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Carla Calligaro6, Fabrizio Salvi7, David Paterson8 & Paolo Zamboni9

1Institute for Maternal and Child Health, IRCCS Burlo Garofolo, Trieste, Italy, 2Elettra-Sincrotrone Trieste, Area Science Park,
Basovizza, Trieste, Italy, 3Department of Pathology and Forensic Medicine, University of Trieste, Trieste, Italy, 4Department of
Morphology, Surgery and Experimental Medicine and LTTA Centre, University of Ferrara, Ferrara, Italy, 5European Synchrotron
Radiation Facility, Grenoble Cedex 9, France, 6Servizio Diagnostica Veterinaria, University of Udine, Udine, Italy, 7IRCCS
Neurological Sciences, Centro il Be.Ne, Ospedale Bellaria, Bologna, Italy, 8Australian Synchrotron, Clayton, Victoria, Australia,
9Vascular Diseases Center, University of Ferrara, Cona (Ferrara), Italy.

It has been recently demonstrated that the internal jugular vein may exhibit abnormalities classified as
truncular venous malformations (TVMs). The investigation of possible morphological and biochemical
anomalies at jugular tissue level could help to better understand the link between brain venous drainage and
neurodegenerative disorders, recently found associated with jugular TVMs. To this end we performed
sequential X-ray Fluorescence (XRF) analyses on jugular tissue samples from two TVM patients and two
control subjects, using complementary energies at three different synchrotrons. This investigation, coupled
with conventional histological analyses, revealed anomalous micro-formations in the pathological tissues
and allowed the determination of their elemental composition. Rapid XRF analyses on large tissue areas at
12.74 keV showed an increased Ca presence in the pathological samples, mainly localized in tunica
adventitia microvessels. Investigations at lower energy demonstrated that the high Ca level corresponded to
micro-calcifications, also containing P and Mg. We suggest that advanced synchrotron XRF
micro-spectroscopy is an important analytical tool in revealing biochemical changes, which cannot be
accessed by conventional investigations. Further research on a larger number of samples is needed to
understand the pathogenic significance of Ca micro-depositions detected on the intramural vessels of vein
walls affected by TVMs.

T
uncular venous malformations (TVMs) are the result of the developmental problems of vascular trunk
formation during the fetal phase, TVMs are divided into obstruction and dilation (aneurysms)1. A relevant
cause of obstructive TVMs are intraluminal obstacles such as septa, webs, membranes, fixed and rudimental

valves, or wall stenosis (segmentary hypoplasia). TVMs may have different hemodynamic impacts on their
relevant drained apparatus/organ. Independently from the area where they occur, the impact is chronic and
progressive in the clinical course, depending upon their location, extent/severity, and natural compensation
through collaterals1.

For instance, membranous obstruction of the inferior vena cava in primary Budd-Chiari syndrome is a classic
example of congenital TVM determining a focal segmental occlusion of the suprahepatic inferior vena cava. This
disorder can lead to profound portal hypertension due to hepatic venous outlet obstruction with severe con-
sequences consisting in chronic hepatic failure and liver sclerosis1–3.

Moreover, in the last years it has been described TVMs characterized by intraluminal obstacles at the level of
the internal jugular vein (IJV), or sometimes, by segmentary hypoplasia.

Collectively, especially if involved also the azygous vein, these IJV abnormalities determine a restricted venous
outflow from the brain and from the spine. This condition is named chronic cerebrospinal venous insufficiency
(CCSVI). The reported prevalence of CCSVI is highly heterogeneous in literature. However, a meta-analyses
reveals that CCSVI was found mainly in multiple sclerosis (MS) patients, but also possibly associated to other
neurodegenerative diseases and even to healthy controls4–6 CCSVI was found to be associated to other neurode-
generative disorders, out of MS, such as Alzheimer7, Meniere8,9, and Parkinson syndrome10. However, little is
known about the pathology characterizing the jugular venous wall in this condition.
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Independently from the association with MS and/or other neuro-
degenerative disorders, CCSVI is linked to reduced perfusion11–13.
Moreover, another significant change in brain pathophysiology
associated with CCSVI is the reduction of cerebro-spinal fluid flow,
as a consequence of impaired reabsorption14,15.

To improve knowledge of the underlying biochemical mechan-
isms involved in such a novel vascular disease, with potential impli-
cations in the process of neurodegeneration, the aim of our research
was to investigate the chemical changes occurring in the jugular
tissue of CCSVI patients. In particular, as a possible additional
approach to conventional techniques, we experimented with the
potential of synchrotron radiation based X-ray Fluorescence (XRF)
microscopy at different incident energies to reveal characteristic
chemical features of pathological tissues. X-ray fluorescence analysis
is a multi-elemental, highly sensitive technique based on the detec-
tion of X-rays emitted from samples’ atoms excited with X-ray
photons. This technique can provide semi-quantitative or quantitat-
ive information since the fluorescence intensity is related to the
concentration of the element within the sample. Over the past dec-
ade, the investigation of biological samples with XRF has been
boosted by the development of high-flux and highly focused X-ray
beam at different synchrotron facilities16–18.

