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Abstract 1 

 2 

Quantitative susceptibility mapping (QSM), a recently developed magnetic resonance imaging 3 

technique, is introduced to the field of neurosurgery. A brief overview of the physics behind the 4 

technique is provided for a neurosurgical audience. QSM is unique in its ability to offer a 5 

quantitative assessment of tissue magnetic susceptibility source, which has only been detected as 6 

a blooming artifact in gradient echo acquisition. Standard susceptibility weighted imaging cannot 7 

localize nor quantify susceptibility source. Clinical applications of QSM are wide-reaching and 8 

include precise localization of the deep nuclei for deep brain stimulation electrode placement, 9 

differentiation between blood products and calcification within brain lesions to optimize intra-10 

operative preparedness during resection, and enhanced sensitivity of cerebral micrometastasis 11 

identification. QSM can be obtained in all patients able to undergo magnetic resonance imaging 12 

and is integratable into busy neuroradiology programs. Examples are provided for QSM’s 13 

clinical applications in neurosurgical care. Clinical integration of QSM may help clinicians better 14 

identify and characterize neurosurgical lesions thereby improving patient care.  15 

  16 
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Introduction and Background 1 

 2 

Magnetic resonance imaging (MRI) has revolutionized neurosurgery both for its use in diagnosis 3 

and surgical planning 1,2. MRI generally provides three categories of biophysical information: 1) 4 

relaxation effects, providing information regarding the microenvironment for water proton 5 

interactions; 2) tissue transport processes, providing information regarding diffusion, perfusion 6 

and cerebral blood flow; and 3) molecular magnetism, providing information regarding tissue 7 

susceptibility and chemical shifts within cells. These categories may be interpreted as 8 

assessments of tissue cellularity, vascularity and biomolecularity respectively 3. The first of these 9 

categories can be provided by spin echo (SE) and other sequences, including T1 weighted 10 

imaging (T1w) for defining gray and white matter anatomy and T2 weighted imaging (T2w) for 11 

characterizing pathological cellularity changes 2. The second of these categories can be provided 12 

by sequences sensitive to tissue transport processes or vascularity, including contrast enhanced 13 

T1w (T1w+c) sequences probing the integrity of the blood brain barrier, diffusion and perfusion 14 

imaging, as well as magnetic resonance angiography (MRA) 2,3. These first two categories 15 

represent the traditional work-horse MRI sequences that have fundamentally defined 16 

neurosurgical practice to date.  17 

As the field of neurosurgery has evolved, particularly the expansion of functional 18 

neurosurgery 1,4, the shortcomings of these traditional brain MRI sequences have become 19 

evident. For example, increasing knowledge of brain circuits and their dysfunctions has 20 

facilitated the adaptation of deep brain stimulation (DBS) to treat a number of diseases and 21 

disorders 5-7. Safe and effective placement of DBS electrodes requires the precise delineation of 22 

the deep nuclei for surgical targeting. However, traditional MRI is limited in its ability to 23 

visualize the deep nuclei 8, due to its poor sensitivity to the biomolecular composition of tissues 24 

9. Improving the ability to characterize the biomolecular properties of tissues is therefore desired 25 

-- which quantitative susceptibility mapping (QSM) 10 is capable of doing.  26 

QSM is an imaging technique within the third category of MRI based on the gradient 27 

echo (GRE) sequence that is sensitive to the biomolecular magnetic properties of tissues, or 28 

tissue biomolecularity 3,11-14. GRE has been used in various imaging methods, including T2* 29 

hypointense magnitude imaging (T2*w), a phase mask enhanced T2*w sequence known as 30 

susceptibility weighted imaging (SWI) 15,16, phase mapping 17,18, and QSM 10,11. This third 31 
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category of MRI has been under-utilized overall due in large part to blooming artifact in which 1 

detection of susceptibility sources extend widely beyond their margins 19. This blooming artifact 2 

results from a dipole field extending beyond its susceptibility source, making the source appear 3 

much larger radiographically than it is physically and distorting the source appearance in a 4 

manner dependent on its orientation in the scanner 19. Furthermore, the phase image (a 5 

component of GRE imaging) has historically been discarded in conventional MRI protocols 6 

despite its routine acquisition. The GRE phase image contains information regarding the 7 

magnetic field experienced by water protons within tissue 17,20. Blooming artifacts must still be 8 

contended with in phase imaging due to the fact that the magnetic field at any given location 9 

represents the sum of the contributions from all surrounding tissue susceptibilities. Together, 10 

