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Abstract

A dual imaging approach, combining magnetic resonance imaging to localize lesions and
synchrotron rapid scanning X-ray fluorescence (XRF) mapping to localize and quantify calcium,
iron and zinc was used to examine one case of recent stroke with hemorrhage and two cases of
ischemia 3 and 7 years before death with the latter showing superficial necrosis. In hemorrhagic
lesions, more Fe is found accompanied with less Zn. In chronic ischemic lesions, Fe, Zn and Ca
are lower indicating that these elements are removed as the normal tissue dies and scar tissue
forms. Both susceptibility and T2* maps were calculated to visualize iron in hemorrhages and
validated by XRF Ca and Fe maps. The former was superior for imaging iron in hemorrhagic
transformation and necrosis but did not capture ischemic lesions. In contrast, T2* could not
differentiate Ca from Fe in necrotic tissue but did capture ischemic lesions, complementing the
susceptibility mapping. The spatial localization, accurate quantitative data and elemental
differentiation shown here could also be valuable for imaging other brain tissue damage with
abnormal Ca and Fe content.
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1. Introduction

While iron is known to play an important role in hemorrhagic stroke, the role of other
elements has been largely neglected. The elemental changes associated with chronic
ischemic lesions are largely unknown, but when they form magnetic minerals (paramagnetic
ferritin or hemosiderin or diamagnetic calcifications), they may contribute to signal changes
in MR images. Synchrotron rapid scanning X-ray fluorescence (SRS-XRF) mapping
simultaneously localizes and accurately quantifies multiple metals in tissue slices or small
whole organisms [1-4]. This well-established, element-specific analytical technique has
been applied to map slices of human brain, using newer high-resolution SRS-XRF [5-8].
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Recently, some of these results have been compared with magnetic resonance imaging
(MRI) scanning [9-11].

SRS-XRF imaging has not previously been applied to study human stroke or animal models
of stroke [12]. Much of our fundamental understanding of the pathophysiology of ischemic
and hemorrhagic stroke has arisen from work on a variety of animal models using
behavioral, cell biology and molecular biology techniques [13]. None of the animal models
fully replicates human stroke and studies in animals tend to be short-term. In the cases
shown here, the strokes were not immediately fatal and occurred years or weeks before
death. One of the aims of this work is to determine the feasibility of comparing the
measurement of iron content obtained from SRS-XRF with that obtained from MRI using
quantitative susceptibility mapping and T2* mapping.

Iron has clinical importance [14,15], not only because it is required for normal brain
function [7] but also because the chemical reactivity of free iron likely contributes to brain
damage by leading to the formation of free radicals [14]. It also serves as an important
endogenous marker of blood products in T2* weighted gradient echo (GRE) MR that is
commonly used to image stroke /7 vivo [16,17]. Susceptibility weighted imaging (SWI)
based on GRE is the most sensitive MR method both for non-heme iron [14,18-20] and
heme iron [21-25]. Hemorrhage, whether primary or secondary to ischemia undergoes a
transformation from deoxy-hemoglobin to methemoglobin and later hemosiderin [26]. Each
of these sources of iron has different T1 and T2* properties [27]. SWI is sensitive to iron in
all three forms [21]. Thus, in suspected acute stroke, SWI serves as a key sequence in
detecting hemorrhage within the region of infarction. However, SWI data are known to have
a blooming effect that magnifies the hemorrhagic lesions [in GRE with long echo time
(TE)], and the phase image is dependent on field strength, echo time, the object’s relative
orientation to the main field and its geometric shape [28-38]. Since susceptibility maps
reconstructed from SWI phase images and T2* maps reconstructed from multi-echo SWI
magnitude images are free from the above concerns, they are the most promising way to
depict and quantify iron in hemorrhagic lesions [32,34-37,39,40].

In this study, we aim to determine whether SWI, susceptibility maps or T2* correlate best
with elemental mapping of iron (Fe) and calcium (Ca) using SRS-XRF. Based on the known
effects outlined above, we hypothesize that susceptibility maps will provide the best spatial
correlation of both Fe and Ca found in hemorrhagic and chronic stroke lesions.

