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Abstract

Gradient Echo Plural Contrast Imaging (GEPCI) is a post processing technique that, based on a
widely available multiple gradient echo sequence, allows simultaneous generation of naturally co-
registered images with various contrasts: T1 weighted, R2* = 1/T2* maps and frequency (f) maps.
Herein, we present results demonstrating the capability of GEPCI technique to generate image sets
with additional contrast characteristics obtained by combing the information from these three basic
contrast maps. Specifically, we report its ability to generate GEPCI-susceptibility weighted images
(GEPCI-SWI) with improved SWI contrast that is free of T1 weighting and RF inhomogeneities;
GEPCI-SWI-like images with the contrast similar to original SWI; T1f images that offer superior
GM/WM matter contrast obtained by combining the GEPCI T1 and frequency map data; Fluid
Suppressed T2* (FST2*) images that utilize GEPCI T1 data to suppress CSF signal in T2* maps
and provide contrast similar to FLAIR T2 weighted images; and T2*-SWI images that combine
SWI contrast with quantitative T2* map and offer advantages of visualizing venous structure with
hyperintense T2* lesions (e.g. MS lesions). To analyze GEPCI images we use an improved
algorithm for combining data from multi-channel RF coils and a method for unwrapping phase/
frequency maps that takes advantage of the information on phase evolution as a function of
gradient echo time in GEPCI echo train.
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Introduction

Gradient Recalled Echo (GRE) based MR imaging techniques have wide applications in
MRI. Due to the absence of refocusing RF pulses GRE sequences are fast (for example
FLASH (Haase et al. 1986)), and since low flip angles are usually applied, GRE sequences
have low specific absorption rate, hence are particularly well suited for high field MRI.
While MR signal generated from GRE techniques is complex, most traditional applications
rely only on magnitude information whereas the phase information from the data is usually
discarded. However, certain newer applications also rely on phase data. Among these,
Susceptibility Weighted Imaging (SWI) (Haacke et al. 2009; Reichenbach et al. 1997) uses
a specific algorithm based on GRE T2* weighted magnitude and phase data to create images
sensitive to variations in tissue magnetic susceptibility resulting from sources such as
venous blood, calcification, hemorrhage, iron stores, etc (Haacke et al. 2005; Haacke et al.
2009; Mittal et al. 2009; Ogg et al. 1999; Petridou et al. 2010; Reichenbach et al. 1997;
Sedlacik et al. 2008). The clinical applications for SWI continue to expand steadily (Haacke
2011). Other techniques, some of which rely exclusively on the phase data of the GRE
signal have also been intensely explored for uniquely characterizing anatomical structures
that are especially evident at high field MRI (Duyn et al. 2007; Marques et al. 2009;
Rauscher et al. 2005; Zhong et al. 2008), and even for creating maps of tissue magnetic
susceptibility — the so called Quantitative Susceptibility Mapping (QSM) (de Rochefort et
al. 2008; de Rochefort et al. 2010; Liu 2010; Liu et al. 2010; Schweser et al. 2010;
Schweser et al. 2011; Shmueli et al. 2009). The information obtained from these techniques
reveals image features complimentary to that obtained from traditional magnitude-based
imaging and could improve our understanding of both normal tissue anatomy as well as
changes in tissue in various pathological conditions. Importantly, the phase images are
sensitive to various sources: susceptibility effects that are determined by variations in tissue
composition (amount of proteins, lipids, iron, etc...) (Duyn et al. 2007; Fukunaga et al.
2010; He and Yablonskiy 2009), tissue micro architecture at the cellular and sub-cellular
levels that alters relationship between tissue magnetic susceptibility and signal frequency/
phase (He and Yablonskiy 2009); possible dependence of tissue magnetic susceptibility on
orientation with respect to the magnetic field BO (Lee et al. 2010; Liu 2010); frequency
shifts that are induced by water-macromolecule exchange in the tissue (Luo et al. 2010;
Shmueli et al. 2011; Zhong et al. 2008); and global shape of the object (Chu et al. 1990).

