important resources for human and
animal health care, because of their therapeutic and curative properties, since the first records in
history [1,2].

Several traditional veterinary practices use zootherapeutic resources in the health care of domestic
animals, the medicinal value of which maintains its relevance in ethnoveterinary medicine (EVM),
the scientific term for traditional animal health care [3]. Clay minerals and their healing powers in wild
animals are well documented by the practice of eating clay (geophagy) for detoxification of the body
and alleviation of gastrointestinal infections and are now being rediscovered [4]. Kaolin and smectitic
clays are commonly used in animal nutrition as growth promoters and supplements for the treatment
of gastrointestinal disturbances. The introduction of kaolin clay, as feed additive, to treat foals with
“heat” diarrhea, caused by disturbances in the intestinal osmotic balance of the young horses succeeds
well as an absorbent and as an anticaking agent, alleviating the severity and duration of foal heat
diarrhea [5].

The veterinary industry responds to the equine market with specific clayey products, promoting
them by their pharmacological effects. The clayey products tailored for lameness injury prevention are
relevant indicators for the evaluation of the therapeutic impact of pelotherapy in equine health and
product procurement.

The clays’ efficacy for lameness or other musculoskeletal injuries on horses is free of regulatory
compliance. Most of these clayey products are designed accordingly with requirements and
specifications supported by specialized equine technicians.

The use of pelotherapy as a therapeutic modality is scientifically little explored in equine health,
despite its recognition as a valid non-invasive therapeutic option.

There are a few veterinarian databases, designed to search for relevant studies and clinical trials
reported by researchers, such as PubMed and IVIS Quick-Links. The AVMA Animal Health Studies
Database (www.avma.org/findvetstudies) allows submission and search of studies for health care
issues in dogs, cats, horses, or other animals. Using “horse” and “equine” as a keyword we did not
find any issue related to the use of clays in equine rehabilitation.

Clay minerals are widely used in pharmaceutical formulations as excipients and because of their
biological activities [6] and are used in cosmetics because of their physical and physical–chemical
properties such as adsorption capacity, specific surface area, swelling capacity, and reactivity to acids [7].

Williams and Haydel (2010) made the distinction between “healing clays” and “antibacterial clays”,
which may cure several diseases only by their unique physical and chemical properties (e.g., high
absorbance, surface area, heat capacity, exchange capacity, etc.) or by killing pathogenic bacteria [8].

The absorptive capabilities of clays have been explored in a variety of cosmetic and pharmaceutical
formulations and as a contributor to the healing of diseases, as well as for their cation exchange
capacity and extremely fine particle size, which are important properties for removing oils, secretions,
toxins, and contaminants from the skin. Cation exchange experiments showed that the antibacterial
component of the clay can be moved, implying the presence of exchangeable cations in the antibacterial
process [8]. Studies made on a natural clay from the Colombian Amazon and compared to the standard
reference of smectite and kaolinite showed chemical interactions that are detrimental to bacteria by
absorbing nutrients (e.g., Mg, P) and by toxic metal supply (e.g., Al) [9].

Humans and equine athletes share acute and chronic tendon injuries as the most common
orthopedic affections, having similar structural (reparation) and functional (regeneration) recovery
process. [10].

Ca, P, K, and S play a pivotal role in both the growth and the degeneration of the
collagenous bone–cartilage interface of articulating joints demonstrated on equine osteoarthritic
lesions (metacarpophalangeal joint) by detecting variations of elemental presence, using Synchrotron
radiation micro X-ray fluorescence analysis [11].
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The conservative veterinary therapy protocols include the same considerations as the human
medicine protocols for orthopedic affections: cold applications, pressure-supporting bandages,
controlled exercise, medicines to be injected, electrotherapy sessions, electromagnetic stimulation,
ultrasound and laser therapy, or in an extreme clinical recommendation, surgical therapy [10].
Intra-articular (IA) administration of drugs in the treatment of musculoskeletal injuries has the objective
of directing the drug delivery to the affected tissues and is commonly used by veterinarians and by
Medical Physical Rehabilitation specialists. The use of corticosteroids or nonsteroidal anti-inflammatory
drugs is common in racehorses and has become a problem for veterinarians due to the fact that the
medicine could be masking a possible musculoskeletal condition and may contribute to injuries during
competition [10,12]. Although there are a significant number of nonsteroidal anti-inflammatory drug
(NSAID) formulations designed for the treatment of muscle and tendon traumatic conditions in human
beings, when compared with the same problem in equine clinical practice, these formulations are
more commonly used in horses. In vitro studies to evaluate and compare the penetration of diclofenac,
a common NSAID designed for human application, revealed a significantly lower penetration through
horse skin [13].

Complementary and alternative medicine (CAM) gained good acceptance in human medicine,
mainly in the treatment of musculoskeletal pathologies and is now getting some popularity in veterinary
medicine [14], therefore, regenerative therapies in horses may have applications for future human
medicine and vice versa [10]. The initial interest and positive opinion on complementary alternative
veterinary medicine (CAVM) started amongst horse owners. Most of them applied CAM therapies
without the previous knowledge of their veterinarian, mainly to avoid possible conflict and fearing that
their veterinarian might not want to continue providing veterinary care for their horse [14]. Some of
this CAVM was supported by traditional Chinese veterinary medicine (TCVM), using acupuncture
physiology to treat pain [15].

There is a lack of dissemination of traditional therapeutic procedures or rehabilitation programs
using pelotherapy by key users (e.g., equine owners, equine trainers, equine veterinary, and industry)
in the research field.

Equine rehabilitation programs must be designed with the previous identification of the risk factors
that could predispose to musculoskeletal injury, considering the phases of healing, the rehabilitation
goals, and the techniques used for acute injuries in horses [16].

The use of clays in these rehabilitation programs should fulfill the requirements regarding their
safety and stability and should preferably be subjected to pre-market approval.

In this work, we characterize the mineralogical composition and technical performance of equine
peloids used in prevention and rehabilitation programs. The main goals are contribution to the
establishment of veterinarian clay therapeutic criteria, disclosure of the protocoled healing mixture:
“clay acetic cataplasm”, and to contribute to ethnoveterinary scientific databases.

2. Materials and Methods

2.1. Data Preparation

For this study, we selected seven commercial clays routinely used in veterinary medicine and
suggested by the CIISA—Center for Interdisciplinary Research in Animal Health (University of Lisbon,
Portugal) for the treatment of equine musculoskeletal injuries, namely front- and hind-limb tendon and
ligament injuries. VET.1, VET.5, VET.6, and VET.7 are four industrial pasty clays sold in the market as
an equine clay treatment to be applied in a thick layer against the lay of the hair, after intensive exercise
or a competition. VET.2, VET.3, and VET.4 are natural “green” clays, sold for human application and
with no specific usage recommendations.

The protocol performed by CIISA for the treatment of horse musculoskeletal limb injuries proposes
a 1:10 acetic acid (AA) and piped water solution with the necessary proportion of dried “green” clay.
The CIISA protocoled solution was prepared with food acetic acid, pH 2.7 at 25 ◦C resulting in a
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solution (1:10) with pH of 2.9 at 25 ◦C. This protocol solution is only applied on VET.2, VET.3, and VET.4.
This resulting cataplasm must ensure adhesive proprieties when applied to the injured area. After this,
the injured area is wrapped in cling film, which acts as a thermal adjuvant, prolonging the therapeutic
effect of the clays. The animal is then supervised by the clinical therapist, who decides when the clay
effect is assured. We compared the commercial clays’ results with the protocoled healing clay and
acetic acid mixture.

Clays were distributed in three groups (Table 1), Group I and Group II according to their
commercial purpose, and Group III for the protocoled healing mixture. All samples were dried at
50 ◦C, with no previous treatment, and maintained in closed containers at room temperature. For the
preparation of the protocoled mixture, 10 g of the Group I clays was dispersed in 10 mL of acetic acid
solution (1:10) and left to rest for 24 hours. These samples, VET.2AA, VET.3AA, and VET.4AA, were
also dried at 50 ◦C. The pH value of the samples was measured with a HANNA HI 9126 pH meter,
previously calibrated with standards (Titisol standard solutions) at pH 4 and pH 7 with an accuracy
of ±0.05.

Table 1. Sample identification.

Group Samples Type Commercial Purpose

I
VET.2 Powder Human dermal application
VET.3 Powder Human dermal application
VET.4 Powder Human dermal application

II

VET.1 Paste Equine dermal application
VET.5 Paste Equine dermal application
VET.6 Paste Equine dermal application
VET.7 Paste Equine dermal application

III 1
VET.2AA Paste Protocoled healing mixture
VET.3AA Paste Protocoled healing mixture
VET.4AA Paste Protocoled healing mixture

1 CIISA—Center for Interdisciplinary Research in Animal Health protocol.

2.2. Mineralogical, Chemical, and Technological Analysis

The mineralogical analysis was carried out by X-ray diffraction (XRD) analysis, using a
Philips/Panalytical X’Pert-Pro MPD, Kα Cu (α = 1.5405 Å) radiation, with 0.02◦ 2θ s−1 steps in
goniometer speed. For the preparation of preferentially oriented aggregates of the clay (<2 µm fraction),
a suspension was placed on a glass slide and air dried. XRD scans were run on this air-dried glass
slide, and afterward a glycerol saturation and a final heat treatment at 500 ◦C were carried out [17].
The semi-quantitative identification of the principal clay minerals was obtained by measuring peak
areas of the basal reflections, considering the full width at half maximum and then weighted by
empirically estimated factors [17,18].

The particle size distribution of these clays was determined by an X-ray beam particle size analyzer
(Micromeritics Sedigraph III Plus). The samples were dried and washed with distilled water, resting
for 24 hours to ensure the separation between all particles. Then, the samples were sieved (106 µm)
and dried. The dried sample was gently disaggregated, and the uniformity was ensured by quartile
distribution. After that, 80 mL of sodium hexametaphosphate was added to 5.8 g of each sample and
left to stand for 8 hours with magnetic stirring. At the end, the sample was sieved again (106 µm) and
submitted to ultrasound for 40 s before the equipment measurement step.

The chemical composition of the commercial clays was assessed by X-ray fluorescence (XRF)
using a Panalytical AX-IOS PW 4400/40. Loss on ignition (LOI) was also assessed by heating 1 g of the
sample at 1000 ◦C for 1 hour in a furnace.

Abrasiveness was measured with an Einlehner AT-100 apparatus [19,20], and Atterberg limits
were assessed using Casagrande Shell to obtain the liquid limit and using molding rolls in a glass plate
for the plastic limit [20,21]. The plasticity index was calculated in accordance with the Portuguese
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standard, NP 143-1969. The expansion index test was performed by the standard LNEC E200-1967,
Portuguese edition for ASTM (2008) to measure the swelling capacity of the samples when absorbing
distilled water [20].

Samples were heated to 60 ◦C and the heat diffusiveness was assessed by a dual-channel
thermometer, Lutron TM-9064. The range of time values was measured between 60 and 29 ◦C. Linseed
oil was used to measure the oil absorption capacity of the clays. Fifteen grams of dry clay was weighed
together with an amount of linseed oil. In a glass plate, linseed oil was slowly added, drop by drop,
until it was possible to achieve the consistency necessary to obtain a solid roll of clay. The remaining
oil and the clay roll were weighted for the oil absorption calculation.

The cation exchange capacity (CEC) was estimated by the ammonium acetate method, and the
exchangeable cations (Na+, K+, Mg2+, and Ca2+) were determined by an atomic absorption
spectrophotometer [22]. Specific surface area (SSA) was estimated by BET analysis—Gemini II 2370.

3. Results

3.1. Mineralogical and Chemical Characterization

3.1.1. Grain Size Distribution and Mineralogical Composition

The results from the particle size distribution of the samples are shown in Figure 1. Group I
samples contained more than 55% of fine fraction content, with an average diameter of ~3 µm. In Group
II, VET.1, VET.6, and VET.7 had around 65%, 68%, and 79%, respectively, of particles sized between
2 and 100 µm, and different average diameters, VET.1 and VET.6 had a D50 of 0.708 and 0.373 µm,
and VET.7 had a D50 of 1.292 µm. For the VET.5 sample, the granulometry size distribution was as in
Group I samples, 66% of fine fraction content and an average diameter of ~3 µm.
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Figure 1. Grain size distribution of the Group I and Group II samples.

The mineralogical composition of the Group I and Group II clays is reported in Table 2. All samples
were polymineralic (Figure 2) and exhibited differences in mineralogical composition. Considering
the average for each group, we can classify Group I (n = 3) mineralogically as being composed by
carbonates (calcite and dolomite) and silicates (quartz and phyllosilicates/clay minerals), while Group
II is much richer in silicates, with a pronounced increase in phyllosilicates/clay minerals. The main
clay minerals (Figure 3) are kaolinite (25%) followed by illite (7%) in Group I, and illite (68%) followed
by kaolinite (2%) in Group II, except for VET.7 (67% kaolinite and 28% illite).
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Figure 2. X-ray diffraction (Cal: calcite; Qz: quartz; Dol: dolomite; Phy: phyllosilicates).
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Figure 3. X-ray diffraction patterns of air-dried oriented aggregates (a) VET.1; (b) VET.2; (c) VET.3;
(d) VET.4; (e) VET.5; (f) VET.6; (g) VET.7. (Ill: illite; Sm: smectite; Kt: kaolinite).
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Table 2. Mineralogical composition (%).

Total Sample (%) Clay Minerals (%)

Group Samples Qz Hal Calc Dol Sm Kt Ill

I
VET.2 6 - 47 13 <1 29 5
VET.3 9 - 43 21 <1 21 6
VET.4 10 - 39 17 <1 24 10

II

VET.1 44 2 - - 1 3 50
VET.5 8 - 15 - - 4 73
VET.6 3 - 16 - - 1 80
VET.7 5 - - - - 67 28

III
VET.2AA 7 - 52 16 <1 19 6
VET.3AA 14 - 56 10 <1 17 3
VET.4AA 11 - 58 11 <1 17 3

Qz = quartz; Hal = halite; Calc = calcite; Dol = dolomite; Sm = smectite; Kt = kaolinite; Ill = illite.

3.1.2. Chemical Composition

The content of major and minor chemical elements is shown in Table 3. Differences in chemical
composition were in accordance with those detected in the mineralogical composition; Group I (the
more carbonated) was richer in CaO (27%) while Group II was richer in SiO2 (44%) as well as in Al2O3,
Fe2O3, and K2O.

Table 3. Major and minor element composition of the samples. LOI = loss on ignition.

Samples

Group I Group III Group II

VET.2 VET.3 VET.4
VET.2

AA
VET.3

AA
VET.4

AA
VET.1 VET.5 VET.6 VET.7

M
aj

or
el

em
en

ts
(w

t.%
)

SiO2 24.424 26.272 24.924 25.457 25.009 25.499 46.078 41.723 41.110 46.206
Al2O3 10.508 11.147 10.488 11.062 10.906 11.120 15.417 18.195 17.980 35.098
Fe2O3 2.597 2.957 2.664 2.885 2.721 2.916 6.185 6.423 6.354 0.778
MgO 3.364 2.742 3.423 2.334 2.535 2.415 2.626 3.129 3.271 0.427
CaO 26.859 25.976 27.391 28.636 27.071 28.811 4.233 4.901 5.841 0.049

Na2O 0.096 0.083 0.082 0.093 0.084 0.088 3.292 0.146 0.147 0.781
K2O 1.568 1.649 1.585 1.793 1.692 1.788 2.976 6.111 6.184 1.831
TiO2 0.328 0.363 0.342 0.352 0.348 0.366 0.824 0.629 0.649 0.023
P2O5 0.046 0.048 0.041 0.052 0.047 0.046 0.196 0.166 0.233 0.144
SO3 1.295 1.265 1.219 1.081 0.998 1.068 2.239 0.323 0.029 0.100
LOI 28.65 27.20 27.65 25.96 28.270 25.550 13.83 17.85 17.80 14.3

M
in

or
el

em
en

ts
(p

pm
)

As * • • • • • • 17 24.6 21.5 8.2
Cd * • • • • • • • • • •

Pb * 13.7 14.4 12.8 16.1 14.8 16.1 31.6 32.2 31.8 21.6
Cr 51.9 57.4 53.4 54.6 52.3 54.8 130 68.5 66.7 4.2
Cu 15.4 8.1 15.0 8.4 11.6 11.6 14 22.2 24.4 29.5
Ni 16.0 19.7 16.0 17.7 15.4 16.1 33.6 29.0 29.3 5.0
Zn 24.3 28.2 26.9 24.3 23.0 23.2 95.2 120 140 22.3
Ba 110 120 150 160 150 110 250 280 200 150
Co • 7.5 4.9 5.5 6.1 4.8 14.7 10.2 11.7 •

Sr 230 220 200 240 220 240 210 180 280 160
V 59.7 74.5 72.4 57.2 56.4 57.7 100 72.2 78.1 5.4

Sb * • • • • • • • • • •

Sc 19.8 18.6 17.1 20.6 17.9 21.0 10.9 10.1 11.2 •

• Not determined; * Potentially toxic elements.

Considering the chemical elements that are potentially toxic and not allowed in care products
(Regulation (EC) 1223/2009), the Group II exhibited the highest values for As, Pb, Cr, Ni, and Zn when
compared with Group I, for human usage.
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Group II shows high levels of Pb and As, however, it is difficult to estimate equine exposure and
the health risks associated.

3.2. Physical and Technological Characterization

Both groups show low cation exchange capacities and exchange mainly Ca2+, with the exception of
VET.1 and VET.7, which highlight also Na+; and VET.5 and VET.6, which have K+, as an exchangeable
main cation (Tables 4 and 5). They have good plasticity, which is necessary to ensure adhesiveness to
the skin. For Group I and VET.1, an abrasiveness action is expected when in contact with the skin
surface, but the impact depends on the skin condition of the animal and horsehair protection.

Table 4. Main physical and technological properties of the studied samples.

Group Samples P.I. (%) A.I. (g/m2) C.E.C. (meq/100)
E.C. (mg/L)

Na Mg K Ca

I
VET.2 25 142.85 7 1.67 25.28 9.63 730.81
VET.3 26 236.77 7 1.79 27.76 7.45 734.50
VET.4 25 140.21 7 1.36 26.53 7.11 699.98

II

VET.1 n.d. 353.17 19 240.68 63.90 51.38 568.39
VET.5 34 26.45 10 2.56 27.10 110.51 724.47
VET.6 29 31.75 12 3.16 16.76 159.74 724.28
VET.7 18 6.61 3 315.12 5.22 8.19 11.74

III
VET.2AA n.d. n.d. 6 1.38 23.18 8.96 680.83
VET.3AA n.d. n.d. 7 1.37 20.77 8.29 572.56
VET.4AA n.d. n.d. 5 1.50 21.46 8.79 584.11

n.d.—not determined; P.I.—plasticity index; A.I.—abrasivity index; C.E.C.—cation exchange capacity;
E.C.—exchange cations.

Table 5. Main physical and technological properties of the studied samples (Cont.).

