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AbstractQ

BackgraoungsandsBurpose: Quantitative susceptibility mapping (QSM) of the brain has become highly
reproducil§ and has applications in an expanding array of diseases. To translate QSM from bench to

bedside, it ant to automate its reconstruction immediately after data acquisition. In this
work, a serffer syst@m that automatically reconstructs QSM and exchange images with the scanner
using the D andard is demonstrated using a multi-site, multi-vendor reproducibility study and
a large, singie- ulti-scanner image quality review study in in a clinical environment.

Methods: ,m:althy subject was scanned with a 3D multi-echo gradient echo sequence at 9
sites aroun rld using scanners from three manufacturers. A high resolution (HiRes,
O.5x0.5x1rrmwstructed) and standard resolution (StdRes, 0.5x0.5x3mm?) protocol was

performed. lysis of various white matter and gray matter regions was performed to
investigatelreproducibility across sites. At one institution, a retrospective multi-scanner image
quality rev arried out of all clinical QSM images acquired consecutively in one month.

Results: Rmmn times using a GPU were 29+22s (StdRes), and 55+39s (HiRes). ROl standard

deviation a s was below 24ppb (StdRes) and 17ppb (HiRes). Correlations between ROI
averag s were on average 0.92 (StdRes) and 0.96 (HiRes). Image quality review of 873
consecutive s revealed diagnostic or excellent image quality in 96% of patients.

Conclu i SM reconstruction for a variety of sites and scanner platforms with low cross-

site ROl standard deviation is demonstrated. Image quality review revealed diagnostic or excellent

image qua!’ y in 96% of 873 patients.
Introduc @

tibility mapping (QSM) enables the quantitative measurement of tissue magnetic

susceptibilifly, which is a measure of how tissue responds to an external magnetic field."?
Quanti tibility mapping (QSM) has been used increasingly in clinical brain studies,**
lizing and quantifying iron in brain diseases, including multiple sclerosis (MS),>*°

11-15

ifications and hemorrhage, and preoperative planning for deep brain

brain, QSM technology has advanced to a stage of high reproducibility as

17-2

various groups.”’** Accordingly, it is time to consider dissemination of brain QSM

to routine cli use, especially for measuring highly paramagnetic iron and highly-concentrated
diamag ium.?

QSM data acquisition has largely converged to the 3D multi-echo gradient echo sequence (mGRE),
and QSM reconstructions are generally flavors of the Bayesian optimization, which is a principled
approach to the ill-posed magnetic field to susceptibility source inverse problem.?* As all Bayesian
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reconstruction methods are fundamentally similar, we propose for routine clinical use a basic
122324 The QSM reconstruction Matlab

source code, aloni with the detailed acquisition protocols on scanners from three major

formulation of the data fidelity and structure regularization.

be downloaded freely from http://pre.weill.cornell.edu/mri/pages/qsm.html.
For clinical a@PW@ations, a robust automated QSM reconstruction suitable for inclusion in routine

manufa

clinical MRjp g@ls is essential. A scanner vendor independent server system is presented that is
connected to scanners for automated QSM reconstruction within a few minutes of data acquisition
compIeHor!Usmg !his setup, a single-subject multi-site, multi-vendor reproducibility study and a

large, singl

MethodsO

'd a)

QSM reconstruction server implementation

[ti-scanner image quality review study in in a clinical environment is performed.

The nonlin L method”>?® was used to reconstruct a susceptibility map, expressed in units of
parts per million (Qpm) or parts per billion (ppb). The algorithm performed the following steps. Input
data was c gradient echo signal s(r, TEJ-), with r the voxel position and TE; the jth echo. For
eachr,a nmleast squares fit of the field b(r) (rad/s)
b(r) = argminy Zj|s(r TEJ) — a(r, TEj)e_ib(r)VTEf|2 , [1]

image qua d unwrapplng ® A magnitude image was constructed as

was perfo w the Gauss- Newton algorithm,”” as well as its standard error n(r), followed by