2. Methods

2.1. Study samples and analysis procedures

Frozen coronal sections of human cadaveric brains were obtained from the Human Brain
and Spinal Fluid Resource Center (HSB), Los Angeles, CA, under the University of
Saskatchewan ethics approval BioREB 06-250. The known clinical features of the cases are
summarized in Table 1. To reduce storage artifacts such as leaching of metals, the frozen
slices were fixed in buffered formalin for 6 hours, drained and sealed in plastic immediately
prior to initial synchrotron imaging of the surface of the slice.
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Thick brain slices (56~64 mm widex52~84 mm long and 10 mm thick) were first embedded
in 5% gelatin for MR imaging to identify the internal hemorrhagic lesions. Second, internal
regions-of-interest (ROI), identified by MRI, were exposed by slicing the original slices into
thinner sections (1-3 mm thick), parallel to the surface. To preserve the elements, these
thinner slices were immediately sealed under polypropylene without any rinsing or other
treatments. Third, SRS-XRF mapping was done at the Stanford Synchrotron Radiation
Lightsource (SSRL) on beamline 10-2. In all cases, the XRF maps were co-registered with
the MRI images at the same ROI. Fourth, the tissue in ROl was embedded in paraffin for
histology following conventional procedures.

2.2. MRl imaging parameters

MR images were collected on a 3T Siemens VERIO system using a 12-channel receive
head-matrix coil. Phase and magnitude images were collected using T2* weighted multi-
echo SWI sequence with 11 echoes (TR=40 ms, FA=15°). The images were acquired with a
resolution of 0.5 mm x 0.5 mm in the phase and readout directions and 0.7 mm in the slice
direction (coronal) with a bandwidth of 465 Hz/pixel, a field-of-view of 256x192 mm, a
512x384 matrix with 40 slices. The first echo time was 5.74 ms with the subsequent 10
echoes being spaced 2.48 ms apart. For the multichannel coil data, an adaptive phase
combination was used. The susceptibility maps were reconstructed from the second echo
phase images (TE=8.22 ms). A high-pass filter of 64x64 was first used to remove the
background field, then the SWIM algorithm discussed in Haacke et al. [29] was applied to
generate the susceptibility map. All the procedures were done using SPIN (Signal
Processing in NMR, Detroit, MI, USA) software. T2* maps were calculated from multi-
echo SWI images in SPIN. Fluid Attenuated Inversion Recovery (FLAIR) images were
collected in the coronal direction with TR=9000 ms, TE=74 ms, T1=2500 ms, 1x1x1-mm
resolution, an in-plane matrix size of 256x192 with 32 slices.

2.3. Synchrotron rapid scanning X-ray fluorescence mapping parameters

The samples were mounted vertically, at 45° to the incident beam and raster-scanned using a
set of motorized stages. The incident beam (12 keV) passing through a tantalum aperture
produced a 100 pmx100 pm spot on the sample. Beam exposure was 25 or 35 ms per 100-
pum pixel. Fluorescent energy windows were centered for Fe (6.21-6.70 keV), Ca (3.52-3.96
keV), and Zn (8.38-8,98 keV) as well as other biologically interesting elements such as Mn
(5.69-6.09 keV) and Cu (7.85-8.25 keV). Fluorescence was normalized against incident X-
ray beam intensity. Elements were quantified by comparison of signal strength with XRF
calibration standards (Micromatter, Vancouver, BC, Canada) following the procedure
described by Hopp et al. [9] using the Microanalysis Toolkit (http://ssrl.slac.stanford.edu/
~swebb/smak.html).

The escape depth of fluorescence from the sample increases with energy of the fluorescent
X-ray, and thus, for the K-edge emission lines, increases with the atomic number of the
element being mapped. Fluorescence arising from low Z elements (such as sulfur) was
completely blocked by the polypropylene film under which the brain tissue was sealed. We
were able to measure some calcium signal through the polypropylene film but an uncovered,
flat and dry surface would be needed for an accurate quantification. Therefore, only areas
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with high calcium are described with respect to surrounding tissue (marked with white
arrows in the figures) but not quantified in Table 2.

2.4. Histology of sections

3. Results

Upon completion of elemental mapping, portions of the brain that were of interest were
excised and placed in a tissue processor for standard paraffin embedding. Briefly, tissue is
dehydrated in progressively more concentrated ethanol followed by xylene and then molten
paraffin wax. In all cases, paraffin-embedded tissue was sectioned from the surface that had
been previously mapped using SRS-XRF and stained with hematoxylin and eosin for routine
examination and Luxol fast blue to resolve demyelinated regions.