Group Samples C.K. (min) O.A. (%) pH Exp. (%) S.S.A. (m2/g)

I
VET.2 13.6 29 7.0 19.5 22.50
VET.3 19.0 30 7.3 12.3 22.58
VET.4 19.4 31 7.7 14.8 22.11

II

VET.1 18.4 43 6.8 17.8 13.75
VET.5 37.8 37 7.3 13.6 42.55
VET.6 30.1 37 7.7 10.9 44.71
VET.7 30.3 63 8.6 3.1 5.09

III
VET.2AA n.d. n.d. 7.6 n.d. n.d.
VET.3AA n.d. n.d. 7.8 n.d. n.d.
VET.4AA n.d. n.d. 7.8 n.d. n.d.

n.d.—not determined; C.K.—cooling kinetics; O.A.—oil absorption; Exp.—expandability, S.S.A.—specific
surface area.

4. Discussion

These two groups of clays recommended by the CIISA—Center for Interdisciplinary Research in
Animal Health, University of Lisbon, for the treatment of horse musculoskeletal injuries, have different
compositional and textural characteristics.

Considering application and topical use characteristics (Table 6), taking as reference recommended
values published by several authors [8,19,20,22–34], the samples studied show good plastic properties,
which are necessary for skin adherence; good oil absorptive capabilities, which is important to clean the
skin from impurities or wound secretions; and Group II has a good heat retention capacity, important
when it is necessary to heat the cataplasm, to active the blood circulation. The abrasiveness of Group I
clays, which can cause unnecessary rubbing on the animal´s injured skin, should be smoothed.
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Table 6. Veterinary clay group characterizations.

Properties VET.1 VET.2 VET.3 VET.4 VET.5 VET.6 VET.7

Adhesiveness
[17,18,20,22,29,31] N N N N N N •

Abrasiveness
[17,18,20–22,29,31,32] H H H H N N N

Hazardous elements
[20,23,28,31,32] H N N N H H H

Essential elements
[20,21,30–32]

N

Ca2+,
Na+

N

Ca2+
N

Ca2+
N

Ca2+

N

Ca2+,
K+

N

Ca2+,
K+

N

Na+

Oil Absorption
[18,20–22,31,32] N N N N N N N

Heat Retention
[18,20,21,27,31,32] N • • • N N N

Antibacterial performance
[6,24–26] H

N

VET.2AA
N

VET.3AA
N

VET.4AA H H H

N Advisable; • Advisable with limitations; H Needs vigilance.

Calcium is an essential element that is important for the growth and regeneration of collagenous
bone-cartilage and this may explain the traditionally used “green” carbonated clay for the acetic acid
cataplasm formulation. Despite As and Pb being technically avoidable above 0.5 and 2.0 mg/kg [25],
respectively, the fact that they are above the risk limit that is internationally accepted for pharmaceutical
formulations and cosmetics applied to human beings, and that several factors should be considered in
transdermal penetration for humans and for horses, the same formulation may have different efficacies
and safety profiles when used in species for which they were not developed [13]. Group II are clays
that were industrially developed specifically for equine usage.

The addition of acetic acid (Group III) does not reveal any significant chemical changes when
compared with Group I, apart from the pH that becomes more alkaline (closer to 8). All samples have
a pH around 7 and 8. Organic acids (e.g., acetic acid) are usually used in food as natural preservatives
and antibacterial agents. The manipulation of clay minerals to eliminate clinical and environmental
bacteria is very common and the investigation of the antibacterial properties of natural clays has taken
a new approach [8,26–28], where the possibility of incorporating bactericidal properties into clays may
also be activated by the use of an acid solution in the treatment [27]. Some studies reveal the strong
antibacterial effect of acetic acid combined with silver nanoparticles (AgNPS), where the release of Ag+

responsible for the antibacterial activity increased by the addition of acetic acid [28].
The obtained data, when analyzed in comparison to reference values, allowed us to consider that

both groups are adequate for therapeutic proposes, such as the treatment of horse musculoskeletal
injuries, but Group II shows the best characteristics. Group II, having a prior industrial preparation,
is technologically adapted for use in horses. The use of additives and preservatives in their preparation
may be the reason why they are less abrasive and toxic.

The establishment of a health database considering ethnoveterinary medicine studies may enrich
the equine health databases, useful to institutions, veterinarians, animal owners, and also providing
guidelines for the investigation of new therapies and for scientific evidence findings.

5. Conclusions

The potential benefit of using therapeutic clays in equine lameness injuries is to minimize the
side-effects associated with oral and intra-articular administration of anti-inflammatory medicines and
to sustain a local release of therapeutic elements. This study can also be considered as a contribution
to a major database of clays used for animal topical application, to the awakening of traditional and
ancestral methodologies in healing clay preparations, and also to the knowledge about the contribution
of these clays in the rehabilitation programs developed by veterinarians.
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Through this study we tried to address the knowledge gaps about the mineralogical and chemical
composition of clays used for equine peloid preparation and assessed their technical performance.
This research assured that the studied clays fulfill the safety and stability requirements for these
rehabilitation programs, thus, enabling them to be submitted for pre-market technical and legal
approval process.

The main limitation of this study was the impossibility to correlate CIISA therapeutic formulation
results with results obtained with specific equine commercial clays. Further work is needed to compare
the antibacterial effectiveness of this protocol with other mud cataplasm protocols applied to horses
and humans. This would be important and necessary for the establishment of healing criteria for
veterinary clays.

Most of the thermal spas around the world recommend their own mud baths or local mud
cataplasm applications, as they recognize therapeutic results through their anti-inflammatory, analgesic,
and antiseptic effects on musculoskeletal and dermatologic pathologies, which are increasingly
supported by clinical trials. The efficacy of the candidate clays to be used in veterinary pelotherapy
should be evaluated and compared with human pelotherapy results and supported by clinical trials.

The safety and regulatory compliance of these products should also be a priority. The identification
of unwanted trace elements or toxic substances based on the raw material source (natural or
synthetic) should be a determinant for market surveillance of the appropriate limits expected in
these natural products.
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Abstract: The Mussulo lagoon is a coastal environment located near Luanda, one of the SW African
cities that has been growing more rapidly during the last decades. Geochemical, mineralogical, and
grain-size data obtained for the lagoon sediments are analyzed together, in order to establish the factors
that control the distribution of some potentially toxic elements (PTEs). Sediments from northern
location tend to be enriched in feldspar and, despite some variability in grain-size distributions,
in fine-grained detrital minerals; southern lagoon sediments display very homogenous grain-size
distribution and are enriched in minerals associated with salt precipitation (halite and gypsum).
Multivariate statistics reveal a close link between some PTEs, namely Co, Hg, Ni, and Pb, for which
an anthropogenic source can be postulated. On the other end, As seems to be associated with natural
authigenic precipitation in southern lagoon sectors. Sediments enriched in clay also tend to yield
more Fe, Mn, Zn, and Cu, but it is unclear whether their sources are natural or anthropogenic. Hazard
indexes calculated for children are higher than 1 for As and Co, indicating potential non-carcinogenic
risk. For the other elements, and for adults, there is no potential carcinogenic or non-carcinogenic risk.

Keywords: Mussulo lagoon; Sediment composition; Factors controlling sediment geochemistry;
Human Health Risk Assessment

1. Introduction

Luanda is one the African cities that has been growing more rapidly during the early 21st
century [1]. The tendency for rapid rises in the number of inhabitants started before, in particular
during the civil war after the independence of Angola, in 1975, when the population left the rural
areas and sought refuge in the main cities. Hence, the city, projected to hold ~500,000 inhabitants,
grew dramatically during the last decades, holding more than 10 times that number today. The rise
in population also saw a rise in problems at the level of basic sanitation, collection, transport, and
treatment of municipal solid waste, as well as limitations in the regulation of potentially hazardous
waste disposal. Besides its large population, the city of Luanda also comprises the biggest industrial
park in the country, leading to additional risks of environmental pollution. Some of the potentially
hazardous wastes produced in Luanda are actually disposed of in open sites and dragged into the rivers
and the sea during periods of rainfall. Thus, significant concentrations of potentially toxic elements
(PTEs) are likely transported to coastal environments and can be concentrated in low hydrodynamic
settings, such as the Mussulo lagoon, which is located a few km to the south of Luanda city centre.
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Knowing that sediments in coastal ecosystems serve as sinks for PTEs, numerous investigations
focused on the relations between the concentrations of PTEs in sediments and living organism have
been conducted (e.g., [2–5]). High concentration of PTEs is frequently attributed to anthropogenic
inputs [6–11], and strong relations between the levels of PTEs in coastal sediments and human activities
were proposed for many locations worldwide [7,12–18]. Some works even established links between
the history of human occupation and the concentration of harmful elements in coeval depositional
sequences [13,14,16,18]. However, sediment geochemistry is necessarily controlled by the geology of
the source-area. Furthermore, significant enrichments relative to source-rocks can be promoted by
exogenous transformations due to weathering [19–21] and sorting processes [22–24]. Because of this
complexity, understanding the factors responsible for the concentration of PTEs is of major importance
in environmental studies.

In the present research, a set of textural, mineralogical, and geochemical properties of the
sediments of the Mussulo lagoon are joint-analyzed, in order to investigate the factors that control the
concentration of elements usually considered to be harmful in the environment. An assessment of the
carcinogenic and non-carcinogenic risks associated with exposure to these sediments is also presented.

2. Geological and Geomorphological Setting

In central-west Angola, the Mussulo spit (~30 km long and <2 km in width) separates the
elongated Mussulo lagoon from the South Atlantic (Figure 1). The spit is attached to the mainland some
30 km downdrift of the Cuanza River mouth, in a shifting point of coastal direction from SSE-NNW,
southward, to SSW-NNE, northward. The lagoon reaches a maximum width of ~6 km in a bay near its
aperture to the ocean. Approximately 6 km to the north of the tip of the Mussulo spit occur smaller
linear features, including the so-called “Island of Luanda”. This was a narrow island (~12 km long
and <500 in width) that, after human intervention in the first half of the 20th century and several
reinforcements until present times, became permanently attached to the continent.

−
–

–

– –

called “Island of Luanda”. This w

 

Figure 1. Geological setting of the lagoon of Mussulo. (A) The Angolan Atlantic margin in SW Africa
and (B) orographic features of the regional drainage basins. Note that Cuanza is by far the biggest
regional river. (C) The Mussulo spit and lagoon system extending until approximately the southern
limit of Luanda urban area and location of the sampled sectors.

Climatic conditions in coastal Angola are influenced by the cold, northward-flowing, Benguela
Current that is responsible for the drier conditions than are seen at similar latitudes inland. In central
and northern Angola, the climate evolves in ~200 km from semi-arid (Bsh type of Koppen) in the
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littoral to tropical savannah (Aw type of Koppen), a transition clearly evidenced by an increase in
rainfall from less than 500 mm of annual precipitation to more than ~1000 mm. Further inland rainfall
becomes even higher, reaching ~1500 mm in the most elevated areas draining towards the Atlantic
Ocean. Annual average temperatures are usually above 25 ◦C near the coast, decreasing inland with an
elevation of slightly less than 20◦. In Luanda region, almost all rain occurs from October to April, with
March and April being the months with the highest rainfall. The dry months tend to be slightly cooler,
but still with average temperatures above 20◦. The semi-arid conditions and the limited connectivity of
the lagoon with the open ocean are responsible for high water salinity, averaging 39 in the dry season.

Throughout the Atlantic margin of Central Angola, the basement is made mostly of silica-rich
plutonic and metamorphic rocks that belong to the Congo Craton, which also includes mafic complexes
in its north-eastern tip [25,26]. To the north, the West Congo Supergroup, with a volcano-sedimentary
succession, is covered by siliciclastic and carbonate strata outcrops along a large area that extends
parallel to the coastline [27]. These basement units are overlain by Meso-Cenozoic successions
deposited in the Benguela, Cuanza, and West Congo basins in association with the opening of the
South Atlantic [28,29], and in the hinterland basins of Congo [30,31] and Kalahari [32]. Locally, thick
tholeiitic rocks occur close to the contact between the basement and the sedimentary succession of
the Cuanza Basin [33]. The natural development of the Mussulo spit and Luanda Island is strongly
linked with persisting northward littoral transport, controlled by the oblique wave incidence on the
coast. In Angola, where sand spits grow in the downdrift side of the mouth of major regional rivers,
it is assumed that they are mostly sourced by bedload material supplied by these rivers [34,35]. But a
comparison of the composition of sediments, collected at Cuanza River mouth with those from the
Mussulo spit and the Island of Luanda, point to an additional sediment contribution that resembles
the bedloads transported from the southern regions by coastal drift, or derived from volcanic rocks
that outcrop in Mezo-Cenozoic basins [36].

At the time of its foundation, around 1575, Luanda was just a small colonial settlement that
was designed for a limited number of families and was placed in “Luanda Island”. A year later,
in search of better amenities, it moved to the mainland, and then evolved into the so-called village of
“São Paulo de Loanda”. Most accurate estimations from the mid-18th century onward indicate that the
population oscillated between a few thousand, and may have even decreased slightly during some
periods [37], reaching more than 100,000 during the first half of the 20th century [38]. During the last
decades of colonial occupation, the population started to grow more rapidly, becoming approximately
500,000 at the time of independence [39], ~3 million by the end of the 20th century, and ~6 million in
2018 [1]. Growth with limited land planning and the development of diverse industrial facilities likely
promoted environmental pollution in potentially toxic metals.

3. Materials and Methods

3.1. Sampling and Pre-Treatment

Samples of fine-grained sediments of the Mussulo bay were collected during October 2013 in
areas exposed at low-tide periods. Sampling sites are clustered in outer (i.e., northern) and inner
(i.e., southern) sectors of the Mussulo lagoon (Figure 1). All samples were air-dried in areas isolated of
possible atmospheric contamination and sieved at 2 mm, before being analyzed in the laboratories of
the Earth Sciences Department of University of Coimbra (DCT-UC).

3.2. Analytical Procedures

The grain-size distributions of the sampled sediments were determined in the Sedimentology
Laboratory of DCT-UC using a laser diffraction granulometer Coulter LS 230 that is able to measure
the proportion of particles ranging from 0.5–2000 µm. Each sample was measured at least twice, and
averaged results of these runs were used in the grain-size characterization.
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The mineralogy was determined by X-ray diffraction (XRD) using a Philips®® PW 3710 equipment
with CuKα radiation and the software APD-PW1877 (version 3.6 J). Bulk mineralogy was determined
on randomly oriented grains in the range 2–60◦ 2θ. Clay mineralogy was determined on oriented
aggregates after pipetting clay suspension (<2 µm) to glass slides. XRD was then applied on air
dried slides (2–30◦ 2θ) and after solvation with ethylene-glycol and heating at 550 ◦C (2–15◦ 2θ).
Semi-quantitative estimations of mineral proportions are based on the areas of characteristic reflections
after confirming the presence of the mineral with other XRD peaks. In bulk samples the following
reflections were adopted: ~7.6 Å for gypsum, 4.26 Å for quartz, 3.23 Å for K-feldspar, 3.18 Å for
plagioclase, 3.03 Å for calcite, 2.89 Å for dolomite, 2.82 Å for halite, and 2.72 Å for pyrite. In the clay
fractions the glycolated diffractograms were adopted using the reflection of ~15–17 Å for smectite,
~12–13 Å for mixed layer clays, 10 Å for mica illite, 7.6 Å for gypsum, and 7.1 Å for kaolinite.

Concentrations of chemical elements were obtained with approximately 0.5 g of the fraction
<0.18 mm of each sample. Dried sediment samples were placed in Teflon vessels (Multiwave 3000,
Anton Paar) with 9 mL of 37% HCl, and 3 mL of 70% HNO3. The vessels were heated in a microwave
apparatus within 10 min of ramp, and remained at about 180 ◦C for 15 min. The determination of total
metal(loid) contents was performed using current analytical methods, including: Atomic Absorption
Spectrometry (AAS, SOLAAR M Series equipment from Thermo Scientific, Madison, USA) for Ca, Cu,
Co, Fe, Mg, Mn, Ni, and Zn with atomization source of flame. The same equipment using the grafite
furnace mode was used to determine As, Co, and Pb, with ashing temperatures of 1100 ◦C, 1000 ◦C,
and 800 ◦C, respectively; and atomization temperatures of 2600 ◦C, 2100 ◦C, and 1200 ◦C respectively.
The observed detection limits were 0.05 mg/kg for As, Co and Hg, 0.3 mg/kg for Mg, 0.5 mg/kg for Pb
and Zn, 1 mg/kg for Cu, and Ni, 3 mg/kg for Ca, Mn, and Fe. As a control, reference materials NIST
2709-San Joaquin Soil and RTC - CRM015 were used, and the recoveries obtained for the different
elements showed values in the range of 86.2 and 100.7%, being highest for Fe and lowest for Ni.

3.3. Statistical Data Treatment

Conventional univariate and multivariate statistical analysis were performed using the software
JMP Pro 14.0. In order to better evaluate the associations between textural and compositional parameters
obtained for the present investigation, a correlation-based Principal Component Analysis (PCA) was
performed. A centered log–ratio transformation (clr) [40] was previously applied to the compositional
data to remove the non-negativity and constant-sum constraints on compositional data. When the
concentration of geochemical variables was below the detection limit in some samples, to allow their
inclusion in the PCA, it adopted the square root of this limit divided by two. Supplementary Material
ST1 shows the compositional data obtained for the present study.

3.4. Human Health Risk Assessment

The non-carcinogenic and carcinogenic risks were estimated according to the United States
Environmental Protection Agency (USEPA) methodology [41]. The human health risk assessment
was calculated assuming that both children and adult groups are directly exposed to potentially
toxic elements (HMTE) hosted by sediments. Chronic Daily Intake (CDI.; mg·kg−1 bw per day) was
determined for exposition to toxic elements by ingestion (CDIingest), dermal contact (CDIdermal), and
inhalation (CDIinhalation). The following equations were adopted:

CDIingest =
C× IR× EF× ED×CF

BW×AT
(1)

CDIdermal =
C× SA×AF×ABS× EF× ED×CF

BW×AT
(2)

CDIinhalation =
C× InhR× ET× EF× ED

PEF× BW×AT
(3)
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where C is the concentration of PTEs in sediment (mg·kg−1). An explanation for the remaining
parameters is presented in Table 1.

Table 1. Values adopted for the parameters used in the determination of Chronic Daily Intake (CDI)
based on USEPA (2011).

Parameter Adult Children

IR (Ingestion Rate of sediment) 100 mg·day−1 200 mg·day−1

EF (Exposure Frequency) 312 days·year−1 312 days·year−1

ED (Exposure Duration) 35 years 6 years
BW (Body Weight) 15 kg 70 kg

AT (Averaging Time for non-carcinogenic risk 365 days × 6 365 days × 35
AT (Averaging Time for carcinogenic risk 365 days × 70 365 days × 70

CF (Conversing Factor) 10–6 mg·day−1 10–6 mg·day−1

SA (Skin Surface Area available for contact) 6032 cm2 2373 cm2

AF (Soil to skin Adherence Factor) 0.07 mg cm−2 0.2 mg cm−2

ABS (Absorption Factor) 0.001 0.001
InhR (Inhalation Rate) 1.56 m3·h−1 1.2 m3·h−1

ET (Exposure Time) 8 h·day−1 4 h·day−1

PEF (Particle Emission Factor) 1.36 × 109 m3·kg−1 1.36 × 109 m3·kg−1

The human health non-carcinogenic risk caused by PTEs exposure is expressed as a hazard
quotient (HQ) = CDI/RfD. The CDI is the average daily dose that a child or adult is exposed. The RfD
is a reference dose, below which no adverse non-carcinogenic health effects should result from a
lifetime of exposure. The HI is the chronic hazard index that is the sum of the hazard quotients
for multiple exposure pathways. For HI values > 1, there is a chance that non-carcinogenic risk
may occur; otherwise, the individuals are exposed to concentrations that do not present a hazard.
The carcinogenic risks (CR) for As and Ni exposure of the studied groups were calculated according to
the Exposure Factors Handbook [41] and using the Slope Factors according to the U.S. Department of
Energy (USDE) [42].

