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Abstract

Purpose—To investigate pathological changes in the rat brain after pilocarpine-induced status
epilepticus using quantitative susceptibility mapping (QSM).

Materials and Methods—Three-dimensional (3D) multi-echo gradient-echo (GRE) data were
acquired from ex vivo brains of pilocarpine-injected and age-matched control rats at 11.7T. Maps
of R2* and quantitative susceptibility were calculated from the acquired 3D GRE magnitude and
phase data, respectively. QSM and R2* maps were compared with Perls’ (iron) and Alizarin-red-S
(calcium) stainings in the same brains to investigate the pathophysiological basis of susceptibility
contrast.

Results—Bilaterally-symmetric lesions were detected in reproducible thalamic regions of
pilocarpine-treated rats, characterized by hyperintensity in R2* maps. In comparison, quantitative
susceptibility maps demonstrated heterogeneous contrast within the lesions, with distinct
hyperintense (paramagnetic) and hypointense (diamagnetic) areas. Comparison with histological
assessment revealed localized deposits of iron- and calcium-positive granules in thalamic nuclei
corresponding to paramagnetic and diamagnetic areas delineated in the susceptibility maps,
respectively. Pronounced differences were observed in the lesions between background-corrected
phase images and reconstructed susceptibility maps, indicating unreliable differentiation of iron
and calcium deposits in phase maps. Multiple linear regression showed a significant association
between susceptibility values and measured optical densities (ODs) of iron and calcium in the
lesions (R2=0.42, p<0.001), with a positive dependence on OD of iron and negative dependence on
OD of calcium.

Conclusion—QSM can detect and differentiate pathological iron and calcium deposits with high
sensitivity and improved spatial accuracy compared to R2* or GRE phase images, rendering it a
promising technique for diagnosing thalamic lesions after status epilepticus.
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INTRODUCTION

Epilepsy can occur as a result of acute brain insults such as traumatic brain injury, cerebral
infections, or stroke [1]. Epileptogenesis following such acute insults involves diffuse
molecular and cellular changes in the brain that are not yet completely understood. Animal
models of pilocarpine- or kainate-induced status epilepticus (SE) are widely used to
investigate pathological alterations in the brain underlying epileptogenesis [2,3].
Calcification in the brain has been histologically reported in both the kainate and pilocarpine
models of SE [4,5]. Dystrophic calcification or ferrugination is a sequela of brain damage
observed in a spectrum of neurological disorders, and is associated with abnormal mineral
accumulation in areas of degenerated or necrotic tissue [6]. Although the precise
mechanisms of brain tissue mineralization are not currently understood, localized increase in
intracellular calcium concentration in areas of apoptotic or necrotic cell death has been
proposed to be a primary contributor to calcification [7]. Further, histopathologic evidence at
different time points indicates that calcium salt deposits in the rat brain with kainite-induced
SE increase in size and concentration over time [4]. Imaging techniques that can allow
sensitive and specific detection of mineral deposits in the brain could therefore provide
important surrogate markers of regional tissue damage and progression of epileptogenesis.

Currently, computed tomography (CT) is widely used for detection of calcified lesions in the
brain. However, CT provides limited soft tissue contrast, and further, calcific or hemorrhagic
lesions cannot be effectively distinguished at attenuation levels of <100 Hounsfield units.
Quantitative susceptibility mapping (QSM) based on gradient-echo (GRE) signal phase in
MR is differentially sensitive to paramagnetic and diamagnetic effects of variations in tissue
molecular composition [8-10], and can therefore potentially provide more specific markers
to probe pathological alterations in the brain. Mineralized lesions generate nonspecific signal
intensities in conventional spin-echo T2- or T1-weighted sequences, and manifest as
hypointense areas in GRE magnitude (T2*-weighted) images. The latter effect stems from
the magnetic field perturbation and intravoxel spin dephasing induced by the
inhomogeneous magnetic susceptibility distribution of mineralized tissue, which is reflected
in the non-local phase of the complex-valued GRE signal [11]. Compared to the water
content of most gray matter tissue, iron complexes such as ferritin and hemosiderin are
paramagnetic, whereas calcium compounds such as calcium phosphate are diamagnetic.

Previous studies have shown the sensitivity of measured GRE signal phase and associated
contrast generated using susceptibility-weighted imaging (SWI) to brain tissue calcification
[12,13]. QSM, which solves the ill-posed field-to-source inverse problem, has been used to
detect calcifications, microbleeds [14,15], and non-heme iron in the normal brain [16-18]
and in neurological disorders [19,20]. More recently, the potential of QSM to differentiate
between hemorrhages and calcifications was demonstrated [21,22]. In previous studies in the
human brain, CT has been widely used as a reference standard to compare delineation of
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calcifications. However, due to the limited sensitivity of CT to detect calcifications at low
concentrations, or microbleeds and chronic hemorrhages [21], simultaneous assessment of
iron and calcified deposits and their effect on QSM contrast has not been feasible.