3.1. XRF findings

Visual inspection of the thin (1-3 mm thick) brain slices showed regions of discoloration
and histology revealed extensive tissue damage in these areas (Fig. 1). In the XRF maps, the
apparent increase in elements around the edge is likely due to the summation of counts
arising from both the surface and the edge of these thick slices (i.e., an edge effect) rather
than from the deposition of elements from the formalin solution [41]. ROIs of hemorrhage,
white matter (WM), gray matter (GM) and ischemic WM infarct for Table 2 are outlined in
the gray-scaled Fe map (Fig. 1, row 5). Regions of interest for hemorrhage were defined by
manually drawing some of the lesions on the XRF Fe maps. ROIs of normal WM and GM
were identified in FLAIR images [42] and manually drawn on the XRF maps. Ischemic
infarcts were seen in the FLAIR images as hyper-intense areas [42]. Therefore, ROIs for
WM infarct measurements were chosen from the FLAIR images by using thresholding (i.e.,
keeping signals within the interval 600<intensity<1200) inside the boundary drawn to cover
the infarct (using SPIN). These regions were carefully drawn to exclude gelatin,
hemorrhage, and cortex. The thresholded regions were then coregistered to the XRF maps.

The first autopsy case represents a stroke 10 days before death. The regions with visual
discoloration were rich in iron (Fig. 1, red arrows in first column). The concentrations of Fe
and Zn in lesions and in normal tissues for all the cases shown in Fig. 1 are summarized in
Table 2. The amount of an element in lesions was compared with normal white matter in
Table 2. Less iron (A<.05, Table 2) was seen in the chronic ischemic WM infarct. Zinc was
abundant in the undamaged cortical U fibers and was significantly reduced in the chronic
ischemic WM infarct (P<.05, Table 2) and hemorrhagic lesions (#<.05, Table 2). The
calcium seen around and along the right edge of the brain appeared to be an edge effect,
whereas substantially high calcium (estimated at >100 pg Ca/g wet weight, white arrow in
the first column) along the left side of the brain was associated with hemorrhage. The
calcium in this area (white arrow in the first column) was not colocalized with iron or zinc.

The second and third autopsy cases represent chronic ischemic lesions (Fig. 1, red arrow in
the second and third columns) associated with tissue necrosis or hemorrhagic transformation
that could have occurred years before death. Visual inspection of the brain slices showed
regions of discoloration associated with the necrotic tissue and hemorrhages. There was no
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hematoma in either case but there was extensive tissue damage, demyelination and glial
scarring.

In the second case, the regions rich in iron (red arrow in the second column) contained
smaller accumulations of zinc, and calcium (Fig. 1, second column) and calcium colocalized
with zinc (white arrows). Depletion of iron (A<.05, Table 2) was seen in the ischemic lesion.
Zinc was significantly reduced in the iron-rich region (/<.05, Table 2) and the chronic
ischemic WM infarct (A<.05, Table 2).

In the third case, zinc and calcium co-localized in one area (upper box in the calcium and
zinc maps, third column) without the presence of iron, while in another location (lower box
in the calcium and zinc maps, third column) zinc and calcium were found in an iron-rich
region. Generally, there was less zinc (P<.05, Table 2) in very high-iron areas. Other
findings of this case were a central region of ischemic damage (chronic necrosis) that was
characterized by less iron and zinc (Table 2).

3.2. Correlation of MRI with XRF

In the recent stroke (case 1), there was excellent correspondence between higher iron in
XRF and susceptibility change in the hemorrhage (Fig. 2, red arrows in the first row). These
lesions could be visualized in the T2* map but the susceptibility map provided superior
spatial localization and contrast of the iron distribution. Outside the hemorrhage, the
ischemic lesion was seen as hyper-intense in FLAIR and hyper-intense in the SWI
magnitude image at TE=18.5 ms (indicating an increase in T2*), but not seen at TE=8.2 ms
(date not shown). In this case, the ischemic lesion could not be differentiated from normal
tissue in the susceptibility map.

In the second case, the iron-rich regions (Fig. 1, second column) had little signal left in the
SWI data due to very short T2*, making it difficult to make any quantitative comparison
with the XRF Fe map. Therefore, the MR data of this case was not shown here.

In the necrotic region of the third case, there was excellent correspondence between iron in
XRF and susceptibility mapping as well as T2* (Fig. 2, red arrows in the second row), but
the susceptibility map provided superior localization and contrast. In this tissue sample,
calcium-rich spots (Fig. 2, white arrows in the second row) probably represented
calcifications. These were captured by the susceptibility map, SWI magnitude image and the
T2* map but were not differentiated from iron in the SWI magnitude image and T2* map
because calcium and iron both cause T2* shortening. In contrast, diamagnetic calcium
appeared as a negative signal and paramagnetic iron with a positive signal in the
susceptibility map.