these issues have resulted in this third category of MRI information having limited clinical 11 

applications to date 15,21. By deconvolving the phase information to map tissue susceptibility 12 

sources 22, QSM opens the door to study tissue biomolecularity without blooming artifacts 9 and 13 

subsequently offers clinical neuroradiology and neurosurgery the opportunity to improve upon 14 

current shortcomings. QSM can be easily integrated into a busy clinical neuroradiology program 15 

requiring only a widely available gradient echo acquisition and an automated, off-line, 16 

processing pipeline which is free and readily available for installation. QSM results can be 17 

integrated into multiple neuronavigation platforms to aid both preoperative planning and 18 

intraoperative navigation.  19 

As the magnetic moment of an electron is 658 times stronger than that of a proton 3, the 20 

electron clouds generate magnetic field over a much larger spatial range than the protons, and 21 

tissue biomolecularity is determined by molecular electron clouds. The fact that the magnetic 22 

field of the electron cloud is substantial on the macroscopic scale explains blooming artifacts in 23 

macroscopic GRE, both magnitude and phase imaging. Tissues with strongly paramagnetic 24 

susceptibility include the iron-storing tissues (such as the deep gray nuclei), veins containing 25 

deoxyheme, and hemorrhages with blood-degradation products. Tissue with strongly 26 

diamagnetic susceptibility includes calcification of concentrated hydroxyapatite crystal and 27 

white matter tracks of packed myelin.  28 

In this report, we review the fundamentals of QSM, its workflow and integration, and we 29 

demonstrate a number of its distinct clinical applications into neurosurgical practice.  30 

 31 
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GRE Magnitude and Phase Imaging  1 

 2 

GRE sequences are available on all MRI systems. GRE magnitude has T2* weighting (T2*w), 3 

which is a mixture of T2 weighting and intravoxel variation of the susceptibility field (R2’). 4 

Therefore, T2*w and SWI are more sensitive than T2w imaging for detecting tissue 5 

susceptibility 23. SWI enhances susceptibility contrasts between different tissues 16,24. SWI can be 6 

used for noninvasively imaging the venous system given its ability to detect paramagnetic 7 

deoxyhemoglobin in venous blood 25, identifying vascular malformations including 8 

arteriovenous malformations and cavernous malformations (CMs) 26,27, focal hemorrhage in the 9 

setting of brain tumors 28, and trauma 29. SWI is advantageous in presurgical planning for 10 

epilepsy in the setting of a CM where resection not only of the CM itself but also the surrounding 11 

iron-stained tissue is required to maximize the chances of seizure freedom postoperatively 30. 12 

Despite these applications of SWI into clinical neuroimaging, SWI has a major drawback of 13 

blooming artifacts that prevent it from precise mapping of the susceptibility sources necessary to 14 

guide neurosurgery. Another limitation of GRE magnitude-based imaging is the inability to 15 

differentiate between paramagnetic susceptibility sources (hemorrhage) and diamagnetic sources 16 

(calcification) 31 with each appearing radiographically similar. 17 

GRE phase-based imaging has been explored to overcome SWI’s inability to differentiate 18 

diamagnetic from paramagnetic sources 32. Through phase filtering techniques 33, it is now 19 

possible to rapidly differentiate the sign of susceptibility sources on internal field maps: positive 20 

for paramagnetic iron, negative for diamagnetic calcification. While these advanced filtering 21 

approaches are superior compared to SWI and T2*w imaging 34, they are still not able to provide 22 

precise susceptibility source localization.  23 

 24 

Quantitative Susceptibility Mapping (QSM) 25 

 26 

QSM, as a postprocessing of GRE data without additional acquisition burden, enables 27 

quantification and localization of susceptibility sources seen as blooming artifacts on GRE 28 

magnitude and phase imaging. Prior to QSM, there had been a long history of attempts to 29 

quantify susceptibility artifact 9 but these were unsuccessful. The introduction of Bayesian 30 

inference with a morphological prior in 2008 set the groundwork for what would ultimately 31 



 
6 QSM in Neurosurgery 

become QSM 10,35. Bayesian inference is a statistical method that estimates susceptibility from 1 

MR data and maps it back into radiographic image space. Using this approach, QSM accurately 2 

and precisely maps sources of susceptibility artifact in human tissue 9. QSM has been shown to 3 

be reproducible across institutions as well as MR field strengths and scanner manufacturers, 4 

makes and models 9. Furthermore, QSM processing can be performed off-line and is fully 5 

automated allowing for seamless clinical integration into a busy clinical neuroradiology program. 6 