In experimental models of epilepsy and traumatic brain injury, well-formed calcifications are
usually detected in chronic stages of the disease [23]. Histological studies indicate that in
earlier stages, calcium salts may be present in the form of small and diffuse granules [4,5].
Moreover, it is reported that the accumulation of iron tends to precede the deposition of
calcium and other minerals in cerebral lesions [24]. Accurate characterization and
identification of both the spatial distribution and composition of these lesions could
therefore provide key insights into the progression of SE-induced injury and regional
pathological changes in epilepsy.

In this study, we set out to investigate pathological changes in the rat brain after pilocarpine-
induced SE using QSM based on high-resolution 3D GRE imaging at 11.7 T, and further, to
decipher the pathological correlates of magnetic susceptibility alterations in brain lesions
after SE using comparison with iron- and calcium-specific histological stainings in the same
brains.

MATERIALS AND METHODS

Animals and pilocarpine-induced SE

SE was induced in male Wistar rats (n = 10, 10 weeks old, 300-350 g, National Laboratory
Animal Center, Kuopio, Finland). Rats were injected subcutaneously with scopolamine (2
mg/kg, Sigma Chemical Co., St. Louis, MO) to reduce the peripheral adverse effects of
pilocarpine. 30 min later, SE was induced by intraperitoneal injection of pilocarpine (320
mg/kg, Sigma Chemical Co.). The development of SE was observed visually for 3 h (by
A.S., with 10 years of experience in animal models of epilepsy). Finally, diazepam (10
mg/kg, Stesolid Novum, Dumex-Alpharma, Copenhagen, Denmark) was administered
intraperitoneally to reduce mortality. The success rate for producing SE was 80%, and the
mortality rate was 37%. Rats that developed recurrent generalized seizures lasting for at
least 30 min during the observation period and survived up to three weeks post induction of
SE (n = 5) were included in the study. Age-matched control rats (n = 5) were treated
similarly but were injected with 0.9% saline solution instead of pilocarpine. At three weeks
after induction of status, pilocarpine-injected and age-matched control rats were
transcardially perfused with 0.9% saline solution, followed by 4% paraformaldehyde (PFA)
in 0.1 M phosphate buffer (30 ml/min; 4°C). The brains were removed from the skulls and
immersion-fixed in 4% PFA. All animal procedures were approved by the Animal Ethics
Committee of the Provincial Government of Southern Finland and conducted in accordance
with the guidelines set by the European Community Council Directives 86/609/EEC.

Data acquisition

MR imaging was performed on a vertical-bore 11.7 T NMR spectrometer (Bruker Biospin,
Billerica, MA, USA) equipped with an actively-shielded Micro2.5 gradient system
(maximum gradient strength = 1000 mT/m). A 20-mm-diameter birdcage volume coil was
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used for radiofrequency transmission and signal reception. Prior to MRI, the brains were
transferred to phosphate buffered saline (PBS) for 48 h and then placed in 20-mm-diameter
glass tubes which were filled with Fomblin® (Solvay Solexis, Thorofare, NJ, USA) to
prevent tissue dehydration and minimize susceptibility distortion near the specimen surface.
The brains were positioned with the anterior-posterior axis aligned with the external
magnetic field. Before acquisition, Fieldmap based first- and second-order shimming was
performed using the MAPshim routine (Bruker Biospin) to optimize By field homogeneity
over the brain volume. 3D GRE data of the brains were acquired using a bipolar multi-echo
gradient-recalled echo (MGE) sequence with the following imaging parameters: number of
echoes = 8, first echo time (TE1) = 5 ms, inter-echo interval (ATE) =5 ms, flip angle 45°,
repetition time (TR) = 100 ms, 2 averages, and receiver bandwidth = 70 kHz. The field-of-
view (FOV) and matrix size were 16 x 15.4 x 11.6 mm3 and 132 x 128 x 96, respectively,
for a native isotropic resolution of 120 x 120 x 120 um3. The total acquisition time was
approximately 40 min. Temperature of the specimens was maintained at 36°C during the
scans via thermostatically controlled airflow integrated with the spectrometer.