4. Discussion

In conventional stroke imaging, signal loss in T2* weighted gradient echo images is
interpreted as caused by the dephasing effect from spatially varying local magnetic fields
due to iron deposits. However, tissue damage or changes in tissue susceptibility can also
cause signal loss. Phase images are sensitive to the geometric shape of a hemorrhagic lesion
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and its orientation to the main field. Phase images were not included in the analysis because
they did not have as good a correlation to the iron distribution as the magnitude image and
the susceptibility map. The advantage of the susceptibility map is that it corrects for the
geometry effects present in the phase images and provides a geometry independent solution
[28-38]. However, on occasion, the phase is still of interest for visualizing local field
variations. Due to the limitation of T2*-weighted gradient echo images and phase images,
T2* map and susceptibility map provide more accurate imaging of paramagnetic iron arising
from blood products in the hemorrhagic lesions.

Quantifying iron based on an MR susceptibility map required two steps. The first was
susceptibility mapping of the phase images. The second was establishing the correlation
between iron concentration and the susceptibility change through a reliable spatial
registration of the two images. Poor registration hindered the voxel-by-voxel quantitative
comparison, which was the major obstacle of this work. Though susceptibility mapping has
been used to visualize hemorrhage in stroke patients [34], its ability to quantitatively
visualize iron in stroke hemorrhages has not yet been validated. Ex vivo validation of
susceptibility mapping of iron particles in rat brain with histology shows accurate
localization of iron [32], but this is a qualitative, not a quantitative, validation. XRF Fe
mapping presented in this paper provides a possible solution for quantitative validation of
susceptibility mapping when the source of susceptibility is known to be predominantly iron.
Ideally, if registration error is negligible, there can be a voxel-by-voxel matching of XRF
iron maps and susceptibility maps [43] to validate both the spatial localization and the iron
concentration. Unfortunately, due to lack of reliable registration landmarks, grey/white
matter boundaries, voxel-by-voxel quantitative comparison, as previously reported for
multiple sclerosis samples [43], was not achievable for the data in this study. Therefore, the
best matching angle between the two images was chosen for comparison. In multiple
sclerosis studies [43], samples contained only a few small focal lesions. There was almost no
damage to the grey/white matter boundaries in those samples which were important
landmarks and were essential for successful registration. In contrast, in the stroke samples,
especially those with secondary hemorrhage, the damage was vast. The GM/WM contrast in
the XRF images and the susceptibility map was lost as seen in Fig. 2. This prevented us from
establishing a voxel-by-voxel quantitative correlation between iron concentration and the
susceptibility change.

Our results show that susceptibility mapping localized the hemorrhages more accurately
than T2* mapping and this is in agreement with previous studies [44]. Iron and calcium
identified with the SRS-XRF were readily visualized by susceptibility mapping from SWI. It
is particularly interesting to note that in the old stroke sample (case 3), T2* lost its spatial
accuracy in detecting iron-rich lesions but susceptibility mapping did not. There are two
possible reasons why this occurs. The old stroke lesion could have lower water content than
newer lesions which would cause a decrease of T2 and hence T2* confounding the decrease
of T2* due to the presence of iron [45]. Alternatively, the amount of iron present may be too
small (in some areas) to cause an observable T2* effect, but the phase is so sensitive to iron
that susceptibility mapping is able to differentiate iron laden from normal tissue. T2* is
superior to susceptibility mapping to distinguish recent stroke infarcts (more water content
than in normal tissue [46], case 1) due to its sensitivity to water content, whereas
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susceptibility of infarct and normal tissue is the same. Therefore, combining T2* mapping
and susceptibility mapping is a good solution to resolve both ischemia and hemorrhage
[44,47].

Although our results indicate a good spatial correspondence between total iron by XRF and
susceptibility mapping in both recent and old stroke, iron quantification can still be a
problem in differentiating hemorrhages in their various forms such as hemoglobin
(diamagnetic), deoxyhemoglobin (paramagnetic), methemoglobin (paramagnetic),
hemichromes (diamagnetic), ferritin (paramagnetic) and hemosiderin (paramagnetic) [26]
with different susceptibilities [15-17]. Thus, quantification of hematoma iron based on
susceptibility values or T2* values becomes unreliable [26,48] in acute stroke until heme
iron is metabolized and stored in ferritin or hemosiderin.

The other element that is of interest from the point of view of MRI is calcium. This study
indicates that susceptibility mapping should be superior to T2* in visualizing calcifications
in a variety of clinical contexts, including calcifications arising in stroke. In very old lesions,
calcium was more condensed and associated with zinc. Zinc has been previously identified
in brain calcifications in Fahr’s disease [49] and recently, elevated calcium and zinc have
been seen adjacent to hemorrhages in a rat model of intracerebral hemorrhage [50].