4. Results and Discussion

4.1. Compositional Variability Within the Lagoon

4.1.1. Grain-Size

The sampled sediments can be organized into four groups based on their grain-size distributions
(Figure 2). Samples collected in inner lagoon locations (group A.; samples A1 to A8) are characterized
by a clear predominance of sand-size particles (95–98%) and very low clay content (<1%), displaying
coarse-skewed unimodal distributions with modal sizes in classes ranging 0.12–0.25 mm. In western
locations of the northern sectors of the lagoon, finer-grained sediments (58%< sand< 77%) predominate,
which tend to show relatively wide grain-size distributions, frequently with a main mode in the
interval 63–177 µm and a secondary population with modal size in the interval 0.25–0.5 mm (group B.;
samples A9 to A15). Sediments further north (group C.; samples A16 to A19) are characterized by
fine-skewed unimodal distributions, which tend to become finer northwards with decreasing sand
content (from 70% to 40%), increasing silt (from 27% to 51%) and clay (from 3% to 6%) content, and a
modal-size evolving from 0.088–0.125 to 0.063–0.088 mm. Finally, in the outermost locations of the
lagoon (group D.; samples A20 to A22), grain-size becomes coarser again, with higher sand content
(79%–89%), but still with significant amounts of clay (up to 5%).
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Figure 2. Grain-size of the Mussulo lagoon sediments. General features of different grain-size types
(A) and their spatial distribution (B).

4.1.2. Mineralogy

Sediment mineralogy for bulk samples and the clay fraction are represented in Figure 3.
The sediments of Mussolo lagoon are strongly enriched in quartz (65%–89%), followed by feldspars
(2%–32%), phyllosilicates (1%–14%), and halite (<1%–13%). Gypsum, calcite, and dolomite, are usually
present, but always in minor or trace amounts (<3%). Traces of pyrite are occasionally found and
Mg-salts (e.g., carnalite, kainite, polyhalite) may also be present. Halite contents are higher in southern
(3%–13%) than in northern locations (1%–4%), whilst feldspar tends to display an opposite spatial
distribution (Figure 3). There are no clear geographic trends for quartz content or the remaining minerals.

 

 

Figure 3. Bulk and clay mineral assemblages obtained for sediments of the Mussolo lagoon.

The composition of the clay fraction is highly variable and can be organized in three mineral
assemblages with specific spatial distribution. Most sediments collected in southern realms of the lagoon
(samples A1, A3, A5, and A6) are strongly enriched in gypsum (40%–100%), followed by mica-illite
(0%–30%). A second assemblage is characterized by an enrichment in expansive clays (smectite and
mixed-layer clays; 72%–100%), usually with secondary amounts of mica-illite (6%–26%) and kaolinite
(3%–21%). This clay-mineral assemblage is characteristic of samples collected near the mouth of coastal
streams in the northern sector of the lagoon (samples A11, A12, A20, and A21). Sediments from the
northern sector of the lagoon can also yield a mix composition, with a variable abundance of kaolinite
(13%–59%) and expansive clays (<55%), and more homogenous mica-illite (13%–25%).
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The opposite behavior of feldspar and halite can be regarded as evidence of different orthochemical
and detrital contributions. Because of the semi-arid climatic conditions and the high-water salinities,
chemical precipitation in inner lagoon sectors likely occurs. The overall higher gypsum content in the
clay fraction of the samples collected in the south can also be ascribed to authigenic formation in saline
environments. Higher detrital supply, either with marine or continental sources, should occur in the
northern part of the lagoon.

4.1.3. Geochemistry

Eleven chemical elements were selected for this research (As, Ca, Cu, Co, Fe, Hg, Mg, Mn, Ni, Pb,
and Zn). As expected for sediments of a lagoon environment with high salinity, Ca (0.03%–1.98%) and
Mg (0.12%–1.89%) are among the elements with highest measured concentration, and they tend to be
more abundant in inner lagoon locations. Iron is more evenly distributed throughout the Mussulo
lagoon (0.14%–1.20%), although, in general, with higher contents in northern samples. Samples
enriched/depleted in Fe also yield high/low Cu (5.97–15.47 mg/kg), Mn (56.71–164.28 mg/kg) and Zn
(9.59–56.48 mg/kg) contents (Figure 4).

 

Figure 4. Ratios between chemical element concentrations and mineralogical and textural features of
the sampled sediments. The plots Fe vs. Mg and clay (%) vs. Mg show two groups of samples, both
displaying trends for increasing Mg with Fe and clay. Although with high scattering, Mg appears to
correlate with Ca and halite. Samples enriched in clay also tend to yield higher Cu, Mn, Zn, and Fe.
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Arsenic and Co were found in all samples, but in wide variable abundances (0.09–31.49 mg/kg and
0.78–26.04 mg/kg, respectively) and high contents can occur both in northern and southern locations.
The other measured elements (Hg, Ni, and Pb) were detected only in part of the samples, Hg in eight of
them (<0.12 mg/kg), Ni in 11 (<13.34 mg/kg), and Pb in 12 (<30.12 mg/kg). Sediments with relatively
high amounts of at least two of these elements were collected both in the northern sector of the lagoon,
namely near Luanda (samples A20, A21, and A22), and in some of the innermost southern locations
(samples A2, A3, A6, and A8).

The plots of Mg vs. Fe and of Mg vs. grain-size variables reveal two distinct groups (Figure 4).
Finer samples collected in the northern sector yield lower Mg and higher Fe; coarser samples collected
in the southern sector yield higher Mg and lower Fe. However, if the two groups are isolated,
Mg concentrations appear to be higher in finer sediments, which also tend to be enriched in Fe.
The trend for higher Mg in sediments enriched in halite supports the possibility that Mg is strongly
influenced by authigenic mineral formation, which prevails in southern lagoon settings with coarser
sediments. On the other hand, the distribution of the two groups of samples in the bi-plots suggests
that the presence of detrital fine-grained particles hosting Mg and Fe, along with other siderophile
elements, is also influencing their concentrations.

4.2. Factors Controlling Sediment Composition

A PCA using grain-size, bulk mineralogy, and geochemical variables helps to ascertain the
compositional variability for the studied sediments. Variables strongly correlated or anti-correlated
were not considered in the PCA. Clay mineralogy was also excluded because of the low amount of
clay fraction in the studied sediments, such that in two samples it was not possible to establish clay
assemblages, and the fact that no mineral was detected in all samples. The first three components
explain 64.3% of the observed variance (Figure 5).

The first component (PC1, 41.7% of the variance) reflects a contrast between a set of variables that
are probably linked with chemical or biochemical precipitation, such as halite, Mg, and Ca, and others
linked with detrital supply, such as feldspar, Fe, Mn, Zn, and Cu. It also separates coarser sediments
with high negative loadings of precipitation-associated variables, from finer sediments with high
positive loadings of detrital-associated variables, reinforcing the possibility that a significant proportion
of the coarser particles are authigenic and not physically transported to the lagoon (Figure 5). Based on
the relations between geochemical and grain-size variables, it can be assumed that most Zn and Cu
are hosted by fine-grained particles, although one cannot draw conclusions about whether they have
natural or anthropogenic sources. It is interesting to note that Ca and Mg are not correlated with
carbonate content, indicating that other minerals are hosting these elements. The correlation between
halite and Mg suggest that Mg-bearing salts are being precipitated in the lagoon, as suggested before.
XRD data is compatible with the possible occurrence of traces of Mg-salts.

Relatively low loadings of PC1 were also obtained for As, associating this element with the
authighenic variables. Arsenic concentrations in non-contaminated near shore or estuarine sediments
are in the order of 5–15 mg/kg [43], which encompasses the majority of the values obtained for Mussulo
sediments. This element tends to be enriched in sea water relative to river water [44] and it can
precipitate in reduced marine environments [45]. Taking into consideration the influence of authigenic
salt-minerals on sediment composition and the occurrence of traces of pyrite in some samples, it is
probable that the relatively high As concentration in some inner lagoon locations is related with local
salt-mineral formation.

The second (PC2) and third (PC3) components explain substantially lower proportions of total
variability (13.1% and 10.2%, respectively). PC2 yields high positive loadings of Hg, Pb, Ni, and Co,
all elements for which a source related to human activities can be postulated [7–11,13–18]. The plot
PC1 vs. PC2 (Figure 5) shows the links among this group of elements, suggesting a closer association
of Pb and Ni with the variables with high loadings of PC1 (clay, Fe, Mn, Zn, and Cu), whilst Co is
largely independent of PC1. Arsenic is not plotted with these elements, reinforcing the possibility
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of a natural origin associated with salt precipitation in the lagoon. Samples with high scores of this
component are from both the northern and southern sectors.

Figure 5. Maps of the principal components for geochemical, grain-size and mineralogical variables.
(A) The vector loadings for the two main components of the Principal Component Analysis (PCA)
define two perpendicular links, indicating two independent controls on the data. The first link connects
elements assumed to be carried with fine-grained detrital minerals in opposition to elements that may
result from precipitation in the lagoon. The second link connects a set of elements that may have
anthropogenic sources. (B) The plot of PC2 vs. PC3 shows the opposition of quartz and feldspar,
two detrital minerals whose relative enrichment in the lagoon sediments can be attributed to specific
source areas. Gypsum seems to be associated with feldspar, which is compatible with a source in
Meso-Cenozoic units of the neighboring Cuanza Basin.

PC3 shows an opposition between quartz and feldspar (Figure 5), which are the two most common
minerals in the studied sediments, being both of detrital origin. Gypsum appears linked with feldspar.
Differences between the sands of the Mussulo spit and at the mouth of the Cuanza river, which yield
less feldspar along with alkali and alkaline earth metals, and more quartz and ultra-stable heavy
minerals [36], support the possibility of different detrital sources in this costal environment. We propose
here that sediment material enriched in feldspar and gypsum came from a proximal source, most likely
the previous-cycle depositional units of the Cuanza Meso-Cenozoic basin that are enriched in these
minerals; quartz-rich sediment is probably derived from more distant regions (i.e., the Cuanza River
mouth and further up-drift). Except for As, which displays a close link with quartz, this component
does not seem to have a major influence on the distribution of the studied PTEs.
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In summary, an anthropogenic influence on sediment composition is probably responsible for
occasional enrichments in Hg, Pb, Ni, and Co. Other elements found in higher abundances in
fine grained sediments near Luanda, such as Cu and Zn, may also be partially human derived.
On the other hand, natural factors seem to account for the observed distribution of As contents.

4.3. Health Implications of Sediment Composition

High concentrations of PTEs in near-surface environment can threaten human health via sediment
ingestion (geophagism), rare in adults but quite common in children, or by hand to-mouth intake,
inhalation of dust particles, or dermal contact [46,47]. The Hazard Indices obtained from the health
risk assessment for Cu, Hg, Mn, Ni, Pb, and Zn were below 1, pointing to no non-carcinogenic risk
(Table 2). Regarding As and Co for children, HI reached 1.2 and 1.1, respectively, indicating potential
non-carcinogenic risk due to sediment exposure. The proportion of cases with HI > 1 is 5% for As and
9% for Co. According to these results, it is highly recommendable that children spent less time playing
in the lagoon sediments and avoid hand-to-mouth intake.

Table 2. Range of results obtained for Hazard Indexes (HI) and Cancer Risks (CR) due to sediment
exposure for the different PTEs. Maximum results that are above the target values are in bold.

HI CR

Children Adult Children Adult

As 0.0–1.2 0.0–0.1 9 × 10−10 to 5 × 10−5 3 × 10−11 to 3 × 10−5

Mn 0.0–0.2 0.0–0.0
Co 0.0–1.1 0.0–0.1
Cu 0.0–0.0 0.0–0.0
Hg 0.0–0.1 0.0–0.0
Ni 0.0–0.0 0.0–0.0 1 × 10−11 to 1 × 10−9 4 × 10−11 to 1 × 10−10

Pb 0.0–0.1 0.0–0.0
Zn 0.0–0.0 0.0–0.0

According to the International Agency on Research of Cancer (IARC) [48], of the analyzed
elements, only As and Ni poses significant carcinogenic risk. Cancer Risks values determined with the
sampled sediments of the Mussulo lagoon (Table 2) are within the classes of acceptable carcinogenic
risk for As (1 × 10−4 to 1 × 10−6; [41]) and no risk for Ni (<1 × 10−6; [27]).

5. Conclusions

The geochemical composition of the sediments of the Mussulo lagoon is mainly determined by
natural processes that influence the abundance of detrital components, which can be derived from
different source areas, and authigenic components associated with mineral precipitation within the
lagoon setting and surrounding regions. Human action may have a subsidiary role, contributing to the
abundance of some PTEs, such as Co, Hg, Ni, and Pb, in parts of the lagoon sediments. Fine grained
samples collected near Luanda yield relatively high concentrations of Zn and Cu, but whether their
sources are natural or anthropogenic is uncertain. Arsenic is more abundant in inner (i.e., southern)
locations of the lagoon, probably in association with natural processes due to precipitation from
salt-water. The health risk assessments suggest no major carcinogenic risk due to sediment intake,
but the concentrations of As and Co indicate potential non-carcinogenic risk for children.

The present research shows that health risks associated with element concentrations can emerge
from enrichment due to both natural and anthropogenic processes. Although some PTEs preferentially
hosted by fine grained particles (e.g., Co, Hg, Ni, Pb, Zn, and Cu) may be associated with human
activities, in coastal settings of arid regions, the possibility of high concentrations of As due to natural
precipitation should be fully considered in environmental assessments.
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Abstract: Lead (Pb) toxicity has been a subject of interest for environmental scientists due to its
toxic effect on plants, animals, and humans. An increase in several Pb related industrial activities
and use of Pb containing products such as agrochemicals, oil and paint, mining, etc. can lead to Pb
contamination in the environment and thereby, can enter the food chain. Being one of the most toxic
heavy metals, Pb ingestion via the food chain has proven to be a potential health hazard for plants
and humans. The current review aims to summarize the research updates on Pb toxicity and its
effects on plants, soil, and human health. Relevant literature from the past 20 years encompassing
comprehensive details on Pb toxicity has been considered with key issues such as i) Pb bioavailability
in soil, ii) Pb biomagnification, and iii) Pb- remediation, which has been addressed in detail through
physical, chemical, and biological lenses. In the review, among different Pb-remediation approaches,
we have highlighted certain advanced approaches such as microbial assisted phytoremediation which
could possibly minimize the Pb load from the resources in a sustainable manner and would be a
viable option to ensure a safe food production system.

Keywords: lead toxicity; lead contamination; health hazards; remediation
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1. Introduction

Lead (Pb) is a highly noxious, non-disintegrative heavy metal with a bluish-gray color, an atomic
number of 82, molecular weight 207.2, density 11.34 g/cm3, and a melting point of 621.43 ◦F. It can
be easily shaped, molded, and used to form alloys through mixing with other metals. It can exist in
both organic as well as inorganic form. The inorganic Pb dominantly occurs in dust, soil, old paint,
and other different user products, while organic Pb (Tetra-ethyl Pb) is predominantly found in leaded
gasoline. Both of these forms of Pb are toxic, however organic Pb-complexes are excessively toxic
to biological systems compared to inorganic Pb [1]. Pb is the second most toxic metal after Arsenic
(As), comprises 0.002% of Earth’s crust [2,3], and its natural level remains to be below 50 mg kg−1 [4].
Although earlier literature did not focus on the biological importance of Pb, recent findings suggest
that traces of Pb (~29 ng/g diet) is important for enzyme activities and cellular systems, especially
during cell development, hematopoiesis, and reproduction [5].

In general, Pb salts/oxides through atmospheric dust, automobile exhaust, paint, polluted food,
and water are the key pathways for human exposure. The food canning industry is also an important
source of Pb intake due to its leaching ability into canned foods. Currently, humans are exposed to Pb
through dust particles from soil transmitted into homes and/or drinking water. Lead is considered
carcinogenic (Group 2B) to humans [6]. Humans are impacted by Pb primarily through ingestion as
20–70% of ingested Pb is absorbed by the human body. Children have a high absorption capacity of
Pb [7,8].

Enhanced Pb concentration in blood affects behavior, cognitive performance, postnatal growth,
delays puberty, and reduces hearing capacity in infants and children. In adults, Pb causes cardiovascular,
central nervous system, kidney, and fertility problems. During pregnancy, Pb can also hamper fetal
growth in the early stage [1,3]. The Commission Regulation E.C., No 1881/2006, documented the Pb
concentration (0.3 mg kg−1) thresholds for different agriculture products such as leafy vegetables and
fresh aromatic herbs [9]. Pb sources, their inclusion in soil, Pb bioavilability to plants, soil role for Pb
transfer to plants, plant toxicity and accumulation mechanism, Pb effect on plants and humans, and
different remediation technologies are basically covered in the present review. The main objective of
this review is to summarise the research updates on Pb toxicity, bioavailability, and its imposed toxic
effects on plants and on human health, including recently tested/recommended remediation options.

2. Methodological Approach for Selecting and Reviewing the Literature in a Meaningful Way for
Targeting Specific Objectives

2.1. Collection, Compilation, and Identification of Relevant Literature for the Study

The criteria for selection of recent literature for targeting up-to-date information on the topic
was done through search string/keywords such as “Lead”, “sources of Lead”, “Lead toxicity”,
“bioaccumulation of Pb in food and human”, “toxic forms of Pb”, “Pb tolerance in human and plants”,
“health effect of Pb toxicity”, and “Pb remediation”. The extensive search of existing literature on
the specific keywords was performed to collect the data from Scopus, Science Direct and Google
scholar, MDPI, and other academic university websites. Three important criteria were considered for
addressing relevant updated information (i) peer-reviewed, (ii) highly cited (i–10), and (iii) articles
appearing in journals with a minimum impact factor (>1.0, Thomson Reuters) (iv) few articles except the
above listed criteria based on recent/specific information was also included. The selection criteria/rules
were adopted and modified from Sandin and Peters [10].

2.2. Extraction of Data and Data Representation

All the available relevant literature was studied carefully based on the key objectives of the
present review. Omission of work was based on literature that was published before 2000, was without
quantitative results, non-English, and/or was general/duplicate/similar in nature, which did not fit the
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questions of this review. Later, the results from all representative literature published from the year
2000 onwards were extracted and represented in tabular form.

3. Sources of Pb Contamination in Soil, Crops, and Water Resources

Pb contamination in air, soil, and water resources has been associated with natural causes, such as
geochemical weathering, sea spray emissions, volcanic activity, and remobilization of sediment, soil,
and water from mining areas [11–13]. Table 1 represents the various sources of lead contamination
in agricultural soils, crops, and water in different countries/regions of the world. It is evidenced in
Table 1 that the anthropogenic products and processes (such as industrial, oil-processing activities,
agrochemicals, paint, smelting, mining, refining, informal recycling of lead, cosmetics, peeling window
and door frames, jewelry, toys, ceramics, pottery, plumbing materials and alloys, water from old pipes,
vinyl mini-blinds, stained glass, lead-glazed dishes, firearms with lead bullets, batteries, radiators for
cars and trucks, and some colors of ink) are considered to be major sources of Pb contamination in the
environment [14–21].

