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Abstract: Seafood constitutes the primary source of exposure to the organic form of mercury in the
general population, and the Trieste Gulf is considered a hotspot of mercury contamination. We used
a newly developed quantitative food frequency questionnaire to obtain an estimation of the intake of
mercury through seafood consumption in a sample of 32 individuals from Trieste. Then, we validated
the results obtained from the questionnaire against those of the analysis of total mercury measured in
the hair of the same individuals through Spearman rank correlation coefficients, Cohen’s weighted
Kappa statistic, and a Bland–Altman plot. The Spearman rank correlation coefficient and Cohen’s
weighted Kappa statistic were 0.76 and 0.69, respectively. In the Bland–Altman plot, 93.75% of the
data points lay within the acceptability range. The plot revealed an ever-increasing overestimation
of mercury intake by the questionnaires as the hair mercury increased. By applying a standardized
filtering procedure to the results of the questionnaires, we obtained a Spearman rank correlation
coefficient and Cohen’s weighted Kappa statistic of 0.69 and 0.57, respectively. In this Bland–Altman
plot, 93.75% of the data points lay within the acceptability range. In this latter plot, the proportionality
between the mean difference and the magnitude of the measurement was more subtle compared to
that observed in the plot built upon the non-filtered questionnaires. This preliminary study shows
the high accuracy of the reported questionnaire in the estimation of habitual mercury intake, similar
to the one measured through the analysis of hair.

Keywords: mercury; food frequency questionnaire; validation; Bland–Altman plot; hair mercury; Trieste

1. Introduction

Among the general population, seafood is the main source of exposure to the organic
form of mercury, i.e., methylmercury (MeHg) [1,2], with large, long-lived, predatory fishes
(e.g., Atlantic bluefin tuna, swordfish, and sharks) showing higher concentrations of this
contaminant as an effect of biomagnification along the food chain [3] and MeHg uptake
being a lifelong process of bioaccumulation [4].
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MeHg is a well-established neurotoxicant, and exposure to MeHg is associated with
nervous system damage in adults and impaired neurological development in infants and
children [5], as well as with an increased risk of cardiovascular disease in adults [6].

Based on epidemiological evidence accumulated over the years, national and inter-
national agencies have set limits and given recommendations in order to protect citizens’
health. In 2001, the U.S. Environmental Protection Agency (US EPA) derived an oral
reference dose (RfD) for MeHg—that is, the maximum oral dose that is likely to be with-
out appreciable risk of deleterious effects during a lifetime—of 0.1 µg kg−1 day−1 [7,8].
Then, in 2012, the European Food Safety Authority (EFSA) Panel on Contaminants in
the Food Chain (CONTAM) established a tolerable intake of 1.3 µg kg−1 body weight
(b.w.) per week [9,10], corresponding to an apparent no-observed-effect level (NOEL) of
~11.5 mg kg−1 and ~46 µg L−1 in the hair and blood, respectively. This threshold value has
been adopted for all classes of consumers, even though adults may be less sensitive to the
adverse effects of MeHg [11].

Hair mercury level is frequently used as a biomarker of endogenous exposure to
MeHg. Indeed, MeHg is permanently incorporated into the growing hair through diffusion
from the blood, and the ratio between the total mercury (THg) in the hair and that in the
blood is around 250:1 [12,13]. While blood can be used to document MeHg short-term
exposure, hair provides an estimation of the long-term average exposure [12].

As several investigations have shown, hair THg level often depends on habitual
seafood consumption [14–26]. In the study by Elhamri and colleagues on a Moroccan coastal
community [15], the authors found a linear relationship between the log-transformed data
on hair THg levels and the fish consumption frequency (FCF) in times per week. Moreover,
they found that subjects with an FCF of three to five times per week showed greater hair
THg levels (geometric mean = 5.30 µg g−1) compared to those of subjects with an FCF of
one to two times per week (geometric mean = 1.04 µg g−1). Accordingly, when analyzing
237 adults from Naples (Italy), Díez and colleagues [16] found a strong positive correlation
(rs = 0.536; p < 0.05) between the THg in hair and the fish consumption rate.

The Mediterranean Sea is generally considered a geological hot spot for Hg [11], as it
is characterized by large deposits of mercury sulfur (HgS) that account for about 65% of
the global mercury reserves [27], and the highest concentrations of Hg in Europe tend to
be found in fish caught in the Mediterranean Sea [28]. Moreover, data have shown a more
marked Hg bioavailability in the Tyrrhenian and the Adriatic coastal waters compared
to the rest of the Mediterranean [29], and Hg levels higher than the legal limit have been
discovered in seafood caught in both areas [4,30–35].

Considering all the above, and also the great amount of local seafood consumed by
Mediterranean communities [11,20,36], it is not surprising that several studies revealed
high hair THg levels in people from Mediterranean regions [23,37,38].

