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Detection of cerebral microbleeds with quantitative
susceptibility mapping in the ArcAbeta mouse
model of cerebral amyloidosis
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Cerebral microbleeds (CMBs) are findings in patients with neurological disorders such as cerebral
amyloid angiopathy and Alzheimer’s disease, and are indicative of an underlying vascular
pathology. A diagnosis of CMBs requires an imaging method that is capable of detecting iron-
containing lesions with high sensitivity and spatial accuracy in the presence of potentially
confounding tissue abnormalities. In this study, we investigated the feasibility of quantitative
magnetic susceptibility mapping (QSM), a novel technique based on gradient-recalled echo (GRE)
phase data, for the detection of CMBs in the arcAf mouse, a mouse model of cerebral amyloidosis.
Quantitative susceptibility maps were generated from phase data acquired with a high-resolution
T;-weighted GRE sequence at 9.4T. We examined the influence of different regularization
parameters on susceptibility computation; a proper adjustment of the regularization parameter
minimizes streaking artifacts and preserves fine structures. In the present study, it is shown that
QSM provides increased detection sensitivity of CMBs and improved contrast when compared with
GRE magnitude imaging. Furthermore, QSM corrects for the blooming effect observed in magnitude
and phase images and depicts both the localization and spatial extent of CMBs with high accuracy.
Therefore, QSM may become an important tool for diagnosing CMBs in neurological diseases.
Journal of Cerebral Blood Flow & Metabolism (2011) 31, 2282-2292; doi:10.1038/jcbfm.2011.118; published online
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Introduction

Cerebral microbleeds (CMBs) are histopathologic and
radiologic findings observed in patients with cere-
brovascular and neurodegenerative diseases, and
also in the normal aging population (Jellinger et al,
2007; Pettersen et al, 2008; Greenberg et al, 2009).
CMBs have been implicated in the pathophysiology
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of cerebral amyloid angiopathy (CAA) and Alzhei-
mer’s disease (AD), where they have a prevalence
of 80% and 30%, respectively (Pettersen et al, 2008).
The frequency of CMBs is correlated with the degree
of cognitive decline, although the relation depends
on both the extent and the location of the CMBs
(Pettersen et al, 2008). The detection of CMBs in AD
patients may have therapeutic implications: CMBs
may be considered a counterindication for novel
therapies in view of the putative risk of developing
hemorrhage or encephalopathy (Cordonnier and van
der Flier, 2011). Therefore, knowledge of both the
load and spatial distribution of CMBs in patients
with CAA and AD is critical for diagnosis and
management of patients.

A diagnosis of CMBs requires an imaging
method that is capable of detecting iron-containing
lesions with high sensitivity and spatial accuracy in
the presence of potentially confounding tissue
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abnormalities. Today, magnetic resonance imaging
(MRI) using Tj-weighted gradient-recalled echo
(GRE) sequences is applied routinely because of
their high sensitivity to paramagnetic iron com-
pounds such as hemosiderin found in blood degra-
dation products (Andrews et al, 1987; Greenberg
et al, 2009). The GRE magnitude images are analyzed
for identification of CMBs, which typically occur as
round or ovoid areas displaying decreased signal
intensity (Greenberg et al, 2009). However, informa-
tion derived from magnitude images lacks the ability
to differentiate between iron and other sources that
induce changes in susceptibility, e.g., calcifications.
Furthermore, because of the blooming effect, the true
size of the CMB is overestimated which impedes
diagnostic assessment of the extent of CMBs and
discrimination of multiple CMBs in close vicinity to
each other.

The MRI signal is governed by the dynamics of the
transverse component of the magnetization vector,
which is defined by both its magnitude and phase.
The signal phase is proportional to the local
resonance frequency and therefore directly reflects
magnetic field variations induced by the local
magnetic susceptibility distribution. Hence, map-
ping phase values yields images with tissue contrast
complementary to the contrast observed in magni-
tude images (Rauscher et al, 2005; Duyn et al, 2007;
Deistung et al, 2008; Marques et al, 2009).

