N

N

Clinical Integration of Quantitative Susceptibility
Mapping Magnetic Resonance Imaging into
Neurosurgical Practice
Sarah Kathleen Bandt, Ludovic de Rochefort, Weiwei Chen, Alexey Dimov,
Pascal Spincemaille, Brian H. Kopell, Ajay Gupta, Yi Wang

» To cite this version:

Sarah Kathleen Bandt, Ludovic de Rochefort, Weiwei Chen, Alexey Dimov, Pascal Spincemaille, et
al.. Clinical Integration of Quantitative Susceptibility Mapping Magnetic Resonance Imaging into
Neurosurgical Practice. World Neurosurgery, 2019, 122, pp.el0-e19. 10.1016/j.wneu.2018.08.213 .
hal-02059556

HAL Id: hal-02059556
https://amu.hal.science/hal-02059556

Submitted on 21 Oct 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://amu.hal.science/hal-02059556
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S1878875018320084
Manuscript_573¢88c46c0133b282b13a89383c0559

1 Clinical Integration of Quantitative Susceptibility Mapping (QSM) MRI into
2 Neurosurgical Practice
3
4 S Kathleen Bandt, MD**3, Ludovic de Rochefort, PhD*, Weiwei Chen, MD* Alexey V.
5 Dimov, PhD® Pascal Spincemaille, PhD®, Brian H. Kopell, MD’, Ajay Gupta, MD®, Yi
6 Wang, PhD**®
7
8 'Aix Marseille Université, CNRS, CRMBM UMR 7339, Marseille, France
9  2APHM, Hépital de la Timone, CEMEREM, Marseille, France
10 *Northwestern University, Department of Neurological Surgery, Chicago, IL, USA
11 “Department of Radiology, Tongji Hospital, Wuhan, China
12 °Department of Biomedical Engineering, Cornell University, Ithaca, NY, USA
13 °Department of Radiology, Weill Cornell Medical College, New York, NY, USA
14 'Department of Neurosurgery, the Mount Sinai Hospital, New York, NY, USA
15
16
17  ACKNOWLEDGEMENT OF FUNDING SUPPORT: The authors would like to thank the
18  American Association of Neurological Surgeons for their generous support via the William P.
19  Van Wagenen Fellowship (SKB) which allowed this international collaboration to be possible.
20
21  DISCLOSURES: None for all authors
22
23 Corresponding Author:
24 S. Kathleen Bandt, MD
25 676 N. Saint Clair, Suite 2210
26 Chicago, IL 60611
27  Phone: (312) 695-0464
28  Email: skbandt@gmail.com
29
30 RUNNING TITLE: QSM in Neurosurgery
31
32  KEY WORDS: Quantitative Susceptibility Mapping, stereotactic navigation, advanced imaging
33 techniques, deep brain stimulation, neuro-oncology, glioma, meningioma
34
35 ABBREVIATIONS: MRI: Magnetic Resonance Imagin@SM: Quantitative Susceptibility
36 Mapping; T1lw: T1 weighted; T2w: T2 weighted; MRA: magnetic resonance angiography; SE:
37 spine echo; GBM: Glioblastoma; DBS: deep brain stimulation; GRE: Gradient Echo; SWI:
38  susceptibility weighted imaging; CM: cavernous malformation; BET: brain extraction; PD:
39 Parkinson’s Disease; GABA: gamma-Aminobutyric acid; STN: subthalamic nucleus; GPi:
40 globus pallidus internus; PXA: pleomorphic xanthroastrocytoma; WHO: World Health
41  Organization; FLAIR: fluid-attenuated inversion recovery

© 2018 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


http://www.elsevier.com/open-access/userlicense/1.0/
https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S1878875018320084
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S1878875018320084

