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Quantitative susceptibility mapping (QSM) measures bulk susceptibilities in the brain, which can arise from
many sources. In iron-rich subcortical gray matter (GM), non-heme iron is a dominant susceptibility source.
We evaluated the use of QSM for iron mapping in subcortical GM by direct comparison to tissue iron staining.
We performed in situ or in vivo QSM at 4.7 T combined with Perls' ferric iron staining on the corresponding ex-
tracted subcortical GM regions. This histochemical process enabled examination of ferric iron in complete slices
that could be related to susceptibility measurements. Correlation analyses were performed on an individual-by-
individual basis and high linear correlations between susceptibility and Perls' iron stain were found for the three
multiple sclerosis (MS) subjects studied (R> = 0.75, 0.62, 0.86). In addition, high linear correlations between sus-
ceptibility and transverse relaxation rate (R2*) were found (R?> = 0.88, 0.88, 0.87) which matched in vivo healthy
subjects (R? = 0.87). This work validates the accuracy of QSM for brain iron mapping and also confirms ferric iron
as the dominant susceptibility source in subcortical GM, by demonstrating high linear correlation of QSM to Perls'

ferric iron staining.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Iron accumulation in subcortical gray matter (GM) may serve as an
important biomarker of normal aging (Aquino et al., 2009; Cherubini
et al., 2009; Hallgren and Sourander, 1958; Schenck and Zimmerman,
2004), and of neurological diseases including Alzheimer's disease,
Parkinson's disease, Huntington's disease and multiple sclerosis (MS)
(Berg and Youdim, 2006; Chen et al., 1993; Dexter et al., 1991; Khalil
etal, 2011; LeVine, 1997; Williams et al., 2012). The mechanisms be-
hind iron accumulation are not yet fully understood, although iron
may accumulate through inflammatory and destructive processes
(Stephenson et al., 2014), and may relate to the presence and extent
of neurodegeneration. Measuring the state of brain iron metabolism
may provide important information on aging and neurological diseases.

Abbreviations: QSM, quantitative susceptibility mapping; EDSS, Expanded Disability
Status Scale; PRELUDE, Phase Region Expanding Labeller for Unwrapping Discrete
Estimates; SHARP, Sophisticated Harmonic Artifact Reduction for Phase data; RESHARP,
Regularization Enabled SHARP; TV, total variation; GP, globus pallidus; PU, putamen; CN,
caudate nucleus; RN, red nucleus; SN, substantia nigra; TH, thalamus.

* Corresponding author at: Department of Biomedical Engineering, University of
Alberta, 1098 Research Transition Facility, Edmonton, Alberta, T6G 2V2, Canada.
E-mail address: wilman@ualberta.ca (A.H. Wilman).
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MRI provides a variety of contrast mechanisms that are sensitive to
brain iron (Haacke et al., 2005) including transverse relaxation rates R2
and R2%, and susceptibility methods such as phase and susceptibility-
weighted imaging. Previous studies in healthy subjects have shown
that R2 and R2* increase in iron-rich brain regions and correlate strong-
ly with iron concentration (Drayer et al., 1986; Gelman et al., 1999;
Langkammer et al., 2010; Li et al., 2009; Peran et al., 2007; Thomas
et al., 1993). While sensitive to iron, R2 and R2* may be affected by
other sources such as macromolecular and water content changes
(Mitsumori et al., 2012), which makes them not specific to brain iron.
The introduction of phase imaging minimizes the influence of changes
in macromolecular and water content, and is able to distinguish be-
tween negative and positive susceptibility sources (Duyn et al., 2007;
Haacke et al., 2004; Rauscher et al., 2005). In addition, phase imaging
has demonstrated good correlation to brain iron in subcortical GM
(Haacke et al., 2007; Ogg et al., 1999; Yao et al., 2009). However, the
non-local field properties of phase imaging cause it to be dependent
on the shape and orientation of the object to the main magnetic field
(Li and Leigh, 2004; Marques et al., 2009), which complicates
interpretation.