Based on these considerations, we have carried out a pilot study to
explore the ability of three XRF set-ups at different spatial resolutions
and at different energies to reveal elemental changes into CCSVI
jugular vein specimens.

Results
Histological analyses of the jugular samples. Samples obtained from
jugular specimens of MS patients and control subjects were morpho-
logically and histologically analyzed to evaluate the presence of
alterations of the vein wall. Careful histological examination of
several sections of MS jugular veins wall after hematoxylin and
eosin (HH) staining demonstrated the presence of small basophilic
bodies suggestive of micro-calcifications within the connective tissue
of the tunica adventitia. These structures were often seen in relation-
ship with the lumen of the vasa vasorum. Some sections showed
shredding of the tissue due to the presence of hard calcified mate-
rial causing resistance to the microtome during cutting. No analogous
structures were found in the control samples.

As shown in Figure 1, histological analysis of the MS samples
revealed the presence of micro-calcifications appearing as small
amorphous bodies stained blue-gray with hematoxylin, placed
between the collagen bundles of the tunica adventitia of the vein wall
(panel b). These structures were frequently clearly located inside the
lumen of the vasa vasorum microvessels (panels c and d). Panel (a)
shows a tear in a tissue section along with residual fragments of
basophilic material, due to a sectioning artifact. To further explore
the presence and nature of the micro-depositions in MS jugular
samples, von Kossa stain and Alizarin red test were performed.
However these techniques produced negative results in all the inves-
tigated tissues.

In morphological analysis, performed by SEM (Supplementary
Figure S1), the control vein showed a virtually intact endothelial
layer, with regular arrangement of the cells. This appearance changed
significantly in pathological specimens, which displayed areas of
partially detached endothelial cells and the loss of the integrity of
the luminal monolayer as evidenced by craters or cavities (Supple-
mentary Figure S1).

Synchrotron XRF analysis of the jugular samples. MS and control
samples were analysed by XRF performed at different spatial
resolution and at complementary energies on several sequential
sections of paraffin-embedded tissues. Results were then compared
to histological evaluations, in order to assess the presence of possible
chemical changes corresponding to morphological alterations of the
vein wall, as suggested by HH staining.

Unstained tissue sections (from 3 to 5 sections for each tissue)
were initially analyzed by the XRF set-up of the XFM beamline of the
Australian Synchrotron that is suitable for rapid analysis of large
tissue areas.

Supplementary Figure S2 clearly shows the potential of the Maia
detector, where areas of around 4 mm2 were analysed in approxi-
mately 3–5 hours. This amazingly fast screening of the tissues proved
to be very effective in revealing the presence and the distribution of
Zn, Fe and Ca, the latter being the lightest element detectable with the
current version of the Maia detector. After deconvolving the point by
point spectra of each map, the Geopixe software was used to calculate
the concentration of the elements of interest (Ca, Fe and Zn) (see
Supporting Information). It was observed that Ca concentration
tended to be higher in all the sections of MS tissues compared to

Figure 1 | Optical microscopy images of anomalies in MS jugular vein tissues. Images a and b show suggested micro-calcifications (arrows). A

scratch in the tissue is evident in a, while b, c and d show the singular appearance of same microvessel. The arrow in c indicates the presence of basophilic-

calcified material inside a capillary. The same is revealed in panel d. All images are at 40 3 magnification.
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the control samples. To better understand this initial observation, the
large maps were divided in smaller regions that allow association of
elemental distribution and particularly the increased Ca concentra-
tion with specific tissue structures.

As shown in Figure 2, the XRF analyses at 12.74 keV on the MS2
sample sections reveal that the high Ca concentration is mainly assoc-
iated with microvessels inside the tissue. The elemental maps are
acquired on consecutive tissue slices of MS2 sample, on the regions
indicated in the corresponding stained sample (panels a and b).

In all the areas there is a clear co-localisation of Fe and Zn that
mainly corresponds to the presence of red blood cells and capillar-
ies19. While Zn concentration ranges from 10 to 200 ppm in the
tissue, broader ranges can be found for Fe and Ca. The maximal
concentration of Fe is related to the presence of blood, while Ca
hotspots are located in small areas suggesting microcalcifications.
In region 1, Ca appears to be almost exclusively present on the
microvessel walls in spots of variable size from a few to tens of
microns. Almost the same appears in regions 2 and 3, even though
Ca hotspots are present also in the surrounding tissue. Some Ca and
Zn co-localizations in region 3 seem to reveal contaminants or tissue
debris possibly due to the slicing that is visible in the stained tissue
(panel b).

In order to better investigate Ca distribution especially in the vasa
venorum, high Ca regions were analyzed at lower energy and higher
spatial resolution at the ID21 (7.2 keV) and TwinMic (1.5 keV)
beamlines. The set up of the ID21 microscope allows detection of
the distribution of P and S together with Fe and Ca, while the
TwinMic station highlights the location of light elements in addition
to Fe.