])| . From I (1), two masks were constructed. The Brain Extraction Tool (BET)

toolkit>>*°

computing the 3D gradient for each of the N voxels in I(r), and retaining the

algorithm in was used to extract a brain mask M (7). A binary edge mask M (r)
was obtai
largest 0. . From the multi-echo data, an R; map was computed using the ARLO method,**
from which the ventricular cerebral spinal fluid (CSF) regions were segmented, obtaining a binary

mask Mcs The Projection onto Dipole Fields** (PDF) method was used to remove the background

field: b, (r‘— d * yg(r) with yg(rr) = argminxﬁ(r)”M(b(r) — i z, where yji;
was the ba susceptibility on the mask M = 1 — M, * denoted convolution and d(r) =
L 3c0s76-1 r=0 Was the dipole kernel with 8 the angle between r and By. The minimization was

carrled ﬂe conjugate gradient method.”’ The relative difference field &, (r) = b, (r)/B,

magnetic field By was computed (in rad/s). Next, the nonlinear Morphology

relative
Enable ion (MEDI)* with CSF zero referencing® was used to obtain the susceptibility

map (in pp
3 () = argmingg) ”W(r)(e—LS*d*X(r) — e_l5b(r))”§ ' 2]
+A1[ 1M (M)Vx()l1 + A2 IMesp ) () = Xese) I3
where S erical mean value operator (radius 5mm), W(r) o« M(r)/n(r) reflecting the
rehahhqv the 3D gradient operator and Y5z the average of y(r) over the mask M.
The spherical meaf value operator is introduced to suppress remaining background field in 8, (r)
but introduces an erosion (5mm) of the mask M. Eqg. 2 was solved iteratively using the Gauss-

Newton method, using iterative reweighting.”” 1; was set to 0.001 and A, to 0.1. The average
susceptibility x;gr of the ventricular CSF in the solution y* was computed and subtracted from this

This article is protected by copyright. All rights reserved.
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solution to obtain the final CSF referenced susceptibility map. Pixel values on the QSM map
correspond to susceptibility values measured in ppb.

The nonw method was implemented in C++ for both CPU and GPU. The major

computationakegsts of the nonlinear MEDI algorithm lies in the computation of FFTs (needed to

convolution forward problem central in QSM) and in linear algebra operations
@phase to field fitting, background field removal and dipole inversion). For
optimizet MMAIAERimes, these components used the Intel Math Kernel Library (MKL)** on the CPU,
while the cSFT34 and cuBLAS® libraries were used for the GPU. All other C++ code was identical
between the CPU and GPU implementations, used multithreading where appropriate and was run
on the CPUI The D@MTK toolkit library®® was used for DICOM input and output. The QSM

er consisted of a DICOM server able to receive images from multiple scanners

simultanem DICOM protocol was chosen since this is implemented by all scanner

manufactu requires nothing more than the setting up of DICOM destination (node) on a
scanner. T logist is then able to send the mGRE images immediately after the scan to the
QSM reconstructigh server, where they are stored in a temporary directory. For some scanner
vendors, t one automatically and thus required no additional action by the technologist. The
QSM reco server continuously polled for the presence of these temporary directories and
determinemr the images were suitable mGRE images, were complete, weren’t previously
received and/or processed and moved the data in a first-in-first-out queue. When images were

present in the e, the C++ program described above was invoked, one at a time. The resulting
QSM imag en sent back to the originating scanner using the DICOM protocol. The QSM
reconstpuebi r has been tested on Linux (Ubuntu 16.04, Redhat 7.0) and MacOS.
Acquisitio

The QS tion server was installed at 9 sites (see Table 1) using scanners from three

different vendors. Using this setup, two studies were carried out.

First, betwm 2017 and January 2018, a single healthy subject (male, 52 years old) visited
these 9 sitessigaed the local IRB-approved consent form, and was then scanned using both

standard r¢ @ (StdRes) and high resolution (HiRes) mGRE protocols at 3T. The StdRes
parameters osen based on the clinical protocol for MS patients at Weill Cornell Medical
College (W e parameters were chosen to achieve a high resolution depiction in the imaging
plane (in e resolution) as well as a sampling of the magnetic field with high signal to noise ratio

(echo times, up to $45ms). The resulting long TR (~50ms) necessitated increasing the slice thickness
to achiewly acceptable scan time below 5 minutes. The HiRes protocol was based on a
deep brainsmn imaging protocol for preoperative planning. All imaging parameters are
shown in Table 2, #hese parameters were considered target parameters and deviations were

present dependi n site and scanner vendor.

C, all consecutive patients for which a QSM was acquired during the month of June
2018 were se for a retrospective review of image quality under an IRB approved protocol.