Susceptibility mapping provides a clear separation between calcium and iron since the
former has a negative susceptibility relative to white matter and the latter a positive
susceptibility relative to white matter. In T2* data, both elements create signal losses that
make their source virtually indistinguishable.

5. Conclusion

In this study of cadaver brains, SRS-XRF mapping of iron, zinc and calcium revealed their
elemental distributions in stroke. These distributions were then compared to the MR data in
order to reveal how well either T2* mapping or susceptibility mapping could identify said
regions. We found that hemorrhagic regions had higher Fe, Zn and Ca but that these
elements did not always co-localize. We also found that regions of ischemic damage in white
matter had lower levels of Fe, Zn and Ca than adjacent tissue. Susceptibility mapping
accurately localized iron in hemorrhagic regions and necrotic tissue while T2* localized
ischemic lesions better but could not distinguish Fe from Ca. This approach could be applied
to image any brain lesion with abnormal Ca and Fe content to enhance our understanding of
the pathology post stroke in order to gain a handle on the underlying chemical mechanisms.
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Fig. 1.
Rows 2—4 are XRF iron, zinc and calcium maps of cases 1-3 sections. Row 1 is the

histology of the section closest to the hemorrhage area demarcated by the thick white
rectangles drawn on the XRF iron maps. White arrow in zinc maps shows where zinc
colocalizes with calcium. White arrow in calcium maps shows regions with a high
concentration of calcium (>100 pg/g wet weight). The hemorrhagic lesions are pointed by
red arrows in Fe maps. ROIs of hemorrhage (red), normal WM (white), GM (green) and
chronic ischemic WM infarct (yellow) for the measurements in Table 2 are outlined in gray-
scaled Fe map (Row 5). Row 6, the FLAIR images manually rotated (in SPIN) to be co-
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registered with XRF maps. Outlined regions in Row 6 indicate where the ROIs of WM
infarct (Row 5) are registered from. Asterisk indicates gelatin.
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Fig. 2.
Correlation between XRF iron maps and MR imaging [SWI magnitude images (TE=18.5

ms), susceptibility maps (TE=8.2 ms), FLAIR and T2* maps] for Cases 1 and 3. The white
arrows indicate possible calcification. The red arrows show the high iron regions
corresponding to iron in XRF. The intense spots in the susceptibility map are artifacts caused
by air bubbles (yellow arrows). Ischemic lesions are outlined in FLAIR images and SWI
magnitude. Signal void in T2* maps means either it was not possible to fit T2* because of
poor SNR in those locations or the T2* values in these voxels are larger than 300 ms due to
the partial volume effect, partial gelatin and partial tissue in a voxel. SRS-XRF iron maps
colocalize well with the higher susceptibility in susceptibility map.
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Table 1

Demographic and clinical information on autopsy brain samples

Page 14

Case Ageof strokelesions  Age/sex Clinical and neuropathology Code
1 Recent ischemia with 81/F The external view and the coronal sections show a large irregular area of hemorrhage, 3968
hemorrhagic tissue discoloration, and cavitation throughout most of the lateral 50% of the right
transformation middle cerebral artery territory. There is no other apparent softening, discoloration,
hemorrhage, mass, or lesion. Sections of the lesion show near complete neuronal loss
with associated early gliosis, early macrophage infiltration, endothelial proliferation, and
focal hemorrhage. Other features included: chronic obstructive pulmonary disease, mild
to moderate atherosclerosis, evidence of recent ischemia, degenerative disc disease and
one hip replacement.
2 Ischemia 7 years prior ~ 71/M The section of occipital lobe shows multiple superficial areas of necrosis, lymphocytic 3065
to death along with infiltration, scattered marcophages, and a few examples of hemosiderin. The white
cerebral infarction and matter shows rarefaction and increased number of corpora amylacea. Also present were:
necrosis cerebral infarction of intermediate age (i.e., 7-year-old infarct), cerebral, hypoxia, recent
and mild; with a 7 year history of stroke, chronic obstructive pulmonary disease, atrial
fibrillation and hypertension.
3 Ischemia 3 years prior ~ 80/F Ischemic stroke, 3 years prior to death along with hypertension, hypothyroidism and 1714
to death cancer of the breast and bowel. Right cortex and basal ganglia show history of cerebral

infarction. Cerebrovascular accident with left mouth-droop. Small vessel infarction
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