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A B S T R A C T   

In this work we present a methodology for the non-destructive elemental determination of formalin-fixed 
paraffin-embedded (FFPE) human tissue samples based on the Fundamental Parameters method for the quan-
tification of micro Energy Dispersive X Ray Fluorescence (micro-EDXRF) area scans. 

This methodology intended to overcome two major constraints in the analysis of paraffin embedded tissue 
samples – retrieval of optimal region of analysis of the tissue within the paraffin block and the determination of 
the dark matrix composition of the biopsied sample. This way, an image treatment algorithm, based on R® tool 
to select the regions of the micro-EDXRF area scans was developed. Also, different dark matrix compositions were 
evaluated using varying combinations of H, C, N and O until the most accurate matrix was found: 8% H, 15% C, 
1% N and 60% O for breast FFPE samples and 8% H, 23% C, 2% N and 55% O for colon. The developed 
methodology was applied to paired normal-tumour samples of breast and colon biopsied tissues in order to gauge 
potential elemental biomarkers for carcinogenesis in these tissues. The obtained results showed distinctive 
biomarkers for breast and for colon: there was a significant increase of P, S, K and Fe in both tissues, while a 
significant increase of Ca an Zn concentrations was also determined for breast tumour samples.   

1. Introduction 

Current diagnostic and therapeutic approach for cancer is based on 
well-established predictive and prognostic factors. Some have been 
broadly studied, others lack validation in statistically robust studies. 
Considering the worldwide increasing prevalence of cancer and the 
possible contribution of trace elements to carcinogenesis reported in 
some studies [1,2], it is pertinent to analyse trace element content in 
normal and cancerous tissues: over 96% of the weight of the average 
human body is composed of four main elements (H, O, C and N), while 
the remaining is made up of minor (Na, K, Mg, Ca, Cl, P, S) and trace 
(Mn, Fe, Cu, Zn, Se) elements [3,4]. These elements play important roles 
in biological processes and association between them and the presence 
of diseases has already been uncovered [1]. For instance, Ca is involved 

in many cellular processes, namely, apoptosis and angiogenesis [3], 
while Cu and Zn are cofactors or essential components of nearly 300 
enzymes. Fe is present at the active site of many molecules that are 
instrumental in biological functions such as oxygen transport, electron 
transfer, and DNA synthesis [2], while Se is required as an essential 
cofactor for antioxidant enzymes, such as glutathione peroxidases [4]. 

Accurate evaluation of trace elements in tissues allows for the 
establishment of possible correlations between the various elements and 
factors like age, sex, and stage of disease, leading to a better under-
standing of carcinogenesis. Energy Dispersive X-ray Fluorescence 
(EDXRF) is a spectroscopic technique that already made inroads in the 
analysis of human tissues [5–11]. Magalhães et al. analysed normal and 
carcinoma tissues with EDXRF and reported increased or constant levels 
of Fe and Cu and decreased levels of Zn [8]. For this study, samples were 
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freeze-dried, powdered, and pelletized and the FP-method was applied 
for quantification. This method estimates a composition for the un-
known sample by calculating the theoretical fluorescence intensities and 
iteratively comparing them with the measured ones, until the best cor-
respondence between calculated and experimental spectra is obtained 
[12]. The accuracy of these determinations relies on many factors, 
namely, the knowledge of the spectral distribution of the excitation ra-
diation [13] and the estimation of the matrix composition [11]. This can 
be difficult to achieve when applying polychromatic excitation using 
focusing optics in the study of samples such as human soft tissues, with 
an unknown dark matrix. 

Accurate quantitative determinations in EDXRF requires the use of 
suitable empirical and/or mathematical methods for the conversion of 
the fluorescent intensities of the spectra into the concentration of the 
element in the sample [14]. This approach was used for the determi-
nation of the concentrations of Mn, Fe, Cu, and Zn and their correlations 
with the clinical stage of the prostate cancer, using two homemade 
standards, prepared using N,N′-methylenebisacrylamide mixed with 
different aqueous solutions of metal nitrates [15,16]. 