Patients were scanned on 11 different scanners from two vendors (Prisma 3T, Skyra 3T, Biograph 3T
PET/MR, Aera 1.5T, Siemens Healthcare, Erlangen, Germany and MR-750 3T, Architect 1.5T, and HDx

1.5T, GE Healthcare, Waukesha, WI).

This article is protected by copyright. All rights reserved.
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Analysis

QSM reconstruction times were measured on a single server at WCMC for all data. This server used

an Intel Coge i9-9940X (14 Cores, 3.30 GHz) and 128G of RAM running Ubuntu 18.04. GPU
Me performed using an NVIDIA GTX 1080 Ti using 3584 CUDA cores running at

1.582 GHz B of GDDR5X memory running at 11.4 Gbps. QSM reconstruction was performed

on this ser the HR and LR healthy volunteer data from each of the 9 sites using both the

CPU angGWmentations and running times were recorded and summarized.

reconstr

P

For each aw, the magnitude images I(r) were registered to a reference magnitude image

Lo (r) takeq fragg the HiRes protocol at site #2 using FLIRT (FSL).* A HiRes protocol was chosen as
reference @\ provided the highest nearly isotropic resolution, thus improving image
p

registration rmance.?”*® On the susceptibility map obtained with the HiRes protocol at site #2,

an experiewmradiologist (SZ, 7 years of experience) segmented the following regions of
interest (R ate Nucleus (CN), Putamen (P), Globus Pallidus (GP), Thalamus (T), Substantia

Nigra (SN),sleus (RN), Posterior limb of Internal Capsule (PIC), and Splenium of Corpus
Callosum (SCC). Th&se ROIs were then registered back to each of the susceptibility map by applying
the inverse transtormation. An additional erosion (radius 1 voxel) of each transformed ROI in each
original sugeeptibility map was performed to suppress potential partial volume effects. For each
susceptibili he ROl means were recorded and their average and standard deviation across
sites were r to assess the reproducibility of the susceptibility mapping method. Normality of
the measumas assessed using a D'Agostino & Pearson normality test. Bland-Altman,

correlation and two-way ANOVA analysis was performed on the ROl measurements

betwee : ignificance level for all tests was set at 0.05.
For the patj y at WCMC, all QSM recons were done by a reconstruction server as described
above i after the acquisition of the mGRE data in each patient. This server used an Intel

Core i7-6850K (6 Cores, 3.60GHz), 64G of RAM, and a NVIDIA GTX 1080 Ti GPU. Image quality was
scored by @m experienced neuroradiologist (SZ, 7 years of experience) using a 3 point scale:
3=excellen ious artifacts with excellent depiction of deep gray matter regions and cortical

gray-white ontrast), 2=diagnostic (moderate artifacts but deep gray matter regions and

cortical gra atter contrast still visualized), and 1=poor (strong artifacts and poor cortical
gray-white matter contrast). QSM artifacts include those caused by motion, implants, or hemorrhage

and typically manifest as streaking artifacts. Example images for each these image scores are shown

N

in Figur category, gender and age were recorded for each patient.

{

Results

U

Susceptibility maps,were obtained in all cases. Reconstruction times for the StdRes procotocol (N=9)
were 56+ e CPU recon and 29+22s for the GPU recon (p=0.003). Reconstruction times for
ol (N=9) were 105+60s for the CPU recon and 55+39s for the GPU recon (p=0.0002).

Figure 1 shows an axial slice of the susceptibility maps through the midbrain of the subject imaged
using the StdRes protocol. The corresponding HiRes images are shown in Figure 2. For both
protocols, an excellent visual correspondence across the brain between the 9 sites is observed.

This article is protected by copyright. All rights reserved.
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The measurements (in ppb) for the CN, P, GP, T, SN, RN, DN, PIC and SCC ROlIs for each scan and
protocol passed the normality test (p>0.11). The ROl measurement reproducibility across scanners is
shown in Figure 3a for the StdRes protocol and Figure 3b for the HiRes protocol. The standard
deviatioH measurements across the 9 scanners ranged between 3.6 and 24.3 ppb for the
StdRes pro
with the in
all possible pairs of sites, bias (in absolute value) was 4.5+2.8 ppb (StdRes protocol) and 3.4+2.4 ppb
(HiRes r#o mits of agreement were +18.7+5.6 ppb (StdRes protocol) and +14.3+3.8 ppb
(HiRes prohund the bias, regression slope was 0.98+0.20 for the StdRes protocol and
0.96+0.09 fgp thé&iRes protocol, and the corresponding average R? was 0.92+0.05 for the StdRes
protocol ang 0.9640.02 for the HiRes protocol. ANOVA analysis revealed that site accounted for
1.56% of the total variance (P<0.0001) for the StdRes protocol and 0.57% (P<0.0001) for the HiRes

protocol.