Data reconstruction and analysis

GRE magnitude and phase images were reconstructed from the 3D A-space data using in-
house written code in IDL6.4 (ITT Visual Systems, Boulder, CO, USA). Complex A-space
data were apodized by a symmetric 10% trapezoidal function and zero-padded by a factor of
two prior to Fourier transformation. R2* maps were calculated by voxel-wise
monoexponential fitting of the odd-numbered multi-echo GRE magnitude data with TE.
Phase data collected at a TE of 15 ms were used to generate frequency and quantitative
susceptibility maps for high signal-to-noise ratio (SNR) and optimal contrast in lesioned
areas. Phase maps were first unaliased using a 3D Laplacian-based unwrapping algorithm
[25], and spatially-filtered using sophisticated harmonic artifact reduction for phase data
with variable kernel size (V-SHARP) [26,27] implemented in MATLAB (singular value
decomposition threshold = 0.05, maximum kernel radius = 13 voxels), to remove
background fields. Quantitative susceptibility maps were reconstructed using a modified
iterative version of the Fast QSM method described by Li et al. [28], which is based on the
thresholded k-space division (TKD) method with threshold larger than 2/3 [29-31] and k-
space filtering around the singularity cone surface. A scaling factor for correction of possible
underestimation of the quantitative susceptibility values was estimated using a point-spread-
function based method [31]. The Fast QSM method has been shown to have good
performance in terms of suppressing truncation-related streaking artifacts, but the estimated
susceptibility maps may have residual non-local dipole effects [28]. Modifications were
therefore made to fit the MR phase/field changes in an iterative way until the residual field is
minimum and the fitted susceptibility sources were then superimposed in a way similar to a
recently developed QSM method by Wei et al. [32]. We refer to this method as the iterative
TKD (iTKD) method, and the error tolerance was set to 0.02 in this study. Details of the
iTKD algorithm and all empirical parameters can be found in Appendix 1.

A bilateral region was defined in the cortical gray matter (GM) of each rat across five
consecutive coronal slices (centered at 0.3 mm from the bregma) using RoiEditor
(www.mristudio.org). QSM maps were referenced to the average susceptibility value
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measured in this region for each rat. Cortical GM was used as the reference for QSM since it
showed no pathology-induced change in the pilocarpine-treated rats as verified by
histological assessment. The presence of calcium deposits in the choroid plexus and
demyelination in this model precluded the use of ventricular cerebrospinal fluid (CSF) and
white matter as reliable references for QSM. For analysis, all brain images were aligned to
one control rat brain chosen as the anatomical reference using 6-parameter rigid body
registration implemented in Diffeomap (www.mristudio.org). The registration procedure was
driven by the intensity of GRE magnitude images, and the resulting transformations were
applied to align the susceptibility and R2* maps from each rat.

Subjective qualitative assessment of the susceptibility and R2* maps was performed by one
reader (M.A., with 10 years of experience in interpreting rat brain MR images). Thalamic
lesions were identified based on their intensity in R2* and susceptibility maps relative to
intensities of corresponding regions in the control brains. 34 regions of interest (ROIs) were
manually drawn (by M.A.) to include lesioned and non-lesioned areas across the thalami of
pilocarpine-treated rats. ROIs were defined in coronal slices of the QSM reconstructed
images using RoiEditor (www.mristudio.org), with an average size of 118 + 31 voxels (mean
+ s.d.). The mean susceptibility value in each ROl was calculated by summing the voxel
susceptibility values divided by the ROI volume. Corresponding ROIs were identified in
Perls’- and Alizarin-stained histological sections at the same coronal levels for optical
density (OD) measurements as described below.

Histological processing

Following MRI, the brains were placed in a cryoprotective solution containing 20% glycerol
in 0.02 M potassium phosphate-buffered saline (KPBS; pH 7.4) for 36 h, and then frozen in
dry ice and stored at =70 °C until cutting. Brains were sectioned into 30-um thick coronal
sections (1:5 series) using a sliding microtome. The first series of sections was stored in 10%
formalin at room temperature, and the remaining series in a cryoprotectant tissue-collecting
solution (30% ethylene glycol, 25% glycerol in 0.05 M sodium phosphate buffer) at —20°C
until processed. From one series, 1-in-2 sections were stained with Alizarin red S to detect
accumulation of calcium in the tissue. Sections were mounted on gelatin-coated slides and
dried at 37°C. Then, sections were hydrated in descending series of ethanol, rinsed in
distilled water, and immersed in 2% Alizarin red S (w/v, distilled water pH 4.1-4.3) (A5533,
Sigma-Aldrich) for 45 s. Sections were quickly dehydrated with acetone, acetone:xylene
(1:1), and xylene, and then mounted in DePeX. To assess accumulation of iron, 1-in-2
consecutive sections from that series were stained using Perls’ method with 3, 3’-
diaminobenzidine (DAB) intensification. First, the mounted sections were treated with 1:1
mixture of 2.5% potassium ferrocyanide (#31254, Riel-de Haén, Germany) and 2.5% HCI
for 2 h at 37°C, and then washed in PBS three times for 10 min each. Next, the sections
were incubated in 0.5 mg/ml DAB (#K4001, Thermo Scientific, USA) for 30 minutes and
then immersed in a mixture of 0.5 mg/ml DAB and 0.01% H,0, for 30 min in the dark.
Finally, the sections were washed in PBS three times for 10 min each, dehydrated, cleared in
xylene, and coverslipped with DePeX. Histological images were subjectively assessed by an
independent reader (A.S., with 12 years of experience in analysis of histopathological data).
Lesioned tissue areas with iron or calcium deposits were identified as regions that showed
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positive staining in Perls’ or Alizarin red S-stained sections, respectively, compared to
sections from control rat brains.