In addition to most commonly used GRE techniques with a single gradient echo, different
versions of multi gradient echo sequences have also been used in MRI for multiple purposes.
Ma and Wehrli (Ma and Wehrli 1996) proposed GESFIDE (Gradient Echo sampling of FID
and spin Echo) sequence for separation of irreversible (R2) and reversible (R2)
contributions to transverse signal decay rate constant R2*=R2+R2’. Another version of
multi gradient echo sequence — GESSE (Gradient Echo Sampling of Spin Echo) was used
for measuring tissue T2 relaxation (Cox and Gowland 2010; Yablonskiy and Haacke 1997),
anisotropic properties of trabecular bone (Yablonskiy et al. 1997), and even tissue
hemodynamic properties such for example as Oxygen Extraction Fraction and concentration
of deoxyhemoglobin in blood vessel network (He and Yablonskiy 2007; He et al. 2008;
Yablonskiy 1998). Multi gradient echo sequences were also frequently used for mapping
brain tissue T2* (e.g. recent publications (Bender and Klose 2010; Lee et al. 2011) and
references therein) and were proposed as a tool for mapping brain tissue myelin content (Du
et al. 2007; Hwang et al. 2010). This list of course is not supposed to be inclusive. GEPCI —
Gradient Echo Plural Contrast Imaging is a post-processing technique that based on the data
collected from GRE sequence with multiple gradient echoes, allows simultaneous generation
of naturally co-registered T2* (or R2*=1/T2*) maps, T1 weighted (T1w) or spin density
images and frequency (or phase) maps from the same acquisition. It was proposed in (Bashir
and Yablonskiy 2006; Yablonskiy 2000; Yablonskiy 2003) and successfully applied for
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quantifying tissue damage in multiple sclerosis (Sati et al. 2010). In this study, we
demonstrate that by combining the basic GEPCI images, we can also generate a number of
additional (derived) images, such as (a) SWI-like images that are similar in contrast to
standard SWI images, (b) GEPCI-SWI images that are SWI free of T1w contamination and
RF field inhomogeneities, (c) T1f anatomical images with improved grey matter (GM) white
matter (WM) contrast, (d) Fluid Suppressed T2* (FST2*) images that utilize GEPCI T1 data
to suppress bright CSF signal in T2* maps providing a contrast in many ways similar to
FLAIR T2 weighted images, and () SWI-T2* images that combine SWI contrast with
quantitative T2* map and offer advantages of visualizing venous structure with hyperintense
T2* lesions (e.g. MS lesions). While most of these and similar images have been used in
MRI previously, herein we report for the first time a method that generates all of them from
a single MRI scan. To analyze GEPCI images we use an improved algorithm for combining
data from multi-channel RF coils and a method for unwrapping phase/frequency maps that
takes advantage of the information on phase evolution as a function of gradient echo time in
GEPCI echo train.

Materials and Methods

Acquisition

Brain images were collected from 5 healthy volunteers and one subject with Relapsing-
Remitting MS who underwent brain MRI studies on a Siemens 3T Trio MRI scanner
(Siemens, Erlangen, Germany). A 12-Channel phased-array head coil was used to obtain a
3D version of the multi gradient echo sequence with a resolution of 1x1x2 mm?3 or 1x1x3
mm3, FOV of 256 mm x 192 mm and 11 gradient echoes (TR = 50 ms; minTE = 4 ms;
delta-TE = 4 ms; bandwidth = 510Hz/Pixel; FA = 30°). Further effective resolution
enhancement was achieved with zero-filling in k-space. Standard SWI images were also
acquired with the same resolution and TR=27 ms, TE=20 ms, bandwidth 120Hz/Pixel,
FA=15° for healthy volunteers; and standard FLAIR images were acquired for the MS
patient with resolution 1.3x0.9x3 mm3 by turbo spin echo sequence: TR=10's, TI=2600 ms,
TE=82 ms, turbo factor = 13, Echo trains per slice = 15. All studies were conducted with the
approval of Washington University IRB.

