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Abstract

The evaluation of neuropathologies using MRI methods that leverage tissue susceptibility have 

become standard practice, especially to detect blood products or mineralization. Additionally, 

emerging MRI techniques have the ability to provide new information based on tissue 

susceptibility properties in a robust and quantitative manner. This paper discusses these advanced 

susceptibility imaging techniques and their clinical applications.
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Introduction

A variety of adult and pediatric neuropathologies demonstrate abnormal accumulation of 

blood products or mineralization, critical to diagnosis. While CT based methods can detect 

larger hemorrhages and mineralization, smaller lesions, such as microhemorrhages, may 

only be visible on MRI. In general, MRI is more sensitive than CT in the detection of 

hemorrhage at all stages of parenchymal hematoma evolution. A spectrum of MRI pulse 

sequences leveraging tissue susceptibility are in routine clinical use, with many emerging 

techniques becoming more available. In this paper we will review the spectrum of 

techniques available, their clinical applications, and future directions for susceptibility 

imaging.

Structural Susceptibility Imaging

The sensitivity of MRI to even small hemorrhages is due to its ability to depict susceptibility 

effects within tissues. The susceptibility of a tissue is a proportionality constant that 

indicates the degree of magnetization in response to an applied magnetic field. Negative 

susceptibility is termed diamagnetism and positive susceptibility is paramagnetism (Table 1). 

If two tissue regions have different magnetic susceptibility, a spatially varying magnetic field 

is induced in the space surrounding the tissue interface or structure, causing protons there to 
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precess around the main field B0 at different rates (also known as dephasing), resulting in 

T2* decay. Therefore, tissue structure can be depicted on T2* weighted imaging (T2*w) but 

in an amplified blooming hypointensive contrast.

A common susceptibility MRI in routine clinical practice utilizes a T2*w 2D gradient echo 

sequence (2D GRE). 2D GRE applies a readout pre-phasing gradient that dephases the spins, 

which are then rephased using a readout gradient with opposite polarity. A peak signal, i.e. 

echo, occurs at the echo time (TE) when the total area under the readout gradient is equal to 

zero. This process takes advantage of the fact that the main magnetic field (B0) created is 

inhomogeneous throughout the tissue and experiences a T2* decay as the molecules are 

dephasing. The total dephasing of the hydrogen molecules depends on the strength of the 

magnetic field and the echo time duration. TEs in the range of 15 to 20 ms with 3–5 mm 

thick sections are used in clinical 2D gradient-echo imaging. Longer TEs of ~25 ms are less 

common because of the signal-intensity loss associated with rapid phase changes across a 

voxel. Signal-to-noise ratio can be significantly improved using the 3D implementation of 

GRE (3D GRE) that acquires all sections simultaneously [1]. 3D GRE has been 

demonstrated to depict greater sensitivity to susceptibility differences when imaging at 

higher resolution, which requires longer scan times[2]. Multishot, multiecho acquisitions are 

able to obtain multiple TEs per repetition time (TR)(Figure 1).

In contrast to GRE magnitude only images, phase information has signed values that are 

opposite for paramagnetic and diamagnetic structures, allowing blood products to be 

distinguished from calcification. These phase maps, proportional to the magnetic field 

multiplied by TE, are influenced by both intravoxel and extravoxel susceptibility sources, 

i.e., do not reflect local tissue property [1]. Additionally, phase maps have been noted to 

demonstrate orientation dependence.[3]

Susceptibility Weighted Imaging (SWI) uses phase image information about local 

susceptibility changes between tissues[4] to further attenuate signal or enhance the 

hypointensive contrast using a phase mask [5]. SWI has been shown to be 3–6 times more 

sensitive than 2D GRE in detecting size, number, volume, and distribution of hemorrhagic 

lesions in Diffuse Axonal Injury (DAI).[6–8] However, the enhanced prominence of vessels 

can also obscure pathological lesions[9].

Quantitative susceptibility mapping (QSM) images depict local tissue’s susceptibility value, 

in contrast to the above traditional GRE contrasts (SWI, Phase and T2*w) that do not 

exclusively depict local tissue magnetic property, but rather a weighted sum of magnetic 

properties of adjacent tissues. This blooming contrast or artifacts in traditional GRE are 

especially problematic at air-tissue interfaces, across which large susceptibility changes are 

present, greatly distorting images. QSM uncovers local tissue magnetic properties by 

deconvolving the inhomogeneity field map with the unit dipole kernel that relates 

susceptibility distribution and the field. The inversion from measured magnetic field to the 

underlying susceptibility, which is ill-posed due to zeroes in the dipole kernel (7,8) and was 

hindered by streaking artifacts in early attempts of simple kernel division (9,10), has been 

successfully achieved using the Bayesian approach [10–12]. Tissue structural information as 

defined on anatomic images is used to select a unique susceptibility solution of minimal 
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streaking for a given field. Numerous implementations by various groups have consistently 

demonstrated that the Bayesian approach allows robust and reliable QSM [13–16]. Benefits 

of this QSM method include not only providing field and echo time independent 

susceptibility measurement, but also the depiction of paramagnetic and diamagnetic 

structures with opposite signal, enabling the differentiation of blood products from 

calcification.

Functional Susceptibility Imaging

BOLD Contrast—Increased neural activity within a cerebral area produces local 

biochemical changes that result in increased blood flow in order to meet the oxygen demand.