Pb is available in soil/sediments as a free metal ion, is associated with inorganic molecules (e.g.,
HCO3

−, CO3
2−, SO4

2−, and Cl−), and can also exist as organic ligands (e.g., amino acid, fulvic acid,
and humic acid). Pb can also be adsorbed onto particle surfaces such as biological material, oxides of
iron, clay particles, and organic matter [22,23]. In general, a higher concentration of anthropogenic Pb
accumulates on the soil surface and can decrease with depth [24]. Pb has a high affinity with organic
and colloidal materials and, thereby, is readily available for plant uptake [25].

Table 1. Table of Pb contamination in agricultural soils, crops, and water in different countries [18].

Sources Contaminati-on Plant Species Region References

Wastewater of
Shitalakhya river

Soil and
vegetables

Amaranthus lividus, Basella
alba, Cucurbita moschata,

Spinacia oleracea, and
Trichosanthes cucumerina

Bangladesh [26]

Wastewater treatment
plant

Soil, water, and
crops

Eruca sativa, Madia sativa,
Malus sylvestris, Triticum

æstivum, Triticum turgidum,
Urtica dioica, and Vicia faba

Morocco [27]

Mine affected area Soil and vegetable

Amaranthus dubius, Ipomoea
aquatic, Ipomoea batatas,
Phaseolus vulgaris, Piper

nigrum, Solanum lycopersicum,
and Solanum melongena

China [28]

Sewage water Soil and crop Oryza sativa Iran [29]

Agricultural/Urbanisation
activities

Water and
sediments Lemna minor India [30]

Urbanization Soil, water, and
vegetables

Brassica oleracea, Momordica
charantia, Phaseolus vulgaris,

Raphanus raphanistrum,
Solanum lycopersicum, and

Triticum aestivum

China [31]

Anthropogenic activities Soil and
vegetables

Cucurbita maxima, Lagenaria
siceraria, Solanum melongena,

and Spinacia oleracea
Pakistan [32]

Glass industry Soil and
agricultural crops

Brassica juncea, Hordeum
vulgare, and Triticum aestivum

India [33]
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4. Pb Bioavailability in Soil and Its Influencing Factors

Lead bioavailability in soil is strongly controlled by its species, especially free-Pb ions
concentration [22,34]. Plants absorb lead in dissolved form via the soil solution [25]. Moreover, the
concentration of the free lead ion in soils depends on its physical process (e.g., adsorption/desorption) [23].

The behavior of lead species (bioavailability, mobility, and solubility) in soil is controlled by
complex interactions of different biogeochemical factors [25]. These factors are redox conditions [35],
pH [23,36], cation-exchange capacity [23], soil mineralogy, biological and microbial conditions [2],
lead quantity [26,37,38], inorganic and organic legend concentration [22,34,39], competing cation
concentration [40,41], and the type of plant species involved [37]. The behavior (uptake rate) of lead
species in soil and plants is influenced by either biogeochemical factor independently or in combination
with geochemical factors. The effects of some factors on Pb bioavailability are summarized below:

4.1. Soil pH

Soil pH is the most important factor that controls Pb availability to plants. Soil pH dictates
Pb availability in soil as a negative correlation between Pb solubility and soil pH is noticed [42].
In acidic soil (pH < 7), Pb exists as aqueous Pb(H2O6)+2, while in alkaline soil (pH > 7), Pb forms
aqueous complexes with OH− (hydroxyl ions). Specific adsorption of Pb is directly proportional to soil
pH [16,43]. At a low soil pH (3–5), adsorption is the dominant process, whereas at a high pH (6–7),
precipitation is the dominant process [16,44].

4.2. Soil Redox Potential

Redox potential controls Pb dynamics in soil. The solubility of Pb is inversely proportional
to soil redox potential (i.e., Pb solubility increases along with a decrease in soil redox potential).
Generally, heavy metals dissolve easily in waterlogged soils. Pb was dissolved by acetic acid in highly
impeded drainage soil (1.9 µg g−1) as compared to freely drained soils (0.1 µg g−1) in a region of slate
bedrock [16].

4.3. Soil Texture

Soil texture significantly affects Pb solubility. In Clay soils, heavy metal ions are adsorbed
through ion exchange and specific adsorption mechanisms [45]. Pb adsorption also varies between
types of clay minerals [16]. For example, the affinity between iolite and Pb is ~32 times higher
than montmorillonite [46]. Mao et al. [47] observed low Pb adsorption on montmorillonite due to
competition between Ca and Pb for cation exchange sites on clay.

4.4. Soil Minerals

Soil minerals such as Mn and Fe affect Pb solubility in soils. Mn oxides have a high affinity towards
Pb, thus they significantly decrease Pb uptake by plants grown in Pb contaminated soil [2,16,48–50].
O’Reilly and Hochella [50] emphasized that microbial activity is responsible for Pb mobilization from
oxides and carbonate. Tao et al. [51] reported that earthworms could enhance Pb availability to plants.

4.5. Nutrients, Organic Carbon, and O2

These are the essential factors for microbial growth and metabolism and are directly involved
in the degradation of contaminants. Some of the bioactive nutritional elements include carbon (e.g.,
backbone of all organic compounds), nitrogen (e.g., cellular protein and cell wall component synthesis),
phosphorus (e.g., cell membrane, ATP, and nucleic acid), sulfur (e.g., amino acid synthesis), calcium
(signaling transport), and magnesium (e.g., enzymatic activities functioning) [52,53] etc. Zhao et al. [54]
concluded that soil physical properties such as permeability and fracturing could also affect Pb
dynamics in soils. Li et al. [48] elucidated the effect of soil organic matter (OM) on Pb solubility through
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the formation of complexes during metals’ interaction. Kögel-Knabner et al. [49] emphasized that soil
OM drives a sizeable amount of Pb concentration by the formation of organo-Pb complexes.

The ion exchange capacity (particularly CEC), pH, ion redox potential, microbial community,
texture, mineralogy, and organic matter of soils are the key regulating factors that affect Pb dynamics
(e.g., adsorption, solubility, and mobility) in soil and bioavailability to plants.

5. Lead Bioavailability/Bioaccessibility in Animals and Humans

Lead toxicity is an important environmental health hazard and its effects on the human body are
devastating. Total Pb in a human body is subject to environment, age, and occupation. It is estimated
that a person weighing 70 kg will have an average of 120 mg of Pb, with 0.2 mg/L in the blood, 5–50
in their bones (in mg/kg), and 0.2–3 in tissues [55]. The Center for Disease Control and Prevention
(USA) has set the standard elevated blood Pb levels for both adults and children (10 µg/dL and5 µg/dL,
respectively) [56].

Bioavailability (BA) is an ingested fraction that crosses the gastrointestinal epithelium and is
distributed into internal tissues and organs [57]. Bioavailability of Pb was established through in-vivo
models such as in mice (Mus), monkeys (Cercopithecidae), rabbits (Oryctolagus cuniculus), rats (Rattus),
and swine (Sus scrofa). However, extrapolation of the in-vivo models into human has not provided a
realistic effect due to their physiological differences and species diversity. In-vivo experiments are
much simpler than epidemiological studies because they are cheaper, faster, highly reproducible, and
do not involve ethical issues. However, critical parameters (e.g., exposure levels, conditions, and
absorbed Pb concentration) need to be considered while performing in-vivo specimen evaluation. The
following key factors are to be considered for decision making in public health issues using in-vivo
models: (a) specific features and limitations of the model; (b) targeting the human population in
the design of animal studies at developmental stage; (c) the use of acceptable environmental doses,
and (d) Pb speciation. In-vitro studies such as Relative Bioavailability Leaching Procedure (RBALP),
Unified Bio-accessibility Research Group Europe Method (UBM), Solubility Bio-accessibility Research
Consortium assay (SBRC), Physiologically Based Extraction Test (PBET), In Vitro Gastrointestinal (IVG)
Method, and the In Vitro Digestion Model (RIVM) can be used to measure Pb bioaccessibility [58].
Pb relative bioavailability (RBA) refers to the comparative bioavailability of different Pb forms that are
available in source substance [58]. For estimating the relative bioavailability of Pb, a reference material
such as Pb acetate can be used. Lead RBA in soil can be measured by either blood or tissues (kidney,
liver, and femur) [58,59]. Deshommes et al. [60] conducted an in-vivo experiment on Pb particles
(especially particulate Pb forms including those in paint and dust and those in drinking water supply
systems) and stated that the relative bio-accessibility leaching procedure (RBLP) offers the highest
degree of validation and simplicity in animal models.

Literature suggests that due to unavailability of data and the existing model (e.g., animal model),
we could not predict/estimate human risk assessment and human absorption of Pb particles, particularly
for childhood exposure assessment, e.g., neuro-behavioral and neuro-developmental deficiencies, and
the effects on growth, hearing, and blood pressure.

6. Lead Transportation, Toxicity, and Bioaccumulation Through Food Chain Contamination

Lead is one of the most toxic and frequently encountered heavy metals in the environment [34].
Different quantitative indices are currently being used to estimate Pb toxicity at trophic levels in the
food chain (Table 2). Once Pb reaches the soil by any source and penetrates into the plant root system,
it may accumulate there or may be translocated to aerial plant parts (APP). Pb mostly accumulates
(≥95%) in the roots of plant species and only a small fraction is translocated to APP. Some of the studied
plants species with respect to Pb transportation, toxicity, and bioaccumulation are Allium sativum [61],
Avicennia marina [62], Pisumsativum, Phaseolus vulgaris and Vicia faba [34,63,64], Lathyrus sativus [65],
Nicotiana tabacum [66], Sedum alfredii [67], V. unguiculata [68], and Zea mays [69].
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Generally, plants uptake metal ions from soils through their roots [17,18,20]. Pb from the soil solution
is adsorbed (unevenly) through roots and is bound with the uronic acid/polysaccharide of rhizoderm in
many plant species such as Brassica juncea [70], Festuca rubra [71], Funaria hygrometrica [72,73], Lactuca

sativa [74], and Vigna unguiculata [68]. This adsorbed Pb passively enters in roots and is transported
through xylem. A concentration gradient was observed near the root apex, except for root cap, where
cells are young and have thin cell walls with the lowest rhizodermic pH, which enhances Pb solubility
in soil solution.

Table 2. Different indices used to quantify Lead toxicity at trophic levels in the food chain [18].

SN Factors Equations References

1 Trophic transfer factor (TTF) TTF = Pb conc. in organism tissue/Pb conc. in food [75]
2 Transfer factor (TF) TF = Pb conc. in plant tissue/Pb conc. in soil [76]
3 Metal transfer factor (MTF) MTF = Pb conc. in plant/Pb conc. in soil [77]
4 Accumulation factor (AF) AF = Pb conc. in plant edible part/Pb conc. in soil [78]

5 Bioaccumulation factor (BAF) BAF = Pb conc. in organism tissue/Pb conc. in
abiotic medium [79]

6 Bio-concentration factor
(BCF)

BCF = (Pb conc. in experimental organism tissues − Pb
conc. in the control organism tissues)/Pb conc. in water [80]

7 Biota-sediments AF (BSAF) BSAF = Pb conc. in the organism/Pb conc. in sediments [81]

8 Biomagnification factor
(BMF)

BMF = Pb conc. in the organism/Pb conc. in the
organism’s diet [82]

9 Trophic magnification factor
(TMF)

TMF is calculated from the slope of logarithmically
transformed Pb conc. in organisms plotted against the

trophic levels of the organisms in the food web
[83]

After entering into the roots, Pb moves by apoplast through water stream until it reaches the
endodermis region. The endoderm functions as a physical barrier to Pb translocation as water
stream is blocked by casparian strip and, thus, Pb enters into the symplastic movement. The low Pb
transportation from root to APP has been reported due to immobilization by negatively charged pectins
within the root cell wall [2,84]. Insoluble Pb salts precipitate in intercellular spaces of root cells [70,84].
Similarly, Pb accumulation in plasma membranes of root cells [61,84] or sequestration in the vacuoles
of rhizodermal and cortical cells of roots is reported [68,84]. The major portion of the absorbed lead is
sequestered/excreted from endodermis cells during the plant detoxification process. However, the
above reasons are not sufficient to explain the low Pb translocation from root to APP as plant species
such as Brassica pekinensis and Pelargonium potentially translocate Pb to APP, without affecting metabolic
functions [85,86]. The lead hyper accumulator plant species can accumulate >1000 ppm [87]. The roots
of hyperaccumulator species dissolve metals in soil [86], increase metal uptake and translocation, and
make hyperaccumulator species to tolerate higher Pb ions concentrations. Apart from this, various
detoxification mechanisms include selective metal uptake, excretion, complexation by specific ligands,
and compartmentalization, which are also support for Pb tolerance.

In addition, Pb translocation to APP increases by organic chelators like ethylene diamine tetra
acetate (EDTA) and micro-organisms [2,25]. Liu et al. [88] observed higher translocation to APP
with increased soil Pb level in B. Pekinensis cultivars. This may be due to the potential of high Pb
concentrations to destroy the casparian strip based physical barrier.

Xylem helps in the transportation of metals from plant roots to shoots [89], which is probably
supported by transpiration [90]. Arias et al. [2] demonstrated X-ray mapping and found high Pb
deposition in xylem and phloem cells on mesquite plants. After penetrating into the central cylinder of
the stem, Pb can again be transported via the apoplastic pathway and further translocated to leaf areas
through vascular flow [73]. In xylem, Pb can form complexes with amino/organic acids [87]. However,
inorganic Pb can also be transferred. Translocation factor (i.e., lead in aerial parts/leading roots) can
be implemented to know the degree of Pb translocation [86,88]. After implementing this factor, low
numeric values will indicate that lead has been sequestered in the roots system [88].
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The molecular mechanism of Pb entrance in roots is not clear yet. It is believed that several
pathways can be used by Pb for the same purpose, especially ionic channels. However, Pb uptake
is a non-selective phenomenon and is independent of the H+/ATPase pump [91]. Lead absorption
is inhibited by calcium [92] as Pb competes with Ca for calcium channels. Ca2+-permeable channels
are important gateways for Pb to penetrate into the root system [91,93]. The transgenic plant studies
reveal that Pb can also penetrate into roots through other alternative non-selective pathways, e.g.,
cyclic nucleotide-gated ion channels and low-affinity cation transporters [94]. Comprehensive details
for the average lead content in different food crop plants are summarized in Table 3. It is noted that
higher concentrations of Pb are associated with fruit crops (Table 3).

Table 3. Details for the average lead contents in different crop plants.

Plant Species Scientific Name Concentration (mg/kg) References

Vegetable crops

Coriander Coriandrum sativum 4.5 [95]
Spinach Spinacia oleracea 0.98–9.2 [96–99]

Coriander Coriandrum sativum 0.4–75.5 [98,100–105]
Cabbage Brassica oleracea 0.07–12 [97,104,106–108]

Radish leaf Raphanus sativus 0.4 [100]
Amaranthus Amaranthus blitum 23.26 [109]

Parsley Petroselimum crispum 2.31 [97]
Slender amaranth Amaranthus viridis 2.56 [101]

Sugar beet Beta vulgaris L 149.5 [102]
Slender amaranth Amaranthus viridis 5.44 [110]

Tomato Solanum lycopersicum 5.5 [99]
Brinjal Solanum melongena 2.1 [95]

Cucumber Cucumis sativus 1.5 [95]
Brinjal Solanum lycopersicum 2.2 [98]

Raddish Raphanus sativus 0.75 [111]
Eggplant Solanum melongena 4.93 [112]

Brinjal Solanum tuberosum 6.19 [112]
Pumpkin Cucurbita maxima 0.25 [113]

Chilli Capsicum annuum 0.17 [113]
Carrot Daucus carota 0.72–7.8 [95–97]

Sugar beet Beta vulgaris L. 26.35 [109]
Potato Solanum tuberosum 0.012–2.58 [106,107]

Cauliflower Brassica oleracea 0.36–6.1 [95,97,104]

Spices Crops

Aniseed Pimpinella anisum 0.26–5.68 [114,115]
Bay leaf Cinnamomum tamala 0.98–3.58 [116–118]

Cardamom Elettaria cardamomum 0.583 [115]
Cassia Cinnamonum cassia 4.159 [115]
Curry Murraya koenigii 3.617 [117]

Dill Anethum graveolens L. 0.81 [119]
Fennel Foeniculum vulgare 0.316 [115]

Fenugreek Trigonella foenum-graecum L. 9.38 [114]
Rosemary Rosmarinus officinalis 10.8 [120]

Tulsi Ocimum sanctum 4.59 [116]

Fruit Crops

Mango Magnifera indica 0.642–1.620 [121,122]
Orange Citrus sinensis 26

[123]

Pomegranate Punica granatum 28
Grapes Vitis vinifera 24
Lemon Citrus limon 29

Strawberry Fragaria ananassa 10
Buckthorn Hippophae rhamnoides 20

Peaches Prunus persica 11

121



Int. J. Environ. Res. Public Health 2020, 17, 2179

Table 3. Cont.

Plant Species Scientific Name Concentration (mg/kg) References

Banana Musa sp. 0.003–0.05 [122,124]
Jackfruit Artocarpus heterophyllus 0.017
Orange Citrus sinensis 0.106

[125]Trengerine Citrus tangernia 0.097
Banana Musa 0.118
Papaw Carica papaya 0.072

Cereals and Legumes Crops

Pearl millet Pennisetum glaucum 0.12 [126]
Sorghum Sorghum bicolor 0.18 [126]

Wheat Triticum aestivum
0.40 [127]
0.47 [128]

Barley Hordeum vulgare 0.22 [129]
Quinoa Chenopodium quinoa 0.37 [130]

Maize Zea mays
0.50 [131]
0.34 [132]
0.31 [133]

Rice Oryza sativa
0.52 [134]
0.89 [135]

Black gram Vigna mungo 0.60 [133]
Lentil Lens culinaris 0.55 [133]

Common bean Phaseolus vulgaris 0.12 [136]
Soybean Glycine max 0.08 [137]
Safflower Carthamus Tinctorius 0.80 [138]
Rapeseed Brassica napus 0.51 [138]
Sunflower Helianthus annus 0.57 [131]

Accidental soil ingestion is a major Pb exposure pathway for humans inhabited in a Pb polluted
area [9,139]. However, the intake of Pb contaminated plants has been an important exposure to humans
and animals [9,139,140]. Edible/wild plants cultivated/grown in the vicinity of phosphate industries
can be Pb bio-indicators of toxic metals [9]. Inhabitants and workers of these industries/provinces
may be exposed to Pb contamination. The Pb exposures and blood concentration to these closely
inhabited/living populations is subject to the season as well as industrial activity. The children’s blood
lead levels (BLLs) were observed to be higher during the summer and early fall [141]. The BLLs are highly
significant, are evident in multiple locations, periods, and ages, and are population-specific [142,143].
Higher levels were observed (10–60%) in warm-weather and levels increased in 2-year-old children,
more so than 1 or over 4-year-olds [142,143]. Zahran et al. [143] emphasized that lead seasonality must
be considered for Pb risk analysis. One health concept was proposed to take care of animal, human,
and environmental health all together [144,145].