O 00 N o u b W N P

I e e T =Y
o U A W N L O

QSM in Neurosurgery 2

Abstract

Quantitative susceptibility mapping (QSM), a retemteveloped magnetic resonance imaging
technique, is introduced to the field of neuroswygé brief overview of the physics behind the
technique is provided for a neurosurgical audier@@8M is unique in its ability to offer a
guantitative assessment of tissue magnetic subdéptsource, which has only been detected as
a blooming artifact in gradient echo acquisitiotartslard susceptibility weighted imaging cannot
localize nor quantify susceptibility source. Clai@pplications of QSM are wide-reaching and
include precise localization of the deep nuclei deep brain stimulation electrode placement,
differentiation between blood products and caletifien within brain lesions to optimize intra-
operative preparedness during resection, and eatasensitivity of cerebral micrometastasis
identification. QSM can be obtained in all patiealde to undergo magnetic resonance imaging
and is integratable into busy neuroradiology prowaExamples are provided for QSM’s
clinical applications in neurosurgical care. Cladimtegration of QSM may help clinicians better

identify and characterize neurosurgical lesionsdiyg improving patient care.
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Introduction and Background

Magnetic resonance imaging (MRI) has revolutioniaedrosurgery both for its use in diagnosis
and surgical planning® MRI generally provides three categories of bicgtgl information: 1)
relaxation effects, providing information regarditige microenvironment for water proton
interactions; 2) tissue transport processes, pioyithformation regarding diffusion, perfusion
and cerebral blood flow; and 3) molecular magnetiproviding information regarding tissue
susceptibility and chemical shifts within cells. éBe categories may be interpreted as
assessments of tissue cellularity, vascularityl@otholecularity respectivel§; The first of these
categories can be provided by spin echo (SE) ahdratequences, including T1 weighted
imaging (T1w) for defining gray and white mattemtomy and T2 weighted imaging (T2w) for
characterizing pathological cellularity changeShe second of these categories can be provided
by sequences sensitive to tissue transport praeesseascularity, including contrast enhanced
T1lw (T1w+c) sequences probing the integrity of bh@od brain barrier, diffusion and perfusion
imaging, as well as magnetic resonance angiogrdptA) 2 These first two categories
represent the traditional work-horse MRI sequendbat have fundamentally defined
neurosurgical practice to date.

As the field of neurosurgery has evolved, partidulahe expansion of functional
neurosurgery'”, the shortcomings of these traditional brain MRbsences have become
evident. For example, increasing knowledge of braircuits and their dysfunctions has
facilitated the adaptation of deep brain stimulati®BS) to treat a number of diseases and
disorders’”. Safe and effective placement of DBS electrodgsires the precise delineation of
the deep nuclei for surgical targeting. Howeveaditional MRI is limited in its ability to
visualize the deep nucl&j due to its poor sensitivity to the biomoleculamposition of tissues
° Improving the ability to characterize the bionmlkar properties of tissues is therefore desired
-- which quantitative susceptibility mapping (QSMj)s capable of doing.

QSM is an imaging technique within the third catggof MRI based on the gradient
echo (GRE) sequence that is sensitive to the biecatdr magnetic properties of tissues, or
tissue biomolecularity**** GRE has been used in various imaging methodfydimg T2*
hypointense magnitude imaging (T2*w), a phase maskanced T2*w sequence known as
susceptibility weighted imaging (SWi*¢ phase mapping’*® and QSM*** This third
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category of MRI has been under-utilized overall duéarge part to blooming artifact in which
detection of susceptibility sources extend widedydnd their margin&’. This blooming artifact
results from a dipole field extending beyond itscaptibility source, making the source appear
much larger radiographically than it is physica#lyd distorting the source appearance in a
manner dependent on its orientation in the scarfiefFurthermore, the phase image (a
component of GRE imaging) has historically beercatided in conventional MRI protocols
despite its routine acquisition. The GRE phase @nagntains information regarding the
magnetic field experienced by water protons witligsue’”*. Blooming artifacts must still be
contended with in phase imaging due to the fact tia magnetic field at any given location
represents the sum of the contributions from atta@unding tissue susceptibilities. Together,
these issues have resulted in this third categobriylRl information having limited clinical
applications to daté>* By deconvolving the phase information to maputssusceptibility
sources?, QSM opens the door to study tissue biomolecylavithout blooming artifact§ and
subsequently offers clinical neuroradiology androsurgery the opportunity to improve upon
current shortcomings. QSM can be easily integratexrla busy clinical neuroradiology program
requiring only a widely available gradient echo w@sdion and an automated, off-line,
processing pipeline which is free and readily aldé for installation. QSM results can be
integrated into multiple neuronavigation platforrts aid both preoperative planning and
intraoperative navigation.