Magnitude and phase information may be
combined in the so-called susceptibility-weighted
imaging (SWI), which amplifies the contrast of
iron-loaded brain structures present in magnitude
images (Reichenbach et al, 1997). Both phase
imaging and SWI have been applied to probe changes
in iron content and blood products in patients with
neurological diseases (Essig et al, 1999; Reichenbach
et al, 2000; Schad, 2001; Barth et al, 2003).
Furthermore, SWI was applied to patients with mild
cognitive impairment and CAA for detecting CMBs
and was found to be more sensitive than GRE
magnitude imaging (Ayaz et al, 2010). One limitation
of GRE phase imaging and SWI is the nonlocal nature
of phase effects. The signal phase will also be
affected in areas that extend beyond the actual size
of the dia- or paramagnetic inclusion. Moreover,
phase values depend on the geometry of the lesion
and its relative orientation to the main magnetic field
(Schifer et al, 2009). With SWI, the blooming effect is
enhanced when compared with magnitude images,
which can lead to an overestimation of the CMB size
of up to 300% (Schrag et al, 2010).

These limitations may be overcome by converting
GRE phase images into susceptibility maps that
represent an intrinsic tissue property and are there-
fore (1) independent of data acquisition parameters
and (2) should reflect the actual spatial extent of
lesions. The feasibility of quantitative susceptibility
mapping (QSM) has been shown for tissue phantoms
and human brain (Shmueli et al, 2009; Schweser
et al, 2010; de Rochefort et al, 2010; Wharton and
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Bowtell, 2010). It has, e.g., recently been shown that
QSM enables discrimination between diamagnetic
and paramagnetic inclusions (Schweser et al, 2010).
Therefore, QSM may be more suitable to accurately
identify CMBs than magnitude and phase imaging
or SWI. Moreover, because magnetic susceptibility
of an iron-containing lesion is related to the
concentration of iron, QSM may also be applied
to noninvasively quantify iron concentration in
CMBs and other lesions (Schenk, 1996; Schweser
et al, 2011).

In the current study, we investigated the feasibility
of using QSM for detection of CMBs in the arcAp
mouse, a genetic mouse model of cerebral amyloi-
dosis (Knobloch et al, 2007). Data were acquired with
a high-resolution T3-weighted GRE sequence at 9.4 T.
The QSMs were computed using a regularization
procedure, minimizing the difference between the
measured phase values and those simulated on the
basis of an a priori unknown magnetic susceptibility
distribution (de Rochefort et al, 2010). We investi-
gated the influence of choosing different values of
the QSM regularization parameter on the suscept-
ibility computation. To explore the full diagnostic
value of QSM for CMB detection, we investigated
image quality and lesion conspicuity and compared
both with magnitude image, phase, and SWI recon-
struction. For validation, we compared QSM with
histologic analyses.

Materials and methods
Animals

All experimental procedures conformed to the national
guidelines of the Swiss Federal Act on Animal Protection
and were approved by an official committee (license 172-
2008, Cantonal Veterinary Office, Zurich, Switzerland).
The arcApf mice were generated, which express the human
APP 695 containing both the Swedish and the Arctic
mutation under the control of the prion protein promoter
as described previously (Knobloch et al, 2007). Three
transgenic (arcAf) mice and six wild-type (wt) littermates
(Division of Psychiatry Research, University of Zurich) at
18 months of age were used. Animals were kept at standard
housing conditions with a 12-hour dark/light cycle and
were provided with water and food ad Iibitum.

Magnetic Resonance Imaging

Animal experiments were carried out on a Bruker BioSpec
94/30 (Bruker BioSpin GmbH, Ettlingen, Germany) small
animal MR system operating at 400MHz. A cryogenic
quadrature radiofrequency surface coil probe (Bruker
BioSpin AG, Fillanden, Switzerland) was used for radio-
frequency signal transmission and reception. For the
MRI measurements, anesthesia was induced by using 3%
isoflurane (Abbott, Cham, Switzerland) in a 4:1 air/oxygen
mixture and maintained with 1.2% isoflurane. Mice were
endotracheally intubated and mechanically ventilated
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with 90 breaths/min, applying a respiration cycle of 25%
inhalation and 75% exhalation (MRI-1 Volume Ventilator,
CWI Inc., Ardmore, PA, USA). Body temperature was
monitored with a rectal temperature probe (MLT415,
ADInstruments, Spechbach, Germany). Temperature was
kept at 36.0+0.5°C using a warm-water circuit integrated
into the animal support (Bruker BioSpin AG). Anatomical
reference data were acquired in coronal and sagittal
directions. Fieldmap-based shimming was performed
using the automated MAPshim routine to improve the
homogeneity of the magnetic field. Subsequently, 3D
velocity compensated GRE data sets were collected with
a TE of 12ms and TR of 250ms, a radiofrequency
pulse angle of x=15°, and no averaging. A horizontal slab
of 15x12x2.2mm® was recorded using a matrix of
248 x 199 x 36, resulting in isotropic voxel dimensions
of 60 x 60 x 60 um®. The acquisition time was 29 minutes
and 51 seconds.