This approach was also used to study the K, Ca, Mn, Fe, Cu and Zn 
concentrations in breast tissues by means of calibration curves con-
structed with reference water solutions of known concentrations in 
order to simulate the matrix effects of healthy tissues as well as of 
neoplastic ones [10,17,18]. The methodology was further improved by 
Silva et al. [5] that used the scattered radiation in each XRF spectrum to 
correct the calibration curve and improve accuracy of the quantification 
of normal and neoplastic breast tissue. 

However, there is always a great impairment to statistically signifi-
cant conclusions of the implemented investigations: the extremely 
reduced number of samples. Additionally, the corresponding normal 
tissue is seldom available for comparison and exclusion of biological 
variability. 

In order to overcome this obstacle, it could be useful to take 
advantage of the vast repository of human tissue samples, fixed in 
formalin and embedded in paraffin, that are stored in hospitals after 
biopsies and surgeries. The analysis of these tissues could allow drawing 
significant conclusions about the characterization and comparison of 
normal and tumour tissues for different organ types, as well as estab-
lishing correlations between elemental concentration and other factors 
such as age, gender, and disease stage. 

The analysis of these FFPE samples has been performed previously 
for the evaluation of the differential impact of time storage on the 
quality, quantity, and degradation of viral and human DNA employing a 
quantitative PCR on FFPE invasive cervical cancer samples HPV16 single 
infected that had been archived for 15 and 85 years [19], proving how 
valuable and sometimes disregarded sources of information these sam-
ples are. 

The analysis of FFPE tissues has also been attempted previously using 
atomic spectrometry techniques, but always in a destructive manner: 
slicing the paraffin block into a thin film [20,21], digesting the sample 
for the analysis of the solution [22], or analysis after de-paraffinization 
[23] Such methodologies would be unacceptable for the analysis of 
tumour tissue samples stored in paraffin blocks, as future investigations 
with benefit for the patients (e.g., identification of biomarkers for the 
use of novel drugs) or their families (e.g., identification of hereditable 
parameters/biomarkers of risk) would be impaired. 

However, there is a major disadvantage when using these samples, 
namely the substrate, that increases the factor of greatest uncertainty in 
the quantification by EDXRF: the characterization of the dark matrix of 
the sample. The dark matrix is composed of the four main elements 
present in biological matrices, H, C, O and N, elements that are not 
visible in an EDXRF spectrum, but significantly influence how the 
remaining elements of interest are detected. 

In this work we present a methodology for the quantification of the 
elements present in formalin-fixed paraffin-embedded human tissue 
samples using Fundamental-Parameter method. The dark matrix 

composition was assessed through the evaluation of the mean-Z of the 
sample using a calibration curve based on the determination of the 
Compton-to-Rayleigh ratio in the EDXRF spectrum [24]. 

This quantitative model will ultimately be applied to FFPE tissues 
from colon and breast tissues in order to compare the elemental content 
of tumour and normal tissues extracted from the surgical margins, in 
order to gauge possible biomarkers for cancer. The main advantage of 
this new method is to benefit from the information of the FFPE samples 
in storage in medical facilities in a fully non-destructive approach. 

2. Experimental design 

The paraffin-embedding poses as a hindrance in accurate quantifi-
cation in EDXRF. Besides changing the dark matrix of the sample, a layer 
of unknown thickness of paraffin (CnH2n+2) over the tissue must also be 
taken into account. 

In order to select the region of the sample, the following methodol-
ogy (Fig. 1) was undertaken:  

1) Perform area measurements of the samples using scanning μ-EDXRF;  
2) Inspect the elemental map of Sulphur (S Ka = 2.3 keV) - the rationale 

behind choosing this element was threefold:  
• It’s low emission energy is sensitive to attenuation in paraffin;  
• It is present in high amounts in human tissue (within thousands of 

μg.g− 1) in an homogeneous fashion;  
• It is not present in paraffin, even as an impurity;  

3) Use an image treatment algorithm, based on R® tool to select the 
areas with higher Sulphur signal;  

4) Extract the EDXRF spectrum corresponding to the selected area using 
the MSprit® tool. 