Brain QSM data can be easily acquired using a head-coil array and a 3D multi-echo GRE 7 

sequence on almost any MRI scanner, particularly on 3T systems optimized for the brain. Scan 8 

time varies between 5 and 10 minutes depending on desired spatial resolution. High-resolution 9 

(0.5mm isotropic) QSM of 10 min acquisition should be selected in the case of DBS targeting 10 

that requires anatomical precision. A routine brain QSM with high resolution in axial plane 11 

(0.6mm) of 5 min acquisition may suit for many imaging needs. While QSM recon remains an 12 

active area of research 36, most methods seem to converge to the use of a Bayesian cost function 13 

of data fidelity and structural consistency 10,37-43, and several recon software are available freely 14 

44. In a fully automated QSM recon implementation (email the senior author YW for installation 15 

details), upon completion of the acquisition, amplitude and phase DICOM images are sent to a 16 

separate, networked DICOM server (all major manufacturers allow proper phase image saving in 17 

their latest software versions). Reconstruction is automatically triggered for off-line QSM post-18 

processing upon file arrival. When post-processing has been completed (approximately in 10 19 

minutes), quantitative QSM, as well as magnitude (T2*w), phase, and SWI images (Figure 1) are 20 

ready for viewing. These may be sent on to radiology for review or neuronavigation stations for 21 

surgical planning.  22 

 23 

Functional Neurosurgery Examples 24 

 25 

Deep brain stimulation (DBS) has become a common treatment option for patients with 26 

Parkinson’s disease (PD) 5,45, tremor 46, dystonia 7 and, increasingly, some psychiatric disorders 27 

6. Typically, DBS targets include the brain’s deep gray nuclei. While the DBS mechanism of 28 

action is yet to be fully understood 47,48, efficacy of the treatment depends on precise targeting 49. 29 

For example, successful DBS treatment of advanced PD requires implanting the active electrode 30 

contacts in the antero-lateral quadrant of the subthalamic nucleus (STN) with 0.5mm precision 31 
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50. Therefore, precise definition of the deep nuclei is critical for planning effective DBS 1 

placement. 2 

Visualization of DBS targets has been challenging using traditional MRI sequences 51. 3 

This may be explained by the lack of cellular contrast within the deep gray nuclei. Given the 4 

highly paramagnetic iron which is stored within neurons of the deep nuclei QSM can play an 5 

important role in defining the proper geometry of the deep nuclei through precise depiction of 6 

tissue iron content. For the STN, QSM has been shown to provide a superior contrast-to-noise 7 

ratio over other MRI methods, including T2w, T2*w, phase, and SWI 8{Rasouli, 2018 8 

#101}{Chandran, 2016 #103}. Below are some consented case examples demonstrating the 9 

clinical utility of QSM in functional neurosurgery practice. 10 

 11 

Subthalamic nucleus (STN) localization 12 

 58 year old male with PD was offered bilateral STN DBS. QSM is performed pre-13 

operatively for STN localization (Figure 2). Compared to T2w (Fig.1B), QSM (Fig.1C) provided 14 

markedly better spatial definition of STN geometry; QSM also illustrated iron decrease from the 15 

medial tip to the dorsolateral subdivision that was used as the DBS target.  16 

 17 

Globus Pallidus internus (GPi) localization 18 

 11 year old male with generalized dystonia was offered DBS targeting the globus pallidus 19 

internus (GPi). QSM was performed pre-operatively for GPi localization (Figure 3). The medial 20 

medullary lamina depicted on QSM (Figure 3C) was useful in guiding DBS electrode placement.  21 

 22 

Neurosurgical Oncology Examples 23 

 24 

Traditional T1w and T2w SE imaging sensitive to cellularity has been very valuable for 25 

depicting brain tumor anatomy 2. Yet, characterization of the heterogeneous cancer pathology on 26 

macroscopic imaging remains incomplete and is often inadequate for planning resection or 27 

radiotherapy 1,52. Accompanying tumor cellularity changes include angiogenesis 53 and abnormal 28 

vasculature 54. Angiogenesis in aggressive malignant tumors often causes hemorrhage, while 29 

apoptosis in benign tumors can lead to calcification. QSM is ideal for distinguishing between 30 

these tumoral tissue characteristics 31,55{Tan, 2014 #108}{Ozbay, 2018 #109}. Below are some 31 
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consented case examples demonstrating the clinical utility of QSM in neurosurgical oncology 1 