7. Mechanistic Understanding of Pb Toxicity and Tolerance in Plants and Humans

Lead causes a broad range (physiological, morphological, and biochemical) of toxic effects on living
organism. In plants, Pb toxicity is characterized with impaired chlorophyll (Chl a) production, cell
division, elongation of root, lamellar organization in the chloroplast, plant growth, seed germination,
seedling development, and transpiration [67,87]. However, the magnitude of the effects varies and/or
depends on Pb levels, exposure time, plant stress intensity, and plant developmental stage. Plants
have internal detoxification mechanisms to deal with Pb toxicity, i.e., complexation by specific ligands,
selective metal uptake, excretion, and compartmentalization [18,21,61,87].

Lead induced oxidative stress is reported to produce reactive oxygen species (ROS) in
plants [146,147]. These ROS synthesized as a result of oxidative stress in plants can cause deleterious
effects such as lipid peroxidation, disrupted cell membrane, DNA and protein damage, inhibition of
photosynthesis, and inhibition of ATP production [148]. To overcome the adverse effects of ROS, plants
produce a variety of antioxidative enzymes. Lead imposed changes in antioxidative enzyme production
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of various food crops have been well established (Table 4). The activity of antioxidative enzymes, such
as superoxide dismutase, peroxidase, and ascorbate peroxidase, were positively correlated with Pb
content, while Catalase, Glutathione reductase, and Glutathione peroxidise were decreased in both leaf
and root tissues (Table 4).

Lead poisoning cases in humans are mostly the result of oral ingestion and absorption via the
gut [149]. Pb absorption from the gastrointestinal tract is subject to physical characteristics (such as
age, pregnancy, fasting, and Fe and Ca status) and the physico-chemical nature of the material ingested
(e.g., size of particles, solubility, mineralogy, and Pb species) [150]. The Pb absorbed in the intestine
is further carried to soft tissue, e.g., in the liver, kidneys, and bone tissue, where it accumulates over
time [149]. The main transport processfor Pb to different body tissues from the intestine is via red blood
cells, where binding takes place between Pb and haemoglobin (HB). Nearly 99% of the Pb in blood is
observed in erythrocytes, with approximately 1% in both serum and plasma. Distribution of Pb in the
organs (the lungs, spleen, brain, aorta, renal cortex, bones, and teeth) relies greatly on Pb concentration
in plasma rather than on the whole blood. The half-life of Pb in blood is estimated to be 35 days,
whereas the half-life of Pb in soft tissue is estimated to be 40 days. Pb can be resident in bone for up to
30 years and concentrations of Pb in teeth and bone grow in proportion to age [149]. The Pb biological
half-time is believed to be significantly greater in children than in adults. Lead creates chemical bonds
with thiol groups of proteins and Pb toxicity is believed to inhibit enzymes and subsequently interfere
with homeostasis of Mg, Ca, and Zn. Lead-induced oxidative stress is caused due to Pb poisoning as it
disrupts the pro-oxidant/antioxidant cell defence system. Antioxidant nutrients, such as vitamins E, C,
B6, and B-carotene, and also Zn and Se, are believed to combat Pb-induced oxidative stress [151].

High levels of Pb absorption are found in children rather than in adults. It is approximated that
adults may absorb 3–10% of an oral dose of water-soluble Pb, whereas for children, it may be as high
as 40–50%. Higher Pb concentrations are found in the blood of children who are Fe- or Ca-deficient
than those with replete Fe or Ca. Pb absorption may raise during the pregnancy period and over 95%
of Pb deposits in skeletal bones as insoluble phosphate [149]. According to autopsy studies, cortical
bone and teeth together account for 90–95% of the body’s Pb burden. The total Pb body burden in
the skeleton is 80–95% in adults and about 73% in children [149]. Mothers may transfer Pb to the
foetus and also to infants during the period of breastfeeding [152]. Pb toxicity principally targets the
human central nervous system and children’s ingestion of large amounts of Pb from the environment,
particularly when anaemic, is linked to lower intelligence and impaired motor function [149].

The Joint FAO/WHO Expert Committee on Food Additives (JECFA) made an estimation of
tolerable weekly intake based on dose-response analyses and concluded that the provisional tolerable
weekly intake (PTWI) is linked to a reduction in children’s IQ of at least 3 points and systolic blood
pressure of approximately 3 mmHg (0.4 kPA) higher in adults [149]. When observed in terms of a
shift in IQ distribution or blood pressure in a population, these changes assume greater importance.
The JECFA’s conclusion, therefore, was that the PTWI is no longer adequately protective of health
and they withdrew it. The lack of an indication of a threshold level for key effects of Pb based on the
dose-response analysis led the JECFA to conclude that a new PTWI considered as health-protective
could not be established. The JECFA reiterated that foetuses, infants, and children are the subgroups
that have the highest sensitivity to Pb [150,153] due to the neuro-developmental effects. The European
Commission [154] has set guidelines for maximum permissible levels of Pb in some foodstuffs (Table 5).
Interventions such as eliminating leaded petrol, banning the use of Pb in wine bottles, and the
discontinuation of soldered cans are seen as an important factor in successful reduction of Pb in
food. In children, Pb toxicity symptoms are loss of appetite, anemia, behavioral changes, delayed
mental growth and learning, fatigue, headaches, hyperactivity, insomnia, metallic taste, reduced nerve
conduction, weight loss, and possibly neuron disorders [155]. The behavior changes are irreversible
and untreatable as the cerebrum of Homo sapiens has little capability for reparation. A daily Pb intake of
up to 7 µg/kg body weight or 490 µg of Pb for an adult was accepted by WHO, FAO. However, no such
guideline is given for infants and children, who are relatively more sensitive to low Pb levels [156].
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In broilers that have high Pb acetate (200 mg/kg) exposure in their diet, these show anorexia,
greenish diarrhea, leg paresis, weight loss, wing droop, and lethargy symptoms including gross change
in kidney, spleen, and liver function, gizzard lining, hemorrhages on muscles [157], etc. Gao et al. [157]
concluded that Pb could alter the expression of selenoprotein related genes in the cartilage tissue of
broilers. Rahman and Joshi [158] revealed that Pb acetate (i.e., 250–400) in drinking water could lead to
reduced feed intake and growth indices in broilers due to higher oxidative stress. Pb-induced oxidative
stress can also reduce antioxidant activities such as catalase, glutathione superoxide dismutase [159],
etc. and erythrocytes burst due to lipid peroxidation in erythrocytes membranes and may cause
hemolytic anemia [160]. Pb could also respond to change in the activities and expression of antioxidant
enzyme–related genes [161,162]. Most animal experiments confirm that Pb transportation in the body
occurs through blood circulation and accumulates in soft tissues, bones, and other pivotal organs [163].
Bones are a major sink of Pb (~90%) and mostly replace calcium, thus decreasing in bone mineral
density (BMD) due to Pb exposure [164].

Table 4. Effects of Pb toxicity on activities of different antioxidant enzymes in different plants [16].

Enzymes
Pb Exposure Level Duration References

Enhanced Reduced

Sedum alfredii SOD APX 0–200 µM 14 [63]

Triticum
aestivum

SOD, POX, APX CAT 0, 0.15, 0.3, 1.5, 3.0 mM 6 [165]
SOD, POX, CAT, APX - 0, 1, 2, 4 mM 3 [166]

SOD, CAT APX, GPX,
GR 0, 8, 40 mg L−1 5 [167]

SOD GPX 0, 500, 1000, 2500 µM 7 [168]

Oryza sativa SOD CAT, POD 0, 50, 100, 200 M 16 [169]

Triticum
aestivum

SOD, CAT APX, GPX,
GR 0, 50, 100, 250, 500 µM 4 [170]

Zea mays
SOD, APX, GPX, GR CAT 0, 16, 40, 80 mg L−1 Pb2+ 8 [146]

APX, DHAR,
MDHAR - 0, 16, 40, 80 mg L−1 Pb2+ 1 [171]

Oryza sativa SOD, APX, GR CAT 0, 10, 50 µM 4 [172]

SOD: Superoxide dismutase; POX: Peroxidase; APX: Ascorbate peroxidase; CAT: Catalase; GPX: Glutathione
peroxidise; GR: Glutathione reductase; MDHAR: monodehydroascorbate reductase; DHAR: dehydroascorbate
reductase.

Table 5. Maximum permissible level of Pb in foodstuffs (mg/kg Fresh Weight).

Lead in Food Stuffs (mg/kg Fresh Weight) Maximum Permissible Level

Food of Plant Origin
Rye, grain 0.20

Wheat, grain 0.20
Bread -

Miscellaneous cereals -
Cabbage 0.30

Carrot and potatoes 0.10
Apple 0.10

Milk chocolate -
Food of animal origin

Carcass meat 0.10
Offal -
Fish 0.30

Fresh water fish, 0.30
Eggs -
Milk 0.02

Dairy products -
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8. Human Health Effects Due to the Consumption of Pb Contaminated Foodstuffs

Lead enters into the body through pathways like inhalation of wind-blown Pb-laden dust, ingestion
of Pb contaminated soils, oral intake of Pb contaminated water, and food grown in Pb-contaminated
areas. Pb accumulation in livestock tissues may also pose a major risk to human health through
livestock meat consumption [173,174]. After absorption, Pb is distributed in the body through red
blood cells (RBC). Pb is mostly bound to hemoglobin rather than RBC membrane after entering the
cell [175]. The hematopoietic is a sensitive system for critical Pb toxicity and may lead to anemia [160].
Histopathological observations confirmed that Pb ions are transported to the liver, where they can
induce chronic damage to the liver. Pb toxicity also increases blood enzyme levels and reduces protein
synthesis [176–178]. Pb imposes toxic effects on kidneys through structural damage and changes in the
excretory function [176,177,179]. The other organ and tissue systems affected due to lead toxicity are
the nervous, cardiovascular, and reproductive systems [160,175,180]. Pb toxicity imposes mineralizing
of bones and teeth, which is a major body burden [3]. The International Agency for Research on Cancer
(IARC) stated that inorganic Pb is probably carcinogenic to humans (Group 2A) based on limited
evidence in humans and sufficient evidence in animals [181]. Generalized clinical symptoms of Pb
poisoning in humans are comprehensively summarized in Table 6.

Table 6. Generalized clinical symptoms of Pb poisoning in humans.

SL No. Body Organ/System Clinical Symptoms of Pb Poisoning

1 Eyes Blindness of parts of visual field
Hallucinations

2 Ears Hearing loss

3 Mouth
Unusual taste
Slurred speech

Blue line along the gum

4 Kidney Structural damage and failure
Changes in the excretory function

5 Liver

Jaundice
Lead-induced oxidative stress

Decreased liver function
Microvesicular and macrovesicular steatosis

Hemosiderosis and cholestasis

6 Skin Pallor and/or lividity

7 Central nervous system (CNS)

Insomnia
Loss of appetite
Decreased libido

Depression
Irritability

Cognitive deficits
Memory loss

Headache
Personality changes

Delirium
Coma

Encephalopathy

8 Reproductive organs
Sperm dysfunctions

Pregnancy complications
Preterm birth

9 Abdomen/Stomach

Pain
Nausea

Diarrhoea
Constipation
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Table 6. Cont.

SL No. Body Organ/System Clinical Symptoms of Pb Poisoning

10 Blood Anaemia

11 General
Malaise
Fatigue

Weight loss

12 Neuro- muscular

Tremor
Pain

Delayed reaction times
Loss of coordination

Convulsions
Foot or ankle drop

Seizers
Weakness

13 Bones
Mineralizing bones and teeth

Decreased bone density

9. Pb Remediation approaches

Innovative and site-specific Pb remediation technologies for efficient clean-up of contaminated
sites are prerequisites for a healthy life and safe food production. There are different (physical, chemical,
and biological) processes developed to reduce total Pb concentration and Pb bioavailability to mitigate
Pb accumulation in the food chain [182,183].

9.1. Physical Approaches

9.1.1. Replacement of the Medium (Soil/Water)

In this method, the complete or partial replacement of the contaminated resources (soil/water) is
done based on the magnitude of the contamination [183]. This method of remediation is very useful
at a small scale at the local level. The biggest challenge for this method is the safe disposal of the
contaminated soil/water in a cost-effective manner.

9.1.2. Vitrification

This method can be applied through both in-situ and ex-situ remediation mechanisms.
In vitrification methods, soil is melted with the help of a high-temperature process and Pb sequestration
achieved in solidified vitreous mass [183,184]. Vitrification can be used long-term and effective low
volume can be obtained for reuse [183]. This is a costly method and may not be suitable for applications
in large areas. Dellisanti et al. [185] carried out the vitrification of Pb-rich ceramic waste. Wang
et al. [186] treated fly ash from a municipal solid waste incinerator to radiated heavy metals including
Pb. Navarro et al. [187] applied vitrification for remediating the hazardous mine wastes from old
mercury and Ag-Pb mines in Spain.

9.1.3. Electrokinetic Remediation

Electrokinetic remediation is achieved by applying current in the field. This process
involves techniques such as electrophoresis, electric seepage/electro-migration, electro-osmosis, and
electrolysis [188]. Kim et al. [189] has shown that contaminated rice soil could be cleaned using an
electrokinetic technique, which reduces Pb contamination by 19.4% in 4 weeks. Jeon et al. [190]
remediated a soil contaminated with Pb in a paddy rice crop using EDTA as an electrolyte. The
electrokinetic remediation technique generates almost nil waste. Electrokinetic remediation is applicable
for saturated soils with low groundwater flow, requires short repair time and low energy, and provides a
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complete repair [183]. The heterogeneity of soil and treatment depths are the two important limitations
of this method.

9.2. Chemical Approaches

Various chemical amendments are widely used for immobilization of lead in soil and ground
water at the field scale (Table 7).

9.2.1. Chemical stabilization

This method is used to decrease the mobility, bioavailability, and bio-accessibility of heavy metals
in soil. The immobilizing agents, i.e., biochar (Wheat, Rice, Miscanthus straw biochar, Sugarcane
bagasse biochar, Holm oak chips biochar), clay minerals (Sepiolite with limestone, Palygorskite,
and Bentonite), liming materials (Oyster shells and eggshells), metal oxides (Mn oxides and Ferric
oxyhydroxide powder with limestone), organic composts (Biosolid), and phosphate compounds
(Phosphate rock, Calcium magnesium Phosphate, and Single superphosphate) were previously used
in the chemical stabilization process [183], details of which are given in Table 7. Chemical stabilization
is a simple, quick, relatively cost-effective chemical approach by which Pb can be immobilized by
adsorption, chemical precipitation, ion exchange, and surface complexation mechanisms to limit Pb
transport and bioavailability. However, in this process, Pb remains in the soil and hence, long-term
immobility is recommended.

9.2.2. Solidification/Stabilization

Solidification/stabilization (waste fixation) is relatively low cost, low risk, easily implemented, and
highly resistant to biodegradation with abroad engineering applicability [183]. Soil solidification refers
to the encapsulation of waste materials in a monolithic solid with high structural integrity [183,191].
Soil stabilization is achieved by stabilization of soil contaminants through chemical interaction between
Pb and binding reagents [192]. Wang et al. [193] and Antemir et al. [194] demonstrated the potential
cement-based binders in remediating heavy metals including Pb in England. Navarro-Blasco et al. [195]
assessed the Pb adsorption capacities of calcium aluminate cement. Voglar and Lestan [196] used
calcium aluminate cement and sulfate resistant Portland cement as binders for Pb immobilization
in Slovenian soil. Wang et al. [197] assessed Portland cement, ground granulated blast furnace slag,
pulverized fuel ash, MgO, and zeolite for on-site soil solidification/stabilization of Pb in UK soil.

9.2.3. Soil Washing

The soil washing process is achieved by Pb leaching from soil matrix using reagents/extractants
such as chelating agents, inorganic acids, organic acids, surfactants, and water. The soil mixing with
respective reagents/extractants is done where extractants transfer Pb from soil to the liquid phase through
chelation or desorption, chemical dissolution, and ion exchange mechanisms [198]. Soil washing is a rapid,
permanent, effective chemical method for Pb remediation with long term liability [199]. Hu et al. [200]
achieved removal of 73% Pb using EDTA as a chelating agent. Wang et al. [201] used iminodisuccinic acid,
glutamate-N, N-diacetic acid, glucomonocarbonic acid, and polyaspartic acid to extract 53% and 55% Pb
from Pb-Zn contaminated soil. However, these technologies have certain hurdles for their practical utility
due to change in soil properties, loss of nutrients, adverse effect of washing chemicals, generation of
wastewater, and cost of chemicals and their negative impact on the environment.

9.3. Biological Approaches

Biological methods for Pb remediation are the most eco-friendly alternatives to remediate Pb
from the contaminated resources. Biological remediation can be referred as direct utilization of any
natural/genetically engineered living organism and their product for Pb detoxification to restore soil
function and quality.
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Table 7. Chemical amendments for immobilization of lead in soil and groundwater at the field
scale [183].

SN Amendments
Immobilization

Mechanisms
Observations Reference

1. Clay minerals

Sepiolite + limestone
Chemical precipitation

and surface complexation

The treatment decreased
exchangeable Pb (99.8%) and

reduced Pb in brown rice (81.2%).
[202]

The treatment significantly
increased soil pH and CEC,
decreased Pb exchangeable
fractions, and inhibited Pb

accumulation in rice.

[203]

Palygorskite Significantly reduced water
leachable Pb fractions (50%). [204]

Bentonite

Reduced Pb exchangeable
fractions (20.3–49.3%). Increased

residual portions (6.73–10.0%).
Pb concentrations in the rice
roots (5.13–26.7%) and shoot

(3.73–7.8%) were reduced.

[205]

2. Phosphate compounds

Phosphate rock
(Ca10(PO4)6Cl2

Calcium magnesium
phosphate (Ca3(PO4)2)
Single superphosphate

(Ca(H2PO4)2)

Pb: Pb phosphate
precipitation, especially

pyromorphite-like
mineral;

P fertilizers decreased water
soluble and exchangeable Pb
fractions (22.03–81.4%) and

reduced Pb uptakes (16.03–58.0%)
by a Chinese green vegetable.

[206]

3. Liming materials

Oyster shells and egg
shells Chemical precipitation TCLP-leachable Pb was

effectively reduced. [207]

4. Organic composts

Biosolid Surface complexation and
chemical precipitation

The treatment enhanced soil pH,
cation exchange capacity, and

humic acids, with improved soil
sorption capacity. The readily

soluble Pb forms were reduced.

[208]

5. Metal oxides

Ferric oxyhydroxide
powder + limestone

Specific sorption,
co-precipitation, and
inner-sphere complex

Pb decreased by 97% in pore
water. Pb was transformed into

residual mineral.
[209]

Mn oxides Pb immobilization. [210]

6. Biochar

Wheat Straw Biochar
Increase in soil pH, total

organic carbon, abundant
functional groups, and
complex structures of

biochar leads to reduction
in heavy metals extractable

fractions

The soil extractable Pb was
decreased. As a result, Pb in root
tissues was significantly reduced.

[211]

Biochar significantly transformed
the exchangeable Pb fractions
into relatively stable fractions.

[212]

Sugarcane bagasse biochar

The exchangeable Pb was
reduced and the

organically-bound fraction
increased with increased biochar
input. Pb bioavailability to plant
shoots and roots decreased with

increasing biochar input.

[213]
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Table 7. Cont.