Optical density measurements

Optical density (OD) of Perls’- and Alizarin red S-stained sections in selected thalamic areas
was quantified using the ImageJ software (Fiji ImageJ, version 1.50g). Digital
photomicrographs were captured from each stained-section using a Zeiss Axiolmager M2
microscope equipped with an AxioCam HRc camera. After conversion of the
photomicrographs to grayscale, we obtained intensity values from each ROl (Irg)) of
selected thalamic nuclei at the same coronal level as the MR images. Background staining
intensity values (Igackground) Were measured in circular ROIs (71 um2) placed in three areas
with no staining in each photomicrograph, to compensate for any staining differences across
sections. OD values from each ROI were extracted by normalizing the measured OD in each
ROI to the background intensity values (OD = (Igackground — Iro1)/IBackground)-

Quantitative analysis

RESULTS

Multiple linear regression was applied to evaluate the association between mean
susceptibility measurements referenced to cortical GM (Ax) and the optical densities of iron
and calcium in the ROIs, and significance was assessed using the ~test with p <0.01
considered statistically significant. In addition to thalamic ROIs, volumes of interest were
also identified in major gray and white matter structures in the brain for comparison of
quantitative susceptibility values between the control and pilocarpine-treated animal groups.
All statistical tests were performed using MATLAB (Mathworks Inc., Natick, MA, USA).

Detection of thalamic lesions with heterogeneous susceptibility contrast

Fig. 1 shows GRE magnitude, R2*, and quantitative susceptibility maps from representative
control and pilocarpine-treated rats. R2* maps revealed prominent bilateral lesions in the
thalamus of pilocarpine-treated rats, identifiable as areas that appeared significantly (p
<0.001) hyperintense compared to corresponding regions in control brains. These
hyperintense R2* areas were bilaterally symmetric, and were observed in reproducible
dorsal and medial regions of the thalamus in the pilocarpine-treated rats (R2* maps in Fig.
1). In comparison, quantitative susceptibility maps at the same level showed markedly more
heterogeneous contrast within the lesions (Fig. 1). Distinct areas within the lesions were
found to exhibit significantly (p < 0.005) positive (paramagnetic) or negative (diamagnetic)
susceptibility values compared with corresponding regions in control brains. Representative
susceptibility values measured in paramagnetic and diamagnetic lesion areas shown in Fig. 1
were 0.056 + 0.017 ppm and —0.031 £ 0.012 ppm relative to cortical GM, respectively
(mean + standard deviation, for QSM hyperintense and hypointense areas outlined in Fig. 1).
Comparison of V-SHARRP filtered GRE phase/frequency maps and reconstructed
susceptibility maps at the same level revealed marked differences in contrast in the lesions
(Fig. 2). Poor local correspondence can be observed between hyperintense and hypointense
appearance of lesion areas in the phase and susceptibility maps (Fig. 2, arrows).
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Fig. 3 compares R2* and susceptibility maps of control and pilocarpine-treated rats with
Perls’- and Alizarin red S-stained sections from the same brains. The thalamus of control
rats stained negative for both iron and calcium (Fig. 3C, D). In comparison, sections from
pilocarpine-treated rats revealed localized deposits of iron- and calcium-positive granules in
specific dorsal and medial aspects of the thalamus (Fig. 3G, H), which corresponded closely
to paramagnetic and diamagnetic regions delineated in the QSM image (Fig. 3F). In regions
where iron and calcium deposits co-localized (Fig. 3G”, H”), relatively positive contrast
was observed in the QSM image, indicating local susceptibility shift dominated by iron
concentration. High-magnification views of select thalamic regions shown in Fig. 3H'-H”
depict calcium deposits in the form of diffuse microscopic granules, with only a few small
formed crystals (indicated by arrowheads in Fig. 3H").