2.1. Micro-EDXRF experimental setup 

The μ-EDXRF system used was the M4 Tornado (Bruker, Germany). 
The X-ray tube is a micro-focus side window low-power Rh tube, oper-
ated at 50 kV and 300 μA. A polycapillary lens was used to obtain a spot 
size down to 25 μm for Mo-Kα. Detection of fluorescence radiation was 
performed by a silicon drift detector with 30 mm2 sensitive area and 
energy resolution of 142 eV for Mn-Kα. To ensure representative eval-
uation of the composition, instead of spot analysis, area acquisition was 
performed and the accumulated spectrum was evaluated. Mappings 
were performed encompassing the whole sample area using a step size of 
25 μm and time per step of 12 ms/pixel. Two scans were obtained with 
different filter configurations (between X Ray tube and sample) using a 
12.5 μm Al filter to remove the L-series scattering lines of Rh, and a 
multi-layered filter composed of 100 μm Al, 50 μm Ti and 25 μm Cu for 
background reduction and improvement of detection limits for higher Z 
elements (Z ≥ 20). 

2.2. Image analysis – R® tool 

R is a free programming language software best suited for statistical 
data analysis and graphics [25]. One of R’s main advantages is its easy 
extensibility through the use of packages, which broadens its potential 
applications beyond just the field of statistics. In order to select the best 
region for spectrum collection from the elemental map image file, two 
packages were used: R©Colordistance and R©Countcolors. By 
combining these two libraries, it is possible to select areas of images 
based on their colour or intensity. Using the R©Colordistance, a subset 
of 10000 randomly selected pixels from the S mapping image was 
selected in order to speed up the computing process. Each of those pixels 
was treated as a point in a three dimensional space according to their 
Red (R) Green (G) and Blue (B) values. Each of these axes ranges from 
0 to 1, so pure red, for example, would have a red value of 1, a green 
value of 0, and a blue value of 0. Magenta, which is an equal mix of red 
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and blue, would have an RGB triplet of [0,1,1]. Then, through the use of 
a k-means algorithm, the pixels were split into three different clusters, 
and the mean RGB values of each of them were stored. Then, by using 
the R©Countcolors, all pixels with higher intensity (higher RGB values) 
than the mean of the second most intense cluster were selected. To 
eliminate small holes in the selected area, a closing operation was per-
formed (dilation followed by an erosion). A square mask with a size of 15 
pixels was used. The selected area was then plotted over a grayscale 
picture of the sample, to facilitate its selection on the Tornado software 
for spectra extraction. 

2.3. Formalin fixed paraffin embedded (FFPE) samples 

For this study, samples were kindly provided by the Pathologic 
Anatomy unit of the Centro Hospitalar Barreiro Montijo, Barreiro, 
Portugal, after approval from the ethics committee. The samples con-
sisted of storage specimens of surgically removed tissue from individuals 
diagnosed with breast or colon tumours, fixed in formalin and embedded 
in paraffin for preservation. All samples were duly anonymized, hence, 
the need for consent was waived by the ethics committee. 

These FFPE samples were grouped into pairs of normal and tumour 
tissue from each individual. A total of 30 colon pairs and 28 breast pairs 
of samples were analysed without the need for any sample preparation 
or reagent addition. Fig. 2 shows the image of a pair of FFPE blocks for 
normal and tumour colon. Afterwards, samples were returned undam-
aged to the Hospital, for storage. Visual examination under a stereo-
microscope revealed no apparent damages caused by the irradiation 
with X-ray source and handling during measurements. 

2.4. Statistical analysis 

The normality of the distributions of each of the trace elements on 
each kind of tissue (normal and tumour) was tested with the Shapiro- 
Wilk Test. The results of this test showed that some elements were 
normally distributed and others were not. Since not all elements were 
normally distributed, non-parametric tests were used to test for differ-
ences in the normal and tumour tissue distributions. 

The non-parametric Kruskal-Wallis Test was used: this test infers 
differences in distributions based on the difference in the medians of 
those distributions. The tests’ null hypothesis states that both distribu-
tions are alike, and can only be rejected if the p-value is inferior to 0.05. 

3. Quantification methodology 

Quantification was performed using MQuant®, an in-built software 
of the M4 TORNADO system, was used. This software allows spectra 
deconvolution, peak fitting, and quantification using the Fundamental 
Parameters method [26], but requires the matrix composition to be 
given as input. This code has been used successfully in the quantification 
of bone [27] exoskeletons [28] and metal samples [29] where either the 
matrix was known and entered in the software or all the elements were 
visible in the EDXRF spectrum. 