SN Amendments
Immobilization

Mechanisms
Observations Reference

Holm oak chips biochar Biochar stabilized Pb and reduced
its accumulation in barley grain. [214]

Rice straw biochar
Rice straw biochar decreased. Pb

bioavailability and reduced Pb
contents in vegetables.

[215]

Miscanthus (Miscanthus
giganteus) straw biochar

CaCl2-extractability of Pb
significantly decreased with

increased biochar input.
[216]

9.3.1. Phytoremediation

Phytoremediation is an environmentally-friendly, attractive, aesthetically pleasing, noninvasive,
energy-efficient, and cost-effective technology that can remediate Pb in low to moderate contaminated
soil. It includes phytostabilization and phytoextraction. Phytostabilization decreases the mobility/
bioavailability of Pb through adsorption by roots, chemical precipitation, and complexation in the
root zone. Phytostabilization is only effective up to the root depth of plants. Cheng et al. [217]
observed the Pb phytoremediation potential of Miscanthus floridulus. Yang et al. [218] ascertained
the phyto-extraction potential of a co-planting system of Pteris vittata L. and the Ricinus communis L.
in Pb contaminated soil and observed an increased yield of P. vittata after Pb uptake. Metal hyper
accumulater plant species such as Eichhornia crassipes, Lemna sp., and Pistia stratiotes have been widely
used to remediate Pb from diversified environments (Table 8).

9.3.2. Microbial Remediation

Microbial remediation refers to decreasing the availability of Pb in the environment using
indigenous/exotic microbes. Bacterial species such as Alcaligenes sp., Bacillus firmus, Bacillus licheniformis,
Enterobacter cloacae, Escherichia coli, Micrococcus luteus, Pseudomonas fluorescens, and Salmonella typhi

show adsorption potential of Pb from the contaminated resources [219–223]. Wang et al. [224]
concluded that bacterial strain B38 (mutant of Bacillus subtilis) has immense potential to remediate
heavy metals including Pb in China. Zeng et al. [225] observed that Aspergillus niger strain SY1
effectively removed Pb (99.5%) from contaminated sediment through bioleaching. The fungal biomass
of Lepiotahystrix, Aspergillus niger, Aspergillus terreus, and Trichoderma longibrachiatum are reported as
potential bio-sorbents [223,226,227]. The algal species i.e., Palmaria palmate, Spirulina maxima, Spirogyra

hyaline, Cystoseira barbata, Cladophora sp., Chara aculeolata, Nitella opaca, and Ulva lactuca are were
identified to be efficient bio-sorbents [223,228,229]. Microbial remediation is considered to be a natural,
safe, and effective eco-friendly technology with low energy and low operation cost inputs [183]. Most
importantly, microbial remediation does not impose any environmental and health hazards. The
process depends on the environmental condition and inputs such as nutrients, oxygen, and other
amendments to stimulate microbial activity for Pb remediation [183].

9.3.3. Microbial Assisted Phytoremediation

Many approaches including molecular fingerprinting techniques viz. length heterogeneity analysis
by PCR (LH-PCR), terminal restriction fragment length polymorphism (T-RFLP), denaturing gradient
gel electrophoresis (DGGE), single strand conformation polymorphism (SSCP), ribosomal intergenic
spacer analysis (RISA), cloning, and In Situ Hybridization (ISH/FISH) were used to identify the
potent microbial community involved in phytoremediation [230–234]. This approach is based on
the rhizosphere associated microbes such as Bacillus, Beijerinckia, Burkholderia, Enterobacter, Erwinia,
Flavobacterium, Gluconacetobacter, Klebsiella, Pseudomonas, and Serratia [235–237]. Babu et al. [235]
inoculated soil with rhizospheric bacteria Pinus sylvestris and found significant increases in biomass,
chlorophyll content, nodule number, and Pb accumulation in Alnus firma seedlings.
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Table 8. Phytoremediation potential of different plant species for Pb contaminated water and soil [21].

Species Treatments Observation Findings References

Ceratophyllum
demersum

Artificial wastewater Removal rate 92.0–95.0% Maximum BCF of 1284.35 in 4 mg/L of Pb
12th Day. [238]

Leptodictyum riparium Artificial wastewater Removal rate 96.7% Having high resistance and effectiveness for Pb
accumulation. [239]

Scirpus grossus
600 L spiked water in Pb (10, 30,
and 50 mg/L), duration 98 days

Pb concentration in water decreased up to
99% after 28 days and highest Pb uptake:
1343, 4909, 3236 mg/kg for the treatment
of 10, 30, and 50 mg/L Pb, respectively

Highest BCF and TF were 485, 261, and 2.52 on
day 42 of Pb treatment at 30 mg/L

concentration in 70 days retention time.
[240]

Pistia stratiotes
Greenhouse condition using

glass pots with a defined
amount of added HMs

Pb removal was >90% in the first week No enhancement of Pb removal efficiency with
increased Pb concentrations. [241]

Eichhornia crassipes
Operation in up-flow anaerobic

packed bed reactors system Pb Removal rate: 98%
In the coupled pond system, water hyacinth
was observed to have enhanced Pb removal

efficiency by accumulating Pb into root
[242,243]

Eichhornia crassipes
Stock solutions with initial

concentration of 20 g/L Pb Removal rate: 98.33% Powdered root of water hyacinth absorbed
higher Pb. [244,245]

Brassica oleracea var.
Acephala

Treatments of different
Concentration Pb = 0, 1, 5, and

10 mg/kg

Phytoremediation of saline soils with 10
and 16 mg/kg Pb

Negatively correlated with plant fresh and dry
weights. [246]

Posidonia oceanica Sediments Pb Levels (mg/kg) in root: 4.52 ± 0.55,

Ability of Posidonia oceanic to accumulate and
detoxify Pb rather than being attributed to

differences in ecological and
morpho-anatomical characteristics.

[247]

Datura inoxia
Concentrations of 0.5, 1.0, 3.0,
5.0, 10, 15, 20, 25, 30, 35, 40, 45,

50 mg/L metal
Survival rate = 50% Datura exhibits phytoremediation potential. [248]

Magnolia grandiflora Soil Pb Accumulation rate: 63.4%,
Relationship between heavy metal

concentrations in soils and washed new and
old leaves.

[249]

Pistia stratiotes
HMs from steel effluents: 120 g

of plant in 10 L effluent Removal rates: Pb = 70.7%, E. crassipes more efficient than P. stratiotes. [250]

Lemna sp. Artificial by concentration of 2,
5, and 10 mg/L

Pb removal rates by Lemna gibba: 60.1% at
2 mg/L

at pH 9, 98.1% at 10 mg/L at pH 7,

BCF and metal uptake yield per unit of dry
biomass for Pb is 403–738. [251]
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Table 8. Cont.

Species Treatments Observation Findings References

Pistia stratiotes Stock solution (2000 mg/L)
96% removal of Pb(II) from 25 mL of

solution in
60 min by only 0.125 g of biomass

Results consistent with the Langmuir model by
maximum biosorption capacity of 122.70 mg Pb

(II)/g of biomass.
[252]

Mixture of Typha
angustifolia and

Limnocharis flava
Wastewater oxidation pond Removal rate: Pb = 62.07% Positive relation between retention time and

heavy metal removal. [253]

Lemna sp.
200 g fresh plant in mixed
sewage of industrial and

municipal effluents
Pb Removal efficiency >80% BCFs for Pb = 523, indicating that this plant is

a moderate accumulator of Pb. [254]

Lemna sp. Artificial: Pb = 0.25 mg/L Removal rates: Pb = 36%
Removal efficiency up to 80% at higher metal

loading rate where 24 h light and
pre-treatment steps required.

[242,243]

Eichhornia crassipes Mining wastewater Accumulation in leaves (mg/kg):
Pb = 3.40–5.06 BCF: Pb = 242–506 [255]

Mixture of P. australis
and T. latifolia

Urban sewage mixed with
industrial effluents Removal rate: Pb = 61.0 ± 1.2% - [256]131
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9.4. Biotechnological and Genetic Approaches

Genomics, metagenomics, metabolomics, proteomics, transcriptomics, nanoparticles, and isotope
probing are modern technologies to understand Pb phytoremediation [234,235,257]. The biotechnology
and genetic approaches to remediate Pb from the contaminated resources have great potential and
have been proved in some plants [19]. Hattab et al. [258] observed a significant increase in ROS and
cellular oxidative stress in Medicago sativa through influencing the expression of CuZn-SOD, GSH
synthase (GS), and GPX against Pb stress. Fan et al. [259] observed an unknown protein, product of
PSE1 (Pb-sensitive1) gene with NC domain, which is localized in cytoplasm and has potential for Pb
tolerance in A. thaliana. Jiang et al. [260] studied the role of PDR12 knockout Arabidopsis and under
Pb stress conditions and concluded that PDR12 is responsible for the activation of a Pb exclusion
mechanism. ABC transporter of the mitochondria 3 (ATM3) [260–262], acyl-CoA-binding protein [263],
and leucine-rich repeat2 (LRR2) and ethylene-insensitive 2 (EIN2) [264] are also important to regulate Pb
transportation to the exterior of the cell [19,265]. A cytosol-localized malate dehydrogenase (CMDH4)
protein functions as regulation of Pb tolerance mechanisms [19,266]. Pb is easily affected by GSH
reductase in the plant cell [267]. Pb-mediated increased expression phytochelatins were also observed
in Salvinia minima [268]. M. sativa plants showed 23-fold increased expression of PCS gene in the
presence of Pb [258]. Furthermore, GMO plants develop efficient metabolic processes and over express
genes/enzymes that are capable of bioremediation specific pollutant. Different omic-approaches help
to explore different potential solutions targeting precise pollutants. For utilizing the omic-approaches
below, certain research should be covered:

(a) Identification of candidate genes for effective and efficient removal of Pb contaminants.
(b) Diversity and phylogenetic studies of gene and protein sequences which control Pb bioremediation.
(c) Development of Genetically modified organism (GMO) plants through transgenesis.

GMO plants are capable of remediating various waste effluents and polluted lands and could be
advantageous for bioremediation practical applications. Moreover, information on the fundamental
omic-approaches concerned in bioremediation can also contribute towards the development of efficient
bioremediation systems. Besides that, analysis of comparative genomic and proteomic study, their
functional variations, as well as evolutionary relationships existing between them can contribute
towards designing new efficient bioremediation systems. Systems biology information like molecular
pathways, gene ontogeny analysis, co-expression, and protein-protein interactions can influence
the Pb bioremediation processes. Therefore, with the help of bioinformatic analyses and modern
biotechnological techniques, one can evaluate and justify the need for genetically modified organisms
for the development of efficient remediation systems in the near future (Figure 1).

9.5. Nano-Technological Approaches

Recent scientific development in nanoscience research opens the way to cost-effective, eco-friendly,
and sustainable remediation approaches. A nano technological approach has been successfully used
in soil, sediments, solid waste, and a wastewater remediation [18,269] process. Nano-materials are
dynamic, efficient, and broadly applicable with economic expediency [18,270]. The characteristic
features of nano-materials such as Nanocatalysts, CNTs, graphenes, nano-scale metal oxides,
nanomembranes, carbon nanotubes, nanobiological processes and zero-valent iron (FeO), Fe2O3,
Fe3O4, TiO2, SiO2, and Al2O3 are summarized in Table 9. Nanoparticles (1–100 nm) provide very high
adaptability for both in-situ and ex-situ remediation approaches [18]. Nanomaterials, nanoadsorbents,
and nanosized compounds (quantum dots, nanofilms, nanoparticles, nanotubes, nanowires, and other
various colloids) used for Pb remediation are listed in Table 9. Nanoparticles (less than 50 nm) have
high potential as Pb adsorbents. Nano-adsorbents, i.e., activated carbon, alginate biopolymer, clay
materials, silica, magnetic iron oxide nanoparticles (MNPs), metal oxides, nano-titanates, etc. have
been utilized to remove Pb [18,271,272]. The researchers showed that nano-material can enhance the
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accumulation of metals by improving the cell wall permeability, co-transportation of nanomaterials
with heavy metals, and transporter gene regulation [18,273].

 
 

Figure 1. Biotechnological and Genetic Approaches for the development of efficient remediation
systems.

Table 9. Characteristics of nano-particles in Pb removal [18].

SN Nano-Particles Characters NP Synthesis
Absorbent

Dose
Optimum

pH
Removal
Efficiency

References

1 Iron oxides NPs Magnetite
nanoparticles

Co-precipitation
from a mixture of

Fe(II) and (III)
salts with aqueous

NH3 and KOH

50
mg/20cm3 5.31–9.37 Pb(II)—

76–92% [274]

2 Ferrite nano particles -
Modified

co-precipitation
synthesis

0.008 - Pb(II) up
to 38.1% [275]

3 Activated carbon NPs
High surface area

and greater
adsorption capacity

- 0.02 2–10 Pb up to
87% [276]

4 Nano scale zero valentiron
(nZVI)

High surface area
and cation exchange

capacity

Reduction of Fe(II)
using

borohydride
- - - [277]

5 Starch stabilized zero valent Iron
nanoparticles(nZVI-Starch)

Larger surface area
for sorption

reactions

Chemical
reduction method 1 g/kg soil 4.2 100% [278]

6 Zeolite materials obtained from
fly ash Greater specific area Hydrothermal

process 6.0 5.6–6.6 >80% [279]

7

Pyromellitic acid
dianhydride/N-(3-(trimethoxysilyl)

propylethylene
diamine(PMDA/TMSPEDA)

Bound heavy metal
ions via co-ordinate

and electrostatic
interactions

Ring opening
polymerization

and sol-gel
reaction

0.01 7 Pd(II)—
79.60% [280]

8 Ag and Zn nanoparticles
functionalized cellulose

High catalytic
activity, great

biocompatibility,
high adsorption

capacity, high
surface-area,

reusability, and
greater dispersion

degree

Co-precipitation
method 0.5 and 1.0 5.5 - [281]
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Table 9. Cont.

SN Nano-Particles Characters NP Synthesis
Absorbent

Dose
Optimum

pH
Removal
Efficiency

References

9 ZnO@Chitosancoreshell
Nanocomposite (ZOCS)

Hydrophilicity,
biocompatibility,
biodegradability,
non-toxicity, and
High adsorption

capacity

Direct
precipitation
followed by

thermal
decarbonation

0.02 6 Pb(II) up
to 99% [282]

10 ZnO-Fe3O4 nanocomposites
High adsorption

capacity and surface
area

Chemical
co-precipitation 0.50 5.5 Pb(II) up

to 39.2% [283]

10. Conclusion and Future Prospects

The source, bioaccumulation, and health hazards of Pb are due to industrial and agricultural
activities. Translocation of Pb from soil to a crop system is a complex and species dependent
phenomenon. The human consumptive plant species have shown different bioaccumulation, tolerance,
and toxicity levels for lead. Based on the tolerance mechanism, different concentrations of Pb accumulate
in the food chain and cause different magnitudes of human health hazards. To minimize these Pb based
health risks, different remediation options are available for reducing the concentration of heavy metals
in soil and the food chain. However, site and source-specific integrated approaches must be practiced
to formulate suitable remediation strategies. Biological remediation, such as phytoremediation and
PGPR, can be an environmentally friendly and cost-effective strategy for alleviating Pb toxicity
in moderately contaminated soils. Eco-feasible technological innovations such as nano-tools and
awareness among farmers’ fraternity could possibly boost local economies and livelihoods with
certain financial guarantees. Similarly, suggestive measures should be taken to ensure the sustained
efficacy of Pb remediation such as the development of promising plants/mechanisms suitable for Pb
phytoremediation. Exploitation of molecular approaches is required to manipulate Pb transporters
and their cellular targeting to specific cell types. Development of transgenic plants with enhanced
plant-microbe interaction is also a viable option to enhance phyto-remediation of Pb.
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Abstract: In the present study, trace elements (TE) levels were evaluated in scalp hair along the
continuum from healthy subjects (HS) to patients suffering from subjective memory concerns (SMC),
and/or mild cognitive impairment (MCI), and those with already installed dementia (DEM) in order to:
(i) assess the effects of environmental and lifestyle factors on TE concentrations and (ii) evaluate the
analyzed elements as possible diagnostic biomarkers for the disease. The study involved 79 mainly
permanent residents, >55 years old, from the city of Estarreja (northern Portugal), a former industrial
area. The health status of the participants was assessed by means of a complete socio-demographic
questionnaire and through cognitive screening tests, namely the Mini-Mental State Examination
(MMSE). The test scores were categorized and used in the statistical analysis. Hair samples were
collected and analyzed by inductively coupled plasma-mass spectrometry (ICP-MS) ICP-MS for
selected TE. Dementia appears to be associated with higher age, the female gender, lower education
level, and longer residence time in the study area. In addition, most of the participants diagnosed with
dementia frequently consume home-grown foodstuffs, some irrigated with contaminated well water.
The calculation of the TE enrichment factors of soil samples collected in kitchen gardens/small farms
in the vicinity of the Estarreja Chemical Complex (ECC) reinforces the degree of Hg soil contamination
in the area, due to anthropogenic sources that can be a source for the population Hg exposure route
among others. Mercury levels in hair differed significantly between the four individual groups (HS,
SMC, MCI, and DEM), increasing from healthy to dementia participants. Improved diagnostic results
can be obtained using hair TE signatures coupled with MMSE scores. This strategy may prove useful
for predictive diagnosis in population screening for cognitive impairment.
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1. Introduction

The aging of human populations around the world is leading to an epidemic of Alzheimer’s
disease (AD), with the number of cases estimated to rise to nearly 106 million by 2050 [1]. Human AD
is characterized by a progressive decline of cognitive function, with marked loss of memory and other
cognitive functions, leading to a gradual loss of functionality and autonomy. It is the most frequent and
fearsome form of dementia in the elderly, and its cure and prevention are among the primary challenges
of modern medicine. Nowadays, it is accepted that the preclinical stage of AD can begin more than a
decade before symptoms are evident, and therefore detection of preclinical stages is a critical factor to
fight the disease. Mild cognitive impairment (MCI) is a prodromal stage of AD and affected individuals
experience memory loss and/or other cognitive impairments greater than would be expected based
on their age and level of education, but not enough to allow a diagnosis of dementia. Longitudinal
studies show that MCI patients progress to overt dementia at a rate of 10–15% per year, compared
with a rate of 1–2% in the control subjects [2]. This explains why MCI is now the focus of prediction
studies and the target of clinical trials of new disease-modifying therapies. Research on significant
memory impairment is very contradictory. On one hand, numerous studies have proven that subjective
memory concerns (SMC) reflect objective cognitive impairment [3–7] and is associated with increased
risk of MCI and dementia. For instance, a meta-analysis conducted by Mitchell and colleagues [8]
shows that 6.6% of older individuals with SMC, but with no objective complaints, will convert to
MCI per year, comparatively to 1% in those without SMC, and that individuals in this condition
double their risk of dementia. Furthermore, there is clear evidence that SMC are a reliable predictor of
conversion to dementia [9–12]. However, some other studies refute these findings by reporting a lack
of value of SMC [13,14] and SMC severity [15] in predicting dementia. Additionally, a longitudinal
study conducted with healthy elderly showed that SMC are not associated with significant changes in
cognitive performances over time [16]. Also, a review conducted by Reid and MacLullich [17] reported
inconsistency in the association between SMC and cognitive impairment.