The developing field of quantitative susceptibility mapping (QSM)
inherits the iron sensitivity from phase imaging while eliminating the
problem of non-locality. Derived from a deconvolution process from
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phase images, QSM unveils the local tissue susceptibility directly (de
Rochefort et al., 2010; Kressler et al., 2010; Li et al,, 2011; Liu et al,,
2009, 2011; Reichenbach, 2012; Schweser et al., 2011; Shmueli et al.,
2009; Wharton and Bowtell, 2010). A number of in vivo susceptibility
maps have shown good correlations with subcortical GM iron concen-
trations (Bilgic et al., 2012; Schweser et al., 2011; Wu et al., 2012)
as estimated from the hallmark study on brain iron by Hallgren and
Sourander (1958). Nevertheless, validation of QSM for brain iron map-
ping requires postmortem studies that make a direct comparison be-
tween MRI and histochemistry. Only two human postmortem studies
have been performed to date that compare QSM to histochemically
measured iron content in subcortical GM. These studies used mass spec-
trometry (Langkammer et al.,, 2012) or X-ray emission and fluorescence
(Zheng et al., 2013). The Langkammer et al. (2012) study provided ab-
solute iron values but in small samples that do not provide a full spatial
map of the tissue to relate to the susceptibility map, while the work by
Zheng et al. (2013) used previously frozen formalin fixed tissue for MRI
rather than in situ imaging. Furthermore, both studies examined total
iron (ferrous and ferric). Thus to further validate QSM for subcortical
GM iron mapping and to verify ferric iron as the main susceptibility
source, there remains a need to compare in situ and in vivo susceptibil-
ity maps directly to spatial maps of ferric iron. In this study, we make
use of Perls' iron staining (Meguro et al., 2007) to obtain full slice spatial
maps of relative ferric iron content and compare to in situ and in vivo
QSM in subcortical GM.

Material and methods
Subjects

In situ or in vivo QSM followed by Perls' iron staining was per-
formed on three subjects who have been previously studied for
phase, R2, and R2* mapping (Walsh et al., 2013). Subject 1 was a
63 year old male imaged in situ 28 h after death. Subject 2 was a
60 year old male imaged in situ 7 h after death. Subject 3 was a
45 year old male imaged in vivo one year before death. Subjects 1
and 2 had secondary progressive MS with Expanded Disability Status
Scale (EDSS) scores of 8.5 before death, and disease durations of ap-
proximately 40 years. Subject 3 had relapsing remitting MS for 7
years with EDSS of 3.5 at time of imaging. Postmortem brains were
fixed in formalin for 2 weeks, 6 months, and 6 weeks respectively be-
fore extraction for Perls' iron staining. The brain temperatures of
postmortem Subject 1 and 2 were ~29 °C and 14 °C during MRI as esti-
mated according to Al-Alousi et al. (2001). In addition, QSM and R2*
were performed on three healthy male volunteers (age 48 + 6 yrs).
For all subjects, institutional ethical approval and informed consent
from the subjects and/or their families were obtained.

MRI acquisition

Three-dimensional multiple gradient-echo acquisitions were col-
lected at 4.7 T (Varian, Palo Alto, CA) either in situ or in vivo. Acquisition
parameters were: field-of-view 256 x 128-160 x 160 mm; spatial res-
olution 1 x 0.8-1 x 2 mm; 80 axial slices; TR 44 ms; 10 echoes with echo
spacing 4.1 ms; first echo time 2.9-3.2 ms; flip angle 10°; readout band-
width 352 Hz/voxel; total acquisition time 8.9 min. A birdcage head coil
was used for radiofrequency transmission and a tight-fitting 4-channel
array coil for signal reception. The raw k-space datasets were saved and
moved offline for image reconstruction.

Image reconstruction

Susceptibility maps were reconstructed from the raw phase images,
following three main steps: phase pre-processing, background field ar-
tifact removal, and susceptibility inversion, as demonstrated in Fig. 1. In
the phase pre-processing step, raw phase measures from the 4

RESHARP field

Phase from coils Fitted total field

Unwrapped phase

Fig. 1. The workflow for generating susceptibility maps from raw phase measurements.
Phase-arrayed coils were combined after removing phase-offsets, and unwrapped using
PRELUDE, then fitted to echo times. Background field was then removed using RESHARP,
followed by susceptibility inversion using total variation regularization.