Representative R2* and quantitative susceptibility maps from pilocarpine-treated rats at the
level of the anterior thalamus are depicted in Fig. 4. Bilateral and symmetric hyperintense
lesions could be delineated in the anterior thalamus in R2* maps (Fig. 4B, E), with distinct
lesion areas appearing relatively diamagnetic and paramagnetic in the QSM images (arrows
in Fig. 4C, F). Perls’ and Alizarin red S staining of the anterior thalamus revealed very fine
iron and calcium deposits localized to the same thalamic areas (Fig. 5). In Fig. 5, a close
correspondence can be observed between regional iron deposition revealed by Perls’ stain
and paramagnetic areas delineated at the periphery of the lesion in the QSM image, and
between diffuse calcium deposits and relatively diamagnetic regions in the QSM image. In
comparison, these regions could not be effectively differentiated in the R2* map (Fig. 5B).

Fig. 6 shows comparison of QSM and R2* maps of pilocarpine-treated rats with coronal
panels from the rat brain atlas by Paxinos and Watson [33]. The bilaterally-symmetric
lesioned areas were found to closely follow anatomical boundaries of specific thalamic
nuclei along the anterior-posterior brain axis. Major thalamic nuclei that corresponded to the
lesioned areas identified in R2* and QSM images included the posterior thalamic nuclei
group, the lateral posterior nucleus, lateral geniculate nuclei, and the oval paracentral
nucleus (Fig. 6).

Quantitative analysis

Multiple regression analysis indicated a significant relationship between quantitative
susceptibility values and histologically-measured optical densities of iron and calcium in the
thalamic lesions (Ax =-0.006 + 0.58[ODjgp] — 0.26[OD¢ajciumls R2=0.42, p<0.001). The
fitted regression coefficient for OD of iron was positive (p < 0.001) whereas the regression
coefficient for OD of calcium was negative (p = 0.006), indicating the specificity of QSM to
discriminate between local iron and calcium deposition in the lesions. The results of the
regression analysis are plotted in Fig. 7.

Table 1 lists mean susceptibility values measured in major grey and white matter structures
in the control and pilocarpine-treated groups. No significant differences in susceptibility
were observed between the control and pilocarpine-treated rats for cortical and striatal
regions (p = 0.29 and 0.79, respectively), and white matter tracts including the optic tract,
corpus callosum, and anterior commissure (p = 0.76, 0.12 and 0.11, respectively).
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DISCUSSION

In this study, we demonstrated the detection of pathological iron and calcium accumulations
in specific thalamic nuclei of rats with pilocarpine-induced SE using QSM based on 3D
isotropic high-resolution GRE imaging at 11.7 T. Quantitative susceptibility maps provided
high spatial accuracy to enable detection and differentiation of localized deposits of iron and
calcium compared to R2* and GRE phase images, as validated by histological assessment of
the same brains. Notably, the results of this study showed the detection of early-stage,
amorphous calcium salt deposits present in the form of diffuse and small granules in the
thalamus, which are different from fully formed calcifications observed in later stages of the
disease. These findings demonstrate the potential of QSM to detect subtle pathological
changes in tissue composition after SE, and indicate that QSM may provide a promising
technique for diagnosis and characterization of thalamic lesions after SE.

A linear correlation between R2* and quantitative susceptibility values has been
demonstrated in studies examining pathological and age-related iron accumulation in the
brain [34]. In pathological brain lesions with varying degrees of calcification, however, R2*
does not exhibit a linear or monotonic relationship with magnetic susceptibility. In
pilocarpine-treated rats, R2* maps exhibited hyperintensity for both iron- and calcium-
containing lesion areas, and offered no discriminative power to distinguish between these
deposits or provide information about lesion composition. As R2* reflects the effect of net
intravoxel spin dephasing, it does not provide differential sensitivity to dephasing induced by
paramagnetic or diamagnetic sources of field perturbation. In turn, quantitative susceptibility
maps showed lesion contrasts that were more consistent with the tissue changes observed in
histological sections. Furthermore, quantitative analysis showed a significant positive
dependence of susceptibility measurements on OD of Perls’ staining (iron), and a significant
negative dependence on OD of Alizarin red S staining (calcium). These findings indicate
that QSM can provide improved spatial accuracy and greater diagnostic value in the
classification of thalamic lesions following SE.

Calcium salt deposits in brain parenchyma are composed of calcium phosphate in the form
of hydroxyapatite, which has been reported to have a volume susceptibility of —14.83 ppm
[35], making it slightly diamagnetic relative to water. At our experimental time point,
calcium deposits were found in the form of diffuse microscopic granules, with only a few
small formed crystals. These diffuse granular deposits are distinct from fully-formed
calcifications that are observed in more advanced stages of the disease [23]. It has been
demonstrated that granular deposits increase in size and concentration over time to form
calcified aggregates [5], which may be an indicator of the maturity of the lesion, and
consequently, the time from the initial injury. Our data demonstrate the sensitivity of QSM
to detect these early-stage diffuse deposits of calcium, which could yield a useful surrogate
marker to examine progressive calcification in thalamic lesions.