Multi-channel data processing

Multi-channel data were combined using a generalization of previously developed algorithm
(Quirk et al. 2009) that allows for the optimal estimation of quantitative parameters, such as
MR signal decay rate constants. In original implementation it was assumed that the data
from different channels are already phased coherently. Applying this algorithm for multi-
gradient echo signal obtained from an M-channel RF coil, we get the following result:

1 M
Scoms (TED) =22 > AnSm (TEV) S (TE,) &)

m=1

where index n enumerates gradient echoes, index m enumerates RF channels, Scomp(TEp) is
a combined signal corresponding to the gradient echo time TE,,, Sy(TE,,) are signals from
individual channels, and parameter An, is

m=1 " %)
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Here oy, are noise amplitudes (r.m.s.) in corresponding channels (m). They are calculated by
averaging data from 10x10 pixel area in the corner of magnitude images |Sm(TEp)|- Since
noise levels of each acquisition (echo times) are similar, they are subsequently averaged to
obtain oy, for a single channel. The Rician nature of noise in magnitude images does not

affect estimate of parameters A, since they are ratios of o-2. The parameters Ap, provide
additional signal weighting and reduce contribution of RF channels with high noise level.

Generalizing this consideration for complex data leads to the following algorithm for data
combination:

M
1 _
S comp (TE,) =leamsm (TE1) S (TE,)

where Sy (TE1) is a complex conjugate of the signal from channel m at the first gradient echo
time TE;. Since signal phases of different channels differ by their initial values ¢gmy, but have
the same frequency f, as described in

Pm (TE,) :§00m+2ﬂf -TE,

this procedure removes destructive interference of data due to the term ¢g, from multiple
channels. The procedure described by Eq. (3) is applied to each voxel in the image.

Generating basic GEPCIl images

Combined data are analyzed assuming mono-exponential signal decay and taking into
account Egs. (3) and (4):

Scoms (TE,) =S(2) . ¢RI TEATE) | i2nf(TE,~TEy)

Before fitting Eq. (5) to complex data (magnitude and phase images), the phase data were
unwrapped for each voxel in a time domain using 11 data points (TEp). If the frequency for
some areas is high enough to cause multiple phase wraps within delta TE (that is 250Hz for
our delta TE of 4 ms), then after time domain unwrapping there will be isolated areas in the
frequency map that should be further unwrapped in spatial domain. Though most parts of the
brain frequency map gets unwrapped already after the time domain procedure. The fitting
procedure produces three naturally co-registered basic GEPCI images: a quantitative R2*=1/
T2* map, a T1-weigted (Sg) image and a frequency (f) map. The frequency maps are then
subsequently high-pass filtered to remove effects of macroscopic field inhomogeneities.
Herein we use a 7x7 (out of 256x256) averaging matrix.

Generating secondary derived GEPCI images

Several derived images can also be generated based on these basic GEPCI images. First, a
positive Frequency contrast Mask (FM) is created by setting negative frequency values to
unity, and normalizing positive frequency values to be ranged from 0 to 1, such that 1
corresponds to zero frequency and 0 corresponds to highest frequency. This procedure is
similar to creating phase masks in standard SWI procedure (Reichenbach et al. 1997).

SWiI-like images are generated using the following equation

Here the T1 weighted image Sy is T2* weighted with a certain TE (we used TE=20ms,
which is typical echo time used for the SWI sequence on 3T systems) and is multiplied 4
times by the frequency mask (FM), which generates an image that mimics the standard SWI
contrast (Reichenbach et al. 1997).
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(TE)=Sg-e ®TE . FMm* ®)

S SWI-like

GEPCI-SWI images are generated as follows

GEPCI-SWI images are free from T1 contrast contamination characteristic to the standard
SWI because they are generated using pure T2* weighting and phase contrast without S
term. Here we also use TE=20ms and multiply the magnitude image 4 times with a
frequency mask just as in original SWI (Reichenbach et al. 1997).

S cercr-swi (TE) =T FM? @)
Minimum intensity projection (minlIP) images using seven slices were also calculated for
both the SWI-like and the GEPCI-SWI images.

GEPCI-T1f images are derived by using only T1-weighted image (S0) and frequency
contrast mask:

S ceperrir=S0 FM4 (8)
In these images GM/WM contrast is enhanced.