independent receiver channels were combined after removing the re-
ceiver phase offsets estimated from the first two echoes as previously
described (Robinson et al., 2011). The brain was extracted using the
brain extraction tool (Smith, 2002) of FMRIB software library (FSL) on
each echo. Aliased phase images were unwrapped in 3D with Phase Re-
gion Expanding Labeller for Unwrapping Discrete Estimates (PRELUDE)
(Jenkinson, 2003) of FSL. A single field map was generated by linearly
fitting the unwrapped phase maps to echo times, weighted by the
masked magnitudes of each echo to increase the reliability of the fitting.
Background field, mainly due to air-tissue susceptibility interfaces,
was removed using RESHARP (“Regularization Enabled Sophisticated
Harmonic Artifact Reduction for Phase data”) (Sun and Wilman,
2013), which applies Tikhonov regularization on SHARP (“Sophisticated
Harmonic Artifact Reduction for Phase data”) (Schweser et al,, 2011) to
suppress non-harmonic artifacts from sources other than air-tissue
susceptibility interfaces. The Tikhonov regularization parameter was
set to 1 x 10~ 2 determined by the L-curve method. Finally, single-
angle dipole inversion from local field to susceptibility was performed
using the total variation (TV) regularization approach, which is the L1
norm of the gradients, and is similar to Bilgic et al. (2012), Liu et al.
(2011), and Wu et al. (2012), with regularization parameter on the TV
term selected as 5 x 10~ % by the L-curve method, after normalization
to the main magnetic field in the unit of parts-per-million (ppm). In
addition to susceptibility maps, R2* maps were also reconstructed as
previously described (Lebel et al., 2012), using mono-exponential fit
of all echoes, after a linear field gradient correction to compensate the
air-tissue susceptibility dephasing effect.

Perls' iron staining and photographic processing

The brains of the subjects were removed at postmortem in accord
with standard autopsy protocol, fixed in 18% formalin, and sectioned
in 8 mm slices. Subject 1 was cut axially, while Subject 2 and 3 were
cut in standard coronal sections. Slices containing subcortical GM were
photographed and then stained with Perls' iron reagents (Meguro
et al.,, 2007) by immersing in 1 L of 2% hydrochloric acid mixed with
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Before stain

After stain Optical density

Fig. 2. Production of an optical density map of a coronal slice from Subject 1. Slice was photographed before and after Perls' iron staining. Registered photographs were normalized to gray

scales then subtracted to produce the optical density map.

1 L of 2% potassium ferrocyanide for 30 min. The stained slices were then
photographed again after washing off the residual staining solution with
running water. Processing steps for combining unstained and stained
photographs are demonstrated in Fig. 2. For each slice set of photo-
graphs, conversion to gray scale was made with the window and level
of the stained photographs adjusted to match that of the unstained pho-
tographs by using two reference points: the background blue photo-
graphic paper and a region of unstained white matter. The intensity
differences of the stained and unstained photographs were then
normalized after division by the intensity difference between the back-
ground and the unstained white matter reference region for each slice.
An image of relative optical density was produced, where a higher value
corresponds to greater iron staining. This method has been previously
applied for quantitative iron validation by our group and others (Bizzi
et al,, 1990; Walsh et al,, 2013).

Field map Susceptibility map

-0.03 ppm

Regions of interest selection

Regions of interest (ROIs) in iron rich basal ganglia and thalamus
were drawn encompassing the full structure on each available Perls'
iron staining slice including: globus pallidus (GP), putamen (PU), caudate
nucleus (CN), red nucleus (RN), substantia nigra (SN) and thalamus (TH).
These ROIs were transferred onto the registered unstained maps. ROIs
were drawn on stained photographs which supply higher contrast
boundaries than unstained ones. This boundary could be bias if areas of
structure did not stain. However, it is our experience, including past
work (Walsh et al.,, 2013), that the territorial boundaries on stained or
unstained photographs are similar. Susceptibility and R2* maps were
manually rigid registered to pathological photographs, and MRI ROIs
were drawn on susceptibility maps according to borders of regions.
The same ROIs from susceptibility maps were also transferred onto the

Perls’ iron stain

Optical densi

R2* map

Fig. 3. Local field, susceptibility, and R2* maps and corresponding Perls' iron stains of three coronal slices (in rows) from Subject 3 (45-years-male) scanned in vivo 1 year before death.
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Fig. 4. Correlations of susceptibility with Perls' iron stain (optical density) for the three subjects. Red nucleus is absent in Subject 2 due to unavailability of this pathological cut.

corresponding R2* maps. Each structure was measured on both left and
right sides and on multiple slices when available, and mean values
were recorded for whole ROIs.