Among the methods aimed at estimating habitual seafood consumption [39,40] or the
intake of specific nutrients [41,42] and/or contaminants [43], the food frequency question-
naire (FFQ) is one of the most used. The FFQ is a retrospective direct method for dietary
assessment in that it collects information on the foods and beverages already consumed,
assessing the frequency with which foods and/or food groups are eaten over a certain time
period [44]. Whenever a new FFQ is developed, whether de novo or from pre-existing
questionnaires, it should be validated in the investigated population on which the study
is going to be conducted, which means that the results should be compared with those
obtained applying at least another method [45], such as a dietary record [39,46], a 24 h
recall [47,48], or the use of biomarkers [49,50].

Here, we used a newly developed quantitative FFQ—i.e., an FFQ that asks respondents’
usual portion size based on a specified measure—coupled with a database on Hg in
Mediterranean seafood [51], to obtain an estimation of the intake of Hg through seafood
consumption in a sample of 32 individuals from a coastal city in northern Italy, i.e., Trieste,
which is considered a Hg contamination hotspot [52]. Then, we compared the results
obtained from the questionnaire with those of the analysis of THg measured in the hair
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of the same individuals with the aim of (1) validating the questionnaire and (2) collecting
preliminary data on Hg exposure among the population of Trieste.

2. Materials and Methods
2.1. Sampling Location

The Italian city of Trieste is located in the region of Friuli-Venezia Giulia, facing the
northwestern part of the Adriatic Sea (Figure 1a). Trieste Gulf is considered a hotspot of
Hg contamination, mostly due to the Hg input from the polluted Isonzo River (Figure 1b),
which crosses the cinnabar-rich deposits of the Idrija mine [52].
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2.2. FFQ Development and Administration

Following recommendations made in [44,45], we developed a quantitative FFQ con-
sisting of close-ended questions on the habitual consumption of 52 aquatic species. These
species were selected through the following procedure: we examined the Hg concentration
data retrieved from the literature [4,30,31,33–35,52–75], coupled with a large database on
Hg in Mediterranean biota [51], and calculated the average concentrations of Hg in the
edible tissues of more than 350 Mediterranean aquatic species. Among these, we selected
those species that are included in the ministerial decree of 22 September 2017 (n. 19105),
listing species that are commercially relevant in Italy that show an average Hg concen-
tration exceeding the maximum allowable level of Hg in seafood of 0.5 mg kg−1 set by
EU [76] in their edible tissue, thus obtaining a list of 41 commercially relevant aquatic
species contaminated by Hg in the Mediterranean Sea. Finally, we further expanded the
above list by adding several species that are most consumed by the Italian population
(ISMEA, 2011).

For each of the 52 species, the questionnaire assessed respondents’ habitual consump-
tion frequency and portion size over a period spanning the previous six months before the
interview. To ease species recognition, photos were shown to the participants, and species
names in local dialects were provided. Apart from the questions on seafood consumption,
the questionnaire included questions on other routes of exposition to Hg—i.e., breakage
of Hg thermometers, occupation, dental amalgam fillings—smoking, and general state of
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health. The questionnaire was interviewer-administered through a voluntary response
sampling carried out among the general population. The only two exclusion criteria pertain
to the state of health of the participant—i.e., participants were required not to suffer from
any specific illnesses and were asked to report their general state of health—and to the age
of the participant—i.e., participants had to be 18 years of age and over. The sampling was
approved by the bioethics committee of the University of Bologna.

2.3. Hg Intake Estimation from the FFQ

Once collected, the questionnaires were used to calculate the weekly Hg intake of the
participants via the following formula:

Σ
(

F
(
times week−1)× C

(
mg kg−1))

BW (kg)
, (1)

where F is the consumption frequency of each species in times week−1, C is the Hg
concentration in the edible tissues of each species in mg kg−1, and BW is the body weight
of the participant in kg.

After discovering, through comparison with hair THg levels, that the questionnaire
tended to overestimate Hg intake in individuals consuming higher amounts of seafood,
we applied a standardized filtering process to all 32 questionnaires; namely, for each
participant, the estimation of Hg weekly intake was achieved using only those species
that had been consumed at the two highest frequencies. For example, if a participant had
consumed a given species twice a week, another species twice a month, and another one
once a month, we excluded the last species from the calculation of the Hg weekly intake of
that participant.

2.4. Hair Sampling and THg Measurement

Hairs of the participants were collected following the procedure recommended by the
World Health Organization [12]. After a cleaning step involving rinsing the hair with 70%
isopropyl alcohol, a bundle of hair approximately 0.75–1.0 cm in diameter was cut from the
occipital region of each participant, using blunt-tipped, clean stainless steel. To make sure
that an adequate amount (50 mg) of hair had been collected, samples were also weighed
with a precision scale. Once cut, the hair bundle was wrapped close to the scalp end with a
small Post-it note and held together with a plastic clip. Finally, the hair sample was placed
in a marked paper envelope, which was in turn stored in a sealed plastic bag.