Figure 3 depicts some selected microvessels (as indicated in the
visible light image VL) previously analysed at 12.74 keV and shown

in Figure 2 (region 2). With the ID21 and TwinMic set-ups absolute
quantification was not obtained, and the scale bar graduations simply
show relative XRF intensities inside the single maps. In Figure 3, in
both areas 1 and 2, the Fe distribution reflects the presence of blood,
while S, still extremely high in blood, better delineates tissue struc-
tures, specially allowing demarcation of the endothelial border of the
small vessel. Generally Ca and P could be related to some cell struc-
tures, particularly when co-localizing with S. However the Ca con-
centration is highest in some segments of the endothelium, which are
also high in P but poor in S. These structures are compatible with
calcifications. Figure 3, region 3, shows low energy XRF (LE-XRF)
analyses acquired at 1.5 keV where the light elements C, O, Na and
Mg can be correlated to the absorption and phase contrast images of
a sub-area of region 2. The absorption and phase contrast images are
used to recognize the morphology of the tissue structures. The first
imaging modality is sensitive to tissue density and even more to the
presence of iron, which is indeed the heaviest element (dark in the
absorption image); the latter instead correlates to tissue topography,
being more sensitive to discontinuities in the specimen such as bor-
ders, edges and protuberances. The most interesting elements in
these images are Na and Mg, the first revealing the endothelial mor-
phology, the second appearing substantially correlated to the Ca
distribution in region 2. Interestingly, in this case the regions with
the highest Mg signal are lower in C and O, thus this further suggests
the presence of phosphate calcifications also containing Mg. This is
particularly evident in the suspected calcification of around 10 mm
size also shown in the Ca map of region 2 by arrow.

The results of similar investigations on sample MS1 are shown in
Figure 4. Regions 1 and 2 correspond to microvessels showing Ca
deposition on the endothelial walls, while region 3 suggests a cal-
cification close to the luminal side of the jugular specimen. As in

Figure 2 | XRF elemental maps at 12.74 keV in MS2 tissue jugular sections. Three consecutive tissue sections of MS2 sample are used: two unstained for

XRF analyses and one HH stained for tissue structure recognition. a) and b): light microscopy images, the boxes indicate the selected regions for

XRF analyses in the unstained sections. The corresponding elemental maps of Ca, Fe and Zn of regions 1, 2 and 3 acquired at the XFM beamline at

12.74 keV with 2 mm spatial resolution on the corresponding unstained tissue slices are shown in rows 1, 2 and 3 respectively. Red arrow in Ca map (1)

indicates a calcification further analyzed at 4.12 keV. Arrows in Zn map indicate potential contaminants and tissue debris. The concentrations reported

on the scale bars are in ppm. Region 1: 250 mm 3 170 mm; Region 2: 600 mm 3 400 mm; Region 3: 700 mm 3 600 mm.
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Figure 2, at 12.74 keV energy (regions 1 and 2) the co-localization of
Fe and Zn is useful for indentifying the presence of microvessel in the
unstained tissues. The Ca concentration signal reaches values up to
2000 ppm on and around the microvessel walls. The analyses at
7.2 keV for the sub-region 2b confirm, as for patient MS2, the abund-
ant co-localization of Ca and P on the endothelial cell layer. In this
particular region it is interesting that a diffuse low level Fe signal is
found around the microvessel. In region 3 the sulfur map (panel S)
mainly delineates the tissue morphology since it is extremely high in
the extracellular matrix. In addition, it reveals the borders of the
endothelial layer, while Fe, P and Ca have quite complementary
distributions. Close to the endothelial side, Fe, P and Ca are mainly
co-localized in a triangular structure (around 40 mm wide) where S is
lower in signal. The morphology, the composition and signal intens-
ities are compatible with a calcification, in which, for this case, there
is also an unusually high abundance of iron. A similar iron concen-
tration associated with increased Ca and P has been found also in
other micro-calcifications in both MS tissues in a few rare cases. The
presence of Fe in micro-calcifications in other tissues is however
reported by other authors20.

In Figure 5 we report the XRF analyses of two control tissues at
three different energies. Both regions contain normal vasa vasorum.
All the analyses are performed with the same set-ups and acquisition
conditions as for MS patients. In order to provide the distribution
maps of the same elements as for the MS samples (Figure 4), phase