Thalamic iron accumulation in pilocarpine-treated rats corresponding to the hyperintense
lesion areas detected in susceptibility maps was observed in the form of fine and diffuse
deposits in Perls’-stained sections, as opposed to localized and condensed iron deposits
reported in intracerebral hemorrhages. We hypothesize that the pathological accumulation of
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iron in the thalamus after SE may stem from two sources; first is the disruption of the blood-
brain barrier (BBB), and second from physiological iron accompanying microglia/
macrophage activation. BBB leakage has been reported in both human epilepsy and in
animal models of SE [36]. Spatially, BBB permeability reported in a recent study [37] also
appears to overlap with the location and extent of bilateral thalamic lesions observed in our
study. The second source of iron deposition may arise from iron-positive microglia/
macrophages, which contain iron in the form of hemosiderin, and are also thought to
contribute to the calcification process [4]. The accumulation of iron in the present study
coincided with areas of localized gliosis as assessed with Nissl-stained sections (not shown),
further supporting the notion that glial activation may contribute to iron deposition and
resulting paramagnetic contrast observed in the susceptibility maps. Deciphering whether
the iron contributing to the paramagnetic contrast in susceptibility maps after pilocarpine-
induced SE is systemic iron or cerebral iron or both, however, warrants further investigation.

Our data also demonstrate caveats in the interpretation of GRE phase or frequency contrast
for characterizing brain tissue lesions. GRE phase imaging and SWI have been shown to be
useful for differentiating intracranial calcifications and hemorrhages [38-40]. In the present
study, background-corrected phase and reconstructed susceptibility maps were found to
exhibit significant differences in contrast in the areas with thalamic lesions. These findings
are consistent with recent reports in the human brain [21,22,41]. Furthermore, comparison of
the MRI data with Perls’ and Alizarin red S stainings showed that compared to QSM, phase
maps did not reliably distinguish between areas with local iron and calcium deposits. These
results can be ascribed to the known non-local nature of the GRE signal phase. Measured
phase reflects a non-local convolution of the underlying magnetic susceptibility distribution,
and is thus subject to contributions from perturbers outside the imaging voxel. Moreover,
GRE signal phase is dependent on acquisition parameters (particularly TE), lesion shape and
orientation with respect to the main magnetic field [26,42], and contrast in phase maps can
also be affected by the spatial filtering method applied [43]. Therefore, lesion contrast in
phase maps needs to be interpreted with caution, and can lead to misclassification of
paramagnetic and diamagnetic areas.

At the experimental time point examined in this study, co-localization of iron and calcium
deposits was observed in several thalamic lesions, although calcium deposition extended to
areas with no iron accumulation. This is in agreement with previous reports describing that
the accumulation of iron tends to precede the deposition of calcium and other minerals in
cerebral lesions [24]. In areas where iron and calcium co-localized, the susceptibility maps
exhibited hyperintensity, which can be attributed to the dominant paramagnetic susceptibility
shift induced by iron. Further longitudinal studies are necessary to evaluate changes in
magnetic susceptibility and the spatial distribution of paramagnetic and diamagnetic lesion
areas with progressive calcification and maturity of the lesions after injury.

In our study, bilateral and symmetric lesions were detected in R2* and susceptibility maps in
reproducible thalamic areas in the pilocarpine-treated group. Limited data are available in
the literature on the role of thalamic nuclei in epileptogenesis following SE. A few previous
studies in epilepsy patients have also reported hyperintense T2-weighted lesions in the
thalamus, mostly in the pulvinar region [44]. To our knowledge, this is the first study to
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show that thalamic lesions in the rat brain following pilocarpine-induced SE are nuclei-
specific, and correspond closely to anatomical boundaries of particular thalamic nuclei
across animals. While the pathological mechanisms underlying the nuclei-specificity of
lesions observed in our study are not clear, this could indicate the selective involvement of
these thalamic nuclei in epileptogenesis after pilocarpine-induced SE.

We did not observe significant variations in Ay in different gray and white matter
anatomical structures between the pilocarpine-treated and control rats, although mean
susceptibility values were slightly lower in the pilocarpine-treated group in major white
matter tracts examined. While our results indicate that there are no significant pathology-
induced changes in magnetic susceptibility in these structures in the pilocarpine model of
SE, the relatively small sample size in our study and inter-subject variance could also affect
the sensitivity of statistical group comparison to detect susceptibility differences due to
potential white matter pathology.

