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ABSTRACT

Aims: of this investigation were to quantify copper (Cu), iron (Fe) and zinc (Zn) along with sulphur (S) and
phosphorus (P) in hepatocytes and connective tissue in liver section from patients with Wilson’s disease (WD) by
micro Synchrotron X-ray fluorescence (u-SRXRF). Secondly to establish two-dimensional p-SRXRF element
mappings for comparison with histologically prepared slices, and thirdly to assess whether elemental distribu-
tions are associated.

Methods: Archival liver tissues from twelve patients with end-stage cirrhosis or fulminant WD were investigated.
Mutations in ATP7B have been classified before. For control seven archived normal liver tissues were in-
vestigated. p-SRXRF measurements were performed at the DORIS III storage ring at HASYLAB/DESY (Hamburg,
Germany). Two-dimensional element distribution were compared with histologically prepared slices about
20-30 um apart from those investigated by pu-SRXRF.

Results: Elementary copper (Cu) could be demonstrated in all investigated liver sections simultaneously with Fe,
Zn, P and S. In WD mean Cu was 20 fold increased in hepatocytes and threefold in fibrotic areas in comparison
with controls. In regeneration nodules Cu was strikingly inhomogeneous distributed. Cu concentrations mea-
sured by p-SRXRF correlated with those measured by atom absorption spectroscopy. Strong associations in their
regional distribution existed between Zn and Cu or Fe and S. Moreover, differences in Cu/S were found between
hepatocytes and fibrotic areas. An increase of Fe could only be documented in hepatocytes compared to fibrotic
areas. With a beam size of 15x15pum two-dimensional distributions of these elements are morphologically
comparable with histological section with a magnification of about 25x optic microscope.

Conclusions: u-SRXRF investigations are a valuable tool for quantifying element concentrations in biological
tissues and further provide 2-dimensional information of element distribution and elemental association in a
biological tissues, thus speeding up basic knowledge in a synopsis with biological and clinical data.

1. Introduction

concentration of the investigated biopsy. Due to sampling variation
known regional differences in hepatic Cu distribution may be mis-

Wilson’s disease (WD) is a disorder of impaired hepatic Cu transport
due to mutations in ATP7B, which encodes the copper-transporting P-
type ATPase, leading to copper accumulation in the liver and extra-
hepatic organs [1-4]. The clinical diagnosis is often difficult and re-
quires a combination of clinical, biochemical and genetic tests [1,3]. A
fivefold increase of hepatic copper concentration (Cu) measured by
flame atomic absorption spectroscopy (AAS) is considered as diagnostic
for Wilson disease [1]. However AAS provides only a mean Cu

leading from single biopsy specimen [6,7]. Less reliable is the histo-
chemical demonstration of copper in liver tissue [6-9]. Among histo-
chemical stains for Cu Timm’s silver stain seems to be the most sensitive
method for the demonstration of copper while Rhodanine and Orcein
have been proven to be less sensible in staining either free copper or
copper-binding protein corresponding to metallothioneins, respectively
[6-9]. For quantitative imaging of metals in tissue electron microprobe
[10], laser ablation coupled plasma mass spectroscopy - which is tissue
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Table 1a
Demographic and histological data of Controls.

CONTROL  age [y] gender Tissue Histology LBS  FDG SC Sol
1 45 m Block pre no () no
2 44 f Block pre no no no
3 32 m NB pre no no no
4 62 m NB pre (x) no no
5 58 f Block pre no no no
6 48 m Block pre no no no
7 61 m Block pre (x) () no

Demographic data of CONTROL liver tissue mostly used as donor liver for liver
transplantation. Age [y] at the time of liver explantation (small Block tissue) or
Needle Biopsy (NB). Ratings for preserved liver structure (lobular structure
(LBS)), lobular structure preserved (pre), signs of fatty degeneration (FDG),
signs of cholestasis (SC) and signs of inflammations (Sol) were done by two
pathologists.

destructive - [11,12] and micro synchrotron-based X-ray fluorescence
(micro-SRXRF) [15-19] have been introduced.