Data Processing

Complex images were obtained after 3D inverse Fourier
transform of complex GRE k-space data. Low spatial
frequency signal variations in GRE magnitude images
arising from inhomogeneous radiofrequency excitation by
the surface coil (bias field) were estimated using FSL
(FMRIB, Oxford, England) and compensated for by sub-
tracting the estimated bias field from the original intensity
values (Zhang et al, 2001). Subsequently, brain tissue of
mice was manually segmented using MRIcro (Rorden and
Brett, 2000). This brain tissue mask was applied to all MR
images to remove extracranial structures.

Phase aliasing was resolved by using a 3D phase
unwrapping algorithm (Abdul-Rahman et al, 2007). Back-
ground phase contributions were eliminated for brain
tissue using the projection onto dipole field technique
(de Rochefort et al, 2010; Liu et al, 2011). The brain tissue
mask was applied to discriminate field contributions from
susceptibility sources inside and outside of the brain. A
triangular weighting function was applied to the back-
ground-corrected phase to generate a phase mask. Suscept-
ibility-weighted images were then computed by fourfold
multiplication of the phase mask with the corresponding
magnitude image (Reichenbach and Haacke, 2001).

Quantitative susceptibility maps were computed based
on the relative difference field, which is the background-
corrected phase divided by TE, gyromagnetic ratio for
protons, and the magnetic field strength of the MRI system.
Afterwards, the measured relative difference field values
were reformatted into a vector 6 and the following
optimization problem was solved:

=112
minzﬁ(HAzﬂa-5H2+ﬁ\lwcyi|\§) (1)

The first term is the squared Euclidean distance between
the relative difference field and the simulated field
Aj + 05, where Ay replicates the relative difference field
due to the susceptibility distribution 7, and ¢ denotes a
local offset (Schweser et al, 2010). The weighting para-
meter o was set to unity. The second term is the
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regularization term, which incorporates edge information
from the magnitude images into the susceptibility calcula-
tion. Here, G is the discrete 3D gradient operator, W the
inverse of the Euclidean norm of the gradient of the GRE
magnitude image, and f is the regularization parameter
that controls the smoothness of the solution (de Rochefort
et al, 2010). The 3D median filtering with a kernel size of
300 x 300 x 300 yum® was applied to the inverse of the
Euclidian norm of the gradient of magnitude data before
the maximum value was calculated to normalize W in the
range of 0 and 1. Remaining values of Wabove 1 were set to
unity. For the animal data, § values were chosen on a
logarithmic scale within the range of 0.01 and 100.

Data Analysis

Mean and s.d. of several volumes of interest were
computed for f ranging from 0.01 to 100. Symmetrical
gray-level co-occurrence matrices of a representative slice
were computed in horizontal, diagonal, and vertical
in-plane direction using a distance of 60um (Haralick
et al, 1973). The gray-level co-occurrence matrix analysis
was performed by measuring signal variations between a
pixel and its neighbor over representative regions (Haralick
et al, 1973). With the assumption that susceptibility maps
obtained with f=0.01 reveal the correct mean suscept-
ibility, the influence of the regularization parameter f§ on
the relative accuracy was calculated as the ratio of the
mean susceptibility for a given value of § and the mean
susceptibility calculated for the reference value f=0.01.
This was done for 33 CMBs.

The number of CMBs was estimated on magnitude, phase,
SWI, and QSM reconstructed images by counting regions of
isolated circular shape in three horizontal slices for each
arcAff mouse using MRIcron (www.sph.sc.edu/comd/
rorden/mricron/). Additional slices above and below the
slice of interest were reviewed to ensure that a suspected
CMB was not a vessel cross-section. Regions of interest (ROI)
were manually drawn around the CMBs. The areas of the
CMBs were measured. Contrast-to-noise (CNR) ratios were
determined by calculating the differences in signal intensity
between ROIs of CMBs and adjacent tissue, divided by s.d. of
the noise. For estimating the noise, the ROI was placed over
a homogeneous region in the ventricle. The CNR values were
calculated for four regions separately and then averaged.

Volumes of interest were identified for different cerebral
regions (cortex, hippocampus, striatum, white matter, and
ventricle), excluding CMBs. The ROI analysis was per-
formed for CMBs. Volumes of interest and ROIs were
transferred to susceptibility maps to determine suscept-
ibility differences between cerebral regions and CMBs to
cerebrospinal fluid.