contrast images and C, O and Na maps for the control samples
shown in Figure 5 are depicted in Supplementary Figure S3 of sup-
porting information. From the analyses at 12.74 keV in samples
V1and V2, Ca concentration in the endothelial tissues reaches values
up to 200 ppm, more than an order of magnitude less than in the MS
tissues (data not shown). Zinc and Fe maps are useful to identify
microvessels (panels a). Sub-areas of the region in panels a were
analyzed at 7.2 keV (b rows) and reveal a greatly reduced Ca pres-
ence compared to that of Figures 3 and 4. The most striking result is
the clear difference in the Ca/P XRF intensity ratio (counts) in the co-
localization areas. Similarly, from the analyses at 1.5 keV, Mg intens-
ity (panels c) is lower than in MS tissues. By comparing the Na and
Mg maps for MS (Figure 3) and control samples (Figure 5 and
Supplementary S3) it can be noticed that Mg concentration is higher
in the MS than in control tissues, suggesting that the calcification
could contain magnesium. An interesting result is obtained by com-
paring Mg to Na distribution. When the Mg/Na counts ratio (ratio
between peak counts) is calculated on calcifications of MS samples
(more than 20 points tested) it ranges from 1.7 to 1.9, while in
calcification-free regions and in healthy tissue it varies from 0.15
to 1.3 (and is even below 1 at vena venorum level in the control
samples).

The Ca/P ratio on calcifications. To better highlight the differences
in terms of Ca content between the vasa vasorum of MS samples and

Figure 3 | XRF analyses of microvessels in a MS2 jugular tissue section. Row 1: elemental maps of Ca, P, S and Fe acquired on regions 1 (100 mm 3

54.5 mm) at 7.2 keV (ID21 beamline) with 0.5 mm spatial resolution and 300 ms/pixel acquisition time; Row 2: elemental maps of Ca, P, S and Fe

acquired on region 2 (100 mm 3 76 mm) at 7.2 keV (ID21 beamline) with 0.5 mm spatial resolution and 300 ms/pixel acquisition time; Row 3:

Absorption (Abs) and phase contrast images (PhC) with the corresponding elemental maps of C, O, Mg and Na collected on region 3 (80 mm 3 80 mm) at

1.5 keV (Twinmic beamline) with 0.5 mm spatial resolution and 10 s/pixel acquisition time. The analysed regions are indicated in the corresponding

visible light image (VL) of the MS2 tissue section. The red arrow indicates a region analysed at 4.12 keV too.

www.nature.com/scientificreports
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those of controls, we conducted analyses at 4.12 keV using the ID21
set-up. At this energy the efficiency of XRF emission for Ca, P and S is
higher thus providing better detection limits for all of them. Figure 6
shows some structures selected for the high Ca concentration
accordingly to the previous analyses at higher energies: a
corresponds to a sub-region of 30 mm 3 30 mm from Figure 2,
region (1) (arrow); b corresponds to a sub-area of 25 mm 3 30 mm
of Figure 3, region (2) (arrow); c corresponds to a sub-region (20 mm
3 30 mm) of the micro vessel of Figure 5 (V1) in a control sample.
For all areas we report the distribution of Ca, P, S, their co-
localization and their XRF intensities at some selected points (table
in Figure). The two structures of the MS2 sample show higher
intensities of Ca and P in areas low in S. Most importantly the
ratio between Ca and P XRF signals on the suspected calcification
ranges between 1.7 and 1.92. On the contrary the control sample
shows a greatly reduced Ca concentration and the Ca/P XRF
intensity ratio is always below 1. Although the results do not allow
an absolute quantification, from the counts obtained at 4.12 keV
energy on selected points (1 mm 3 1 mm) and reported in the
table of Figure 6, one can see that in MS samples (panels a and b)
the Ca values are from 5 to 8 times higher than those in the control
selections (panel c). The approximate estimations in terms of ppm
obtained from the analyses at 12.74 keV of the same points (average
over an area of 10 mm 3 10 mm) seem to reveal a much greater
difference. However, since the GeoPIXE software makes a
statistical approximation of a larger area which includes pixels
having Ca concentration below the detection limit, the real
concentration in the control samples could be underestimated.

Moreover the incident energy used at XFM beamline, 12.74 keV, is
not ideal for detecting low concentration of Ca, while the 4.12 keV
used at beamline ID21 allows more efficient calcium detection. In
table we also report signal intensities recorded at this energy for Mg.
Although at this energy Mg fluorescence values are reduced by the
not optimal detection efficiency, it is noted that the elemental
distribution is clearly correlated to that of Ca and P. Statistical
correlation analyses were performed on more than 20 points
collected on calcifications and indicate highly significant positive
correlation for Ca and P (Pearson r: 0.9965; p # 0.001), for Ca and
Mg (Pearson r: 0.9646; p # 0.002), and significant negative
correlation for Ca and S (Pearson r: 20.8515; p # 0.05). Note that
a correlation exists, although less significant, in control samples
(around 20 randomly collected points) for Ca and P (Pearson r:
0.981; p , 0.1), while no significant correlation is found for Ca
and S (p . 0.5), These results are in agreement with the co-
localization panels highlighting the Ca-P hotspots in MS samples
present in regions very low in S.

Synchrotron Micro-XANES analyses. In order to get some insights
on the chemical nature of calcium and to possibly confirm its
calcified phase, XANES measurements were collected on Ca K-
edge on ,1 mm2 spots selected from the Ca maps of diseased
subjects (MS2) and control (V2) samples (Figure 7, panel b). The
measured spectra were deconvoluted using spectral standards for
hydroxyapatite, calcium phosphate, calcium carbonate, calcium
stearate, calcium sulphate (Figure 7, panel a), in order to have salts
both with and without phosphorus or organic and inorganic salts.