3.1. Dark matrix determination 

The determination of the sample’s dark matrix was accomplished by 
evaluating the samples’ mean Z. The suitability of comparing the 

Fig. 1. Depiction of the developed methodology, from the selection of the area in the sample, acquisition of 2D elemental map of sulphur, use of R©Colordistance 
and R©Countcolors for selection of region of interest and collected spectrum for quantification. 

Fig. 2. Image of the FFPE tissue block taken with 10x camera inbuilt in the M4Tornado system a) normal tissue and b) tumour tissue.  

S. Pessanha et al.                                                                                                                                                                                                                               



Talanta 260 (2023) 124605

4

Compton-to-Rayleigh ratio of the characteristic lines X Ray tube in an 
EDXRF spectrum to obtain the mean Z was already established [24,30]. 
For a given experimental configuration (scattering photon energy and 
geometry) a curve based on model samples of varying atomic number 
can be built, in order to gauge the dependence of the 
Compton-to-Rayleigh ratio with the sample’s mean Z. In this work, such 
curve was built using model samples consisting of different proportions 
of reference materials of hydroxyapatite [Ca10(PO4)6(OH)2] (Sigma-Al-
drich, lot #BCBS8492V), and boric acid [H3BO3] (for conservation 
purposes) [24], a 3 mm thick block of PMMA (polymethyl methacrylate) 
and a 10 mm thick block of paraffin (CnH2n+2, used for sample 
embedding). Fig. 3 shows the experimental curve obtained in this work 
and the results for the nonlinear curve fit undertaken. 

In order to gauge the matrix average Z of the FFPE samples, the 
Compton-to-Rayleigh ratios of 8 samples from each tissue were deter-
mined. The mean Z was extrapolated to be 6.01 ± 0.05 for the colon 
samples, and 5.8 ± 0.1 for the breast samples. Figs. 4 and 5 present 
example spectra for breast sample S3 and colon sample S5, respectively. 

It is noteworthy that the mean Z of the breast samples is smaller than 
the colon samples’ mean Z. This was expected due to the higher adipose 
content of breast tissue. Moreover, the uncertainty in mean Z in breast is 
higher than for colon samples. This higher uncertainty in the breast 
samples’ mean Z might be due to some variability introduced by 
different muscle/fat content within samples. 

Considering the calculated mean Z values, a script was developed in 
R to compile multiple possible compositions of matrices. These com-
positions were chosen considering the available tissue compositions 
developed by the International Commission on Radiological Protection 
(ICRP) composition for soft tissue, for adipose tissue, for brain and lung 
tissue, the four component International Commission on Radiation Units 
and measurements (ICRU) composition for soft tissue [11] and consid-
ering an increase in C and H due to paraffin. 

Out of the compiled compositions, the following, were selected for 
comparison (Table 1). 

4. Results and discussion 

4.1. Dark matrix determination 

4.1.1. Dark matrix for formalin fixed paraffin embedded breast samples 
The several Dark Matrices (DM) compositions for breast were 

essayed on the Formalin Fixed paraffin Embedded (FFPE) normal sam-
ples and the statistical differences between the results were evaluated. 
Fig. 6 displays, as example, the histograms of the quantitative de-
terminations obtained for the elemental concentration of Ca and P. As 
can be seen, there is a great dispersion of the obtained values, as they 

vary between sample, however, regardless of the used Dark Matrix, the 
distribution is very similar. 

This was further evaluated using the Kruskal-Wallis ANOVA, for the 
comparison of the elemental quantifications of the 28 normal breast 
samples using the five essayed Dark Matrices. For all the tested elements, 
the populations were not significantly different (p > 0.05). 

In order to evaluate the dispersion in quantification between 
matrices, the mean concentration for each element in each sample and 
deviation of each determination to the mean (%) was calculated. Table 2 
presents the mean deviation (%) obtained with each Dark Matrix 
configuration. As can be seen, for all the analysed elements, the 
maximum deviation was 2%, while for some elements in some matrices 
there was no variation. 