It is also necessary to note the limitations of this study. While our study showed a significant
correlation between Ay measurements in the lesions and the optical densities of iron- and
calcium-specific stains, sources contributing to susceptibility variation in pathological
lesions are manifold, and include myelin, demyelination, and presence of trace elements
such as copper, zinc etc., which also exert paramagnetic/diamagnetic effects. Susceptibility
contrast in the thalamus can be affected by myelin content [45]. However, due to the TE-
dependent and anisotropic effect of myelinated fibers and white matter microstructure on
measured susceptibility [46,47], histological correlation with myelin staining is not
straightforward. Further, focal mineralization in the lesions can be accompanied by varying
degrees of demyelination, thus the contribution of myelin to QSM contrast in thalamic grey
matter nuclei is expected to be weak in comparison to the effects of pathological iron and
calcium accumulations. It is also necessary to note that the regression analysis in our study
was performed on measured ODs of histological Perls’ and Alizarin red S stainings.
Standards to assess absolute iron and calcium concentrations are not readily available for the
analysis of Perls’- and Alizarin red S-stained material, therefore only relative quantities of
iron and calcium deposition across lesions can be measured. Future studies using mass
spectrometry may enable more robust quantification of iron and calcium concentrations in
the lesions and their comparison with QSM contrast.

In the present study, the iTKD method was applied for QSM reconstruction without use of
regularization or a priori constraints, to best preserve the contrast around small thalamic
lesions as well as anatomical structures in the rat brain while achieving minimization of
streaking artifacts [28]. Current QSM techniques, however, still have some known
limitations, and reconstructed susceptibility maps can have effects from residual background
field contributions and confounding artifacts particularly in voxels adjacent to blood vessels
and areas adjoining tissue-air interface. Further technical advances with more sophisticated
QSM reconstruction methods may enable improved accuracy of lesion detection and
delineation in the epileptogenic brain.

In conclusion, the results of this study demonstrate that QSM can enable detection and
differentiation of pathological thalamic nuclei-specific deposits of iron and calcium with
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high sensitivity and improved spatial accuracy compared to R2* or GRE phase imaging.
QSM may thus become an important technique to investigate localized changes in tissue
composition and progressive calcification in thalamic lesions following SE in experimental
models and in the clinic.
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Appendix 1

The iTKD method is a modified iterative version of the fast QSM method as described in Li
et al. [28]. The fast QSM method consists of three steps to estimate the tissue susceptibility
sources from the relative magnetic field shift 6B or normalized phase ¥ as in [28], with good
performance in terms of streaking artifacts suppression. The three steps can be described in
Egs. (A1-A3),

Xlk:C;I - sign (D2) - 6 By, (A1)
Xok=X1k * Wys+LPF (x11) - (1 = W) (A2)

Xs=FTHFT (M- x2) - Wy +LPF[FT (M - x2)] - (1= W)} - M (A3)

where the subscript  indicates a variable in k-space, i.e. § B,=FT (5 B) with F'T indicating
the Fourier transform; p, is the well known susceptibility to field kernel, i.e.

A~ 2
1 (H . k:)

D2=§ R with g7 being the main field direction and k the spatial frequency

vector; sign is the signum function, and ¢, =p (2/3, 0) is a scaling factor for correcting the
systematic underestimation due to kernel modification similar to Egs. (6-8) in [31], with
p(2/3,7)=FT " (Dy - sign (D)). In the present study, the low-pass filter (LPF) in Eq.
(A2-A3) was a spherical mean value filter with radius of 3 voxels and the weighting

0, Wo<0
WFS = Wo, 0<Wy<1
function 17, in Fourier space was defined as 1, Wo>1 where

Wo=(|D2| — a) / (b — a), With @, b being the 1st and 30th percentile values of | D, |,
respectively. M in (A3) is a binary brain mask. In order to minimize the residual non-local
effect in the susceptibility maps obtained by the fast QSM method as reported in [28],
modification was made in the iTKD method by iteratively fitting the residual local field shift
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0B,=M - (53 — FT (FT (Xirn. ) - Dz)) using the same fast QSM method to obtain the
residual susceptibility source 2X and then superimposing such sources to the susceptibility

maps i.e. Ax=fastQSM (6B,) ; X,rxp_ i1 =Xirxp. ; -AX. This iteration was set to stop if

i

16B.1|/1|6 B or [[AXI/ 11X ;7xp. +.. |I1S less then the set tolerance (0.02 used in this study).
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Figure 1.
Bilaterally-symmetric lesions in the thalamus of pilocarpine-treated rats delineated with

GRE imaging. Coronal GRE magnitude (TE=15 ms), R2*, and quantitative susceptibility
maps from a control rat (top row) and two representative pilocarpine-treated rats (middle,
bottom rows) are shown. Bilateral thalamic lesions can be identified as hyperintense areas in
the R2* maps. Magnified views of quantitative susceptibility maps in the right panel
(corresponding to regions indicated by the white boxes) demonstrate distinct diamagnetic
(blue arrows) and paramagnetic (orange arrows) areas delineated within the thalamic lesions.
Scale bar: 1.5 mm.
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Figure 2.
Comparison of GRE frequency and quantitative susceptibility contrasts in thalamic lesions.