Multiple factors have been reported as contributing to the etiology of sporadic (late-onset) AD
including aging, genetics, head injury, and exposure to certain chemical compounds. Whilst the genetic
component of sporadic AD risk has been increasingly recognized in recent years due to genome-wide
association studies (GWAS) [18], the presence of the APOEε4 allele being the strongest genetic risk factor,
the role of environmental exposures and the mechanisms of their contribution to the pathogenesis of
AD continues to be a subject of discussion. This is partly because of the extended time lapse between
exposure and onset of the disease. However, while not all environmental contaminants and toxins
have been tested in research studies in terms of their impact on the central nervous system (CNS), the
risks of developing AD (and other neurodegenerative diseases, like Parkinson’s disease) in elderly
persons as a result of neurologic impairments caused by environmental toxins, is established [19].
Recent studies also support close gene-environment interactions [20].

Systemic human exposure to trace elements (TE) is a common circumstance worldwide, resulting
from multiple exposure pathways including inhalation of ambient particulate matter, dermal absorption
of trace elements from soil and dust, and ingestion of contaminated soil/dust (through hand-to-mouth
movements or clearance of particulate matter from airways by swallowing), water and foodstuff, such
as agricultural crops, meat and seafood. Toxicity of TE depends upon the absorbed dose, route, and
duration of exposure.

Currently, no marker exists as an AD indicator in its early stages, only mainly in its prodromal
stage, and the diagnosis of the disease is still based on clinical ground. Biomarkers capable of
identifying the preclinical stage of AD have the potential to open a therapeutic window in which
neurons would remain responsive to treatment. Furthermore, biomarkers capable of defining the
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at-risk state may drive novel therapeutic strategies to finally achieve a disease-modifying status of
AD. Elemental profiling is an interesting approach for understanding neurodegenerative processes,
considering that compelling evidence shows that element toxic effects might play a crucial role in the
onset and progression of AD [21].

The use of hair for biomonitoring purposes offers the possibility of integrating a relatively long-term
exposure in a single-specimen analysis and presents important practical aspects: non-invasive sample
collection and easy sample transport and storage [22]. The concentration of trace elements in hair
varies greatly according to the environmental exposure of the subject. On the other hand, hair is an
inert tissue and trace elements are slowly incorporated into its structure. Their concentrations do not
fluctuate over a short time scale, as in blood, and thus they can be used as a long-term diagnostic
tool [23]. It has been reported that several characteristics such as age, sex, ethnicity, nutrition, and
geographical location might affect some element concentrations in human hair [24–26]. It has been
shown by clinical research that the levels of specific TE in hair, especially those with higher toxic
potential, may present a strong correlation with specific pathological disorders. It should be noted
that aging is associated with changes in metabolism and several nutrient imbalances [27] and the
maintenance of an adequate TE status, in addition to macrominerals and vitamins, is particularly
important in the elderly population, for maintenance of the physiological homeostasis and prevention
of several age-associated diseases [28,29]. Many studies exist in elderly populations, focused on their
health status regarding a specific area of gerontological epidemiology, such as mental diseases [30] and
cognitive impairment [31].

The Estarreja Chemical Complex (ECC), located near Aveiro, in the center region of Portugal,
has had intense industrial activity since the early 1950s, and high environmental levels of potentially
toxic elements such as arsenic (As) and mercury (Hg) have been reported at this region [32,33].
Despite the significant number of studies focusing on determining the severity and the extension
of the contamination [34–38] only a few have tried to assess potential health effects on the resident
population [39–43]. Hence, the area displays interesting characteristics to study the potential effect of
long-term exposures to chemicals in the environment.

In the present study, trace elements levels were evaluated in scalp hair along the continuum from
healthy subjects (HS) to patients suffering from SMC and/or MCI and those with already installed AD
in order to: (i) assess the effects of environmental and lifestyle factors on TE concentrations in the hair
of the elderly and (ii) evaluate the analyzed elements as possible diagnostic biomarkers for the disease.

2. Methods

2.1. Participants

Ethical approval for this study was obtained from the National Committee for Data Protection (nº
11726/2017). The study involved 79 participants, voluntarily recruited through convenience sampling,
who met the criteria: (i) to have resided in the study area at least the last 5 previous years, in order
to ensure minimum exposure time [44] and (ii) be over 55 years of age (age group of interest due to
the likelihood of this population reporting subjective cognitive complaints and/or being involved in
pathological aging processes, such as the dementia spectrum).

Additionally, the following exclusion criteria were considered: (a) absence of Portuguese language
skills required for cognitive testing; (b) a current or past history of neurological disease (other than SCM,
MCI or dementia), traumatic brain injury, or psychiatric disorder, including depression—depression at
screening was assessed with the Geriatric Depression Scale (GDS), and participants with a GDS score
≥21 [45–47] were considered depressed and excluded from the study; (c) previous or current alcohol
or other substance abuse; (d) severe visual or auditory impairment that would negatively affect the
ability to satisfactorily complete tests or understand test instructions; or (V) current or prior use of
antipsychotic medication.

The same expert neuropsychologist administered a battery of tests to all participants in a fixed
order, which included the following instruments:
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(1) Sociodemographic and clinical questionnaire: During a personal interview, demographic and
clinical data were collected through an extensive sociodemographic questionnaire and an
inventory of past habits, current clinical health status, and medical history. The following data
were collected: age, marital status, weight, height, nationality, education level, the period of time
working in agriculture, pesticide application methods and time of exposure, use of personal
protective equipment, home-grown foodstuff consumption, irrigation water source, and drinking
water source. Additionally, a full medical record was obtained during this interview, including
information on 29 symptoms typically associated with toxic elements exposure or essential
elements deficiency [48];

(2) The Mini-Mental State Examination (MMSE) [49–51] is a brief screening test for assessment of the
global cognitive status. The MMSE score ranges from 0–30, with higher scores indicating better
cognitive performance. In this study we considered the following categories: (i) 0–25 points:
dementia; (ii) 26–28 points: mild cognitive impairment (MCI); and (iii) 29–30 points: normal
cognitive functioning [51]. The MMSE is the most broadly used brief cognitive screening
instrument in clinical, epidemiological, and research contexts. Despite the existence of other
neuropsychological instruments with greater sensitivity in detecting cognitive decline at earlier
stages (e.g., probably due to the lack of MMSE in including executive functioning assessment
and the usage of rather simple tasks to assess short-term memory, working memory, attention,
and concentration, language and visuospatial skills), the MMSE has been largely validated for
different populations, thus representing a common reference in the communication between
health professionals, including psychologists, neurologists, and psychiatrists [51];

(3) The Geriatric Depression Scale (GDS) [45–47] is a brief instrument to assess depressive
symptoms in older adults, composed of 30 dichotomous questions that evaluate emotional
and behavioral symptoms. The maximum score is 30 points, with higher scores indicating greater
severity of depressive symptomatology. In this study, we considered the following categories:
(i) 0–10 points: absence of depressive symptoms; (ii) 11–20 points: mild depressive symptoms;
and (iii) 21–30 points: moderate to severe depressive symptoms.

2.2. Study Groups

The study groups were generated according to their education levels and their subjective memory
complaints. The four groups were selected based on MMSE and memory scale complaints score ranges
from 0–30. According to Kaup et al. [52] and O’Bryant et al. [53], the following categories were used in
the statistical analysis described below: a) to lower education level [53], 0–23: dementia (DEM), 24–28:
mild cognitive impairment (MCI), 29–30 (and reaching 4 on the scale of complaints): subjective memory
complaints (SMC), and 29–30: healthy status (HS); b) to higher education level, 0–26: dementia, 27–28:
mild cognitive impairment (MCI), 29–30 (and reaching 4 on the scale of complaints): SMC, 29–30: HS.

2.3. Hair Samples and Analysis

Human biomonitoring, defined as “the method for assessing human exposure to chemicals or
their effects by measuring these chemicals, their metabolites or reaction products in human specimens”,
involves the measurement of biomarkers in different body fluids (e.g., blood, urine, and breast milk) or
tissues (e.g., nails, and hair) [22].

Hair samples (ranging from 100 to 300 mg) were collected near the scalp from 79 inhabitants of
the city of Estarreja. Only hair samples presenting their natural color and from individuals residing
permanently in the study area were considered for analysis.

Following a procedure reported elsewhere [54], hair samples were duly washed to completely
remove exogenous contamination without significantly altering the endogenous trace element content
of the sample. After washing, samples were dried in a laboratory drying oven (Raypa, Spain) at 95 ◦C
for 40 h (the time required to achieve a constant weight). Dried samples (~0.1 mg) were mineralized
through a microwave-assisted acid digestion procedure with 1 ml of concentrated HNO3 (>65% m/m;
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TraceSELECT®, Fluka, France) and 0.5 ml of H2O2 (≥30% v/v; TraceSELECT®, Fluka, Seelze, Germany)
in a Milestone (Sorisole, Italy) MLS 1200 Mega high performance microwave digestion unit, equipped
with an HPR 1000/10 rotor. The flowing microwave oven program (W/min) was used: 250/1, 0/2, 250/5,
400/5, and 600/5. After cooling, sample solutions were made up to 8.5 mL with ultrapure water and
stored in closed propylene tubes at 4 ◦C until analysis.

Ultrapure water (at 25 ◦C the resistivity value is 18.2 MΩ cm) produced in an Aarium®pro
(Sartorius, Gottingen, Germany) water purification system was used throughout the work. All lab
ware was duly decontaminated by 24 h immersion in a 10% HNO3 bath and thoroughly rinsing with
ultrapure water. A sample blank was prepared in each digestion run (10 samples). Average blank
levels were subtracted from the samples values. For analytical quality control, the certified reference
material (CRM) ERM-DB001—human hair was used, using the same acid digested procedure.

Trace element concentrations were determined through inductively coupled plasma-mass
spectrometry (ICP-MS) using a Thermo Fisher Scientific (Waltham, MA, USA) iCAP™ Q instrument,
equipped with standard components and accessories: a MicroMist™ nebulizer (Glass Expansion, Port
Melbourne, Australia), a Peltier-cooled baffled cyclonic spray chamber, a standard quartz torch, and a
two-cone interface design (nickel sample and skimmer cones). High-purity argon (99.9997%; Gasin,
Leça da Palmeira, Portugal) was used as the nebulizer and plasma gas. Before each analytical series,
the ICP-MS instrument was tuned for maximum sensitivity and signal stability while keeping the
formation of oxides and double-charged ions to a minimum. Commercially available multi-element
standard solutions (Plasma CAL, SCP Science, Baie D’Urfé, Canada) were used to prepare calibration
standards. The internal standard solution was prepared from an Isostandards Material (Madrid, Spain)
commercial solution.

The limits of detection (LoD) were calculated as the concentration corresponding to three times
the standard deviation of 10 replicate measurements of the blank solution (2% v/v HNO3).

2.4. Soil Samples and Analysis

Composite top layer (0–15 cm) soil samples were randomly collected from 26 kitchen gardens
and/or small farms, in an area of approximately 20 km2 in the vicinity of the Estarreja Chemical
Complex. The sample sites were selected in order to provide a representative area of the agricultural
soils throughout the community that surround this industrial area. All soil samples were air-dried and
sieved at 2 mm. The analysis of soils was performed by ICP-MS in ACME certified laboratory after
extraction with aqua regia, and according to the laboratory standards methods and quality assurance
and quality control and protocols. The accuracy and precision were checked through the analysis
of certified reference materials, blank spikes and duplicates (analytical splits) of randomly selected
samples. The analytical precision was better than 10%.

Enrichment Factor

The environmental risk was evaluated calculating the enrichment factor (EFi), proposed by
Buat-Menard and Chesselet [55], and calculated as follows:

EFi = (CM/Cnor) sample/(CM/Cnor) background (1)

The enrichment factor is calculated for each element (i) and indicates the enrichment of the
metal (CM: concentration of each metal) in a sample, relative to the concentration of that metal in
the chosen geochemical background, after normalization (Cnor) to a conservative geogenic element,
which is usually Al, Fe, Zr or Sc. The normalization points to differences caused by the sampling
and by the variability of behaviors of the chemical elements in the surface geochemical processes [55].
The normalizing element used was Al, also used by Islam et al. [56–58]. Enrichment factors above
1.5 indicates anthropogenic influence in soil composition and it can be minor (2 < EF), moderate
(2 < EF < 5), significant (5 < EF < 20), very strong (20 < EF < 40), and extreme (EF > 40) [59].
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2.5. Statistical Techniques

Variables were examined for outliers and normal distribution by means of histograms, box plots,
normal quantile-quantile plots, and the Shapiro–Wilk test. When normal distribution could not be
accepted, variable transformations (square, square root, and logarithmic) were attempted. The base-10
logarithm of Al, Mn, Fe, and Pb levels, and the square root of Hg, Cu, and Zn concentrations helped to
improve the distribution shape. Differences between groups were tested using the Kruskal–Wallis H
test with post-hoc tests, with the results interpreted based on rank differences. A probability ≤ 0.05
was assumed as significant in testing the null hypothesis of no differences across the considered clinical
conditions. The one-way analysis of covariance was used to determine whether there were significant
differences in element hair contents between the study groups, while “statistically controlling” the
effects of the confounding variables (covariates) that were believed to affect the results. The assumption
of equality of variance was assessed by means of Levene’s test, which indicated heterogeneity of
variances for hair Cu levels. Finally, post hoc pairwise multiple comparisons were performed using
Bonferroni correction in order to detect significant differences between two specific groups.

3. Results and Discussion

3.1. The Study Population Cognitive Status

Clinical and demographic characteristics of the individuals recruited, divided by the four study
groups, are reported in Table 1. The Kruskal–Wallis H test showed statistically significant differences
for age (χ2(3) = 11.626, p = 0.009) between SMC and Dementia (DEM) subjects (p = 0.013), for the level
of education (χ2(3) = 26.988, p < 0.0001) between HS and DEM (p = 0.001), as well as between SMC and
DEM subjects (p < 0.001), and for the amount of time living in the city (χ2(3) = 12.662, p = 0.005) between
HS and DEM subjects (p = 0.012). Table 1 shows that in this study, dementia appears to be associated
with higher age, female gender, lower education level, and longer residence time in the study area, i.e.,
in the surrounding industrial zone. Several authors [51,60–64] have shown that sociodemographic
variables have an important effect on cognitive-screening test performance, predominantly age and
education level. Old age has been found to significantly increase the probability of obtaining lower
scores, whereas the worst performance has been found among those with lower education levels and
ceiling effects have been observed among highly educated individuals. The magnitude of the effect of
education level is so strong that education is invariably considered a criterion for the establishment of
normative data for the MMSE [65–67]. Some studies further suggest that high diet quality in terms of
the consumption of vitamins, minerals, and trace elements can be expected when education levels are
high [68,69]. However, the relationship between education and diet quality seems to be significant for
deficient intake only. In our study, none of the participants were reported to have TE deficiency.

Previous studies regarding the effect of gender have proven to be more controversial; only a few have
shown a significant association between this variable and cognitive-screening test performance [70–72].
However, a recent study report that female APOE ε4 carriers have faster rates of memory decline
than their male counterparts among MCI individuals [73] corroborating the observations of Iwata and
colleagues [74].

In Table 1 it is also noticeable that participants whose professional activity is associated with
agriculture and fisheries seem the most vulnerable to dementia. In addition, most of the participants
diagnosed with dementia frequently consumed local home-grown foodstuffs. Cabral Pinto et al. [41,43,44]
reported a link between cognitive status and both agricultural activity and the consumption of crops
cultivated in soils irrigated with groundwater from wells in the ECC surroundings. Regarding medical
history, there was no clear relation with the cognitive levels, although it was found that cardiovascular
diseases were relatively common in the participants with lower cognitive level, which is in accordance
with previous observations of [75].
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Table 1. Demographic, lifestyle habits, and clinical characteristics of the study groups. Healthy subjects
(HS), patients suffering from subjective memory concerns (SMC) and/or mild cognitive impairment
(MCI), and those with already installed dementia (DEM).

HS SMC MCI DEM

n = 10 n = 14 n = 16 n = 39

Age (mean ± SD) 74.0 ± 9.6 73.3 ± 7.2 78.4 ± 7.8 81.7 ± 9.0

Gender (n; %) Male 2; 20% 2; 14% 6; 37% 3; 8%
Female 8; 80% 12; 86% 10; 63% 36; 92%

Level of Education (mean ± SD) 7.40 ± 5.10 ** 4.43 ± 2.34 ** 2.88 ± 1.54 1.91 ± 3.36 **

Time of residence (mean ± SD) 53.20 ± 17.76 * 58.36 ± 27.80 58.69 ± 26.64 70.82 ± 26.08 *

Profession Housewife 2; 20% 2; 14% 4; 25% 8; 21%
Agriculture/Fishery 2; 20% 3; 21 % 4; 25% 16; 41%

Industry/Construction - 5; 36% 4; 25% 5; 13%
Commerce/Services 6; 60% 4; 29 % 4; 25% 10; 26%

Medical History (n, %)

Diabetes - - 2; 13% 6; 15%
Dyslipidemia 1; 10% 3; 21% - 1; 3%

Cardiovascular 3; 30% 5; 36% 8; 50% 9; 25%
Respiratory 3; 30% 1; 7% 1; 6% 2; 5%

Other 2; 20% 3; 21% 2; 13% 5; 13%

Lifestyle factors (n; %)

Supplements - 5; 36% 3; 19% 7; 18%
Homegrown food 7; 70% 11; 79% 13; 81% 26; 67%

Drinking Water Bottled 6; 60% 11; 79% 12; 75% 22; 56%
Bottled & tap water 2; 20% 1; 7% - 1; 3%

Tap water 2; 20% 1; 7% 4; 25% 11; 28%
Well or borehole - 1; 7% - -

* (p < 0.05); ** (p < 0.01); age, level of education and time of residence are expressed in years; SD: standard deviation.

3.2. TE Levels in Hair and Population Cognitive Status Relations

Biomonitoring is used as a means for assessing the impact of environmental chemical elements on
living organisms [76]. Regardless of whether they are essential, nonessential, or highly toxic, human
hair acts as an excretory tissue for all elements, which become incorporated into the hair matrix during
its growth. In general, a target population’s health and nutrition status regarding TE can be assessed
by measuring the levels in hair samples [22], i.e., the determination of TE in hair is a way of indirectly
testing for the body’s overload or deficiency.

In this study, seven TE (Al, Mn, Fe, Cu, Zn, Hg, and Pb) were measured in the hair of Estarreja
residents with or at risk of AD. Among them, two TE [Zn (χ2 (3) = 11.723, p = 0.008) and Hg (χ2 (3)
= 17.772, p < 0.001)] showed statistically significant differences in their hair concentrations between
the study groups (Table 2). Pairwise comparisons showed significant differences between SMC vs.
DEM subjects for Zn and between HS vs. DEM subjects for Hg. Table 2 also presents reference interval
values (P5–P95) for toxic TE (Al, Hg, and Pb) estimated in accordance with International Union of Pure
and Applied Chemistry recommendations [77] and reference range values for essential TE (Cu, Fe, Mn,
and Zn), reported from a review of Mikulewicz et al. [78]. In general, the mean levels of the analyzed
TE found in this study were well within the range reported for non-exposed people, in all the groups
(four different cognitive status), except for Hg (Table 2). The mean level of Pb in hair was above the
reference range in the DEM group; the mean level of Mn in hair was above the reference range in the
MCI and DEM groups, and the mean levels of Zn in the DEM group were also out of reference values
for many participants, but there was no statistically significant difference (p > 0.05). The mean level of
Hg in hair was above the reference range in the SMS, MCI, and DEM groups. The TE body burden in
the study groups suggests a potential long-term environmental exposure, which is evidenced by the
significantly higher (p < 0.05) hair Hg content compared to non-exposed people.
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Table 2. Trace elements levels (µg/g) in hair samples of the study participants, reported as mean ± standard deviation (SD) and (range) according to the cognitive
status (HS = healthy subjects; SMC = subjective memory complaints; MCI =mild cognitive impairment; DEM = Dementia). Also present are hair reference value
ranges for non-exposed people reported from Skalny et al. [77] and Mikulewicz et al. [78].