As the magnetic moment of an electron is 658 tistesnger than that of a protdnthe
electron clouds generate magnetic field over a mladjer spatial range than the protons, and
tissue biomolecularity is determined by molecullceon clouds. The fact that the magnetic
field of the electron cloud is substantial on thacnescopic scale explains blooming artifacts in
macroscopic GRE, both magnitude and phase imadirsgues with strongly paramagnetic
susceptibility include the iron-storing tissuescfswas the deep gray nuclei), veins containing
deoxyheme, and hemorrhages with blood-degradationdugts. Tissue with strongly
diamagnetic susceptibility includes calcificatiom @oncentrated hydroxyapatite crystal and
white matter tracks of packed myelin.

In this report, we review the fundamentals of Q3Iworkflow and integration, and we

demonstrate a number of its distinct clinical aggtions into neurosurgical practice.
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GRE Magnitude and Phase | maging

GRE sequences are available on all MRI systems. @RBgnitude has T2* weighting (T2*w),
which is a mixture of T2 weighting and intravoxeariation of the susceptibility field (R2’).
Therefore, T2*w and SWI are more sensitive than Thnaging for detecting tissue
susceptibility”>. SWI enhances susceptibility contrasts betwedaréift tissue$®?* SWI can be
used for noninvasively imaging the venous systemergiits ability to detect paramagnetic
deoxyhemoglobin in venous blood®, identifying vascular malformations including
arteriovenous malformations and cavernous malfaomst(CMs)?®?’, focal hemorrhage in the
setting of brain tumorg® and traum&’®. SWI is advantageous in presurgical planning for
epilepsy in the setting of a CM where resectionardy of the CM itself but also the surrounding
iron-stained tissue is required to maximize thencka of seizure freedom postoperativély
Despite these applications of SWI into clinical reonaging, SWI has a major drawback of
blooming artifacts that prevent it from precise piag of the susceptibility sources necessary to
guide neurosurgery. Another limitation of GRE magde-based imaging is the inability to
differentiate between paramagnetic susceptibiliiyrees (hemorrhage) and diamagnetic sources
(calcification)® with each appearing radiographically similar.

GRE phase-based imaging has been explored to awer&aVI's inability to differentiate
diamagnetic from paramagnetic souré@s Through phase filtering techniquéy it is now
possible to rapidly differentiate the sign of syxtmslity sources on internal field maps: positive
for paramagnetic iron, negative for diamagneticciiahtion. While these advanced filtering
approaches are superior compared to SWI and T2*agiing®*, they are still not able to provide

precise susceptibility source localization.

Quantitative Susceptibility Mapping (QSM)

QSM, as a postprocessing of GRE data without amditi acquisition burden, enables
guantification and localization of susceptibilitpusces seen as blooming artifacts on GRE
magnitude and phase imagingrior to QSM, there had been a long history of maptis to
quantify susceptibility artifac? but these were unsuccessful. The introduction afeBian