The goal here is to produce FST2* images that are T2* images with suppressed CSF signal
that would “look similar” to FLAIR (fluid attenuated inversion recovery) T2 weighted
images. Standard FLAIR-T2 images are obtained by using a long inversion pulse that
suppresses the signal from CSF (long T1 component), and a long TE that produces heavy T2
weighting (Hajnal et al. 1992). To produce FST2* images we create a CSF mask (Mcsg)
using the T1-weighted image (S0). The SO image is first processed by FMRIB's Automated
Segmentation Tool (FAST) (Smith et al. 2004; Woolrich et al. 2009; Zhang et al. 2001) to
remove the bias in image intensity caused by RF field inhomogeneities. Example of the
distribution of the corrected SO values (T1w image) is plotted in a histogram, Fig. 1; the
signal intensities are ranked as S(WM)>S(GM)>S(CSF), thus highest peak on the right
corresponds to WM. Gaussian fitting was done on the right half of the main peak in this
histogram determining peak position, X0, and standard deviation, STD. This allows
thresholding of CSF signal. In this paper voxels that have Sy values that are bigger than (X0
—1.96 * STD) were considered as non-CSF area and their values were set as unity in Mcgg
mask. Voxels with intensity below (X0 — 1.96 * STD) were normalized from 0 to 1, so that
the darkest-appearing voxels on T1w image is 0, and brightest-apprearing voxels (those that
are close to gray matter) is 1. The FST2* images are produced by multiplying the T2* map
with the CSF mask n times.

=72" - M"

FST2* CSF (9)

S

Since the voxels that are set to 1 in the mask will not get much attenuation in the resulting
image, the threshold should be selected within the grey matter area to achieve a better
suppression of CSF signal. In this manuscript we have compared several choices of
parameter n (1~4). The optimal choice of threshold and “n’ is subject to further discussion.
These images look like FLAIR images in the way that they have essentially T2* contrast
(similar to T2 weighting) with strongly attenuated CSF signal.

T2*-SWI Images—In some applications like multiple sclerosis (MS) it might be
advantageous to generate images that simultaneously show venous structure and T2
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hyperintense lesions (Grabner et al. 2011). Using GEPCI, this can be achieved by
combining GEPCI-SWI and GEPCI FST2* images. Indeed, GEPCI-SWI data shows veins
as dark contrast but are insensitive to hyperintense lesions. On the other hand, T2
hyperintense lesions are also hyperintense on FST2* images. We found that good
visualization of the combined distribution of T2 hyperintense lesions and veins (and possible
iron deposition) is achieved by multiplication of FST2* and GEPCI-SWI images so that T2
hyperintense lesions are contrasted by hypointense veins running through:

SFSTZ*—SWI :SFSTZ* ’ SGEPCI—SW[

It can also be applied to assess vascularity of tumors where tumors are bright on FST2*, and
vascular structures inside tumors are dark.

Results and Discussions

T1 and T2* relaxation as well as phase evolution of MR signal are three independent
physical phemomena which generate different soft tissue contrasts during MR imaging. Any
conventional snapshot of Gradient-Echo images usually displays a mixture of these
contrasts, although different sequence parameters can be chosen to enhance one or the other,
at the cost of scanner time. GEPCI technique allows obtaining image data sets with multiple
contrasts simutaneously. Moreover, since these different data sets are already co-registered,
they can be combined in a variety of ways to generate images with novel contrast properties.
It is also important to emphasize that since all GEPCI images — basic and derived - are
naturally co-registered, it simplifies data analysis between multiple contrast mechanisms.

Multi-channel data processing and phase unwrapping

In order to generate GEPCI images, data from multi-channel RF coil should first be
combined in a single data set. Figure 2 demonstrates the phase unwrapping and channel
combination procedure proposed in this manuscript (see detail description in the Methods
section). From phase maps shown in the top two rows of Fig. 2, we can see that combining
phase images from different channels requires solving two problems. First, individual
receivers have different phase offsets, as described in Eq.(4). To address this issue,for each
voxel we multiplied signal from each channel by the complex conjugate of data from the
first echo of the corresponding channel, thus eliminating the phase offsets of each receiver
coil. Data from all channels were then averaged with their sensitivity weighting per Eq.(3) to
achieve optimal SNR with minimum error in parameters estimate (Quirk et al. 2009).
Second problem is that phase images are affected by “wraps’, where jumps of 2z happen
between adjacent voxels due to phase values of 2zm + 6 (m is integer) are encoded as
identical. This problem becomes more pronounced at longer echo times. Usually phase
unwrapping is accomplished in the image domain, where different algorithms have been
used (see for example (Hammond et al. 2008; Witoszynskyj et al. 2009)). Here we take
advantage of having gradient echoes corresponding to multiple TE and unwrap signal phase
in the time domain for each imaging voxel. Frequency maps were then generated by fitting
phase data for each voxel as function of the gradient echo times per Eqg. (4). Note that
difference in wrapping pattern in the phase image corresponding to different TE does not
affect this fitting procedure and resultant frequency maps. Though for areas of the brain with
strong field inhomogeneities additional unwrapping of the frequency map in the image
domain might be required, this was not the case in any of our data.