The measurement of THg concentration in hair samples was carried out using a
Mercury Analyzer DMA-80 Milestone, which is a spectrophotometer based on the atomic
absorption determination after the thermal decomposition of the samples.

The analysis process consists of introducing the sample into a small oven that can
reach 650 ◦C. After the drying and incineration of the sample, the volatile compounds
are carried by a flow of O2 to a catalyst, where the released mercury is reduced to Hg0,
which is later retained in a small gold amalgam. The amalgam is heated to 900 ◦C, and
the volatilized mercury passes through two measurement cells where it is quantified by
detection using atomic absorption spectroscopy (AAS), with a detection limit of 0.5 µg kg−1

of Hg.
Once the amount of mercury expressed in ng is deduced, it is divided by the mass in

grams of the sample, thus obtaining the result in concentration (µg kg−1).
1633c Trace Elements in Coal Fly Ash from NIST were used as certified reference material.
A solvent-free, easy, fast, and waste-free method was employed [77] using the EPA

7473 (SW-846) method. Each hair bundle was cut into pieces of ~1.5 cm in order to assess
the monthly Hg intake, as each 1–1.5 cm segment of hair incorporates the Hg assimilated
during the preceding month [78]. For each segment obtained, a quantity of ~10 mg of
sample was weighted into a quartz cuvette. After that, 50 µL of ultrapure water was added
to the sample in the cuvette, which was then introduced into the DMA-80. Samples were
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analyzed using the same temperature and time parameters as in [77], and for each 1.5 cm
of a sample, we made two replicates, using their mean for statistical analyses.

2.5. Hg Intake Estimation from Hair THg

For each participant, to estimate their Hg intake from their hair THg level, we used the
average of the THg concentrations measured in each ~1.5 cm segment of the hair sample.
First, we derived the blood THg level using the above-mentioned ratio of 250:1 between the
THg levels in the two matrices; hence, we obtained the estimate of the Hg dietary intake
with the formula reported in [9]:

C
(
µg L−1)× b × V (L)
A × f × BW (kg)

(2)

where C is Hg concentration in blood in µg L−1, b is the elimination constant, which is
equal to the ratio between ln (2) and Hg half-life in blood, which was assumed to be equal
to 50 days as in [9], V is the blood volume, which was assumed to be equal to 5 L as has
been assumed by WHO and US EPA [9], A is the gastrointestinal absorption factor (0.95), f
is the fraction of absorbed dose distributed to blood, which was assumed to be equal to
0.05 as in [9], and BW is the body weight of the participant in kg.

2.6. Statistical Analysis

Statistical analyses were carried out using RStudio version 3.6.1.
After assessing the normality of data via Shapiro–Wilk normality test (R function:

shapiro.test) and QQ-plots (R function: qqPlot), we used the Kruskal–Wallis rank sum test
(R function: kruskal.test) to assess the statistical significance of the differences between
the Hg intakes or hair THg concentrations in the two sexes, and we calculated Spearman
rank correlation coefficients (R function: cor.test; method = “spearman”) to evaluate the
association between the Hg intakes or hair THg concentrations and the age of participants.

To assess the validity of the FFQ, we compared the Hg intakes obtained with the
two methods—i.e., the FFQ and the hair THg measurement—by calculating the Spearman
rank correlation coefficients between the two and using Cohen’s weighted Kappa statistic
(R function: cohen.kappa) which measures the extent to which the two methods assign
the same participant to the same quintile. Finally, for the FFQ validation, we also used the
Bland–Altman plot (R function: blandr.draw) [79,80], which is a graphical method that is
recommended in conjunction with correlation coefficients when agreement between two
quantitative methods has to be evaluated [45]. However, the correlation between results
obtained with two different methods measuring the same quantity does not necessarily
imply an agreement between the two methods [81]. Briefly, the Bland–Altman plot consists
of a scatter plot, in which, the Y-axis shows the difference between each paired measurement
(A and B)—i.e., the difference between the Hg intake estimated from the FFQ and that
derived from the hair THg measurement—while the X-axis indicates the average of these
measurements ((A + B)/2) [81]. When the difference between the two paired measurements
is plotted against their mean, the two methods can be deemed in agreement if at least 95%
of the data points lie within ±1.96s of the mean difference or within the non-parametric
lower and upper limits of agreement (LOA) [82].

3. Results
3.1. Sample Characteristics

Information on participants is reported in Table 1 and Tables S1 and S2 of Supple-
mentary File S1. The 32 participants were all adults and residents of Trieste and include
13 males and 19 females. The mean age was 35 among males (median = 32, SD = 10.90, and
range: 21–55) and 48 among females (median = 51, SD = 11.63, and range: 20–65). Nine
individuals, seven males and two females, were current smokers, and six participants, one
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male and five females, had dental amalgam fillings, while two female individuals were not
able to provide this latter information.