Figure 4 | XRF analyses in sample MS1. VL: visible image of a stained slice of MS1 sample: boxes represent the corresponding sub-areas resolved

under XRF analyses. 1 and 2: Ca, Fe and Zn XRF map (150 mm 3 160 mm) acquired at the XFM beamline. The concentration is in ppm. Figures 2b:

elemental maps of S, P, Fe and Ca in a sub-area (30 mm 3 40 mm) of Panel 2 investigated at 7.2 keV (ID21 beamline). Area 3: elemental maps of S, P, Fe

and Ca (160 mm 3 60 mm) investigated at 7.2 keV (ID21 beamline).

www.nature.com/scientificreports
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According to Athena software the representative Ca K-edge spectra
shown in Figure 7b are apparently dominated by features charac-
teristic for hydroxyapatite for MS2 samples (average composition
higher than 56% in weight) while for control samples this Ca salt
could account for not more than 29%. The spectra in the latter case
seem to be more similar to those of Ca stearate (organic salt).

Discussion
The IJV flow objectively measured by means of 2D MR drains
approximately 75% of the cerebral arterial inflow, whereas it falls
in CCSVI condition to respectively 64% and 52% if one or both
IJVs are striken by TVMs21. The extensive flow diversion through
collaterals channels permits either to avoid intra-cranial hyperten-
sion or to drain the brain22.

However, reduced perfusion and cerebro-spinal fluid flow repres-
ent the two main consequences of CCSVI on brain pathophysiology,
as highlighted by the means of objective non conventional MRI
measures11–15.

The interest in understanding more about the association of
impaired cerebral venous drainage with MS and several neurodegen-
erative disorders7–10, lead us to investigate the jugular wall affected by
TVMs characteristic of the CCSVI condition.

In order to unravel potential biochemical changes in the jugular
vein wall of CCSVI patients associated to MS patients, in the present
work we have combined XRF analyses with different synchrotron
set-ups, spatial resolution and energies on the same tissue sections.
The use of different experimental stations allowed us to acquire

complementary data and to highlight the chemical differences of
normal tissues vs. those with the TVMs pathology, given that each
set up has a specific application field in term of spatial resolution and
accessible chemical elements.

Since the analyses are only related to two patients, this explorative
study has the main aim of testing the possibility of evaluating the
presence of morphological alterations in the vein walls suggested by
the histological examinations. For both TVMs and control samples,
in fact all XRF analyses of tissue sections were coupled with the
observation of conventionally stained consecutive tissue sections.
The histological examinations of the two patient tissues revealed
the presence of rare and small basophilic bodies suggestive of
micro-calcifications within the connective tissue of the tunica adven-
titia. Interestingly, these structures were observed associated with the
lumen of the vasa vasorum and their frequency was greatly related to
the presence of these microvessels in the tissue sections. Histological
staining methods, which are commonly used to visualize tissue cal-
cifications (von Kossa and Alizarin red), were ineffective on our
samples suggesting that they may be not sensitive enough to reveal
small calcium precipitates, as already reported for small calcium
granules at pre-artheroma stages in arteriosclerosis samples [36].
The XRF analyses reported here confirm the presence of unusual
calcifications particularly on the walls of the vasa venarum of
TVMs patients. The rapid analyses with the Maia detector enabled
the examination of a good number of consecutive tissue slices of MS
and control samples. By mapping Fe, Zn and Ca it was possible to
recognize tissue structures in the unstained samples and compare

Figure 5 | XRF analysed of microvessels in control tissues. Panels a: Elemental maps of Zn and Fe acquired at 12.74 keV and 2 mm spatial resolution (a-

V1 area: 600 mm 3 450 mm, 15 ms/pixel; a-V2 area: 300 mm 3 225 mm, 15 ms/pixel). Panels b: Elemental maps of S, Ca, Fe and P acquired at 7.2 keV and

0.5 mm spatial resolution (B-V1 area: 80 mm 3 70.5 mm; b-V2 area: 100 mm 3 100 mm both 300 ms/pixel). Panels c: Absorption (Abs) image and

corresponding Mg elemental map investigated at 1.5 keV and 0.5 mm spatial resolution (both areas 80 mm 3 80 mm, 10 s/pixel).

www.nature.com/scientificreports
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them with the stained reference. By carefully observing the maps and
resolving them in sub-areas, we noted a clear change in Ca signal in
relationship to the vasa venorum in the samples. When comparing
microvessels from the two MS patients to those from the control
samples with the XRF set-up at 12.74 keV, it is evident that the first
samples have more Ca in the wall. These results were confirmed in
several regions of different tissue slices of both MS1 and MS2 sam-
ples. The large increase of calcium in the thin endothelium of TVMs
microvessels clearly suggests an altered metabolism of this element in
the tissue.