inference with a morphological prior in 2008 se¢ throundwork for what would ultimately
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become QSM?’3> Bayesian inference is a statistical method tiséitraites susceptibility from
MR data and maps it back into radiographic imagespUsing this approach, QSM accurately
and precisely maps sources of susceptibility attifa human tissué QSM has been shown to
be reproducible across institutions as well as N#RIfstrengths and scanner manufacturers,
makes and model® Furthermore, QSM processing can be performediraf-and is fully
automated allowing for seamless clinical integraiitto a busy clinical neuroradiology program.
Brain QSM data can be easily acquired using a leeddxray and a 3D multi-echo GRE
sequence on almost any MRI scanner, particularlgbrsystems optimized for the brain. Scan
time varies between 5 and 10 minutes dependingesitadl spatial resolution. High-resolution
(0.5mm isotropic) QSM of 10 min acquisition shobld selected in the case of DBS targeting
that requires anatomical precision. A routine br@8M with high resolution in axial plane
(0.6mm) of 5 min acquisition may suit for many inraggneeds. While QSM recon remains an
active area of researé¢h most methods seem to converge to the use of asBaycost function
of data fidelity and structural consistenf®?’*® and several recon software are available freely
*In a fully automated QSM recon implementation &érthe senior author YW for installation
details), upon completion of the acquisition, atule and phase DICOM images are sent to a
separate, networked DICOM server (all major martufaes allow proper phase image saving in
their latest software versions). Reconstructioautomatically triggered for off-line QSM post-
processing upon file arrival. When post-processiag been completed (approximately in 10
minutes), quantitative QSM, as well as magnitud&{), phase, and SWI images (Figure 1) are
ready for viewing. These may be sent on to radiplog review or neuronavigation stations for

surgical planning.

Functional Neurosurgery Examples

Deep brain stimulation (DBS) has become a commeatrtent option for patients with
Parkinson’s disease (PDJ° tremor*®, dystonia’ and, increasingly, some psychiatric disorders
® Typically, DBS targets include the brain’s deepygnuclei. While the DBS mechanism of
action is yet to be fully understo8* efficacy of the treatment depends on preciseetarg™.

For example, successful DBS treatment of advan@deBuires implanting the active electrode

contacts in the antero-lateral quadrant of thelalammic nucleus (STN) with 0.5mm precision
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0 Therefore, precise definition of the deep nudteicritical for planning effective DBS
placement.
Visualization of DBS targets has been challengisimai traditional MRI sequences.

This may be explained by the lack of cellular castrwithin the deep gray nuclei. Given the
highly paramagnetic iron which is stored within rems of the deep nuclei QSM can play an
important role in defining the proper geometry loé tdeep nuclei through precise depiction of
tissue iron content. For the STN, QSM has been shiowprovide a superior contrast-to-noise
ratio over other MRI methods, including T2w, T2*phase, and SWP{Rasouli, 2018
#101}{Chandran, 2016 #103}. Below are some congkrdase examples demonstrating the

clinical utility of QSM in functional neurosurgepractice.

Subthalamic nucleus (STN) localization

58 year old male with PD was offered bilateral SDBS. QSM is performed pre-
operatively for STN localization (Figure 2). Comgdrto T2w (Fig.1B), QSM (Fig.1C) provided
markedly better spatial definition of STN geome®8M also illustrated iron decrease from the

medial tip to the dorsolateral subdivision that waed as the DBS target.

Globus Pallidus internus (GPi) localization
11 year old male with generalized dystonia wasreffddBS targeting the globus pallidus
internus (GPi). QSM was performed pre-operatively@Pi localization (Figure 3). The medial

medullary lamina depicted on QSM (Figure 3C) wasfuisn guiding DBS electrode placement.
Neur osurgical Oncology Examples

Traditional Tlw and T2w SE imaging sensitive toludality has been very valuable for
depicting brain tumor anatonfy Yet, characterization of the heterogeneous capattology on

macroscopic imaging remains incomplete and is oftexequate for planning resection or
radiotherapy % Accompanying tumor cellularity changes includgiagenesis® and abnormal

vasculature®®. Angiogenesis in aggressive malignant tumors oftanses hemorrhage, while
apoptosis in benign tumors can lead to calcificati@SM is ideal for distinguishing between
these tumoral tissue characterisfit3Tan, 2014 #108{Ozbay, 2018 #109}. Below are some
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consented case examples demonstrating the clintd&y of QSM in neurosurgical oncology

practice.