Considering the overall performance, and the fact that Ni was pre-
sent in such low concentrations, the chosen matrix was DM_C presenting 
no variation values of 2%. Fig. 7 presents the boxplots for the elemental 
content of normal breast tissues using DM_C. The obtained values were 
compared with the quantitative determinations for this tissue (without 
formalin fixation and paraffin embedding) in literature using EDXRF but 
also other techniques such as Total Reflection X Ray Fluorescence 
(TXRF), Particle Induce X Ray Emission (PIXE) and Neutron Activation 
Analysis (NAA) (Table 3). As demonstrated by the determinations in 
Table 3, the obtained values for light elements (P, S, K and Ca) can vary 

Fig. 3. Calibration curve for the dependency of mean atomic number and Compton-to-Rayleigh ratio in the used experimental setup a) for reference samples and b) 
including FFPE breast and colon tissues. 

Fig. 4. Spectrum obtained for breast sample S3.  
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from few hundreds of μg.g− 1 up to thousands of μg.g− 1, a behaviour also 
demonstrated by our method. The exception would be K, but our results 
comply with the determinations for normal breast tissue obtained by 
Magalhães et al. [31] using TXRF and a matrix independent method of 
quantification. Transition metals, Fe, Cu, Ni and Zn, are also present in a 
range of concentrations, with Fe and Zn reaching hundreds of μg.g− 1. 
Our results are also within the expected order of magnitude and range, 
with iron presenting high concentrations but similar to the concentra-
tions determined by Garg et al. [32] using NAA. 

4.1.2. Dark matrix for FFPE colon samples 
The several DM compositions for colon were also tested on the FFPE 

normal tissue samples. Fig. 8 displays, as example, the boxplots obtained 
for the elemental concentration of S and Fe. As can be seen, the 
dispersion of the obtained values is also very similar regardless of the 
used Dark Matrix. Again, Kruskal-Wallis ANOVA test was used to 
compare the elemental quantifications of the 30 samples using the five 
essayed Dark Matrices. For all the tested elements, the populations were 
also not significantly different (p > 0.05). 

Similarly to the methodology for breast, the mean concentration for 
each element in each sample obtained with the 5 dark matrices was 
determined and the mean variation to the mean, for each element is 
presented in Table 4. 

As can be seen, for all the analysed elements, the maximum deviation 
was 5%, for matrix DM_F and 1% for matrix DM_I. This way, for further 
comparison of normal and tumour tissue, DM_I was chosen. The 
elemental concentration ranges for normal colon FFPE samples is 

presented in the boxplots of Fig. 9. 
Regarding elemental quantification of colon samples, the literature is 

very scarce. However, comparing with the studies presented in Table 3, 
we can confirm that the obtained values for minor and trace elements 
are within the expected order of magnitude and in compliance with the 
elemental concentrations determined in colon tissue samples using 
destructive techniques that do not depend on the determination of the 
matrix. The main difference was obtained for K value, lower than the 
literature for colon, however, within the order of magnitude of con-
centration obtained for breast samples. 

Considering this evaluation, the quantification method developed for 
FFPE breast and colon tissues was considered suitable and accurate for 
its application to the comparison of normal and tumour tissue. More-
over, the need for a different dark matrix for each type of sample under 
studied was highlighted by the resulting different compositions 
obtained. 

4.2. Comparison of normal and tumour tissue 

Fig. 10 displays the bar chart comparing the mean elemental con-
centration (± standard deviation) for 28 pairs of normal and tumour 
breast tissue. 

The obtained results showed a very significant increase of P, S, Ca, Fe 
and Zn in the tumour tissue samples (p < 0.001) and a significant in-
crease of K (p < 0.05) for the same tissues. Similar behaviour was 
determined by Poletti et al. [10] in the comparison of normal and 
tumour breast tissue from the same donor using Synchrotron radiation 
XRF and by Silva et al. [37] and Magalhães et al. [31] using TXRF. The 
difference would be in the determined increase of Cu in tumour tissue, 
unvaried in our samples. The increase of P, S, Ca and Fe was also 
determined by Badiger et al. [38] using similar methodology. Regarding 
Zn, the later only determined an increase of Zn in samples from middle 
age and senior donors (51–70 years old). Regarding Cu, the variation 
was also age-dependent – decrease for 41–50 years old group and in-
crease for the remaining age groups. No age discrimination was per-
formed in our study and by Poletti et al. [10], Silva et al. [37] and 
Magalhães et al. [31], so this can explain the discrepant results. 