The observation is clarified by the analyses performed at lower
energies (7.2, 4 and 1.5 keV) allowing the detection of P and S
together with Fe and Ca, and revealing also the distribution of lighter
elements such as Mg, Na, C and O.

As shown in Figures 3 and 4, the MS jugular tissues clearly reveal
small calcium containing structures), possibly phosphate salts, with
traces of Mg, that are found in tissue regions poor in S, O and C. The
main difference of MS samples versus the controls consists in the
signal intensity and distribution of Ca, particularly when compared
to the other elements. The Ca containing structures in MS samples
are clearly compatible with calcifications. Although this is the first
work suggesting the presence of small calcifications in a vein wall
(and capillaries), the elemental distributions and concentrations
resemble those found by other authors in artery micro-calcifications
of human and animal models, obtained with similar advanced ana-
lytical techniques (such as PIXE)20,23,24. In fact, these authors report

the presence of intimal micro-calcifications ranging from 6 mm to
70 mm in diameter, clearly identified by PIXE through high abund-
ance of Ca and P together with absence of S and C. The decreased C, S
and O signals in the presence of Ca deposits may be due to the low
concentration of these elements compared with the rest of the tissue
or to the attenuation of these low energy signals because of the
calcification.

As previously mentioned, with ID21 and TwinMic set-ups abso-
lute quantification was not performed. Nevertheless, since the ana-
lyses were carried out on tissues with the same thickness and the
same experimental conditions (flux intensity, acquisition time, spot
size, geometrical parameters), the results can be compared to high-
light relative elemental concentrations and ratios. Calcifications are a
frequent event in many pathologies and consist of a great variety of
amorphous or crystalline calcium phosphates. Chemical microana-
lyses performed on these formations by various analytical tech-
niques, that are able to precisely quantify the concentration of Ca
and P, allow for the calculation of the calcium to phosphorus ratio23.
This parameter is used to better assess the possible nature of the
phosphate salts and stage of mineralization. Since these formations
are usually composed of a mixture of different salts, the reported Ca/
P atomic ratios range from 1.29 (indicative of dicalcium phosphate
dehydrate) to 2.16 (indicative of hydroxyapatite). In our analyses we
cannot compare precise quantities, particularly because P fluor-
escence reabsorption is greatly affected by the matrix composition
and density, parameters that are very hard to estimate in our samples.

Figure 6 | XRF elemental maps obtained at 4.12 keV. Upper row (a), (25 mm 3 30 mm) elemental maps of S, P, Fe and Ca on a sub-region of the sample

MS2 indicated with the red arrow in Figure 2 (region 1); row (b) (20 mm 3 30 mm): elemental maps of S, P, Fe and Ca on a sub-region of the sample MS2

indicated with the red arrow in Figure 3 (region 2). Lower row (c) (30 mm 3 15 mm): S, P, Ca and Fe elemental maps of a sub-region of the V1 control

sample. The table reports the intensity (intended as peak counts) for Ca, P, S and Mg (over a 1 mm 3 1 mm area); and the corresponding ppm Ca

concentrations (over a 10 mm 3 10 mm) centered in the points indicated in the images (calculated at 12.74). In Ca maps of panels a and b dashed gray lines

delineate high counts regions in calcifications.

www.nature.com/scientificreports
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Nevertheless ratios of fluorescence signal intensities of elements can
be compared to distinguish different phases. It can be noted that in
Figures 3 and 4 the calcium to phosphorus XRF intensity ratio on the
microvessel lumen as well as in the suspected calcification is greater
than 1.5. On the contrary, it is clearly lower than 1 on the lumens of
microvessels in control samples. In this last case Ca and P signals
simply reflects the normal distribution of the two elements in the
cellular structures of these regions.

The difference is better evidenced in the analyses performed at
4.12 keV. At this energy, in fact, there is an increase in fluorescence
emission efficiency for Ca, P and S. As reported in Figure 6 (table),
the X-ray fluorescence counts ratio between calcium and phosphorus
ranges from 1.7 to 1.92 in the Ca hotspots with signal above 1000
counts, (panels a and b). In contrast, when the Ca signal is below this
value, as in all the selected points of the control samples (panel c), the
ratio is always below 1. Our analyses cannot precisely identify
the chemical nature of the Ca precipitates at this stage. However
the observed different ranges of the Ca/P XRF intensity ratio in
the diseased tissues are a strong suggestion of microcalcifications,

probably similar to those reported in the arteries during early or
advanced arteriosclerosis. This is further supported by the XANES
analyses (Figure 7). In control tissues, the major contributions in the
XANES spectra seem to come from organic Ca salts. On the contrary,
in the diseased subject tissues the XANES results are in line with a
substantial presence of hydroxyapatite (and other inorganic calcium
salts) in clear connection with the vasa venorum. Nevertheless, the
complex nature of these calcium precipitates requires further ana-
lyses (possibly in conjunction with other techniques) to definitely
resolve the different Ca phases.