practice. 2 

 3 

Tumor characterization for surgical planning 4 

 Case 1. 54 year old female is found to have a heterogeneous, peri-ventricular mass in the 5 

left temporal lobe with surrounding edema on brain MRI. QSM identifies blood products within 6 

the solid portion of the tumor (Figure 4A and 4B). Patient is taken for resection of her solitary 7 

lesion which was resected en bloc due to the anticipated blood products. Pathology was 8 

consistent with metastatic renal cell carcinoma, a histologic diagnosis know to be associated with 9 

areas of hemorrhage.  10 

 Case 2. 48 year old female is found to have a large intra-ventricular lesion on brain MRI. 11 

QSM identifies dense calcification within the lesion (Figure 4C and 4D). Patient is taken for 12 

surgical resection where a firm, gritty mass is encountered. The lesion required aggressive 13 

ultrasonic aspiration in order to achieve gross total resection, as was anticipated based on 14 

preoperative QSM. Pathology was consistent with WHO grade I meningioma, a lesion which is 15 

known to frequently show dense regions of internal calcification.  16 

 17 

Intraoperative navigation to maximize resection 18 

 58 year old male is found to have multiple intracranial lesions on brain MRI (Figure 5). 19 

Metastatic workup is unrevealing for evidence of a primary malignancy. Patient undergoes 20 

craniotomy for resection. Preoperative QSM was merged with neuronavigation enabling 21 

intraoperative localization of secondary and tertiary nodules facilitating gross total resection. 22 

Pathology was consistent with GBM.   23 

 24 

Hemorrhagic micrometastasis identification 25 

 67 year old male with known non-small cell lung cancer is found to have new multi-focal 26 

metastatic disease on follow-up MRI. Three lesions are detected using standard imaging 27 

sequences. QSM identifies these three lesions but also identifies two additional lesions which 28 

were undetected using standard imaging sequences (Figure 6). The patient underwent 29 

radiosurgery for management of his intracranial disease.  30 

 31 
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Tumor histology correlation  1 

 Case 1. 15 year old male is found to have a heterogeneous mass within the right temporal 2 

lobe on MRI following a seizure. QSM does not demonstrate any susceptibility (Figure 7A and 3 

7B) within the lesion. Pathology was consistent with WHO grade II pleomorphic 4 

xanthroastrocytoma, and as such, calcification or hemorrhage would not be expected in such a 5 

lesion As a result, the lack of signal abnormality on QSM would favor the diagnosis of a 6 

relatively less aggressive tumor such as a pleomorphic xantoastrocytoma. Higher grade 7 

neoplasms, on the other hand, such as a glioblastoma might be expected to show areas of internal 8 

hemorrhage and accordingly areas of increased susceptibility. 9 

 Case 2. 60 year old male is found to have a solitary lesion in the right frontal lobe 10 

extending across the corpus callosum on MRI. QSM demonstrates susceptibility consistent with 11 

internal blood products (Figure 7C and 7D). Patient was offered surgical debulking, pathology 12 

was consistent with WHO IV GBM.  13 

 14 

Discussion 15 

 16 

In this article, we have reviewed the basic principle of imaging tissue magnetic property. The 17 

GRE sequence can be used to sensitize the magnetic field induced by tissue magnetic 18 

susceptibility. The field can be extracted GRE phase data and deconvolved to reconstruct QSM 19 

for depicting and measuring susceptibility. QSM can be useful for neurological cases involving 20 

functional and pathological susceptibility contrasts. We have demonstrated clinically valuable 21 

examples of QSM applications in functional neurosurgery and in neurosurgical oncology.  22 

 Brain iron measured on QSM may be paramagnetic Fe3+ stored in ferritin, which is in 23 

biochemical equilibrium (homeostasis) with sparse Fe2+ that is bioactive but not measurable on 24 

QSM 9. Iron is highly concentrated in deep gray nuclei that serve as hubs of brain circuits. These 25 

circuit activities require neurotransmitters, whose syntheses require iron as a catalyst 56. The 26 

highly active brain circuits present rich iron for superb definition of deep gray nuclei on QSM. 27 