Metal and trace element investigations by micro Synchrotron X-ray
fluorescence (U-SRXRF) have increasingly expanded basic knowledge
and clinical diagnosis [19] by determining element distribution in a
variety of animal and human tissues [14-18]. Since p-SRXRF is a tissue
sustaining physical method it is a valuable tool extending cooperatively
and maximising biochemical and clinical research. Moreover, two or
even three dimensional spatial distributions of metals and trace ele-
ments in tissues [19] are possible. Thus, and in this regard, determining
multiple elements independently of their chemical state, archival
(patho-) histological tissue are fascinating for investigations by p-
SRXRF [20], together with clinical investigations. High sensibility and
high resolution are maintained. In a recent paper a rapid and reliable
diagnosis of Wilson disease using X-ray fluorescence is recommended,
showing that relative Cu concentration related to iron and zinc can
discriminate WD from other genetic or chronic liver diseases [21]. Since
only concentrations of light elements such as e.g. phosphorus (P) and
sulphur (S) are slightly underestimated in paraffin embedded tissues
(Osterode, Falkenberg personal communication and [22]), p-SRXRF
were used to investigate paraffin embedded tissues from WD patients to
measure multiple elements independently of their chemical state
[20,23].

The aims of this study were to quantify copper (Cu), iron (Fe) and
zinc (Zn) concentrations along with sulphur (S) and phosphorus (P) in
hepatocytes and connective tissue in liver from patients with WD; to
establish two-dimensional p-SRXRF element mappings for comparing
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Fig. 1. Accumulated spectra after summation over all pixels of reference liver
tissue (black), and liver from a WD patient (red). Detected elements are P, S, Fe,
Cu, Zn and Br (Bromine). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

results with histologically prepared tissue, and finally to assess whether
determined elements are associated with Cu distribution.

2. Material and methods
2.1. Tissue specimen and paraffin embedding

Paraffin embedded liver tissue archived at the Klinisches Institut fiir
Klinische Pathologie were used throughout our investigations. For
paraffin embedding, tissue specimens where fixed in 4% buffered for-
malin for at least 24 h, subsequently dehydrated in ethanol with in-
creasing concentrations (70%-100%). Ethanol clearing was done with
Xylene, before soaking the tissue sample with molten paraffin wax for
Xylene clearing. Finally, the waxed samples were embedded in paraffin
blocks to be ready for further processing, such as cutting tissue slices by
a microtome. These blocks were used for SRXRF investigations. Existing
archival dyed slices (e.g. HE, PB or Rhodanine) from the same tissue
block were used for comparison with our two dimensional p-SRXRF
measurements. Standardized methods for dyeing which have been re-
peatedly described were applied [7,8].

Table 1b

Demographic data of WD patients.
Patient No. Age [y] Gender Clinical Cupaas CPL Rho PB Mutations®

presentation [ug/g [mg/dl] in ATPB7
dry weight]

1 29 f decomp. Cirrh. 1115 9 - - H1069Q/?
2 16 f decomp. Cirrh. NA 8.5 - + ?/?
3 40 m decomp. Cirrh. 645 6 + + R1319X/?
4 18 f fulminant WD 318 39 + - H1069Q/G1061R
5 32 m decomp. Cirrh. 2060 21.7 + - G710A/G710A
6 11 f fulminant WD 1278 18.7 - + H1069Q/R816S
7 48 m decomp. Cirrh. 264 10 + + H1069Q/?
8 26 f decomp. Cirrh. 1128 9 + - H1068Q/K832R
9 29 f fulminant WD 625 26 - + ??/?
10 25 f fulminant WD NA NA + + H1069Q/H1069Q
11 10 f abnormal LFT 796 20 (+) - H1069Q/L1305P
12 21 f fulminant WD 590 9 - + 11148 T/?