Immunohistochemistry

All animals were deeply anesthetized by intraperitoneal
injection of ketamine/xylazine (100/20 mg/kg body weight)
and perfused transcardially with phosphate-buffered
saline (PBS, pH 7.4), followed by 4% paraformaldehyde
containing 15% picric acid in PBS (Sigma-Aldrich,
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St Louis, MO, USA). Brains were postfixed for 24 hours at
4°C and cryoprotected for 24 hours in 30% sucrose. Serial
sections (40 um) were collected and stored at —20°C in
cryoprotectant solution. A 15 minute pepsin pretreatment
(0.15mg/ml in 0.2mol/L HCI at 37°C) was applied to the
free-floating sections for epitope unmasking and reduction
of nonspecific staining. Sections were then washed three
times in PBS and incubated overnight at 4°C in the primary
antibody solution containing mouse anti-human Af1-17
monoclonal antibodies (Covance, Princeton, NJ, USA,
clone 6E10, SIG-39320, 1:2,000) diluted in PBS containing
2% normal goat serum and 0.2% Triton X-100. After three
washes in PBS, sections were incubated for 30 minutes in
biotinylated secondary goat-anti-mouse antibodies (Jack-
son ImmunoResearch Laboratories, West Grove, PA, USA,
1:500) at room temperature, followed by three rinses in
PBS, incubation with Vectastain Kit (Vector Laboratories,
Burlingame, CA, USA), and the 3,3-diaminobenzidine
(DAB; Sigma-Aldrich) staining for 10 minutes. For Prussian
blue staining, sections were mounted on gelatinized glass
slides, air-dried, and then immersed for 20minutes in
aqueous hydrochloride acid (10%) and potassium ferrocya-
nide (5%, Sigma-Aldrich, 1:1 mix prepared immediately
before use). After three washes in distilled water, sections
were counterstained with Eosin (Sigma-Aldrich) for 3 min-
utes, dehydrated through ethanol, cleared in xylene, and
coverslipped with resinous mounting medium (Eukitt,
Sigma-Aldrich).

Histologic sections were analyzed with bright-field
microscopy. Digital images were acquired with a x 20
Apochromate objective (N.A. 0.75. Zeiss, Jena, Germany)
and a color digital camera (AxioCam, Zeiss) controlled by
AxioVision 4.1 software (Zeiss). For visual display, images
were cropped, and adjusted for brightness and contrast
using Adobe Photoshop (Adobe Systems, San Jose, CA,
USA). For quantitative analyses of the size of the CMBs, a
threshold was applied to Prussian blue-labeled sections
using Image]J software (Image]; NIH, Bethesda, MD, USA).
The resulting binary images were segmented to outline
the individual CMBs. The corresponding masks were
analyzed with regard to the total area covered by the
histologic dye.

Statistical Analysis

Data are presented as meants.d. Student’s t-test and
Mann—Whitney rank-sum tests were used for comparison
of diagnostic readouts (number of detected CMBs, esti-
mated extent of CMB) and values of differences in
magnetic susceptibility, where appropriate.

Results

One critical aspect in the computation of QSMs is the
proper adjustment of the regularization parameter § in
equation (1) (Wharton and Bowtell, 2010). We first
quantitatively assessed the influence of choosing different
values of f§ in the regularization procedure on the quality of
the computed susceptibility map. Plotting susceptibility
values of several anatomical regions as a function of f
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(Figure 1A) reveals that for large homogeneous brain
structures characterized by relatively low spatial frequen-
cies (white matter, gray matter, and ventricles) magnetic
susceptibility values remain approximately constant for
<0.5 and asymptotically converge to y=0 for f>0.5. In
contrast, for small structures represented by relatively high
spatial frequencies, such as CMBs, magnetic susceptibility
values y begin to deviate from the reference value =0.01
already for f>0.2. With increasing f, the standard
deviations (Figure 1B) and gray-level cooccurrence matrix
contrast (Figure 1C) rapidly decrease, showing increasing
suppression of streaking artifacts. Slightly increased gray-
level co-occurrence matrix contrast was obtained for
horizontal and vertical directions compared with diagonal
directions for f<0.1 because streaking artifacts are
oriented 54.74° and 125.26° compared with the magnetic
field (Shmueli et al, 2009). The direction of the magnetic
field of the analyzed data was oriented nearly completely
along the horizontal axis. The relative accuracy for 33
CMBs, expressed as the ratio between susceptibility values
obtained with f>0.01 and =0.01, is plotted as a function
of p (Figure 1D). For >0.2, the median values rapidly
decrease, indicating increasing deviation from the refer-
ence values. Restricting the median susceptibility value
to deviate no more than 10% from the reference value
(=0.01) leads to an upper limit of f<0.5, which
guarantees minimal streaking artifacts and small standard
deviations of the susceptibility. Consequently, f=0.5 was
chosen for the computation of susceptibility maps.