Tumor characterization for surgical planning

Case 154 year old female is found to have a heterogengmirsventricular mass in the
left temporal lobe with surrounding edema on biiRl. QSM identifies blood products within
the solid portion of the tumor (Figure 4A and 4Batient is taken for resection of her solitary
lesion which was resected en bloc due to the gatied blood products. Pathology was
consistent with metastatic renal cell carcinomhistologic diagnosis know to be associated with
areas of hemorrhage.

Case 248 year old female is found to have a large ingaticular lesion on brain MRI.
QSM identifies dense calcification within the lasi¢Figure 4C and 4D). Patient is taken for
surgical resection where a firm, gritty mass isocemtered. The lesion required aggressive
ultrasonic aspiration in order to achieve grosaltoesection, as was anticipated based on
preoperative QSM. Pathology was consistent with Wit@de | meningioma, a lesion which is

known to frequently show dense regions of intecaddification.

Intraoperative navigation to maximize resection

58 year old male is found to have multiple inteaxal lesions on brain MRI (Figure 5).
Metastatic workup is unrevealing for evidence opramary malignancy. Patient undergoes
craniotomy for resection. Preoperative QSM was mergvith neuronavigation enabling
intraoperative localization of secondary and teytinodules facilitating gross total resection.

Pathology was consistent with GBM.

Hemorrhagic micrometastasis identification

67 year old male with known non-small cell lung @anis found to have new multi-focal
metastatic disease on follow-up MRI. Three lesi@ms detected using standard imaging
sequences. QSM identifies these three lesions Ibatidentifies two additional lesions which
were undetected using standard imaging sequencegiréF6). The patient underwent

radiosurgery for management of his intracraniataée.
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Tumor histology correlation

Case 1. 15 year old male is found to have a hggeeous mass within the right temporal
lobe on MRI following a seizure. QSM does not destmate any susceptibility (Figure 7A and
7B) within the lesion. Pathology was consistent hwitwWHO grade Il pleomorphic
xanthroastrocytoma, and as such, calcificationeandrrhage would not be expected in such a
lesion As a result, the lack of signal abnormabty QSM would favor the diagnosis of a
relatively less aggressive tumor such as a pleomorgantoastrocytoma. Higher grade
neoplasms, on the other hand, such as a glioblastoight be expected to show areas of internal
hemorrhage and accordingly areas of increased stifsitiey.

Case 2. 60 year old male is found to have a spliesion in the right frontal lobe
extending across the corpus callosum on MRI. QSMaestrates susceptibility consistent with
internal blood products (Figure 7C and 7D). Patisas offered surgical debulking, pathology
was consistent with WHO IV GBM.

Discussion

In this article, we have reviewed the basic prifecipf imaging tissue magnetic property. The
GRE sequence can be used to sensitize the magmeltc induced by tissue magnetic
susceptibility. The field can be extracted GRE phdata and deconvolved to reconstruct QSM
for depicting and measuring susceptibility. QSM &anuseful for neurological cases involving
functional and pathological susceptibility contgasiVe have demonstrated clinically valuable
examples of QSM applications in functional neurgsuy and in neurosurgical oncology.

Brain iron measured on QSM may be paramagnetie- B&®ed in ferritin, which is in
biochemical equilibrium (homeostasis) with spare@-that is bioactive but not measurable on
QSM?. Iron is highly concentrated in deep gray nudieittserve as hubs of brain circuits. These
circuit activities require neurotransmitters, whasatheses require iron as a cataffstThe
highly active brain circuits present rich iron fauperb definition of deep gray nuclei on QSM.
Furthermore, neurodegenerative diseases includengsiri®on’s disease are associated with
dysfunctional iron homeostasis of iron overloadleep gray nuclei’*® Therefore, deep gray

nuclei as DBS targets can be excellently define@8iM.
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Brian tumor also involve pathological changesigsue magnetic susceptibility. Rapid
tumor growth involves leaking blood vessel formatiovith hemorrhage®, which has
paramagnetic Fe3+ stored in hemosiderin. Tumorells o certain types or parts of tumors
may lack of blood supply, die, and decay into dignsic calcificatior®™. QSM can be applied
to measure and resolve hemorrhage and calcificatbontumor characterization. This is
particularly valuable for identifying surgical res®n course of minimal bleeding.