Demographic data of the WD patients. Age [y] and gender with documented Wilson’s disease. Additionally, results are given for Cu-dyeing with Rhodanine (Rho) and
Fe-dyeing with Prussian Blue (PB) (+ : Cu/Fe positive by histological ratings), CPL: Ceruloplasmin is the major copper-carrying protein in the blood, and plays
additionally a role in iron metabolism; Reference: 20-60 [mg/dl]), copper concentration in liver determined by AAS Cuaas, and mutations (?: mutation not detected).

NA = not available.

@ Mutation analysis for ATPB7 was carried out for exons.2-21.
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Elemental Distribution in CONTROL liver tissue
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Fig. 2. a-d. Two-dimensional distribution in CONTROL liver tissue (Table 1a, Nr.1) showing only small variations in their concentrations given in ppm. The vessel

lumen (left) is presumably a bile duct.

Table 2
Mean concentrations of determined elements in Controls and WD.
P S Cu Fe Zn
[ppm] [ppm] [ppm] [ppm] [ppm]
CONTROL N=7
mean 1866 2681 19 309 68
SD 503 426 5 87 21
WD N=12
Total mean 1342 1749 241° 272 57
SD 715 684 149 79 20
FA mean 1267 1718 83" 283 55
SD 456 295 14 99 12
Hepatocytes mean 13217 2081* 456" 367" 69
SD 478 380 110 148 12

Mean values ( = SD) for elements in normal liver tissue (CONTROL) and for WD
liver tissue given in ppm (ug/g sample weight) determined by micro-SRXRF.

@ significant differences in comparison with control.

b significant differences between not nodular, fibrotic areas (FA) and nodular
tissue (hepatocytes).

2.2. Liver tissue

2.2.1. CONTROL

For control, liver tissue from 7 patients (age: 50 = 6 years) who
died from cardiovascular failure or traffic accidents were investigated
(CONTROL). Demographic and histological data of these specimen are
given in Table 1a.

2.3. Patients with Wilson's disease

Paraffin embedded liver tissue obtained from 12 WD patients were
available. Ten patients underwent liver transplantation. Tissues blocks
of about 3x3x3 cm existed. From two WD patients only needle biopsies
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(both ~ 2 cm in length) were found. In Table 1b demographic data (at
transplantation or at biopsy) along with mutations in ATP7B and Cu
determined by AAS - before transplantation - are given.

2.4. Tissue preparation for SRXRF investigations

Paraffin embedded slices of 10 um of thickness were fixed on a trace
element free Ultralene foil® 4 um of thickness for SRXRF investigation.
These liver slices were about 30 um apart from those dyed for histolo-
gical examinations.

2.5. Microscopic synchrotron radiation X-ray fluorescence analysis

The technical setup used for the performed measurements is ex-
tensively described in recent papers [18,24]. In short: microscopic
synchrotron radiation X-ray fluorescence analysis (u-SRXRF) measure-
ments were performed at beamline L at the DORIS III storage ring at
HASYLAB/DESY in Hamburg. The beamline and standard experimental
setup is given in Ref. [24]. The white beam of the bending magnet was
monochromatised at 17 keV by a double multilayer monochromator
(NiC). The monochromatic X-ray beam was then focused by a poly-
capillary half-lens to a cross section of 15 um providing a flux of about
101t photons/s [25,26].

Liver slice samples were mounted on a XYZ-sample stage and
scanned relative to the X-ray micro-beam at room temperature and in
air environment. In the present study a constant sample time of 1.25s
per point was used. The increment in horizontal direction was 25 pm
and 15um in vertical direction. Fluorescence photons and scattered
radiation are detected by an energy-dispersive semiconductor detector.