Correlation analysis

The Pearson correlation coefficient was calculated for mean suscep-
tibility to Perls' iron staining optical density of the subcortical GM
regions for each postmortem subject. Susceptibility to R2* correlation
was also performed in the postmortem subjects and in vivo healthy sub-
jects. All correlations were calculated with linear least-squares regres-
sions using SPSS software (IBM, Armonk, NY). Susceptibility
measurements were relative to that of cerebrospinal fluid (CSF) at the
anterior portion of the lateral ventricles.

Results

Fig. 3 illustrates three coronal brain images from Subject 3 (in vivo)
including field, susceptibility, and R2* maps and the Perls' iron stains.
The field maps suffer from strong dipole effects which are resolved in
the susceptibility maps, providing clear delineation between iron-rich
regions. Subcortical GM hyperintensities in susceptibility and R2*
maps correspond well to hypointensities in Perls' iron stains.

The resulting correlations of susceptibility to Perls' iron stain are
shown in Fig. 4. Perls' iron stain is in the form of optical density with
higher value meaning greater iron density. Strong linear correlations
were found for all subjects, with coefficients of R* = 0.75, 0.62, and
0.86 respectively. All the correlations are significant with P< 0.001. Cor-
relations were analyzed individually on each subject due to different
disease stages and different fixation time in formalin between MRI
and histochemistry. Mean susceptibility values of subcortical GM re-
gions in two in situ postmortem cases were larger than those found
in vivo. For example, the mean susceptibility of GP was 0.31 ppm from
the two in situ subjects as compared to 0.20 ppm from the in vivo
Subject 3. This may due to the fully deoxygenated blood with high sus-
ceptibility values in situ, which may be a confound of in situ imaging,
leading to a higher correlation in the in vivo Subject 3, although the
ages and disease stages were also different.

Susceptibility results were also correlated to R2* from the same re-
gions using the three MS subjects and additional three healthy in vivo
subjects. Example axial images of susceptibility and R2* from one
healthy in vivo subject are shown in Fig. 5, where the susceptibility
maps more clearly delineate the subcortical GM territories and appear
smoother than R2*, Statistical analysis found high linear correlations be-
tween susceptibility and R2* for all three MS subjects (R? = 0.88, 0.88,
0.87), and a similarly high correlation was also obtained from the

three in vivo healthy subjects with R? = 0.87 as shown in Fig. 6. All
the correlations are significant with P< 0.001. The slopes and intercepts
are very similar among in vivo healthy subjects and in vivo Subject 3
(bottom row), while greater variation is seen between the two in situ
subjects (top row).

Discussion

To compare susceptibility directly to ferric iron, we performed
whole slice Perls' iron staining after in vivo or in situ QSM. This process
enabled similar large ROI analysis on both MRI and Perls' stains, rather
than highly localized samples. Furthermore, we performed in situ MRI
shortly after death, to avoid extraction and fixation which can substan-
tially alter MRI properties (Dawe et al., 2009; van Duijn et al,, 2011). Our
approach yielded high correlations between susceptibility and ferric
iron (R? = 0.75, 0.62, 0.86), including measures of GP, PU, CN, thalamus,
RN and SN. Highest correlation was found in the in vivo subject, without
confound of fully deoxygenated blood. Our correlations using only in

Susceptibility map R2* map

Fig. 5. Axial susceptibility (left) and R2* (right) maps of a healthy subject (48 yrs-old
male). Subcortical GM structures are demonstrated with arrows: CN (caudate nucleus),
PU (putamen), GP (globus pallidus), TH (thalamus), PV (pulvinar), SN (substantial
nigra), and RN (red nucleus).
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Fig. 6. Correlations of susceptibility with R2* for the three MS subjects and three healthy subjects. Note that the axes for in situ subjects (top row) and in vivo subjects (bottom row) have

different scales.

situ subjects were similar to those of Langkammer et al. (2012) where in
situ susceptibility correlations with iron of R?> = 0.71 were found using
GP, PU, CN and thalamus from 13 subjects with no history of neurolog-
ical disorder. Our in situ results were also similar to the ex vivo work of
Zheng et al. (2013) using one slice of previously frozen MS brain tissue
(R? = 0.55 and 0.76), including only caudate, GP and PU. Previous stud-
ies measured total iron, while the Perls’ method stained for only ferric
iron which is the form of iron stored in ferritin (Drayer et al.,
1986).0ur work verifies that ferric iron alone provides a high correla-
tion to susceptibility and is the main source of subcortical GM suscepti-
bility contrast.