Table 1. Information on participants from Trieste.

Variables Male Participants (n = 13) Female Participants (n = 19) Overall (n = 32)

Mean age ± SD
(median, range) 35 ± 10.90 (32, 21–55) 48 ± 11.63 (51, 20–65) 42.81 ± 12.82 (45.50, 20–65)

Current smokers 7 2 9

Dental amalgam fillings 1 5 6

Mean number of seafood
servings (times a week) 1.32 1.25 1.28

Mean Hg w.i. 1 from n.f. 2 FFQ
(µg kg−1 b.w.) ± SD

(median, range)
4.03 ± 3.13 (3.46, 0.52–9.55) 4.11 ± 5.28 (1.99, 0.00–17.64) 4.08 ± 4.47 (2.62, 0.00–17.21)

Mean Hg w.i. 1 from f. 3 FFQ
(µg kg−1 b.w.) ± SD

(median, range)
1.98 ± 1.08 (2.12, 0.36–3.53) 2.57 ± 2.63 (1.23, 0.00–8.01) 2.33 ± 2.13 (1.70, 0.00–8.00)

Mean hair THg (mg kg−1) ± SD
(median, range)

2.91 ± 2.16 (2.07, 0.72–7.43) 1.42 ± 0.48 (0.48, 0.02–9.63) 2.02 ± 2.42 (1.08, 0.01–9.63)

Mean Hg w.i. 1 from hair THg
(µg kg−1 b.w.) ± SD

(median, range)
2.16 ± 1.61 (1.54, 0.53–5.52) 1.05 ± 1.82 (0.36, 0.01–7.15) 1.50 ± 1.80 (0.80, 0.01–7.15)

1 w.i., weekly intake, 2 n.f., non-filtered, and 3 f., filtered.

3.2. Seafood Consumption

The average consumption of seafood products in our sample was 1.28 times a week,
with minimal difference between males (1.32 times a week) and females (1.25 times a
week) (Table 1). The species consumed in the largest quantity was the Gilthead seabream
(Sparus aurata), with an average consumption rate of 161.82 g week−1, followed by common
sole (Solea solea), with an average consumption rate of 79.62 g week−1, and squid (Loligo
vulgaris), with an average consumption rate of 67.19 g week−1. The most frequently
consumed species was Gilthead seabream (0.42 times week−1), followed by tuna (Thunnus
spp.) (0.39 times week−1), and common sole (0.27 times week−1).

3.3. Exposure Assessment
3.3.1. FFQ

Including all the species consumed by participants, without any filtering procedure,
we obtained a median Hg weekly intake of 2.62 µg kg−1 b.w. (mean = 4.08 µg kg−1 b.w.,
SD = 4.47, and range: 0.00–17.21 µg kg−1 b.w.), which is more than twice the EFSA
maximum recommended intake. Among males, the median weekly intake was equal to
3.46 µg kg−1 b.w. (mean = 4.03 µg kg−1 b.w., SD = 3.13, and range: 0.52–9.55 µg kg−1 b.w.),
while among females it was equal to 1.99 µg kg−1 b.w. (mean = 4.11 µg kg−1 b.w., SD = 5.28,
and range: 0.00–17.64 µg kg−1 b.w.). Hg weekly intakes calculated from non-filtered FFQs
were not normally distributed (Table S3 of Supplementary File S1). The difference between
the Hg weekly intake of females and males was not statistically significant (Table S4 of
Supplementary File S1), moreover, we found no statistically significant correlation be-
tween the inferred weekly intake and age, nor in the overall sample, nor in the two sexes
separately (Table S5).

The first three species which contribute most to the habitual Hg intake in our sample
were the European seabass (Dicentrarchus labrax), with an average intake of 31.92 µg week−1,
Gilthead seabream, with an average intake of 30.85 µg week−1, and the Norway lobster
(Nephrops norvegicus), with an average intake of 21.64 µg week−1.
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After applying the above-described filtering procedure, i.e., including only those
species that had been consumed at the two highest frequencies in the estimation of Hg
intake of each participant, and assuming a negligible intake for the others, we obtained
a median Hg weekly intake of 1.70 µg kg−1 b.w. (mean = 2.33 µg kg−1 b.w., SD = 2.13,
and range: 0.00–8.00 µg kg−1 b.w.), which is still slightly higher than the EFSA maximum
recommended intake. Among males, the median weekly intake after filtering of the
questionnaires was equal to 2.12 µg kg−1 b.w. (mean = 1.98 µg kg−1 b.w., SD = 1.08, and
range: 0.36–3.53 µg kg−1 b.w.), while among females it was equal to 1.23 µg kg−1 b.w.
(mean = 2.57 µg kg−1 b.w., SD = 2.63, and range: 0.00–8.01 µg kg−1 b.w.). The Hg
weekly intakes calculated from the filtered FFQs were not normally distributed (Table S3
of Supplementary File S1). Additionally, in this case, we found no statistically significant
difference between the Hg weekly intake of males and females (Table S4 of Supplementary
File S1). Moreover, we found no statistically significant correlation between the inferred
weekly intake and age, nor in the overall sample, nor among female participants, while
the inferred weekly intake and age showed a statistically significant negative correlation
(τ = −0.5, p < 0.05) among male subjects (Table S5). After the filtering procedure, we found
that Gilthead seabream was the species that contributed the most to the habitual intake of
Hg in our sample, with an average intake of 26.03 µg week−1, followed by the European
seabass, with an average intake of 23.13 µg week−1, and tuna, with an average intake of
18.73 µg week−1.