2.6. Quantification of elements

For element quantification the x-ray spectra were peak-fitted using
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Comparisons between mean intensities of different

liver tissue areas and whole scan
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Area 1: [counts/sec] Mean +SD
Cu 32.5 6.2
Fe 118.6 57.2
Zn 172.5 32.2

Area 2: [counts/sec] Mean +SD
Cu 34.0 8.2
Fe 105.2 58.6
Zn 171.2 39.9

Whole Scan: [counts/sec] Mean +SD
Cu 34.7 10.77
Fe 106.3 56.3
Zn 165.6 48.9

Fig. 3. Original colour coded p-SRXRF scan for Cu (counts/sec) and correspond to Fig. 2a. Relative element concentrations are compared with Area 1, Area 2 and

whole area of the scan, an area with zero counts.
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Fig. 4. Scattergrams showing potential associations between copper (Cu), iron (Fe) zinc (Zn), and Sulphur (S), respectively in a reference liver tissue (Table 1a, Nr.1

and corresponding to Area 1 in Fig. 3a.

the AXIL program package [27], in order to extract the net intensities of
fluorescence lines. The net peak intensities were normalized to the in-
tensity of the incoming monochromatic beam intensity and 1 s sample
time. A germanium standard foil of homogeneous Ge area density of
2.6 X 1077 g/cm® was employed for external standardization [24,28].
Element concentrations were calculated from the normalized net peak
intensities using the fundamental parameter method based program
package “quant”.

Sample thickness, measurement geometry and beam energy was
unchanged during the measurement series. Therefore, the same set of
element specific conversion factors could be applied for all measure-
ments. In Fig. 1 sum spectra of complete 2D scans are exemplarily de-
monstrated for CONTROL and WD.
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2.7. Statistical analysis

AXIL PC software for the analysis of complex X-ray spectra was
used. Mean values for investigated elements within scanned areas were
calculated. Results are reported as mean * SD. Differences between
mean values were tested for significance by Student’s t-test. Differences
were considered to be significant if p-value was less than 0.05
(SigmaStat© 3.5).



W. Osterode et al.
Correlation between Cu aas and Cu ,-srxrF

2500

2000

1500

1000

Cu[ug/g] AAS

500 -

0 |'.. 1 1 1 1 1
400 600 800 1000 1200

Cu [ug/g] u-SRXRF

Fig. 5. Correlation between mean copper concentration (Cu) determined by
microscopic synchrotron radiation X-ray fluorescence analysis (1-SRXRF) and
ten available Cu concentrations (needle biopsies) determined by atomic ab-
sorptions spectrometry (AAS). Cupas = 1.96*Cuy srxrr -74.8 (= 0.79, p <
0.001); dotted curved lines 95% confidence intervals.

3. Results
3.1. Reference liver tissue (CONTROL)

Overall about 210,000 single measurements (i.e. analysed single
spectra) in seven different reference liver sections (CONTROL) were
analysed. Scans in CONTROL tissue are shown in Fig. 2a-d. Only slight
variations in element concentrations occur. Mean concentrations of
investigated elements are shown in Table 2. Data are in line with prior
found values [11-13,25]. While Cu/S and Cu/Zn are clearly and posi-
tively associated, Cu/Fe or Fe/Zn only seem to be weakly associated
(Fig. 4 a—d). Values near zero presumably belong to vessel lumen areas
larger than 15 X 15p> Considering the huge number of single mea-
surements some zero values do not significantly contribute to altera-
tions in mean concentrations of elements. This is demonstrated in
Fig. 3. Even though e.g. a large vessel lumen is included (Fig. 3) into the
scan area, mean values for elements did not significantly change.

3.2. Copper concentrations in WD tissue

Overall more than 485,000 single measurements (i.e. analysed
single spectra) in twelve patients with WD were analysed. Mean con-
centrations of investigated elements in WD and controls are given in
Table 2. In contrast to CONTROL elements in cirrhotic WD tissue are
extremely uneven distributed. Highest Cu concentrations were found -
as expected - in WD hepatocytes with peak concentrations around
3500 ppm paraffinised liver tissue. Even in fibrotic tissue mean Cu was
significantly increased in comparison with CONTROL. Hepatic Zn and
iron concentrations in WD were not different from controls. However,
in comparison with mean Fe in connective or fibrotic tissue, Fe in he-
patocytes was significantly increased in WD (Table 2)