Furthermore, neurodegenerative diseases including Parkinson’s disease are associated with 28 

dysfunctional iron homeostasis of iron overload at deep gray nuclei 57,58. Therefore, deep gray 29 

nuclei as DBS targets can be excellently defined on QSM. 30 
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 Brian tumor also involve pathological changes in tissue magnetic susceptibility. Rapid 1 

tumor growth involves leaking blood vessel formation with hemorrhage 59, which has 2 

paramagnetic Fe3+ stored in hemosiderin. Tumorous cells in certain types or parts of tumors 3 

may lack of blood supply, die, and decay into diamagnetic calcification 60. QSM can be applied 4 

to measure and resolve hemorrhage and calcification for tumor characterization. This is 5 

particularly valuable for identifying surgical resection course of minimal bleeding.  6 

 Wide adaption of QSM in clinical practice requires easily-accessible fully-automated 7 

reconstruction. MRI manufacturers have to support proper saving of signal phase that 8 

traditionally has been largely discarded. Recent development of accurate and fast reconstruction 9 

using alternating direction method of multiplier may allow QSM implementation directly on 10 

scanner host computers with minimal programmable recon environments 43, such as Orchestra 11 

from General Electric Healthcare and ICE from Siemens Healthneer. These developments may 12 

facilitate QSM dissemination into clinics.  13 

 14 

Conclusions 15 

In summary, QSM is ideal for defining iron rich deep gray nuclei, and for characterizing 16 

and distinguishing between hemorrhage and tissue calcification. QSM can be integrated into 17 

busy neuroradiology programs due to its acceptable acquisition time and automated 18 

reconstruction workflow. Whenever an MRI protocol includes a GRE sequence, QSM should be 19 

post-processed without additional cost of scanner time. Clinical integration of QSM may help 20 

clinicians better identify and characterize neurosurgical targets thereby improving patient care. 21 

  22 
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Figure Captions: 1 

 2 

Figure 1. GRE MRI of neurocysticercosis. A) magnitude (T2*w), B) phase (with high pass 3 

filtering), C) SWI, and D) QSM. T2*w, phase and SWI depict multiple lesions but cannot 4 

differentiate active hemorrhagic lesions from inactive calcified lesions. QSM demonstrates two 5 

hemorrhagic lesions with positive susceptibility (arrows) against calcified lesions with negative 6 

susceptibility.  7 

 8 

Figure 2. STN localization using QSM. A) diagrammatic representation of deep nuclei 9 

anatomy in coronal section at the level of the STN;  B) coronal cross-section through T2w 10 

image; C) coronal cross-section through post-processed QSM image highlighting visualization of 11 

the STN. 12 

 13 

Figure 3. GPi localization using QSM. A) diagrammatic representation of deep nuclei anatomy 14 

in coronal section at the level of the GPi; B) coronal and C) axial cross-sections through post-15 

processed QSM image highlighting visualization of the globus pallidus.  16 

 17 

Figure 4. Tumor characterization using QSM. Hemorrhagic in renal cell carcinoma metastasis 18 

on A) T2w and B) QSM images, compared to partially calcified meningioma on C) T2w and D) 19 

QSM images.  Note the hyperintense signal on QSM images in the hemorrhagic mass in panel B, 20 

compared to the predominantly hypointense signal on QSM images in the partially calcified 21 

mass in panel D. 22 

 23 

Figure 5. Multi-focal glioblastoma. Axial representation of multi-focal glioblastoma on A) T1w 24 

B) T2w, C) FLAIR, and D) QSM images. Note areas of hemorrhage clearly depicted as regions 25 

of hyperintensity on QSM images in panel D. 26 

 27 

Figure 6. Multi-focal mestastatic disease. QSM improves the conspicuity of multi-focal 28 

micrometastatic disease. Panels A) and D) demonstrate subtle findings on T1w+c images, 29 

similarly subtle findings on FLAIR imaging shown in panels B) and E) while more noticeable 30 
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abnormalities are visualized on post-processed QSM images shown in panels C) and F). Arrows 1 

identify location of lesions as seen on QSM.  2 

 3 

Figure 7. Tumor histology anticipation to guide surgical strategy. Axial slices demonstrating 4 

A) WHO Grade II pleomorphic xanthroastrocytoma (PXA) on T1w+c imaging and B) without 5 

evidence of either hemorrhage or calcification on QSM. Findings are contrasted against those in 6 

WHO Grade IV GBM. Panel C) GBM on T1w+c imaging and D) QSM. Note that QSM reveals 7 

no significant abnormal findings in the Grade II PXA while it demonstrates a thick, irregular rim 8 

of increased susceptibility peripherally with foci of internal increased susceptibility within the 9 

grade IV GBM.  10 
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