Basic GEPCI images—Example of basic GEPCI images is shown in Fig. 3. The
frequency map presents significantly different contrast from the corresponding magnitude
image (T1w) or the R2* map. White matter (WM) showed up darker than the cortex and
caudate, putamen in the deep grey matter area on frequency map; this contrast is reversed on
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T1w image; on the R2* map however, WM showed up darker than the caudate and putamen,
although still brighter than the cortex region. The nature of WM “darkness” on phase images
was explained in (He and Yablonskiy 2009) based on the introduced there Generalized
Lorentzian approach. According to this theory, the longitudinal structures (myelin sheaths,
axons, neurofilaments, etc.) that comprise WM do not contribute to the total frequency shift
for the circular cylindrical axonal tracts even though WM has higher magnetic susceptibility
than the GM. The frequency map allows superior delineation of the caudate, internal
capsule, pallidum and putamen, whereas the differentiation is not as clear on T1 weighted
image or R2* map. Grey matter/White matter boundaries are also clearly depicted on
frequency maps. These results are similar to previously reported with high field MRI (Duyn
et al. 2007).

GEPCI-SWI and SWI-like Images—In this study, by combining basic GEPCI data sets
in a manner analogous to standard SWI approach, we generated SWI like images and
compared them to the Siemens scanner generated SWI data (Figs. 4A and 4B). The images
resulting from the standard SWI sequence were as usually contaminated by T1-weighting.
This remains the case when GRE with several gradient echoes is used, although multi
gradient echo approach allows increasing the signal to noise ratio (SNR) and contrast to
noise ratio (CNR) of brain SWI images (Denk and Rauscher 2010). The most obvious
consequence of this T1 contamination is the ‘dark CSF’ area, particularly in the mIP images,
which reduces contrast between the veins and CSF (Fig. 4A and 4B). One way to resolve
this issue was suggested by Haacke et al (Haacke et al. 2009), that is to use small flip angles
to minimize darkening of CSF area. Imaging parameter on 3.0T MRI scanner was proposed:
FA 12-17 degrees, TR 25-35 ms, TE 20 ms, BW 80-100 Hz/pixel. As our images showed,
although imaging parameters we used for the standard SWI imaging is within the
recommended range, additional adjustments shall be made to get desirable SWI contrast.
Further, using small flip angle to minimize darkening of CSF area will inevitably result in
loss of grey white contrast on the SWI images.

Using GEPCI approach allows overcoming this problem without losing signal. Indeed,
GEPCI data were acquired with imaging parameters that maximize the T1-weighted contrast
for S(0) as well as preserving SNR characteristic for optimal flip angle. In contrast to the
SWI-like images and the standard scanner generated SWI images, GEPCI-SWI images had
preserved bright CSF signal as well as preserved GM/WM contrast. This phenomenon
maybe particularly useful in characterizing the deep veins in the area of the lateral
ventricles. Such information about the deep veins is likely to be useful in surgical planning
for patients who are set to undergo procedures such as placement of deep brain stimulators
(Binder et al. 2003). Note that, the GEPCI-SWI image is as sharp as or even sharper than
conventional SWI images with regard to vessel delineation. Also note that the GEPCI-SWI
significantly enhances the gray and white matter interfaces, as seen in Fig. 4.