Cu concentrations determined by AAS from ten liver biopsies prior
to transplantation were available. Values were compared with those Cu
usrxrr values in WD tissue that was taken and prepared after trans-
plantation, and thus a tissue from a totally different liver area. A linear
regression for Cuass and Cuyspxrr resulted in that Cuaas = 1.96*
Cuysrxgre- 74.8 (r*= 0.79, p< 0.001) implying that Cuaas > CU ,srxrr
within our investigation (Fig. 5). In as far as Cu in native tissue (Cuass)
and Cu,srxrr in parafinised tissue differ cannot be assessed at present.

3.3. Two-dimensional investigations in WD tissue

Fig. 6 shows a two-dimensional distribution of Cu (Fig. 6¢) com-
pared with adjacent liver sections stained with haematoxilin-eosin
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(Fig. 6a) and Prussian Blue (PB staining is used to demonstrate Fe in
histological slices, Fig.6b). Histology and p-SRXRF are directly match-
able. It is evident that Cu is inhomogeneously distributed in cirrhotic
nodules while Fe seems to be mainly peripherally disposed (Fig. 6d)
indicating that p-SRXRF method outmatches histochemical methods. In
contrast, Zn did not show such striking differences in its distribution
(Fig. 6e). In agreement with a previous study [18] the distribution
compartment of bromine is the connective, fibrotic tissue (Figs. 6f or
2d).

In spite of the large standard deviation of mean tissue concentra-
tions, a decrease in sulphur and phosphorous was documented in con-
nective or fibrotic and nodular (mostly hepatocytes) tissues, respec-
tively, compared with mean control values of S and P.

4. Discussion

Our paper demonstrates that P-SRXRF is an exciting tool for in-
vestigating metals and trace elements in biological tissue. Even in
paraffin embedded samples we were able to quantify concentrations of
copper, iron, zinc, phosphorus and sulphur. Mean Cu concentration
determined by AAS [10,1], electron probe microanalyser with wave-
length dispersive spectrometer [1] or other methods [10-13] correlated
well with those measured by our p-SRXRF. In comparison with control
tissue, overall mean Cu concentrations in WD were about tenfold in-
creased, while in hepatocytes Cu was approximately 20 times higher.
Heterogeneous distribution of Cu in WD liver tissue has been repeatedly
reported. Striking differences were found even between adjacent macro
areas of the same liver [5,29]. Extreme inhomogeneous Cu distribution
within an area of 10-15 mm? is shown in Fig. 6c.

As recommended, a fivefold increase of hepatic copper concentra-
tion measured by flame atomic absorption spectroscopy (AAS) is con-
sidered as diagnostic for Wilson disease in combination with clinical,
biochemical and genetic tests [1]. Our results show that although mean
concentrations of Cu, Fe and Zn determined by p-SRXRF are in the
range of earlier reported AAS values [29] determined in WD and in
CONTROL tissue, they are not identical. However, since different tis-
sues and tissue areas with inhomogeneous concentrations were in-
vestigated results seem plausible.

Moreover, two-dimensional Cu concentrations with a huge + SD
were compared with one single Cuags. Contributions of zero values to
two-dimensional mean values seem to be negligible (Fig. 3). Never-
theless, there was a significant linear correlation between hepatic Cu
determined by AAS and that by pu-SRXRF in quite different liver samples
from same patients, each (Fig. 5).

It is assumed that the frequent failure of histologically demon-
strating Cu in WD tissue is caused by the fact that Cu atoms can only be
detected in combination with stained proteins [7,29]. In contrast p-
SRXRF detects Cu or other elements regardless of their ligands. Re-
cently it was stated that the ratio of hepatic Cu to the sum of copper,
iron and zinc measured by X-ray fluorescence (using only arbitrary
units) discriminate WD from other genetic or chronic liver diseases
[21]. By quantifying elemental concentrations, this calculation of ratios
is not necessary and scanning additionally tissue areas, two-dimen-
sional elemental distribution can be investigated and can contribute to
diagnosis.