3.3.2. Hair Analysis

As can be seen from Figures S1 and S2 and Table S2 of Supplementary File S1, not
all participants had long enough hairs to assess the Hg intake during the preceding six
months, and for six male participants, only the first 1.5 cm of hair was available.

After averaging the THg concentrations measured in every ~1.5 cm segment of
each participant’s hair, we found a median hair THg level in the analyzed sample of
1.08 mg kg−1 (mean = 2.02 mg kg−1, SD = 2.42, and range: 0.01–9.63 mg kg−1), which
was well below the NOEL of ~11.5 mg kg−1 set by the EFSA. Concerning the differ-
ence between the two sexes, the results of the analysis of the hair are consistent with
those of the FFQ, with male individuals being more exposed to Hg compared to female
participants, and this difference was statistically significant (p < 0.05) (Table S4 of Sup-
plementary File S1). Indeed, among males, the median hair THg level was equal to
2.07 mg kg−1 (mean = 2.91 mg kg−1, SD = 2.16, and range: 0.72–7.43 mg kg−1), while
among females it was equal to 0.48 mg kg−1 (mean = 1.42 mg kg−1, SD = 0.48, and range:
0.02–9.63 mg kg−1). Consistently, with the results obtained from the FFQ analysis, we
found no statistically significant correlation between the hair THg level and age, nor in the
overall sample, nor the two sexes separately (Table S5). Moreover, we found no statistically
significant correlation between the hair THg concentration and the number of amalgam
fillings, even after controlling for the number of cigarettes smoked a day and for seafood
consumption frequency. Conversely, we found a weak but statistically significant positive
correlation between the hair THg concentration and the number of cigarettes smoked a
day, but only after controlling for the effect of the number of amalgam fillings and for
seafood consumption frequency (Table S6 of Supplementary File S1). However, as shown
by the Kruska–Wallis rank sum test, there was no statistically significant difference between
smokers’ and non-smokers’ hair THg concentration, nor between participants with and
without amalgam fillings (Table S4 of Supplementary File S1). Moreover, most of the
participants—i.e., 23 out of 32—were non-smokers, and only 6 participants had dental
amalgam fillings, therefore, these results must be interpreted with caution.

The hair THg level was used to derive the Hg dietary intake of each participant
using (2). The median Hg weekly intake derived from hair THg level was equal to
0.80 µg kg−1 b.w. (mean = 1.50 µg kg−1 b.w., SD = 1.80, and range: 0.01–7.15 µg kg−1 b.w.),
which is lower than the EFSA maximum recommended intake and the values obtained
from the FFQ, both before and after filtering. Among males, the median weekly in-
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take was equal to 1.54 µg kg−1 b.w. (mean = 2.16 µg kg−1 b.w., SD= 1.61, and range:
0.53–5.52 µg kg−1 b.w.), while among females it was equal to 0.36 µg kg−1 b.w.
(mean = 1.05 µg kg−1 b.w., SD = 1.82, and range: 0.01–7.15 µg kg−1 b.w.).

3.4. FFQ Validation

The Spearman rank correlation coefficient showed that the Hg weekly intakes de-
rived from the non-filtered FFQs were positively correlated with those derived from hair
THg concentrations (Table 2; Figure S3 of Supplementary File S1) and that this positive
correlation is strong and statistically significant (R = 0.76, p < 0.05).

Table 2. Spearman rank correlation coefficient (ρ) and Cohen’s weighted Kappa values.

ρ (p-Value) Cohen’s Weighted Kappa

Hg w.i. 1 from n.f. 2 FFQ—Hg
w.i. 1 from hair THg 0.76 (5.54 × 10−7) 0.69

Hg w.i. 1 from f. 3 FFQ—Hg
w.i. 1 from hair THg 0.61 (1.90 × 10−4) 0.57

1 w.i., weekly intake, 2 n.f., non-filtered, and 3 f., filtered.