d between 5 and 17.6 ppb for the HiRes protocol. These numbers are consistent

@ er and same scanner reproducibility reported in the literature.'® Averaged across

Results for i e quality review of QSM acquired in patients are shown in Table 3. 873 patients
were selected suff@ring from a variety of conditions. Image quality was consistently high, with 775,
67, and 31 having excellent image, moderate and poor image quality, respectively. Example

QSM imag wn in Figures 5 through 8. In these Figures, susceptibility values are shown
within an € aller) brain mask, i.e., voxels at the cortex have been removed. Figure 5 shows

a QSM of an arterigvenous malformation (arrow) in the left frontal lobe, showing the nidus of
abnormal mas. Figure 6 shows a QSM of an atypical meningioma located on left
I

frontopari xity. Hyperintense foci of intratumoral hemorrhage are bright on QSM. Figure 7
shows ultiple sclerosis (MS) patient. The arrow points to a lesion that is hyperintense
on QSM bu hancing on the contrast enhanced T1 weighted image. Recent efforts indicate
that enha or lack thereof on QSM of lesions seen on T2 can predict T1 enhancement.***
Figure tracranial hemorrhage. QSM is hyperintense in the hemorrhage due to its strong

paramagnetism.

L

Discussio
The results ed in this work show the feasibility of a clinically practical implementation of
brain QSM e subject was scanned on scanners from 3 manufacturers at 9 different sites.

ROl analys
reproducibili rted previously."”** Image quality in 873 consecutive patients at one site in a

evealed excellent reproducibility across sites, similar to intra-scanner and inter-scanner

gnostic or excellent quality in 96% of patients.

The data exchangelwith the QSM reconstruction server uses the DICOM protocol, which requires no
additional on the scanner. The QSM reconstruction itself is fully automated, including the

referencin usceptibility values with respect the ventricular cerebral spinal fluid, chemically
ter. This automated zero-reference during reconstruction improves image quality,
provides abso sceptibility values and allows longitudinal and cross-center studies, which are
important for monitoring disease progression and therapy of many neurological diseases including

multiple sclerosis,* ™ cerebral cavernous malformation,* and Parkinson’s disease,* and for

This article is protected by copyright. All rights reserved.
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mapping cerebral metabolic rate of oxygen consumption,*® and biodistribution of magnetic
theranostics.”

The prewmentation is easily integrated into a clinical workflow. Indeed, at WCMC,
automated QSMreconstructions are performed routinely for over 10 scanners from two vendors

and two fie @ ths. Gradient echo acquisitions are typically near the start of the exam such that
QSM is availai
PACS wihJuif@isilier delay. However, connecting a server to a scanner can be problematic due to IT

0 2 scanner by the end of the exam. Then, the technologist can send all data to

aintenance of connectivity, and human error. To avoid these problems, we have now
es,for automated QSM reconstruction directly on some scanners (#1 in Table 1). In
puting power on the latest scanners is higher than that of our server and allows QSM
reconstruct StdRes acquisition within 3 minutes while scanning of other image contrasts
continues terruption.

Several studies have shown reproducibility of QSM in various settings and subject cohorts: in 14
healthy su@nned on a single 3T scanner four times over 7 days at a single site,"” in 10 MS
patients o 3T scanner and 10 healthy subjects on a 1.5T and two 3T scanners from two
vendors, all ingle site,'® in 8 healthy subjects on a 3T scanner at a single site,” in 22 healthy
subjects orgoth 1.5T and 3T from the same vendor at a single site,”® in 9 healthy subjects both
within site een sites using 3T scanners.”* Reproducibility of QSM was shown in a
Gadoliniu imaged at 7 different sites, using 12 clinical and 3 preclinical scanners, 3 field
strengths ( and 7T) and 4 vendors.* The current study shows reproducibility in a single
healthy volunteer imaged at 8 different sites using 9 3T scanners from 3 different vendors.