GEPCI-T1f Images—Another novel combination of the GEPCI basic images incorporates
the frequency map and the T1-weighting (SO). The grey matter area on T1-weighted images
is darker than white matter. Considering the fact that grey matter tends to present more
positive frequencies in frequency maps than white matter, plus the transition between gray
and white matter on frequency map is more sharply delineated, we explored enhancement of
GM/WM contrast by multiplication of the GEPCI T1w image with the frequency mask. The
Resulting images (Fig. 5) did indeed demonstrate more crisp GM/WM borders as well as
enhanced GM/WM contrast compared to the T1w images. Deep grey matter structures such
as caudate and putamen nuclei are also clearly outlined on the GEPCI-T1f images. These
images are likely to be very useful in detecting malformations of cortical development in
patients with intractable epilepsy, since they are more likely to be sensitive to blurring of the
GM/WM interface from subtle cortical migrational abnormalities (Kanekar and Gent 2011).
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Multiple sclerosis lesions in cortex, typically not clearly resolved by standard MRI (Pirko et
al. 2007), might be more clearly seen. Additionally, these images also offer a promising new
method to achieve GM/WM segmentation which will result in more accurate volumetric
data as well as improve data from cerebral perfusion studies.

FST2* Images—Example of GEPCI FST2* image is shown in Fig. 6. These images are
similar to FLAIR images in the way that CSF is suppressed based on tissue T1 properties.
However, unlike T2 weighted FLAIR images which are based on T2 weighting, FST2*
image is based on T2* map. Since difference between T2 and T2* values is usually small,
especially in well shimmed white matter areas (He and Yablonskiy 2007) FST2* images
could be used to detect T2 sensitive changes in the brain, such as visualizing edema,
hyperintense lesions (in multiple sclerosis (Sati et al. 2010)), cerebral infarctions, which are
usually well detected on the FLAIR sequences. Various degree of fluid suppression has been
shown in Fig.6, as we go from n=1 to n=4. Choice may be made for different applications.
For example, in MS brain part of the MS lesions can be suppressed together with CSF signal
when bigger ‘n’ is applied. We could choose n=1 in order to maintain hyper-intensity of the
lesions. Or since MS lesions are likely to appear in white matter areas, we could avoid
suppression of lesions by designing WM masks based on GEPCI-T1w images. Additionally,
based on its quantitative T2* nature, it could also be used to detect T2* sensitive changes,
such as microbleeds or microcalcifications in the brain. Indeed, the fluid suppression based
on the GEPCI-T1w image will not suppress artery signals on the T2* map, yet it should not
affect most brain area.

Possible applications of GEPCI in Clinical Arena
GEPClin MS

GEPCI technique could also be applied to monitoring patients with multiple sclerosis.
Typical MRI protocol for detecting MS includes FLAIR (fluid-attenuated inversion
recovery), T2-weighted spin-echo, and T1-weighted spin-echo (including with and without
Gd-enhancement) (Keegan and Noseworthy 2002; McFarland 2009). Phase imaging and
susceptibility weighted imaging has also been proposed for identification of MS lesions
(Haacke et al. 2009; Hammond et al. 2008). While typical MRI protocol aims at imaging the
contrast due to variations in the tissue characteristic relaxation rates, which are likely to
represent lesions that are the result of myelin and/or axonal loss, or inflammation, the SWI
and phase imaging are able to visualize small veins within white matter, which might help
resolve the timing of interactions between venous structures and MS lesions. With the whole
set of GEPCI images, as shown in Fig. 7, we can obtain information on both the MS lesions
and white matter veins within a single acquisition.

MS lesions are identified as hypointense on GEPCI-T1w image (Fig. 7a), and hyperintense
on FST2* (Fig. 6) due to increased T1 and T2* relaxation times. The T2* values in the
lesion area could be further used for more quantitative assessment of MS lesions (Sati et al.
2010). GEPCI-SWI image (Fig. 7d) shows veins without apparent indication of lesions.
Lesions that are slightly hyperintense on frequency maps are darkened on T1f (Fig. 7¢)
compared to T1lweighted image (Fig. 7a). Veins also appeared on T1f image because of
frequency map. Thus visualization of the distribution of lesions and their relation to veins
(and possible iron deposition) is achieved by multiplication of FST2* and GEPCI-SWI
images (Fig. 6 with n=4 and Fig. 7d), so that hyperintense lesions are contrasted by dark
veins running through. This idea is similar to that recently proposed in (Grabner et al. 2011)
who combined FLAIR images acquired at 3.0 T and SWI acquired at 7.0 T. However, with
GEPCI images, we easily achieve similar contrast from a single acquisition and complete,
intrinsic co-registration. Comparing Fig.7e and 7f, lesions that are hyperintense on standard
FLAIR images are also clearly seen on the fusion of FST2* and SWI image where veins
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associated with MS lesions are readily observed. However, not all lesions in Fig. 7 are
associated with veins (e.g. green arrow on Fig.7e and 7f), and the underlying relationship
between veins and pathology of MS remains to be investigated.