The weighted Kappa statistic was equal to 0.69, pointing to a moderate agreement
between the two methods [83]. Then, we built the Bland–Altman plot upon the two series of
data. In the case of a few participants, the FFQ and hair THg measurement returned intake
values that were markedly more discordant than the other paired values. Accordingly, the
Shapiro–Wilk normality test showed that the differences between each paired measurement
were not normally distributed. As stated by Bland and Altman, when there are one or
more extreme discrepancies between the method—i.e., the difference between one or more
pair of measurements differs considerably from the others—a nonparametric approach
may be preferable. Therefore, as suggested by Frey and colleagues [84], we used quantile
estimation based on one and two-order statistics—i.e., Harrell–Davis quantiles, sample
quantiles, and the Sfakianakis–Verginis quantiles estimator—to derive the non-parametric
limits of agreement. The mean difference between the two methods was equal to 2.57. The
resulting plot (Figure 2a) showed that 93.75% of the data points—i.e., 30 out of 32—lay
within the acceptability range determined by the sample quantiles (lower LOA = −1.13,
upper LOA = 12.51), by Harrell–Davis quantiles (lower LOA = −0.99, upper LOA = 11.55),
and by Sfakianakis–Verginis quantiles estimator (lower LOA = −1.02, upper LOA = 11.76).

The Bland–Altman plot in Figure 2a also reveals an ever-increasing overestimation
of Hg intakes by the FFQ as the hair THg level increases. In other words, the mean
difference between the two methods was approximately proportional to the magnitude of
the measurement, and this is made apparent by the substantial slope of the red line shown in
the plot. Therefore, we tried to build the plot using the logarithms of the two data series, as
suggested by Bland and Altman [79], after excluding two female participants for whom their
weekly Hg intake from the FFQ was equal to zero. In this new plot (Figure 2b), 93.75% of the
data points—i.e., 30 out of 32—lay within the acceptability range determined by the sample
quantiles (lower LOA = −0.59, upper LOA = 2.77), while 90% of the data points—i.e., 27 out
of 30—lay within the acceptability range determined by the Harrell–Davis quantiles (lower
LOA = −0.56, upper LOA = 2.67), and 96.67% of the data points—i.e., 29 out of 30—lay
within the acceptability range determined by the Sfakianakis–Verginis quantiles estimator
(lower LOA = −0.62, upper LOA = 2.65). Additionally, in this case, the proportionality
between the mean difference and the magnitude of the measurement persisted, even if at a
lower level.
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Figure 2. (a) Bland–Altman plot built on the weekly Hg intakes from the non-filtered FFQ and hair
THg concentration. The Y−axis indicates the difference between each paired measurement—i.e., the
difference between the Hg intake estimated from the non-filtered FFQ and that derived from the
hair THg measurement—while the X−axis indicates the average of these measurements. (b) The
Bland–Altman plot built on the log-transformed weekly Hg intakes from the non−filtered FFQ and
hair THg concentration.

Given the bias that the non-filtered FFQ showed in the assessment of the Hg weekly in-
take, we filtered participants’ answers through several procedures, each time assessing the
resulting improvement through the Bland–Altman plot. In this way, we found that the best
results were obtained when only those species that had been consumed at the two highest
frequencies were included in the calculation of the Hg weekly intake of each participant.
Furthermore, in this case, the Spearman rank correlation coefficient showed that the Hg
weekly intakes derived from the filtered FFQ were positively correlated with those derived
from the hair THg concentrations (Table 2; Figure S4 of Supplementary File S1) and that this
positive correlation is strong and statistically significant (R = 0.61, p < 0.05). The weighted
Kappa statistic was equal to 0.57, pointing to a weak agreement between the two meth-
ods [83]. The Bland–Altman plot built upon the same filtered data (Figure 3a) showed that
93.75% of the data points—i.e., 30 out of 32—lay within the acceptability range determined
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by the sample quantiles (lower LOA = −4.06, upper LOA = 6.79), by the Harrell–Davis
quantiles (lower LOA = −3.35, upper LOA = 6.18), and by the Sfakianakis–Verginis quan-
tiles estimator (lower LOA = −3.16, upper LOA = 6.31).
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The proportionality between the mean difference and the magnitude of the measure-
ment was more subtle compared to that observed in the plot built upon the non-filtered
FFQs. Then, we built the Bland–Altman plot using the log-transformed hair THg con-
centrations and Hg intakes from filtered FFQs. In this case (Figure 3b), 93.75% of the
data points—i.e., 30 out of 32—lay within the acceptability range determined by the sam-
ple quantiles (lower LOA = −1.33, upper LOA = 2.62), by the Harrell–Davis quantiles
(lower LOA = −1.23, upper LOA = 2.55), and by the Sfakianakis–Verginis quantiles estima-
tor (lower LOA = −1.22, upper LOA = 2.56). In this latter plot, the mean difference between
the two methods slightly decreased as the magnitude of the measurement increased.
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4. Discussion
4.1. FFQ Reliability

It has been suggested that the correlation coefficients in validation studies should not
be below 0.3–0.4 [39,45], and results derived from both the non-filtered and the filtered
questionnaires developed in the present study meet this requirement.