With a focal beam size of 15um in diameter quantitative element
imaging resembles about a 25 times optic microscope resolution, so that
comparisons with HE and/or other stained liver sections were directly
feasible (Fig. 6a—d) especially since sections once prepared for histo-
logical diagnostic were only about 20-30pum apart from those in-
vestigated by p-SRXRF.

Introducing scattergrams for element distributions in WD tissue,
demonstrates on the one hand a new aspect for elucidating elemental
associations in tissue and on the other hand a dichotomous distribution
corresponding to fibrotic and hepatocyte areas (Fig. 7c). This is of
course different to normal liver tissue where no fibrosis exists (Fig. 4
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Comparisons between histologically prepared WD tissue and 2-

dimensional elemental distribution by yu-SRXRF
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Fig. 6. 2D distribution of Cu, Fe, Zn and Bromine (Br) in a liver section of a WD patient in comparison with histochemical slices (Fig. 4a: HE (hematoxilin/eosin
dyeing), Fig. 4b Fe detection by Prussian Blue dyeing (25x optic microscope). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

a—d).

Mean hepatic Fe and Zn in WD patients were statistically not dif-
ferent to controls. But, remarkably Fe showed unexpectedly great re-
gional differences as seen e.g. in Fig. 6b (Prussian Blue staining) and
Fig. 6d (u-SRXRF). Biochemically several metabolic links regarding
intestinal uptake, hepatic storage and release between Cu, Fe and Zn
have been described [30-34].

Another interesting aspect is the strong association between Cu/Zn
and sulphur both in WD and in CONTROL (e.g. Fig. 6b). Sulphur is an
inherent part in metallothioneins (MT). MT binds copper in an atoxic
form and both Zn and Cu can induce MT synthesis. But, by contrast, in
our WD-patients both in fibrotic areas and hepatocytes mean sulphur
concentration was significantly reduced compared to CONTROLs. This
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may indirectly indicate a reduction of MT. In WD-animal-models it
could be shown however, that prolonged exposure to heavy metals
causes MT release from the liver into the bloodstream where it is sub-
sequently filtered through the glomerular kidney membrane. Thus, our
data seem to support these experimental findings [35].

Study limitations may be seen in that archival paraffin embedded
slices and not cryo-slices have been used, a fact that may alter quan-
tification results. Never the less, we recently could show that a clinical
diagnosis could be achieved by using p-SRXRF even from archival
paraffinised slices when biochemical or histochemical methods failed to
detect heavy metals [14]. Another limitation of our results is that
mostly only small tissue specimen from only one area was available.
The repeatedly described inhomogeneity in affected or cirrhotic liver
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Element distribution in hepatocytes and fibrotic areas
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Fig. 7. a -f. Scattergrams of elements in WD tissue comprising all determined element concentrations (filled black points) from the 2D scan as shown in Figs. 4c or 5 a
(case No 1 in Tables 1a and 1b). Regions of interest (ROI) are given in Fig. 5a. ROI 1 and ROI 2 (blue and orange coloured ROI and points): hepatocytes; ROI 3 or 4
(red and green coloured ROI and points) refer to fibrotic areas. Concentrations for Cu, Fe, Z, and S are given in ug/g paraffinised tissue. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

parenchyma may lead to different results. And lastly, to validate our distribution even in archival histological slices. Additionally two-di-
results for WD-specificity, comparisons with liver cirrhosis of different mensional distributions of elements are matchable with morphological
aetiology should be studied. At least for cirrhotic livers induced by features and can reveal elemental associations in different tissues
hemochromatosis (genetically impaired Fe-metabolism) significant speeding up basic knowledge in a synopsis with biological and clinical
differences compared to WD livers exist [18]. data.

In conclusion, quantitative p-SRXRF provides an insight in element
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