As well as susceptibility, R2* has been used in previous postmortem
studies for subcortical GM iron measurements. Similar correlations
were found in our previous R2* validation study (Walsh et al., 2013)
with R? = 0.69, 0.63, and 0.86 for the same subjects using Perls' iron stain-
ing. Also Langkammer et al. (2010) reported R2* correlation to plasma
mass spectrometry iron with R?> = 0.87 using small localized samples.
Both susceptibility and R2* are clearly useful and sensitive markers for
brain iron mapping, provided iron is the dominant image contrast. Our re-
sults (Fig. 6) confirmed high correlations between susceptibility and R2*,
with similarly high linear correlations for all subjects, in situ or in vivo.

When comparing QSM and R2* for brain iron mapping, each has its
own advantages. QSM is the direct quantitative measure of susceptibil-
ity, which can be influenced by iron, but also myelin and calcium and
other susceptibility sources, while R2* is the measure of signal decay
within a voxel influenced by susceptibility induced field perturbation
(R2’" dephasing effect) but also by macromolecule and water content
(R2 diffusion effect). Therefore R2* and QSM for brain iron mapping
can be influenced differently by factors such as water and myelin
content. For the MS subjects studied here, demyelination, inflammation,
atrophy and iron accumulation may vary between subjects and be-
tween structures, leading to variation in the slope and intercept in
Fig. 6. A recent large in vivo study (Li et al., 2014) of healthy volunteers
at 3 T published a R2* vs susceptibility plot with reduced slope to our
in vivo subjects, likely due to use of a lower field strength since R2* is
magnetic field strength dependent, while susceptibility contrast ap-
pears unchanged with field strength. At higher field strengths, increased
susceptibility induced field dephasing increases sensitivity of R2* to fer-
riciron (Schenck and Zimmerman, 2004; Zhang et al.,, 2007). Moreover,
R2* fitting is voxel-based, preserving spatial variation, while susceptibil-
ity inversion requires regularization to suppress noise amplification
which blurs images somewhat within borders (Wharton and Bowtell,
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2010), but provides better boundary delineation than R2* as can be seen
from Fig. 5. With the current trend towards multiple gradient echo se-
quences for QSM, both R2* and QSM can be reconstructed from the
same acquisition, providing complementary iron measures.

Limitations of this work include the fact that in situ MRI has fully
deoxygenated blood presenting strong susceptibility sources from all
vasculature; however blood is not present in Perls' iron stains. Our
results suggest that fully deoxygenated blood vessels may increase the
susceptibility values of subcortical GM measurements and degrade the
correlation with Perls' iron stain (Fig. 4). Nevertheless, in situ correla-
tions remained high. In addition, pathology cuts are of 8 mm thickness
which may lead to variable locations between subjects for iron correla-
tion to MRI. Another limitation is Perls' iron staining did not enable
quantification of actual iron concentration, but only provided a relative
measure. However, macroscopic maps of the tissue were possible with
this approach, enabling two-dimensional large ROI selection in the
same manner as standard in vivo MRI. In this study, we used MS sub-
jects for postmortem validation, where different disease processes
could be confounding factors. For example, Subject 2 has greater values
of R2* and susceptibility in some of the GP and SN regions, indicating
more iron accumulation, which is likely disease related. However, high
linear correlations were still found for all MS subjects and R2* vs QSM
slope and intercept of Subject 3 matched that of healthy in vivo subjects
(Fig. 6). A further limitation is that the temperature of postmortem MRI
scans were different than in vivo due to various cooling time. As previ-
ously reported, R2’ of basal ganglia increases with lower temperature
(Birkl et al., 2014), and therefore R2’ of Subject 1 and 2 would increase
as compared to in vivo scans due to the temperature differences. Anoth-
er report (Langkammer et al., 2012) stated that paramagnetic suscepti-
bility is approximately inversely proportional to temperature. Therefore
susceptibilities at 14 °C and 29 °C increase 8% and 2% as compared to
in vivo body temperature. The temperature effect on our measurements
is thus expected to be small. Moreover, our correlations are analyzed
individually to limit these effects.

In conclusion, subcortical GM susceptibilities measured from both in
situ and in vivo MRI using MS subjects had strong linear correlations
to ferric iron as determined by whole slice Perls' iron staining. These
findings suggest that ferric iron is the dominant susceptibility source
in subcortical GM in MS and that QSM can serve as a reliable ferric
iron mapping method in iron-rich GM regions such as thalamus and
basal ganglia.
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