A coronal slice from a representative pilocarpine-treated rat brain at the level of thalamic
lesions shows the raw GRE phase, unwrapped phase, V-SHARP filtered frequency, and
quantitative susceptibility maps. Arrows indicate localized differences in hypointense and
hyperintense appearance of lesion areas seen in the frequency and susceptibility maps.
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Figure 3.
Comparison of R2* and quantitative susceptibility maps through the thalamus of control (A,

B) and pilocarpine-treated (E, F) rats with coronal Perls’ (iron) and Alizarin red S (calcium)
stained sections from the same brains. Localized deposits of iron and calcium are seen in the
pilocarpine-treated rat brain (G, H), which correspond closely to the paramagnetic and
diamagnetic regions delineated in the susceptibility map (F). High-magnification views in
panels G’-H’ and G”-H” (corresponding to areas within the black boxes in G, H) reveal
microscopic granular iron and calcium deposits in select thalamic areas, with a few formed
calcified crystals (black arrowheads). Scale bar for A-H: 1 mm, scale bar for G’-H”: 200 pm.
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Figure 4.
Delineation of bilateral lesions in the anterior thalamus of pilocarpine-injected rats. Coronal

GRE magnitude (A, D), R2* (B, E), and quantitative susceptibility (C, F) maps from two
representative pilocarpine-treated rat brains at the level of the anterior thalamus are shown in
the top and bottom rows, respectively. Thalamic lesions can be identified as bilateral
hypointense and hyperintense areas in the magnitude and R2* images, respectively.
Quantitative susceptibility maps (C, F) show heterogeneous contrast within the thalamic
lesions, with relatively diamagnetic (blue arrows) and paramagnetic (orange arrows)
appearance of distinct lesion areas.
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Perls’ Alizarin Red S

Figure5.
Comparison of susceptibility and R2* maps with histological Perls’- and Alizarin red S-

stained sections from the anterior thalamus of a pilocarpine-treated rat. A-B) Coronal slice
from quantitative susceptibility (A) and R2* (B) maps. C-D) Perls’s and Alizarin red S
stained sections from the same brain show regional deposition of iron and calcium in
corresponding thalamic areas. E-H) High-magnification views of histological sections
(corresponding to regions indicated by the black boxes in panels C and D) demonstrate
diffuse granular deposits of iron and calcium observed in the tissue. Scale bar for C-D: 1
mm, scale bar for E-H: 200 um.
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Figure 6.
Nuclei-specificity of thalamic lesions in the rat brain with pilocarpine-induced SE. QSM (A,

D) and R2* (B, E) maps at two different coronal levels are compared with corresponding
sections from the rat brain atlas (C, F) by Paxinos and Watson (2004). Major thalamic nuclei
corresponding to the lesioned areas include: the lateral posterior nucleus (blue), dorsal
lateral geniculate nucleus (green), posterior thalamic nuclear group (red), and the oval
paracentral nucleus (purple).
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Figure?.

Plot showing results of multiple regression analysis between susceptibility values (Ax,
referenced to cortical gray matter) and optical densities of iron and calcium in the thalamic
lesions as measured from Perls’- and Alizarin red S-stained sections, respectively.
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Susceptibility values in major gray and white matter structures measured in the control and pilocarpine-treated

brains
Brain region Control Pilocarpine  p-value
Sensory cortex -0.42+0.19 -0.66=0.45 0.29
Striatum -0.96+0.18 -0.97+0.19 0.79
Optic tract -6.18+0.82 -597+1.28 0.76
Corpus callosum -5.08+0.31 -4.50+0.69 0.12
Anterior commissure  -5.99+0.28 -5.14+1.08 0.11

Values are mean + s.d. (10'2 ppm) referenced to anterior cortical GM, for n=>5 rats in each group

J Magn Reson Imaging. Author manuscript; available in PMC 2019 February 01.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Animals and pilocarpine-induced SE
	Data acquisition
	Data reconstruction and analysis
	Histological processing
	Optical density measurements
	Quantitative analysis

	RESULTS
	Detection of thalamic lesions with heterogeneous susceptibility contrast
	Quantitative analysis

	DISCUSSION
	Appendix 1
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1