Regarding the weighted Kappa statistic, in his original paper, Cohen suggested that
values of Kappa ≤ 0 indicate no agreement, and interpreted values between 0.01 and 0.20
as none to slight, values between 0.21 and 0.40 as fair, values between 0.41 and 0.60 as
moderate, values between 0.61 and 0.80 as substantial, and values between 0.81 and 1.00
as almost perfect agreement [85]. However, other authors have suggested that any Kappa
below 0.60 should be interpreted as an indication of the inadequate agreement between
the two methods, especially in a clinical context [83]. On the basis of such premises, we
conclude that the FFQ developed in the present study, both before and after filtering, shows
a moderate to a substantial agreement with the hair THg measurement.

A strong correlation does not imply an agreement between the two methods [80], and
that is why correlation should be used alongside the Bland–Altman plot [45]. Results of
the Bland–Altman plots with non-parametric LOAs showed that the filtered FFQ is more
reliable in assessing the Hg weekly intake compared to the non-filtered version, as the latter
tends to overestimate the Hg intake in individuals consuming higher amounts of seafood.
However, it is important to note that the requirement for the validation—i.e., at least 95%
of the data points lying within ±1.96s of the mean difference or the non-parametric lower
and upper LOA—was met only in the case of the log-transformed data series from the
non-filtered FFQs and hair THg concentration, using the Sfakianakis–Verginis quantiles as
LOA. In most other cases, only 93.75% of the data points lay within the non-parametric
range of acceptability, with the above percentage dropping to 90% in the case of the
log-transformed data series from the non-filtered FFQs and hair THg concentration, and
using the Harrell–Davis quantiles as LOA.

Overall, the results of the present study are promising and point to the fair efficacy of
the newly developed FFQ in assessing habitual Hg intake.

As stated by Cade and colleagues in their review [45], for the Bland–Altman method,
a sample size of at least 50 is desirable, while, for validation studies using correlation
coefficients, this number rises to 100. Therefore, administering the FFQ to a larger sample
may strengthen the validity assessment.

Another limitation of the present study is that we did not check the accuracy of the
answers because each participant answered the questionnaire only once. Indeed, it is
advisable to administer the questionnaire twice, in order to compare the answers given the
first time with those given the second.

Finally, a potential source of error in the present investigation stems from the fact
that we do not know the exact geographic origin of the seafood consumed by the par-
ticipants. This may be a source for errors in the estimation of Hg intake via the FFQ, as
seafood contamination also depends on local oceanographic factors and the vicinity of
emission sources.

4.2. Hg Exposure

The FFQ, both before and after filtering, returned a median Hg weekly intake that
was higher than the value derived from the hair THg measurement. In particular, the
non-filtered FFQ returned a value (2.62 µg kg−1 b.w.) that is more than twice the EFSA
maximum recommended intake of 1.3 µg kg−1 b.w. per week [9,10], and the filtered FFQ
returned a value (1.70 µg kg−1 b.w.) that is only slightly higher than the same limit. On the
other hand, the median Hg weekly intake derived from the hair THg measurement was
equal to 0.80 µg kg−1 b.w., which is lower than EFSA’s maximum recommended intake.

The median hair THg concentration in the analyzed sample from Trieste is equal to
1.08 mg kg−1, which is well below the NOEL of ~11.5 mg kg−1 set by the EFSA. However,
it is important to note that there is no consensus on the actual hair THg level above
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which health risk may occur, as several investigations have led to the establishment of
threshold values ranging from 1, set by the US EPA [86], to 14 mg kg− set by the Joint
FAO/WHO Expert Committee on Food Additives (JECFA) [87]. In total, 16 out of the
32 participants in this study exhibited hair THg concentrations higher than 1 mg kg−1, and
6 participants exhibited concentrations higher than 3.75 mg kg−1, which is the concentration
at which adverse health effects are possible according to the German Human Biomonitoring
Commission [88], and only 1 female participant exhibited a THg concentration slightly
greater than the EFSA NOEL of 11.5 mg kg−1 in one single ~1.5 cm segment of her hair,
roughly corresponding to the period from February to March 2021.

The median hair THg concentration obtained in the present study is greater than that
found by Basu and colleagues [23] for the populations of Africa (0.69 mg kg−1) and Europe
(0.30 mg kg−1), for the populations living on the coast of the Atlantic (0.62 mg kg−1)
and Arctic (0.74 mg kg−1) oceans, and those on the coast of the Mediterranean Sea
(0.88 mg kg−1), while it is lower than that found in the same study for populations in
the Americas (2.02 mg kg−1), eastern Mediterranean (1.68 mg kg−1), southeast Asia
(3.10 mg kg−1) and western Pacific (1.40 mg kg−1), and for the coastal populations of
the Pacific Ocean (1.75 mg kg−1) and fish consumers—i.e., non-Indigenous or non-Arctic
groups who consume relatively high amounts of seafood—(3.04 mg kg−1).