The effect of regularization is illustrated in the suscept-
ibility maps of an arcAf mouse computed with different
values of  (Figure 2). Choosing # =0.05 results in a suscept-
ibility map with clear delineation of anatomical structures
and suspected CMBs, which however exhibits pronounced
streaking artifacts (Figures 2A and 2D). In comparison, a
value of f=2.3 yields decreased contrast between adjacent
tissue structures in the susceptibility maps (Figures 2C
and 2F). As a compromise, using a value of f=0.5 yields
susceptibility maps with largely preserved fine structures
and significantly reduced artifacts (Figures 2B and 2E).

Horizontal cross-sections of susceptibility maps of the
brains of 18-month-old wt controls and arcAf mice show
anatomical details with high contrast in areas associated
with large susceptibility offsets (Figures 3A to 3C and 3D
to 3F, respectively). Focal areas displaying high magnetic
susceptibility values were abundant in the olfactory bulb,
cortical, and subcortical areas of arcAf mice (Figures 3D—
3F). Small focal structures were rarely observed in the age-
matched wt controls (Figures 3A to 3C).

Volume-of-interest-based analysis was performed to
assess magnetic susceptibility differences 4y between
brain tissue of transgenic and wt mice for different
anatomical regions (Table 1). No significant differences in
Ay (relative to cerebrospinal fluid) between arcAp and wt
mice were found for cortical, hippocampal, striatal regions,
and white matter (P=0.55, 0.17, 0.12, and 0.44, respec-
tively). The mean 4y of the CMBs was found to be
0.06 £0.02p.p.m. (n=7) relative to cerebrospinal fluid.
This corresponds to a susceptibility difference of
~407p.p.b. relative to gray matter, which causes the high
contrast between the CMB and the surrounding tissue.
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Figure 1 Influence of the regularization parameter  on the computed susceptibility based on a data set of an 18-month-old arcAf mouse
brain. The means and s.d. of susceptibilities of different cerebral regions (blue, gray matter; red, white matter; green, cerebrospinal fluid;
black, vein; cyan, cerebral microbleed 1; magenta, cerebral microbleed 2) are plotted as a function of the regularization parameter £ in
(A) and (B), respectively. The contrast feature of gray-level cooccurrence matrices (GLCM contrast) obtained for different in-plane directions
(v: green, v=0°; blue, v=45°; red, v=90° and black, v=135°) is plotted against the regularization parameter f in (C). The plot in
(D) reveals the influence of the regularization parameter 5 on relative accuracy (median and s.d. of 33 cerebral microbleeds (CMBs)).
The horizontal dashed blue line indicates 90% of relative accuracy, whereas the vertical dashed blue line refers to f=0.5.

c

F

Figure 2 Quantitative susceptibility maps of an 18-month-old arcAfi mouse brain data set computed with = 0.05, f=0.5, and
B =2.3 are presented in (A, D), (B, E), and (C, F), respectively. The bottom row (D-F) illustrates enlarged sections of the
susceptibility maps, highlighted by the black box in (B). The scale bar indicates 1 mm.
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Figure 3 Horizontal quantitative susceptibility maps of three 18-month-old wild-type (wt) mice (A-C) and three age-matched arcAfS
(D-F) at a depth ~3 mm below the brain surface. Focal areas of high susceptibility, i.e., suspected cerebral microbleeds, are highly
abundant in the arcAp mice (arrows). The scale bar indicates 1 mm.

Table 1 Susceptibility differences in p.p.m. (mean £ s.d.) between
tissue in different brain regions and cerebrospinal fluid (CSF)

Brain region arcAp wild type (wt) P value
Cortex —31.6%+7.8 —33.9%+7.3 0.55
Hippocampus —32.417.2 —38.6%9.3 0.17
Striatum —19.5+6.0 —25.217.4 0.12
White matter —55.8+£9.9 —-59.0£7.3 0.44

The values are given in parts per billion.