Besides the description of the association between extracranial
TVMs of the cerebral veins and neurodegenerative disorders4–10, little
is known about the jugular wall, since this is a new entity in vascular
pathology. In a post mortem study comparing MS patients with
people who died for different reasons, valvular and other intralum-
inal abnormalities were identified in 72% of MS patients and in 17%
of controls. In contrast, vein wall stenosis occurred with similar
frequency in both groups25. Coen et al. also demonstrated that in
the jugular vein wall of CCSVI patients associated to MS patients

Figure 7 | XANES spectra across Ca K edge. Panel a show the XANES spectra of the standard samples across Ca K edge. Panel b depicts the XANES

spectra collected on samples MS2 and V2, in the same points indicated with the same numbers in Figure 6. In the case of sample V2 spectra the linear

combination fitting performed with the Athena software using the reference standard attributes 41–47% in composition to Ca Stearate, 24–29% to

Hydroxyapatite, 6–7% Ca Carbonate and 17–28% Ca Sulphate. For MS samples the fitting gives different compositions: 0–19% Ca Stearate, 56–64% to

Hydroxyapatite, 0–9% Ca Carbonate and 19–27% Ca Sulphate.
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there is not an increased T cell infiltration with respect to control
tissue. This seems to exclude the hypothesis that venous abnormal-
ities are a product of MS immune reaction25. The results of our
exploratory study cannot reveal if the abnormal calcium deposition
in jugular tissue is related to the pathogenetic mechanisms of MS
and/or if it is a collateral manifestation linked to the CCSVI con-
dition in the two patients investigated.

However, our findings clearly constitute a novel observation for
microvessels and vein tissues in general, that if confirmed in a larger
group of patients, could contribute to further understanding of
CCSVI condition.

Altered haemodynamic forces and turbulences described in
CCSVI act either on the endothelial cells or on the deeper layers of
the vein wall, increasing the mechanical stress on the adventitial
intramural vessels5,7–9,12,14,22. The mechanical overload may poten-
tially lead to the differences demonstrated in calcium contents with
respect to the control tissue. From this point of view calcium deposits
could be interpreted as the result of chronic stress of the vein wall
capillary with mechanical injury and damage26,27.

Finally, the results we show in this work demonstrate the advant-
age of applying advanced synchrotron microspectroscopy tech-
niques, particularly consecutively at different and complementary
energies and spatial resolutions, to explore histological changes that
cannot be completely resolved by conventional analyses and that
could suggest important pathological mechanisms.

Methods
Patients and tissues. Human samples were obtained from two patients both affected
by secondary progressive multiple sclerosis associated with CCSVI and admitted to
the Department of Surgery at the St. Anna Hospital, Ferrara, Italy. Tissue analysis for
research on waste specimens harvested in the course of vascular procedures was
approved by the local Ethical Committee (University-Hospital of Ferrara). The
procedures were in accordance with the Declaration of Helsinki and all participant
subjects gave written informed consent.

The first case (MS-1) was a 53 y.o. female, with 20 years disease duration, and EDSS
disability score 5.5. She was within normal range of thyroid hormones, normal serum
calcium and vitamin D levels, normal range of serum iron and ferritin levels. Over the
years during the illness, she refused any proposal of immunomodulatory/suppressant
therapy. She took supplements regularly, and especially vitamin D and calcium. She
was admitted to the hospital for thyroid cancer. Preoperative assessment demon-
strated truncular venous malformation of the left internal jugular vein by echo-color
Doppler investigation and magnetic resonance of the neck. Reflux and obstruction of
the flow in the lower segment of the vein were accompanied by abundant substituted
circles of the thyroid vein. Since thyroidectomy would have disrupted the venous
drainage, we decided to repair during the procedure the jugular steno-obstruction by
an autologous saphenous patch angioplasty. A tissue specimen of the malformed and
hypoplasic jugular wall was harvested for further investigation.

The second case (MS-2) was a 32 y.o. female, with 12 years disease duration, and
EDSS disability score 5.5. She was within normal range of thyroid hormones, serum
calcium and vitamin D levels, normal range of serum iron and ferritin levels. She was
treated with Copaxon, Betaferon, and Mitoxantron. She was admitted to the hospital
for thrombosis of the left internal jugular vein, where CCSVI was detected by color
Doppler investigation six months before. At that time, the haemodynamic was
characterized by significant stasis with no Doppler detectable flow due to fixed valve
cusps at the junction with the brachio-cephalic trunk. Emergent intervention was
aimed to prevent any embolization from a fresh thrombus found just at the mal-
formed valvular level. Jugular tissue sample was collected during the open operation.