Breast cancer is the most common type of cancer in women world-
wide. Perhaps for this reason, the study of elemental concentration 
regarding malignant breast tumour, has already been an area of profi-
cient research. 

Several studies have shown that available iron may promote malig-
nancy, by playing an important role in cell growth regulation and by 
inducing oxidative stress, causing DNA, protein and organelle damage, 
through production of hydroxyl radicals and hydrogen peroxide via 
Haber–Weiss and Fenton-type reactions [36,39]. Zinc is a transition 
metal which is vital for the functioning of numerous cellular processes, is 
critical for growth, and may play an important role in cancer aetiology, 
namely breast cancer [40]. Work by Dutta et al. [41] suggests that 
cancer cells develop mechanisms to shut down zinc efflux and maintain 
intracellular concentrations when availability is reduced, demonstrating 
the importance of intracellular zinc for rapidly dividing cancer cells. 
Regarding increase of K in breast tumour tissue, the increased demand 
for blood provision by a growing tumour supplies a base of accumulation 
of electrolytes like K [31]. According to Garg et al. [32] possibly during 
malignancy, this element may be accumulated as per requirement 
causing enhancement. The same role is associated with P enhancement 
in cancerous breast tissue. The enhanced presence of Ca might be due to 
crystallized calcium deposits common on breast tumours [6]. 

Fig. 11 displays the bar chart comparing the mean elemental con-
centration (± standard deviation) for 30 pairs of normal and tumour 
colon tissue. 

The obtained results showed a very significant increase of P and S (p 
< 0.001), in the tumour tissue samples and a significant increase of K 
and Fe (p < 0.05) for the same tissues. The literature on elemental 
composition of colon tumour tissue is scarce, however, Benninghoff 

Fig. 5. Spectrum obtained for colon sample S5.  

Table 1 
Dark matrix compositions essayed for breast (DM_A to DM_E) and colon (DM_F 
to DM_J) samples. Compositions in % (w/w).   

H C N O 

breast DM_A 8% 20% 2% 56% 
DM_B 8% 21% 2% 54% 
DM_C 8% 15% 1% 60% 
DM_D 10% 18% 1% 56% 
DM_E 5% 16% 1% 59% 

colon DM_F 11% 20% 3% 56% 
DM_G 13% 17% 3% 58% 
DM_H 8% 15% 2% 61% 
DM_I 8% 23% 2% 55% 
DM_J 5% 22% 1% 57%  
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et al. [42] also determined an increase and high correlation of P, K and S 
in malignant tumour tissue when compared to normal colon tissue. 
Similarly, an increase for P, S, K was determined by Magalhães et al. [8, 
9,31] and in the comparison of normal and tumour colon tissue using 
TXRF and EDXRF with triaxial geometry system. Conversely, an increase 
of Cu was determined in the tumour tissues using the same samples that 
was not verified in our samples. On the other hand, Majewska et al. [36] 
did not determine significant changes in the Cu content between benign 
and malignant colon tissue samples. The main difference between the 
elemental compositions and comparison in colon and breast samples is 
the behaviour for Ca and Zn, increasing in tumour breast samples but 

unaltered in colon tissue. Regarding Zn, an important element to eval-
uate considering its role in cell turnover and repair systems [43], no 
significant differences were found. In what concerns calcium, this 
behaviour is consistent with the scarcity of crystallized calcium deposits 

Fig. 6. Comparison of the histograms of the quantitative determinations of Ca and P using the five Dark Matrix compositions (DM_a to DM_E) for breast samples.  

Table 2 
Mean variation (%) of the quantitative determination to the mean value 
considering the five dark matrices for FFPE breast tissue for elements: P, S, K, Ca, 
Fe, Ni, Cu and Zn. The chosen dark matrix, with overall lower bias is highlighted.   