Provided that the mean susceptibility value of CMBs is
because of iron in the form of hemosiderin, a breakdown
product of the iron storage protein ferritin, the molar iron
concentration in the CMBs was estimated to be
46.15+15.38mg/L. (0.83 £0.28 mmol/L) (Schenk, 1992).
In case iron is present predominantly in the oxidation
state Fe®*, the estimated iron concentration would result in
18.93 £6.31mg/L (0.34 £ 0.11 mmol/L) (Kahn, 1993).

To explore the diagnostic value of QSM for CMB
detection, we compared the susceptibility maps with
corresponding GRE magnitude, phase, and SWI post-
processed images (Figure 4). Circular regions of decreased
signal intensity were readily detectable in the olfactory
bulb, cortical, and subcortical areas on GRE magnitude
images of arcAf mice (Figure 4A). Additional lesions that
were not seen on magnitude images were observed on
phase, SWI, and QSM reconstructed images (Figures 4B to

4D, arrows). The number of CMBs identified in phase, SWI,
and QSM post-processed images was higher than that
identified in GRE magnitude images with 15%3, 1513,
14 + 3 versus 12 * 3 lesions detected, respectively (Table 2).
The CNR of the CMBs was higher on phase, SWI
reconstructed images, and susceptibility maps compared
with magnitude images with values of 9.0+ 2.5, 12.6 + 2.8,
10.6 £ 1.1 versus 6.6 £ 2.3, respectively. The highest CNR
values were found for SWI reconstructed images.
Furthermore, the effect of GRE magnitude, phase, SWI,
and QSM post-processed images on lesion conspicuity was
investigated (Figure 5). The mean areas of CMBs of phase
and SWI post-processed images were 75+50 and
131+ 144 ym? significantly higher than the mean area of
6713 um* observed in magnitude images (n=17;
P=0.008 and P<0.001, respectively). The extent of CMBs
on susceptibility maps is smallest with a mean area of
36+ 6 um* (P<0.001 compared with SWI reconstructed
images), and showed smaller variances of spatial extent.
Magnetic susceptibility maps of 18-month-old wt con-
trols and arcAff mice were compared with corresponding
histological sections (Figures 6A to 6F). Prussian blue
staining identified high focal iron concentrations in arcAf
mice but not in wt controls (Figures 6B to 6E). Those
Prussian blue-positive areas appeared morpohologically as
distended blood vessels, confirming that focal areas
characterized by increased magnetic susceptibility values
are in fact CMBs. The extent of the CMB as seen on the
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Figure 4 Comparison of gradient-recalled echo (GRE) magni-
tude, phase, susceptibility-weighted imaging (SWI), and quanti-
tative susceptibility mapping (QSM) of the brain of an 18-month-
old arcAp mouse. Depicted are representative horizontal GRE
magnitude (A), phase (B), SW images (C), and QSM images (D).
The arrow points to a cerebral microbleed (CMB) that is
discernible in the phase image, SWI, and QSM but not in the
GRE magnitude image. The CMBs are more confined in QSM
than in magnitude, phase, and SW images that show strong
blooming effects. The scale bar indicates 1 mm.

Table 2 Number of CMBs identified in arcAf mice using
different post-processing techniques

Magnitude Phase SWI QSM
Mouse 1 12 15 15 15
Mouse 2 15 17 17 16
Mouse 3 9 11 12 11
Mean * s.d. 12+3 153 153 143

CMB, cerebral microbleed; QSM, quantitative susceptibility mapping; SWI,
susceptibility-weighted imaging.

Journal of Cerebral Blood Flow & Metabolism (2011) 31, 2282-2292

Prussian blue stain corresponded well with the extent of
the CMB on the susceptibility map (Figures 6D and 6E).
Out of these 12 CMBs, 4 could be correlated with the
respective magnitude, phase, SWI, and QSM post-pro-
cessed images for comparison of CMB extent. The mean
areas of these four CMBs were 109 + 15, 102 + 21, 150 + 23,
and 83 +13 um® when compared with 5136 um?® in the
Prussian blue-stained sections.

Anti-Af immunohistochemistry revealed a large abun-
dance of Af-positive plaques in arcAf mice, but not in wt
controls (Figures 6C and 6F). However, focal areas of high
susceptibility on QSM did not correspond to the pattern of
the Ap-positve plaques. Similarly, Prussian blue staining
did not display positive stainings in areas of Ap-positive
plaques.