Out of 42 archival harvested samples analyzed by conventional histology, we
selected two control tissues reassembling more the MS samples in region origin and
endothelial side exposition. They were obtained from the internal jugular vein wall of
healthy subjects (V1 and V2), who underwent vein repair for traumatic reasons.
Particularly, both controls were tissue samples of the junctional segment of the
internal jugular vein. Consequently, the selected control tissues were more compar-
able to the patients’ tissue. All the tissues, fixed in formalin, were processed for routine
paraffin embedding. Several transverse sections (10 mm thick) perpendicular to the
longitudinal axis of the vessel were cut with a microtome (Leica, Italy) at approxi-
mately 0.5 mm intervals. Sections were alternately deposited on a glass slide for
histological control or on Ultralene foils (Spex-Certiprep, 4 mm thick) for XRF
microspectroscopy. Sections for microspectroscopy were simply dried at room
temperature. Sections for histology were deparaffinized and stained with haema-
toxylin and eosin (HH) for morphological and general inspection, von Kossa
impregnation for mineral deposits and Alizarin red for calcium depositions. After
staining, samples were analyzed using a Leica Microscope (Leica Microsystems
GmbH, Germany). Chemicals were purchased from Sigma-Aldrich. Scanning

Electron Microscopy procedures, performed as previously reported [19], are detailed
in the Supplementary Information (Material and Methods).

Synchrotron XRF elemental mapping. The synchrotron XRF experiments were
carried out in three different synchrotron facilities. In all the three experimental
stations the X-ray beam was focused on the samples through suitable X-ray optics.
The samples were raster-scanned across the X-ray probe and in each pixel of the raster
scan the emitted X-ray Fluorescence photons were collected by energy dispersive
silicon detectors.

The analyses were first performed at the XFM beamline28 of the Australian
Synchrotron (Clayton, Melbourne, Victoria, Australia) where the monochromatic
12.74 keV X-ray beam delivered by a Si(111) monochromator was focused by
Kirkpatrick-Baez (KB) mirrors to a spot size of 2 mm 3 2 mm. The XRF photons
emitted by the sample were collected by the 384-element Maia detector29,30. At the
XFM beamline the incident X-ray beam passes through the axis of the detector from
the rear, hits the sample, and fluorescence in backward direction is collected by the
detector. The sample plane is 10 mm from the detector wafer and each detector
element has approximately 1 mm2 active area. The large solid angle subtended by this
detector coupled with fast event mode data acquisition enables dwell times of the
order of hundreds ms/pixel providing megapixel elemental maps in an hour scan
time31. For our sample acquisition times of 3–15 ms/pixel were used to ensure good
statistics, and the sample was raster-scanned with a 2 mm step size. Elemental con-
centrations were quantified by measuring standard thin foils of Pt, Fe and Mn of
known areal concentration and thickness.

Smaller areas of the same tissue sections were then analysed at the ID21 beam-
line32,33 of the ESRF synchrotron facility (Grenoble, France). The sample was excited
with a monochromatic incident X-ray beam of 7.2 keV (above the Fe K-edge) or
4.12 keV (above the Ca K edge) provided by the Si (111) double-crystal monochro-
mator. The beam was focused on the sample through a zone plate diffractive optics
delivering a spot size of 0.2 mm 3 0.9 mm at the sample position. The sample was
mounted on a custom x-y-z stage, tilted by 30u from the optical axis. A silicon drift
diode detector (Bruker, Germany) with 80 mm2 active surface equipped with a low
photon energy transmitting polymer window was used to collect the XRF photons
emitted by the specimen. For the elemental mapping a dwell time of 300 ms per pixel
and a step size of 0.5 mm was used.

Higher resolution images and elemental maps at low X-ray energy (1.5 keV) were
finally collected on selected areas at the TwinMic beamline34 of the Elettra synchro-
tron facility (Trieste, Italy). A beam size of 0.5 mm diameter delivered by zone plate
optics was used and the XRF spectra were collected by 8 Silicon Drift Detectors
(SDDs) arranged in an annular geometry35,36. The sample was raster-canned with a
step size of 0.5 mm. Simultaneously absorption and phase contrast images were
acquired by a fast readout CCD camera37. Due to the low fluorescence yield at 1.5 keV
a dwell time of 10 s/pixel was necessary in order to collect a good statistic. The
TwinMic measurements were performed in vacuum (at a pressure of 1026 mbar) to
avoid significant attenuation of the fluorescence signal.

Data analysis of XRF spectra and elemental images was performed using GeoPIXE
software for XFM data38, and with PyMCA software39 for ID21 and TwinMic data.

Synchrotron XANES measurements. The micro-XANES analyses were carried out
at the ID 21 beamline at the European Synchrotron Radiation Facility (ESRF,
Grenoble, France). The X-ray beam energy was scanned between 4.02 and 4.14 keV
with 0.2 eV energy steps. Each XANES spectrum was acquired as the sum of five
quick scans with 500 ms integration time per point, for a total integration time of
2.5 s per point, to monitor possible photo-reduction effects linked to the beam. No
modification of the XANES spectra with exposure time was observed. XANES spectra
of reference compounds (hydroxyapatite, calcium phosphate, calcium carbonate,
calcium stearate, calcium sulphate) were collected to allow identification of the phases
present in the sample by linear combination fitting. The spectra were base line
subtracted and normalized to unity prior to fitting with the Athena software
package40.
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