Δ DM_A Δ DM_B Δ DM_C Δ DM_D Δ DM_E 

P 3% 3% 1% 2% 1% 
S 3% 2% 1% 2% 1% 
K 2% 2% 1% 0% 1% 
Ca 2% 2% 1% 0% 1% 
Fe 1% 0% 1% 2% 3% 
Ni 2% 2% 1% 0% 1% 
Cu 1% 0% 1% 2% 2% 
Zn 1% 0% 1% 2% 2%  

Fig. 7. - Boxplots of the elemental content of normal breast tissues using 
DM _C. 
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in colon tissues. Similar results, concerning Ca and Zn were obtained by 
Majewska et al. [36] and by Magalhães et al. [8] in the comparison of 
normal and tumour colon samples. 

5. Conclusion 

In this work we presented a methodology for the improvement of 
accuracy in the determination of the elements present in formalin-fixed 
paraffin-embedded (FFPE) human tissue samples using micro Energy 
Dispersive X Ray Fluorescence (micro-EDXRF) area scans, by tackling its 

Table 3 
Quantitative determinations for breast tissue (without paraffin embedding) found in literature using EDXRF, TXRF, PIXE and NAA.   

P S K Ca Fe Ni Cu Zn   

Breast  295 ± 120 17 ± 8 to 112 ±
12 

153 ± 53 to 
970 ± 90 

5 ± 2 to 32 
± 3 

2 ± 1 2 ± 1 to 
35 ± 5 

6 ± 3 to 31 
± 3 

TXRF and 
EDXRF 

[8]    

97.0 to 1830 2.4 to 36.5  0.2 to 1.8 1.0 to 8.6 TXRF [5] 
1000 to 8240  100 to 3100  20 to 552  0.76 to 97 10 to 144 NAA [32]    

16 to 483 3.6 to 87.9  0.1 to 103 0.1 to 9.7 EDXRF [33]     
13.3 ± 10.4  1.20 ±

0.84 
5.43 ± 3.93 TXRF [34] 

1000 ± 280 to 
5850 ± 1390 

1200 ± 2210 to 
6210 ± 1060 

1860 ± 290 to 
4280 ± 680 

1010 ± 150 100 ± 20 to 
200 ± 50   

28 ± 8 to 
130 ± 25 

PIXE [35] 

2000 ± 700 1500 ± 600 25 ± 10 200 ± 90 130 ± 90 5 ± 2 32 ± 15 60 ± 10 Present 
study  

Colon 1020 ± 270 to 
7730 ± 2350 

2370 ± 620 to 
5110 ± 850 

210 ± 90 to 
1830 ± 440 

398 ± 40 to 
1340 ± 480 

51 ± 23 to 
260 ± 26 

2.0 ± 0.5 to 
10 ± 5 

5 ± 2 to 
28 ± 4 

33 ± 10 to 
100 ± 10 

TXRF [8]     

43.1 ± 8.33 3.73 ± 1.53  9.65 ± 4.5 TXRF [36] 
4000 ± 1000 4100 ± 700 26 ± 10 400 ± 150 200 ± 100 4 ± 1 16 ± 2 130 ± 30 Present 

study   

Fig. 8. Comparison of the histograms of the quantitative determinations of Fe and S using the five Dark Matrix compositions (DM_F to DM_J) for colon samples.  
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major constraint – paraffin embedding. 
The influence of paraffin was mitigated by developing an image 

treatment methodology for the retrieval of the most suitable sampling 
area in the FFPE block EDXRF image. Moreover, by taking advantage of 
the dependency of the Compton-to-Rayleigh ratio of the spectra with the 
mean Z of the scattering sample, the influence of paraffin in the dark 
matrix was overcome. This way, different matrix compositions were 

found for breast and colon FFPE samples, and a similar procedure should 
be performed for any different tissue to be analysed in the future. It is 
noteworthy that the mean Z for breast is lower and presents higher 
uncertainty than for colon, this is most likely due to higher adipose 
content of the breast tissue. It is, hence, expected a much lower mean Z 
value for tissues such as heart or liver, when compared to colon. 

By applying the developed methodology to paired normal-tumour 
sets of breast and colon samples, significant changes in concentration 
were found in elements vital for various biological and enzymatic pro-
cesses. Under discussion is whether altered concentrations in tumour 
samples are a consequence of the disease rather than the reason for its 
development. This way, the accurate determination of the elemental 
level in neoplasm tissues and its influence on the progress of the disease 
is a topic of much interest. 
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