Discussion

In the present study, we applied QSM to detect CMBs
in the arcAf mouse model of cerebral amyloidosis,
which mimics pathophysiological aspects of AD
and CAA. The presence of CMBs was confirmed
with histopathology. Furthermore, we showed the
improved diagnostic value of QSM when compared
with conventional GRE magnitude imaging, phase,
and SWI reconstruction regarding detection sensi-
tivity and morphometric characterization of the
lesion.

We have shown that QSM with an isotropic spatial
resolution of 60 um® can be reconstructed from GRE
data of a mouse brain recorded at 9.4 T. One critical
aspect of QSM is to properly condition the ill-posed
inverse problem using a priori information of the
susceptibility distribution. In this study, edge
information from magnitude images was incorpo-
rated into the QSM algorithm to constrain the
iterative solution of the inverse problem (de Roche-
fort et al, 2010). The regularization parameter f
that controls this incorporation has been carefully
adjusted. Numerical simulations (de Rochefort et al,
2010) and phantom experiments (Wharton and
Bowtell, 2010) revealed an optimal value for f of
100 and 1, respectively. For mouse brain data, we
found a value of f=0.5 to be an optimal tradeoff
between minimization of streaking artifacts and
preserving image fine structure and contrast, suffi-
cient to unambiguously identify both anatomical
structures and focal pathologies. The differences to
the amount of magnitude constraining reported in
previous studies may be attributed to the different
complexity of investigated objects, different amount
of T, weighting in magnitude data, different normal-
ization procedure of W in equation (1), as well as to
variations in additional regularization parameters
(e.g., constant phase offsets) in the QSM algorithm.

Quantitative susceptibility mapping was used to
assess magnetic susceptibility in the arcAf mouse.
We did not observe significant variations in 4y in
different anatomical regions between arcAf mice
and wt controls (see Table 1). Studies using
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Figure 5 Comparison of the extent of cerebral microbleeds (CMBs) in different types of contrast. Shown are histograms for the area of
CMBs measured on GRE magnitude, phase, susceptibility-weighted images (SWI), and quantitative susceptibility maps (QSM)

(bin size 10 x 10~3 mm?).

Figure 6 Comparison of quantitative susceptibility maps (QSMs) of an 18-month old wild-type (A-C) and an age-matched arcAp
mouse (D-F) with tissue histology. Depicted are magnified QSMs (A, D) of the cortex and the corresponding tissue sections after
Prussian blue/Eosin staining (B, E) and anti-A8 immunohistochemistry (C, F). A high focal iron concentration is detected in the arcAp
mouse that corresponds to the area of high susceptibility in the QSM, indicating the occurrence of cerebral microbleeds. The scale

bars indicate 500 um.

post-mortem analysis have reported elevated iron
concentrations in the hippocampus, cortical lobes,
and basal regions in patients with AD compared with
age-matched controls (Connor et al, 1992). Increased
iron accumulation was also found in the brains of
PSAPP mice (Leskovjan et al, 2011).

Although no regional differences in susceptibility
were detected, focal areas of high susceptibility
values were abundant in arcAf mice. In contrast,
few focal areas of high susceptibility values were
rarely observed in horizontal sections of wt controls.
Because of their confined shape and location, these
structures are most likely cross-sectioned large blood
vessels. The extent and morphology of the lesions in

the arcAf mice were indicative of CMBs that contain
iron in the form of hemosiderin (Andrews et al,
1987). However, amyloid plaques in patients and
transgenic mouse models of AD have been reported
to contain iron in the form of hemosiderin and
ferritin, which may give rise to altered susceptibility
values (Grundke-Igbal et al, 1990; Leskovjan et al,
2009). In brain sections of 18-month-old arcAf mice,
plaques did not stain positive with Prussian blue.
However, Prussian blue staining revealed structures
that appeared morphologically as CMBs, confirming
that focal lesions characterized by high susceptibility
values in QSM were in fact CMBs. Our results
indicate that parenchymal plaque composition in
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the arcAf mouse differs from other transgenic mouse
strains displaying cerebral amyloidosis. Thus, this
mouse model might be relevant for studying the
pathology of CMBs and for investigating the effect of
putative therapeutics on their potential to cause
CMBs in AD and CAA.