The Bayesian a ach to QSM allows an optimal construction from noisy data and ill-posed system

matrix ernel) under the prior knowledge of structural information expressed in an L1
norm.** Tt also allows constraining the ventricular CSF to have a uniform value suitable for

referencing the final susceptibility values.” The field (phase) noise is commonly approximated as
Gaussian, \&ich breaks down at low signal to noise ratio; the use of a nonlinear data fidelity term

he correct noise weighting for data fidelity using complex MRI data.” The proposed

DN uses an image quality guided unwrapping method for phase processing.” The
rapping method’! has been used for QSM because of its ease of implementation
uffer from substantial errors.>” There are several ways to speed up QSM
reconstruction. Using a GPU, we find an overall 3 to 5-fold reduction in reconstruction time.

he alternating directions of multipliers method has been shown to provide a
further

There are @ of limitations in this study. The spherical mean value operation (S in Eq. 2) is
used to su maining background field in the estimated local field, but comes at the cost of an
eroded brain ?a border of certain width (5mm in our implementation) is removed from the
original sk computed using BET. This brain erosion may make it difficult to study lesions
near the bra r (Figure 5), particularly near the temporal bones and nasal cavity. The erosion
needs to be readjusted to poor SNR in this region, or QSM without brain erosion needs to be further
developed to be robust and automated.* Finally, it is known that the magnetic susceptibility of

white matter is anisotropic, i.e., it depends on the orientation with respect to the magnetic field. In

This article is protected by copyright. All rights reserved.
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principle, anisotropic susceptibility can be resolved by acquiring data in multiple head

orientations,”>>® but this is not clinically feasible. Using a single orientation and the isotropic signal
model in Eq. 2 is known to be a source of shadow artifacts that is yet to be suppressed satisfactorily
in QSM.Mdy, a single high resolution acquisition at one scanner was used as the reference

for image rgg

ion. This may have introduced a bias, and results may change should using
another refg age. We have attempted to minimize this bias by choosing a high resolution
acquisition, which is nearly isotropic, as reference, following the recommendations by the authors of
the FSLﬁ.IEregistration tool used in this work.>*”*® In conclusion, this work demonstrates a
clinically prabi line QSM reconstruction method for a variety of scanner vendors with low
cross-site @ard deviation. Excellent QSM image quality was observed in a consecutive

patient co@rt affdéted by a variety of diseases.

Table 1. Sc d sites with the quantitative susceptibility mapping reconstruction server
installed u work.

1 | Weill Cornell ;dical College, New York, NY General Electric (DV25)

2 | Weill Lﬂedical College, New York, NY Siemens (VE11B)

3 | Aix-Marseille University, Marseille,France Siemens (VB17)
4 Charitmsitétsmedizin Berlin, Germany Siemens (VE11)

5 | Cen italier Universitaire, Toulouse, France Philips Medical Systems (5.1.7.2)
6 | Uni rmont Medical Center, Burlington, VT Philips Medical Systems (5.3.1.0)
7 | lcahn S!hool of Medicine at Mount Sinai, New York, NY General Electric (DV25)
8 | RoyalM ne Hosp, Melbourne, VIC, Australia Siemens (VE11B)
9 Hépitampétriére, Paris, France Siemens (VD13)
Table 2. ameters for the standard resolution (StdRes) and high resolution (HiRes) gradient
echo ac guantitative susceptibility mapping.
s StdRes HiRes
Acquir xel size 0.95x0.75 x 4.0 mm’ 0.8x0.8x 1.0 mm?
Rec ed voxel size 0.75x0.75x 3.0 mm’® 0.8x0.8x1.0 mm?
Acquisition matrix 320x 320 x 56 320x320x 172

This article is protected by copyright. All rights reserved.
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FOV (Readout/Phase) 240/195 mm 256/208 mm
I Tg 49 ms 49 ms
I. of TES 10 10
- E 6.69/4.06 ms 6.73/4.06 ms

32 channel head coil

32 channel head coil

15°

15°

!ci:,ction

Real/Imaginary or

Real/Imaginary or

Magnitude/Phase Magnitude/Phase
Part: (ky/k;) 100/100 % 75/75 %
Ac n factor 2 2
FloWacompensation Readout Readout
Re“ ﬂ“ dwidth 260 Hz/pixel 260 Hz/pixel
ime 4m32s 12m19s