Wide adaption of QSM in clinical practice requireasily-accessible fully-automated
reconstruction. MRI manufacturers have to suppadper saving of signal phase that
traditionally has been largely discarded. Recemeligment of accurate and fast reconstruction
using alternating direction method of multiplier ynallow QSM implementation directly on
scanner host computers with minimal programmabterreenvironmenté®, such as Orchestra
from General Electric Healthcare and ICE from Siemelealthneer. These developments may

facilitate QSM dissemination into clinics.

Conclusions

In summary, QSM is ideal for defining iron rich gegray nuclei, and for characterizing
and distinguishing between hemorrhage and tisslgification. QSM can be integrated into
busy neuroradiology programs due to its acceptadbguisition time and automated
reconstruction workflow. Whenever an MRI protoaatiudes a GRE sequence, QSM should be
post-processed without additional cost of scanimee.tClinical integration of QSM may help

clinicians better identify and characterize neurgmal targets thereby improving patient care.
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Figure Captions:

Figure 1. GRE MRI of neurocysticercosis. A) magnitude (T2*w), B) phase (with high pass
filtering), C) SWI, and D) QSM. T2*w, phase and S\Wpict multiple lesions but cannot
differentiate active hemorrhagic lesions from imaetcalcified lesions. QSM demonstrates two
hemorrhagic lesions with positive susceptibilityréavs) against calcified lesions with negative
susceptibility.

Figure 2. STN localization using QSM. A) diagrammatic representation of deep nuclei
anatomy in coronal section at the level of the STR) coronal cross-section through T2w
image; C) coronal cross-section through post-pseEdQSM image highlighting visualization of
the STN.

Figure 3. GPi localization using QSM. A) diagrammatic representation of deep nuclet@ng
in coronal section at the level of the GPi; B) ewband C) axial cross-sections through post-
processed QSM image highlighting visualizationhef globus pallidus.

Figure4. Tumor characterization using QSM. Hemorrhagic in renal cell carcinoma metastasis
on A) T2w and B) QSM images, compared to partiedicified meningioma on C) T2w and D)
QSM images. Note the hyperintense signal on QS&es in the hemorrhagic mass in panel B,
compared to the predominantly hypointense signalQ&M images in the partially calcified

mass in panel D.

Figure 5. Multi-focal glioblastoma. Axial representation of multi-focal glioblastoma &) T1w
B) T2w, C) FLAIR, and D) QSM images. Note areasiemorrhage clearly depicted as regions
of hyperintensity on QSM images in panel D.

Figure 6. Multi-focal mestastatic disease. QSM improves the conspicuity of multi-focal
micrometastatic disease. Panels A) and D) demdessabtle findings on Tlw+c images,

similarly subtle findings on FLAIR imaging shown panels B) and E) while more noticeable
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abnormalities are visualized on post-processed @8&ges shown in panels C) and F). Arrows

identify location of lesions as seen on QSM.

Figure 7. Tumor histology anticipation to guide surgical strategy. Axial slices demonstrating
A) WHO Grade Il pleomorphic xanthroastrocytoma (BX@% T1lw+c imaging and B) without
evidence of either hemorrhage or calcification @M Findings are contrasted against those in
WHO Grade IV GBM. Panel C) GBM on T1w+c imaging dddQSM. Note that QSM reveals
no significant abnormal findings in the Grade lI&R¥hile it demonstrates a thick, irregular rim
of increased susceptibility peripherally with faafi internal increased susceptibility within the
grade IV GBM.
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