Cerebral microbleeds are frequently observed in
patients with CAA and AD, but are also prevalent in
38% of people aged over 80 years not displaying any
signs of dementia (Pettersen et al, 2008). We found
CMBs in 18-month-old arcAf mice but not in age-
matched controls, which seem to be caused by the
Ap pathology or the genetic trait rather than aging.
Longitudinal studies are required for assessing the
first occurrence of CMBs in patients and experi-
mental models of AD and CAA and to observe
changes in the load and spatial distribution of CMBs
over the course of the disease.

In this study we evaluated the diagnostic utility of
QSM for detecting CMBs. The CMBs are recognized
on T2*-weighted GRE magnitude images (Greenberg
et al, 2009; Cordonnier and van der Flier, 2011). In
25% of patients with CAA, no CMBs could be
detected using magnitude images (Greenberg et al,
2009). Application of SWI led to the detection of
33% more CMBs than found in GRE magnitude
images (Nandigam et al, 2009). We detected three
additional CMBs in phase and SWI reconstructed
images of arcAf mice when compared with magni-
tude images. Only two more CMBs were identified
on susceptibility maps, which may be attributed to
the slight smoothing of the maps by applying
regularization. The SWI reconstructed images and
susceptibility maps had a 1.9 and 1.6 times higher
CNR than structures in the corresponding magnitude
image. Therefore, phase, SWI, and QSM postproces-
sing of GRE data all increase the detection sensitivity
and improve the visualization of CMBs compared
with GRE magnitude images.

In addition to the image quality, QSM postproces-
sing might also affect lesion conspicuity. Magnitude,
phase, and SWI consistently overestimate the size of
CMBs because of the blooming effect caused by
nonlocal field perturbations induced by the CMB. In
our study, the average size of the CMBs on SWI
reconstructed images was approximately twice the
value observed in magnitude images. QSM over-
comes this nonlocality. Mean areas of CMBs in QSM
images were found to be 53%, 48%), and 27% of the
respective values in magnitude, phase, and SWI post-
processed images. In addition, the CMBs on suscept-
ibility maps show significantly smaller variations in
spatial extent. The extent of CMBs on the magnitude,
phase, SWI, and QSM reconstructed images were
1.9+0.4, 2.0+0.6, 2.9+0.6, and 1.6+ 0.4 times the
value derived from the histological analysis. How-
ever, validation of MRI data by direct comparison
with histological stained brain slices suffers from
methodological constraints. Fixation of brain tissue
causes shrinkage of total brain volume that makes
accurate identification of small CMBs difficult and
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leads to an underestimation of the actual size of the
CMB. Assuming typical values for fixation-induced
shrinkage between 10% and 35%, we would estimate
the mean CMB volume to be in the range of 56 to
69 um? (Boonstra et al, 1983; Quester and Schroeder,
1997), which corresponds well to the values of
36+ 6 um from QSM. Taken together, QSM appears
superior in demarcation of CMBs than magnitude,
phase, and SWI, and compares more favorably with
the extent estimated with histologic analysis.

Because CMBs present a source of pathological
iron in the brain, quantitative assessment of iron
content within CMBs with QSM might be diagnos-
tically relevant. Iron in CMBs can be present as
hemoglobin, hemosiderin, ferritin, and potentially
free iron ions, all characterized by different molar
magnetic susceptibilities (Schenk, 1992; Schweser
et al, 2011). We estimated different concentrations of
iron in CMBs, depending on whether we assumed
iron in CMBs to be present dominantly as ferritin or
as ferric Fe?*. However, the actual composition of
the constituents of the CMBs depends on the age of
the CMB and is a priori not known. Furthermore,
other contributions such as variations in water
content and/or presence of paramagnetic ions other
than iron or of diamagnetic ions will in turn
influence the relative magnetic susceptibility
(Schweser et al, 2011). Although QSM can be used
to accurately quantify iron concentration in cases
where the form of iron is known, an accurate
quantification of iron concentration in CMBs based
on estimation of susceptibility may not be achievable
without additional knowledge or assumptions of the
constituents.

Cerebral microbleeds have been associated with
several neurological and neurodegenerative disor-
ders and are indicative of an underlying vascular
pathology. Techniques that incorporate phase infor-
mation from GRE data sets have shown improved
contrast and increased diagnostic sensitivity for
CMBs. Although it may still remain difficult to
extract iron concentration noninvasively, QSM
corrects at least for nonlocal effects observed in
GRE magnitude, phase, and SW images and is
independent of the actual experimental setup, i.e.,
the magnetic field strength, acquisition parameters,
and orientation of the tissue to the main magnetic
field. We envision that QSM may become an
important diagnostic tool for studying CMBs in
experimental models and in the clinic.
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