Other Possible Applications—The advantage of having a battery of images with
multiple contrasts can have advantages for numerous clinical applications. For example,
combining GEPCI-SWI and GEPCI-T1f images, can potentially be used to correct for
venous contamination in dynamic susceptibility contrast MR perfusion maps such as
obtained in stroke patients (Reishofer et al. 2007). In some patients, cavernous
malformations can be associated with epilepsy. With co-localized both SWI and T1f
contrasts (venous and GM/WM delineation), it is possible to visualize the cavernous
malformation and also evaluate its relationship to the adjacent cerebral cortex. This may
provide new insights into the mechanism of epileptogensis in these patients and allow for
better surgical planning (Maciunas et al. 2010; Menzler et al. 2011). This combined contrast
could also be useful in co-localizing subtle cortical malformations which may be found in
the vicinity of complex venous abnormalities in some patients with epilepsy. The
preservation of cortical GM/WM detail and representation of venous anatomy is also likely
to be useful in surgical planning in patients with brain tumors who are set to undergo
biopsies or curative resections (Barkovich 1988; Desai et al. 2002). Based on these images,
the surgeon will be better able to avoid prominent veins at the tumor margins as well as
estimate the relationship of the tumor resection margins to eloquent areas of the cerebral
cortex at the same time.

Although a number of novel contrast mechanisms have been highlighted in this manuscript,
several limitations of the present study must also be mentioned. Most importantly, in this
manuscript we have not discussed issues related to magnetic field inhomogeneities and their
influence on quantitative results obtained with GEPCI technique, especially on quantitative
evaluation of T2* relaxation time constant. Influences of field inhomogeneities are
particularly significant around the tissue/bone or tissue/air interfaces such as sinuses, ear
canals, etc. However, away from these areas and for high resolution imaging as was used
herein, this issue creates only minor problems in most parts of the brain. Detailed
discussions of these issues can be found elsewhere (see for example (Fernandez-Seara and
Wehrli 2000; Yablonskiy 1998; Yablonskiy and Haacke 1994)) and will also be addressed in
our future publications.

The role of field inhomogeneities should also be noted when interpreting the derived
contrasts based on application of the frequency masks, FM. This means, masked images are
strongly influenced by the quality of FM, especially when high pass filtering is not properly
removing macroscopic field inhomogeneity (eg. edge of the brain). In fact, GEPCI-SWI in
Fig.4A-c and Fig.4B-c, the edge of the brain shows hypointensity. Application of recently
proposed advanced phase processing methods, e.g. SHARP method (Schweser et al. 2011)
or the projection onto dipole fields (Liu et al. 2011), could result in a more accurate
removing of the artifacts related to macroscopic field inhomogeneities. Other examples
would be sharp transitions in susceptibility of the brain tissue such as deep nuclei or
ventricles. One might notice that the structures in frequency map are not always the same as
that in magnitude images. In such cases tissue magnetic susceptibility will affect frequency
map not only at the location of susceptibility variations but also in the surrounding areas.
One of the ways to deal with this problem is already mentioned in the introduction
quantitative susceptibility mapping (de Rochefort et al. 2008; de Rochefort et al. 2010; Liu
et al. 2010; Schweser et al. 2010; Schweser et al. 2011; Shmueli et al. 2009).