Element HS SMC MCI DEM Kruskal-Wallis Pairwise Comparisons (a) (p-Value)
Hair Reference

Values *

µg/g n = 10 n = 14 n = 16 n = 39 H(3) p-Value
DEM vs.

HS
DEM vs.

SMC
DEM vs.

MCI
HS vs.
SMC

HS vs.
MCI

SMC vs.
MCI

Al 6.67 ± 10.69 4.18 ± 3.36 3.80 ± 3.95 6.26 ± 8.76 1.222 0.748 N/A N/A N/A N/A N/A N/A 2.91–11.63
(0.23–35.96) (0.16–11.70) (0.78–14.02) (0.51–49.08)

Mn 0.19 ± 0.17 0.18 ± 0.24 0.85±1.38 1.39 ± 2.83 7.089 0.069 N/A N/A N/A N/A N/A N/A 0.002–0.91
(0.04–0.54) (0.05–0.87) (0.03–5.46) (0.03–16.10)

Fe 16.37 ± 12.24 10.79 ± 7.75 12.67 ± 9.65 18.47 ± 40.24 2.266 0.519 N/A N/A N/A N/A N/A N/A 3.66–36.8
(0.59–43.77) (0.59–27.78) (3.60–40.47) (3.41–259.26)

Cu 10.57 ± 10.24 10.77 ± 5.82 9.85 ± 2.54 17.99 ± 36.71 1.581 0.664 N/A N/A N/A N/A N/A N/A 7.2–82.7
(1.62–37.10) (0.56–22.20) (3.83–13.39) (2.66–237.40)

Zn 140.29 ± 65.66 118.17 ± 58.33 151.69 ± 28.64 258.10 ± 519.33 11.723 0.008 ** n.s. 0.006 ** n.s. n.s. n.s. n.s. 30–327
(10.70–234.86) (3.99–229.00) (103.00–200.38) (63.25–3396.26)

Hg 0.88 ± 0.92 1.48 ± 1.40 1.63 ± 1.18 4.43 ± 13.86 17.772 <0.001 ** 0.001** n.s. n.s. n.s. n.s. n.s. 0.17–1.19
(0.12–3.24) (0.11–5.38) (0.63–5.13) (0.06–88.46)

Pb 0.29 ± 0.39 0.46 ± 0.56 0.33 ± 0.42 1.02 ± 2.11 8.839 0.077 N/A N/A N/A N/A N/A N/A 0.19–1.39
(0.048–1.33) (0.001–2.20) (0.03–1.58) (0.03–12.75)

a Post hoc analysis using Bonferroni method; N/A: not applicable; n.s.: not significant; * (p < 0.05); ** (p < 0.01).
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It has been demonstrated that several factors have the potential to influence TE concentrations in
human hair (e.g., Hartmann and Kist [23], and references therein). Our study groups presented
significant differences in age and education level (Table 1), suggesting that they are potential
confounding variables. The effect of factors such as sex, age, education level, etc., on hair
TE concentration has been shown by many authors (e.g., [26,79–83]). Therefore, an analysis of
covariance was performed considering several variables such as age, gender, level of education, use of
minerals-containing food supplements, time period of residence in Estarreja, home-grown foodstuff
consumption, and type of drinking water as covariates. Three outliers were excluded from this
covariance analysis, which is highly influenced by the presence of extreme values in the dataset. The
homogeneity of regression slopes was tested and no interaction existed between the covariates and
the independent variable. However, the hair Cu levels failed Levene’s test, and it was not possible to
assume the equality of variance. These results could indicate that the significant differences in hair Zn
levels between SMC and DEM subjects could result from one or more of the confounding factors, such
as the time period of residence or the use/exposure of water from wells containing high levels of Zn,
as reported in Cabral Pinto et al. [41]. Nevertheless, available data on the exposure of the Estarreja
population through soil/dust, and home-grown foodstuffs consumption [44] did not support an
excessive Zn exposure. Zinc is an essential element involved in many metabolic functions and is crucial
for a healthy body status [84]; however, excess Zn can be harmful and cause toxicity [85]. Excessive
ingestion of Zn can suppress Cu and Fe gastrointestinal absorption [84,86]. Toxicity associated with
excessive exposure to Zn is not well known. Situations in which toxicity has been observed include
inhalation of zinc fumes, deliberate ingestion, exposure to contaminated food and/or drinking water
and epidemiological causes [85,87]. Occupational and environmental (chronic) exposure to specific
levels of Zn has led it to be suggested as a possible cause of cognitive dysfunction and dementia ([88]
and references therein).

As previous reported, only Hg differed significantly between the four groups. Pairwise multiple
comparisons showed that Hg was significantly higher in DEM compared to HS (Table 3). While none
of the covariates significantly predicted (p > 0.050) the hair Hg content, MMSE was a good predictor
of the dependent variables (p = 0.005). Hence, the results indicate that none of the tested covariates
seems to influence the concentration of Hg in the hair of the elderly. This element has been identified
as one of the most toxic nonradioactive materials known to man [89]. Although it is a naturally
occurring element, anthropogenic Hg is now a major worldwide concern and is an international
priority pollutant as it is persistent, bioaccumulative, and toxic even at very low levels to humans and
aquatic/terrestrial ecosystems. Sensory disturbances (hypoesthesia), lack of coordination of voluntary
movements (ataxia), impairment of hearing, concentric constriction of the visual field, and slurred
speech (dysarthria) are some of the signs of Hg poisoning [90]. It was recently shown that circulatory
levels of Hg are significantly higher in AD patients [91] and it is known that Hg favors misfolding
and aggregation of amyloid beta (Aβ) protein, a neurotoxic protein present in AD patients brain [92],
which supports the idea that Hg is a risk factor for this neurodegenerative disease.

The risk of mercury toxicity depends very much on the form of Hg (elemental, organic, and
inorganic) and route of exposure. Due to the health risks of excessive Hg exposure, the FAO/WHO
Joint Expert Committee on Food Additives established a “Provisional Tolerable Weekly Intake” (PTWI)
of 4 µg kg−1 body weight per week for inorganic Hg and 1.6 µg kg−1 bw per week for MeHg [93,94].
The United States Environmental Protection Agency [76] presented a lower value for the intake of
MeHg, setting a reference dose (RfD) of 0.1 µg kg−1 bw per day [95]. The PTWI and RfD correspond
to a hair Hg concentration of 2.2 and 1.0 µg g−1, respectively [93–95]. WHO, through the analysis of
neurotoxicological data, considered the Hg concentration of 50 µg g−1 in the human hair as the “no
observed adverse effect level” value for MeHg [95]. During hair growth (~1 cm per month), circulating
Hg passes from the bloodstream to the hair follicle and is incorporated into the hair shaft, where it
becomes stable and is carried along its length as the hair grows, providing an accumulation pattern
and the history of exposure [96–99]. Mercury concentration in scalp hair is used to assess blood Hg
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concentrations during hair growth [76], and the methylmercury (MeHg) exposure level can also be
estimated from hair Hg levels, since approximately 80% of hair Hg is MeHg [100].

Table 3. Results of the analysis of covariance (ANCOVA) performed on the hair trace elements data.

Element ANCOVA a Pairwise Comparisons b (p-Value)

F(3, 68) p-Value partial η2 DEMvsHS DEMvsSMC DEMvsMCI HSvsSMC HSvsMCI SMCvsMCI

Al 0.597 0.620 0.03 N/A N/A N/A N/A N/A N/A
Mn 1.13 0.344 0.05 N/A N/A N/A N/A N/A N/A
Fe 0.982 0.407 0.05 N/A N/A N/A N/A N/A N/A
Cu 0.455 0.715 0.22 N/A N/A N/A N/A N/A N/A
Zn 2.477 0.07 0.11 N/A N/A N/A N/A N/A N/A
Hg 4.411 0.007 * 0.18 0.005 * n.s. n.s. n.s. n.s. n.s.
Pb 2.757 0.500 0.02 N/A N/A N/A N/A N/A N/A

a Covariates: age, education level, mineral-containing food supplements use, residence time in the study area,
home-grown foodstuff consumption and type of drinking water. b Post hoc analysis using Bonferroni method; N/A:
not applicable; n.s.: not significant; * (p < 0.01).

3.3. Trace Elements Hair Versus Risk of AD

TE are present at very low concentrations in tissues, and even small variations in these
concentrations could be harmful or a sign of disease [23]. The levels of a biomarker may change over
time after the onset of AD, namely from the early to the middle and the advanced stages. TE profiling is
an interesting approach for understanding neurodegenerative processes, considering that compelling
evidence shows that TE toxic effects might play a crucial role in the onset and progression of AD. Due
to its more stable nature, the analysis of these elements in human hair is potentially more reliable than
in blood [23]. Figure 1 shows a trend of an increase of Hg hair mean values between the four groups,
increasing from HS to SMS, SMS to MCI (less evident), and from MCI to DEM groups. However, for
the other toxic TE (Al and Pb) this signature is not followed. Lead in hair, for example shows higher
mean concentrations in SMS and DEM groups. On the other hand, aluminum seems to decrease with
the increase of cognitive decline groups.

Essential TE in hair (Mn, Fe, Cu, and Zn) showed a different behavior between the four cognitive
statuses. Manganese and Zn in hair tended to increase from the HS to DEM group (Figure 1). Cabral
Pinto et al. [42] found the highest contents of Zn and Mn in fingernails associated with the group
of dements. Many studies have investigated the association between TE levels in hair and the risk
of AD, but the results have also been ambiguous. Koseoglu et al. [101] found that AD patients
presented significantly different concentrations of Al, Pb, Fe, Mn, Hg, and Cu in hair compared to
control individuals. Vance et al. [102] compared the results of the hair analysis of 63 AD patients and
117 controls and also found that Zn levels were higher in AD patients and that no significant difference
existed for the Fe concentrations, similar to our results. Koc et al. [101], in a study involving 45 patients
with AD and 33 controls, found that AD patients had significantly higher hair Cu and Mn levels, but
no significant differences for Fe, in accordance with our results. In contrast to our results, these authors
found significantly lower Zn levels in AD patients compared to control participants; however they
found no significant difference between the hair Zn levels of the two groups. Koc and co-authors [103]
also found that some TE levels were changed in patients with AD. The small number of participants is
a limitation of the study, which might not be enough to reach significant values in some cases.

The discovery of biomarkers that could confer high confidence to a presymptomatic AD diagnosis
would be a great step forward to study the etiology of the disease, to identify the risk factors and to
ultimately discover effective treatments [23]. According to the previous authors, studies such as the
one presented here have the interesting potential to find reliable biomarkers in noninvasive samples for
AD and MCI. However, many more studies must be conducted to allow the extraction of much more
accurate information that may eventually lead to a panel of analyses that produce high-confidence AD
diagnoses, especially in the early stages. The findings of our results suggest that Hg could contribute
to generating a distinctive signature during the progression of dementia, and monitoring them in the
elderly might help to detect preclinical stages of AD.
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Figure 1. Trace elements hair levels in the different study groups.

Plagia et al. [104] also found a variable behavior in the TE serum of subjects with or at risk of
AD relatively to a control group. Paglia et al. [104] found a decreased signature for essential TE (Zn,
Mn, Fe) in the serum of subjects with or at risk of AD relative to a control group. The results of a
meta-analysis of Li et al. [105] provided rigorous statistical support for the association of the serum
levels of TE and the risk of AD, suggesting a positive relationship between the serum Cu levels and AD
risk, and a negative relationship between the serum Zn levels and AD risk. The differences between
our observations and those from other authors may be simply related to the nature of the biological
specimen: hair vs. serum.

3.4. Metal Population Environmental Exposure

Table 4 summarizes (a) the quality of the soil samples collected in the ECC surroundings, used by
the population for agricultural proposes; (b) the soil background values (BG), presented by Inácio [106],
calculated by the average of Cambisoil and Podzol toplayers representative soils of the study area;
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(c) and the Canadian Environmental Quality Guidelines for agricultural use [107]. Manganese, iron,
and aluminum have no international guidelines for any use, but their mean values in the sampled
agricultural soils are impoverished relative to the mean local background values. The content of Cu,
Hg, Pb, and Zn of the agricultural soil were higher than the background values, particularly Hg, Cu,
and Pb (100%, 46%, and 42% of the samples). In general, the mean values of metals in soils are below
Canadian limits, except for the Hg mean value which exceeded the Canadian guideline for agricultural
uses. However, in some soil sampling locations, maximum Cu concentrations were also well above the
Canadian guidelines for agricultural proposes.

Table 4. Descriptive statistics for metal contents (mg kg-1) in Estarreja Chemical Complex (ECC)
agricultural soils, soil top layer local background (BG) values from Inácio [104] and (CEQG) Canadian
Environmental Quality Guidelines (mg kg− 1) for agricultural land use [107].

Al Cu Hg Mn Fe Pb Zn

Minimum 0.31 3 0.03 36 0.26 6 16
Mean 0.60 33 1.5 120 0.66 33 84

Median 0.56 23 0.15 110 0.62 23 67
Maximum 1.15 103 14 255 1.15 109 199

SD 0.21 27 4 56 0.2 23 44
Cambisoil 2.14 2 0.05 251 2.39 20 55

Podzol 0.13 12 0.05 154 0.17 6 4
BG 1.14 7 0.05 203 1.28 13 30

CEQG NA 62 0.16 NA NA 45 290
% > BG 0 96 100 12 0 84 96

% > CEQG NA 15 35 NA NA 23 0

Note: In bold are the trace elements (TE) values relatively higher than the respective guidelines; SD:
standard deviation.

As previous reported, the enrichment factor (EF) for studied metals [55] has been employed for
calculating differences between the metals originating from human activities and those from natural
sources and it can also be used to assess and explain the contamination of metals in soils [108]. To
access the degree of soil contamination through this factor, the local background values were used as
it is easier to isolate anthropogenic factors from the geogenic ones, because when using generalized
values, spurious enrichment due to natural local concentrations of elements may appear [109–112].

The calculated EF values are presented in Figure 2. Considering the average EF value for each
element, the enrichment decreases in the order: Hg > Cu > Zn > Pb >Mn > Fe = Al. The observed EF
values indicate that 26% of the sampled agricultural soils are very strong and extremely contaminated
in Hg and 65% of the samples reach significant contamination; 58%, 42%, and 27% of the sampled
agricultural soils reach significant contaminant in Cu, Zn, and Pb, respectively. The soil enrichment
on these elements is mainly due to the former industrial activity and agriculture practices that were
greatly lowering soil quality. The degradation of soil quality by metals/metalloids pollution causes
environmental risks, leads to groundwater pollution, is harmful for human health and lowers human
life quality.

Biomonitoring and cognitive status relations of residents’ hair in the ECC surrounding area
studied in this work highlight that Hg has features which distinguish it from remaining studied
chemical elements and could be the result of long-term environmental exposure. The causes of total
resident exposure to Hg may be due to the use of contaminated water for cooking and showering,
inhalation, ingestion, and dermal contact of soil/dust, consumption of Hg-contaminated home-grown
foodstuffs, and even fish.

The assessment of health risks for ECC surrounding residents done by Cabral Pinto et al. [44]
showed that the elements of greatest concern were As and Hg, regarding both carcinogenic and
non-carcinogenic risk. Reis [112] detected that total Hg concentrations in well water samples ranged
between 26 and 846 ng L−1, and all samples presented concentrations below the maximum level
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allowable for drinking water as defined in Portuguese law (1.0 µg L−1). Even at low concentrations,
water from these wells that was used for irrigation may be a problem due to the Hg bioaccumulation
and biomagnification capacity associated with high toxicity. The highest concentration was detected
near the S. Filipe effluent (10 m away). However, Cabral Pinto et al. [43] reported a mean/max total Hg
concentration of 23.6/659 µg L−1 (in 2006), 60/473 µg L−1 (in 2010) and 1.2/4 µg L−1 in groundwater
(in 2013). In this sampling campaign, these Hg levels exceeded both the limit for Portuguese drinking
water and the groundwater intervention value of the Dutch legislation [113] for soil remediation
(0.3 µg L−1). When this groundwater was considered for ingestion and dermal contact exposure, Hg
concentrations such as those reported for some locations may constitute a non-cancer health risk.

According to Cabral Pinto et al. [44], fresh cabbage leaves (Brassica Oleracea L.), one of the
home-grown foodstuffs consumed by the residents, yielded a total Hg concentration of 0.012 mg/kg
in 4% of the studied samples, which is slightly above the limit of 0.01 mg/kg for fresh vegetable
consumption, proposed in 2005 by the Ministry of Health of the People’s Republic of China [114].
Reis [112] also observed a Hg concentration of 0.01 to 0.42 mg/kg in different fish captured in the Ria de
Aveiro (site of effluent discharges for many years, among others, from the Estarreja chlor-soda industrial
plant). These Hg concentrations did not exceed the limits defined in Commission Regulation (EC) No.
466/2001 of 8 March (0.5 mg kg –1 fresh weight) or official journal of European Communities [115]
recommendation (1.0 mg kg−1).
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Figure 2. Enrichment factors for the studied elements in sampled agricultural soils from
ECC surroundings.

4. Conclusions

The inter-disciplinary approach applied in this study was successful in identifying links between
different datasets. The following conclusions can be drawn:

- Participants whose professional activity was associated with agriculture and fisheries were shown
to be the most vulnerable to dementia.
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- Participants diagnosed with dementia frequently consume home-grown foodstuffs, some of them
probably irrigated with contaminated well water.

- Biomonitoring and the analysis of the cognitive status of the residents surrounding ECC suggest
that Hg levels in hair differed significantly between the four cognitive groups (healthy, subjective
memory complaint, mild cognitive impairment, and dementia), increasing from healthy to
dementia participants.

- Mercury mean levels in soil samples were above Canadian guidelines for soil for agricultural
uses and the enrichment factor calculation values highlighted that 26% of the studied soils
reached the “extremely contaminated” class for Hg, with 65% of the soils reaching the “significant
contamination” class.

- Improved diagnostic results can be obtained using hair TE signatures coupled with MMSE
scores. This strategy may prove useful for predictive diagnosis in populations screening of
cognitive impairment.

The discovery of biomarkers that could confer high confidence to presymptomatic AD diagnosis
would be a great step forward to study the etiology of the disease, to identify the risk factors, and to
ultimately discover effective treatments. Supplementary studies must be conducted to achieve an
adequate panel of analyses capable of providing high-confidence AD diagnoses, especially in the early
stages. Our research suggest that Hg could contribute to generate a distinctive signature during the
progression of dementia, and the monitoring of this in the elderly might help to detect preclinical
stages of AD.
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