The coastal town of Grado, in Friuli-Venezia Giulia, is less than 30 km from Trieste
(Figure 1b) and is strongly impacted by Hg pollution due to maritime traffic, a local chlor-
alkali plant, and the former Idrija mercury mine in Slovenia. An investigation carried
out on 19 inhabitants of this town found a hair THg concentration ranging from 1.13
to 20.16 mg kg−1, the highest values being measured among fishermen, with a median
value (3.90 mg kg−1) well above that found in the present study. On the other hand,
in another study on the same geographic area [89], the authors found a mean hair THg
concentration of 0.83 mg kg−1 among mothers of children with advanced fine motor skills,
and of 1.24 mg kg−1 among mothers of children who showed normal or delayed skills.
Both of these values are lower than the mean hair THg concentration exhibited by the
sample analyzed in our investigation (2.02 mg kg−1), and, accordingly, the two groups of
mothers in that study showed a fresh fish intake during pregnancy of 0.47 and 0.66 servings
per week, respectively, while the 32 participants from Trieste showed a mean seafood intake
of 1.28 servings per week.

Compared to our results, lower hair THg concentrations are also shown by the gen-
eral population of several towns on the coast of Sicily (mean concentration = 0.23 mg kg−1,
SD = 0.4) [21], by people living in Priolo, near the chlor-alkali plant of Augusta (Sicily), one of the
largest in Europe (mean concentration = 1.37 mg kg−1, median concentration = 1.00 mg kg−1),
and by the general population of Naples (mean concentration = 0.638 mg kg−1). On the
contrary, higher THg concentrations were found in fishermen of several coastal towns
of Sicily (mean concentration = 6.45 mg kg−1, SD = 7.03), in people from Augusta (mean
concentration = 2.61 mg kg−1, median concentration = 1.90 mg kg−1), and in tuna consumers
from Carloforte (Sardinia) (median concentration = 9.6 mg kg−1, range: 1.4–34.5 mg kg−1).

It is important to note that, due to its small size, the sample analyzed in the present
study may not be representative of the entire population of Trieste.

Finally, it comes as no surprise the fact that, as revealed by the questionnaires, Gilthead
seabream, European seabass, squid, and tuna are the species that contribute the most to the
habitual Hg intake of the participants, since the first three species are among those that are
the most consumed in Italy, and tuna is one of the most contaminated species.

5. Conclusions

To gain insights into the Hg exposure level among a Mediterranean community living
in an area that is considered a contamination hotspot—i.e., the Trieste Gulf—we developed
and validated a new FFQ and compared its results against those of the analysis of the total
mercury measured in the hair of the same individuals. The reported newly developed
questionnaire shows high accuracy in the estimation of habitual mercury intake, similar to
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the one measured through the analysis of the hair. Moreover, the questionnaire allowed
us to obtain a first glimpse of the exposure to Hg from seafood among the population
of Trieste.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pollutants3030022/s1, Supplementary-File S1: Supplementary materials.
Figure S1: Hair THg concentrations (Y-axis) in the first four ~1.5-cm segments of hair (X-axis) in
female participants, starting from the nearest (1) to the farthest (4) from the scalp. Each line color
corresponds to a participant, with bigger colored dots representing measurements. On top of the
graph are shown the periods around which the detected Hg was ingested. The red transparent bar
represents the evolution of the mean hair THg level. Figure S2: Hair THg concentrations (Y-axis) in
the first four ~1.5-cm segments of hair (X-axis) in male participants, starting from the nearest (1) to
the farthest (4) from the scalp. Each line color corresponds to a participant, with bigger colored dots
representing measurements. On top of the graph are shown the periods around which the detected
Hg was ingested. The red transparent bar represents the evolution of the mean hair THg level. Figure
S3: Scatterplot for the weekly Hg intake from the hair THg concentration and non-filtered FFQ,
with a regression line based on the Spearman rank correlation coefficient. Figure S4: Scatterplot
for the weekly Hg intake from the hair THg concentration and filtered FFQ, with a regression line
based on the Spearman rank correlation coefficient. Table S1: Information and results on each study
participant. Reported hair THg was calculated by averaging the THg concentrations measured in
every ~1.5 cm segment of hair and is expressed in mg kg−1, while intakes are in µg kg−1 body
weight. Table S2: Hair THg concentrations (mg kg−1) in the first four ~1.5-cm segments of hair of each
study participant. Table S3: Results of the Shapiro–Wilk normality test on several data series (first
column). In bold are the p-values indicating a normal distribution (p-value > 0.05). Table S4: Results
of the Kruskal–Wallis rank sum test aiming to assess the statistical significance of differences between
the Hg intakes or hair THg concentrations of the two sexes. Table S5: Spearman rank correlation
coefficients between several data series and the age of participants. Supplementary-File S2: original
FFQ in Italian. Supplementary-File S3: FFQ translated in English.
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