Another potential area of improvement includes accounting for the multi-compartment
tissue structure. Quantification of myelin-bound and free water fractions by a
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multiexponential analysis of the T2 decay has been discussed (Beaulieu et al. 1998; Mackay
et al. 1994). Signal obtained based on a Carr-Purcell-Meiboom-Gill (CPMG) or Turbo Spin-
Echo (TSE) sequence with multiple TEs was modeled by three pool model (Lancaster et al.
2003), or four pool model (Levesque and Pike 2009), or by non-negative least squares
(Whittall and Mackay 1989). Recently, it has been shown that T2* decay, which is measured
by multi-echo gradient echo sequence, could also be used for extraction of myelin water
fraction (Du et al. 2007; Hwang et al. 2010). However these issues are beyond the scope of
the current manuscript.

In Conclusion

The GEPCI technique based on post processing of the multi-echo GRE data produces high
quality frequency maps, high resolution R2* maps and T1-weighted images. These data sets
can then be combined in novel ways to produce high resolution images which can offer
excellent depiction of the intracranial venous system (SWI like and GEPCI-SWI images),
images which promise to significantly improve the delineation of cerebral grey and white
matter interfaces (GEPCI-T1f images) and GEPCI-FST2* images that look similar to
FLAIR images. These novel imaging data sets can potentially find clinical applications in
studying a variety of common neurological disorders. They can also find applications in
basic neuro-anatomical and neuropathological research. Most importantly, these images with
novel contrast properties can be obtained without any increase in acquisition time, and they
are naturally co-registered obviating additional costs in terms of scanner time and personnel.
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Figure 1.

An example of the histogram of GEPCI T1w image. Different brain tissue components are
indicated on the histogram : white matter (WM), grey matter (GM), cerebrospinal fluid
(CSF). X0 is the position of the WM peak. The vertical line indicates selected threshold that
is used for CSF suppression in the FST2* images.
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Figure 2.

Example of the phase images before and after channel combination procedure. Top two
rows show phase images at TE equals 4 ms, 12 ms, 20 ms, 28 ms from 2 different channels;
Third row shows combined phase images obtained after channel combination according to
Eq. (3). First image in this row is zero because the phase of the first echo is compensated
during channel combination. Bottom row shows phase images after unwrapping in the time
domain as discussed in the methods section.
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Figure 3.

Example the basic contrast images generated by GEPCI technique from two axial brain
slices (first and second rows). Lower row shows detail picture of the part of the images
identified by a square. As described in Eq.(5), SO is the T1w image, R2* map is derived
from the magnitude of the signal decay, and the third image is a frequency map (f). The
scale bar shows distribution of frequencies. Structures pointed out on the frequency map are:
1) Optic Radiations, 2) Splenium of Corpus Callosum, 3) Caudate, 4) Internal Capsule, 5)
Putamen, 6) Pallidum, 7) Internal Capsule.
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Figures 4A and 4B.

Two examples of standard SWI images (left column - a,b), GEPCI-SWI images (middle
column - c¢,d) and GEPCI-derived SWI like images (right column — e,f). The bottom row is
the minIP corresponding to the images in the upper row. Standard SWI images (a & b) are
obtained from Siemens automatic reconstruction. The rest of the images (c-f) are all derived
from the same GEPCI 3D data set.
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Figure 5.

Examples of the GEPCI-T1f images obtained according to Eq. (8) (top row), comparing
with basic GEPCI-T1 weighted images (bottom row). GEPCI-T1f images show excellent
GM/WM matter contrast. Deep grey matter structure such as caudate and putamen nuclei are
also clearly outlined on the GEPCI-T1f images.
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Figure 6.

Example of the FST2* images (obtained using Eq. (9) with different parameter n), and
corresponding FLAIR T2 images. Top row — images from a subject with relapsing remitting
MS, bottom row - images from a healthy subject. Different degree of suppression is shown
from first column through fifth column, as parameter n grows from 0 to 4 in Eq. (9). The
case with n=4 for the MS patient shows image resulted from applying suppression of n=4
with exclusion of white matter area.
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Figure 7.

Examples of a series of GEPCI images applied to disease of Multiple Sclerosis. a) GEPCI-
T1lweighted image; b) frequency map; ¢) GEPCI-T1f image; d) GEPCI-SWI image; €) T2*-
SWI, result from d multiplied by FST2* image; f) FLAIR image. Most MS lesions
(hyperintence on e and f) are seen around veins; green arrow indicates example of lesion that
is not affiliated with identifiable blood vessels.
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