Abbreviatj
TE1=f

= field of view, TR = repetition time, TE = echo time,
e, ATE = echo spacing,

Table 3. Patient demographics and image quality scores. Image quality scores used a 3-point scale:

3=excellenti®=diagnostic, and 1=poor.
Age Image Quality (M
ategory Number Sex (Male/Female) (years, M  SD) +5D)
Cereb cular diseases
(inc eriovenous 104 47/57 62.29+19.38 2.85+0.44
malfogmation, e.g. Figure 5)
o
(incftuding meningioma, 262 122/140 53.92+20.27 2.85+0.47
.B. Figure 6)
De Iing diseases
(includingg@®tiple sclerosis, 109 31/78 43.5+14.56 2.93+0.3
Figure 7)
Neurodegené€Ttative diseases 45 23/22 62.09+24.22 2.93+0.33
Psychiatric diseases 12 5/7 54.25+21.9 2.33+0.89

This article is protected by copyright. All rights reserved.
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Intracranial hemorrhage

17/1 2.82+25.47 2.53+0.77
(e.g. Figure 8) 36 /19 >2.82£25 >30

In'acranl'l infection 14 4/10 43.79+21.27 2.93+0.27

Q 29 19/10 33.35+24.41 2.9740.19

Chlarl malformation 11 3/8 30.91+22.68 2.91+0.3

Intn iggbenign cyst 17 7/10 25.61£20.4 2.88+0.33

Nonspecific neufiglogic complaints 234 91/143 48.55£22.92 2.85£0.41
(e.g., s/headache)

873 369/504 50.87+22.05 2.85+0.41

o

Abbreviati

U

Author Man

ean, SD=standard deviation
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Figure 1 Axial susceptibility map for a single subject using the standard resolution protocol. Numbers
indicate site (see Table 1). All images shown are co-registered, showing similar basal ganglia.
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Figure 2 Coronal susceptibility map for a single subject using the high resolution protocol. Numbers
indicate site (see Table 1). All images shown are co-registered, clearly depicting the subthalamic nuclei
(STN) and the gIobuE pallidus (GP), important targets for deep brain stimulation. Other brain regions

well visu e putamen (PU), external and internal globus pallidus (GPe and GPi) and the

substantia grasi).

LU GPe

\ ‘GPi STN
' e
L N

-
(]
.

A »
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Figure 3 Reproducibility of susceptibility y (expressed in units of parts per billion or ppb) for a single
subject at multiple sites for A) the standard resolution protocol and B) the high resolution protocol. The
analysed regions of jnterest are: Caudate Nucleus (CN), Putamen (P), Globus Pallidus (GP), Thalamus (T),
Substaan), Red Nucleus (RN), Dentate Nucleus (DN), Posterior limb of Internal Capsule (PIC),
and Splenitﬂpus Callosum (SCC). Both left (L) and right (R) values are shown where appropriate.

Standard Resolution

150
100

X [ppb]
wn
o

A) CNLCNR PL PR GPL GPR TL TR SNL SNR RNLRNRDNLDNRPICLPICRSCC

High Resolution

X [ppb]
wn
o

B) CNLCNR PL PR GPL GPR TL TR SNL SNR RNLRNRDNLDNRPICLPICRSCC
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Figure 4 Example images for each of the scores using the image scoring analysis. A) poor image quality
(score 1) in a male 64 year old patient with Multiple Sclerosis (MS), caused by large motion during the

acquisition. B) diagiostic image quality (score 2) in a 55 year old female patient with MS, caused by

modera ring the acquisition. C) excellent image quality (score 3) in a 54 year old female

Figure 5 A)
malformati

Antitative susceptibility map of a 46 year old female with an arteriovenous
( % ) in the left frontal lobe, showing the nidus of abnormal blood vessels B)
sverse relaxation (T2) weighted image.

corresponding trd
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Figure 6 A) Brain quantitative susceptibility map (QSM) of a 61 year old male with an atypical
meningioma located on left frontoparietal convexity. QSM demonstrates hyperintense foci of
intratumoral hemorrhage B) corresponding contrast enhanced longitudinal relaxation (T1) weighted
image. “

This article is protected by copyright. All rights reserved.
15



Figure 8 A) Brain quantitative susceptibility map of a 49 year old male with intracranial hemorrhage
(arrow). The large hyperintensity indicates the strong paramagnetism of the hemorrhage B) the
corresponding contrast enhanced longitudinal relaxation (T1) weighted image.
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