[17] The increase of blood flow washes out deoxyhemoglobin (dhb) with oxyhemoglobin 

(ohb); dhb is a paramagnetic substance, and so produces a substantially higher signal decay 

than ohb, resulting in a relative increase in signal as the concentration of dhb is reduced. 

This phenomenon is known as the Blood Oxygenation Level Dependent signal (BOLD) 

contrast.[18] Changes in the BOLD contrast over time can be used with a variety of 

functional paradigms to infer information about brain activity. Examples include task 

response and resting state analyses.

Dynamic Susceptibility Contrast (DSC) Enhanced MR Perfusion—DSC MR 

perfusion, or perfusion-weighted imaging, demonstrates brain perfusion data by imaging 

circulation of contrast (which is paramagnetic) within the brain using serial T2 or T2* 

weighted MRI. The susceptibility effect of the contrast agent causes signal loss, and using 

the principles of indicator dilution theory, the signal information can then be converted into a 

contrast concentration– time curve across all imaged voxels. Cerebral blood volume (CBV) 

and flow (CBF) parametric maps can be derived from this data. Additionally, regional CBF 

and CBV values can be produced by analyzing regions-of-interest. [19]

Ultrasmall / Superparamagnetic Iron Oxide (USPIO/SPIO) Nanoparticles

USPIOs / SPIOs are Iron oxide nanoparticles with T1 and T2 shortening and T2* decreased 

signal which can be administered intravenously, to evaluate anatomic and physiologic facets 

of pathology. Depending on the tumor type, USPIO/SPIOs can cross areas of blood brain 

barrier breakdown. After hours to days, USPIO/SPIOs are taken up by macrophages, at 

which time the particles demonstrate a marked T2 and T2* effect but markedly diminished 

T1 effect relative to its interstitial phase.[20]

Clinical Applications

Traumatic Brain Injury (TBI)

An estimated 1.7 million people sustain a TBI in the US annually.[21] While CT remains the 

gold standard for the initial evaluation in fast detecting hemorrhages,[22] SWI enhances 

contrast in hemorrhagic foci and helps depict localization, volume and number of injuries.

[22, 23] Size of lesions might appear larger on SWI than on T1 or T2 weighted images 

because of the susceptibility effect of hemoglobin degradation. SWI has been shown to be 

more sensitive for evaluation of microhemorrhages in the brainstem and corpus callosum 

than CT, T2, T2* and FLAIR imaging.[6, 24–26] SWI may be considered as a valuable tool 
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for patient follow-up because imaging methods, like CT and conventional MRI, are less 

sensitive for evaluating evolving and small hemorrhagic lesions.[23, 27] The number and 

volume of hemorrhagic lesions have been noted to correlate with Glasgow Coma Scale 

(GCS) scores, with brainstem lesions correlating especially well with GCS.[25, 26, 28]

Seizures—SWI has demonstrated decreased cerebral vein signal within 2 hours after 

ending of seizure episodes, resulting in patches of nonvisualized cortical veins. [29] 

Similarly, nonvisualization of cortical veins on SWI with corresponding areas of 

hyperperfusion on DSC perfusion MRI has been shown in patients with seizures.[30]

Demyelinating disorders

Multiple Sclerosis (MS) accounts for nearly 95% of all cases of demyelinating diseases,[31] 

and is characterized by multi focal demyelination and iron deposition throughout the brain 

and spinal cord, resulting in altered tissue susceptibility, visible on GRE, SWI and QSM 

imaging.[32] Susceptibility-based techniques, such as SWI and QSM, have demonstrated 

many white and grey matter MS lesions with a central vein, highlighting their perivenular 

localization.[33] Natalizumab, an effective treatment for relapsing-remitting MS, carries the 

risk for developing progressive multifocal leukoencephalopathy (PML). PML can be seen as 

increased susceptibility in U-fibers or deep gray matter on T2*, SWI or QSM, which may be 

due to iron deposition.[34]

Infectious diseases

Brain abscesses and intracranial infections are visible on SWI. While early Syphilis central 

nervous system (CNS) invasion is seen in 40% of patients, neurological symptoms occur in 

only a minority of patients.[35, 36] Widespread cortical asymmetric bilateral hypointensities 

on SWI with no correlation on conventional sequences was demonstrated in a small series of 

immunocompetent patients with progressive cognitive decline. [36]

Abscesses have been shown to demonstrate more routine dual rim configuration than 

glioblastoma multiforme (GBM) on SWI.[37] A dual-rim sign consists of two concentric 

rims surrounding the central cavity at lesion margins, with the outer ring hypointense and 

the inner ring hyperintense relative to the cavity content on SWI. This dual-rim sign has also 

been noted specifically in pyogenic abscesses, but not in fungal abscesses using SWI. This 

work found fungal abscesses to have a prominent single peripheral rim or central 

susceptibility and that, especially for aspergillus colonies, intralesion low SWI signal was 

present. This low SWI signal may represent aggregation of iron and magnesium essential for 

hyphal growth. [38]

Complications of bacterial meningitis include intracranial vascular involvement: ischemic 

and hemorrhagic complications, sinus thrombosis and microbleeds. In the setting of bacterial 

meningitis, SWI low intensity signals represent deoxyhemoglobin, hemorrhagic blood 

products and methemoglobin, which are often not visible on CT.[39]

GRE and SWI can provide information about prenatal or postnatal parasitic infections by 

localizing hemorrhage or cerebrovascular complications associated with infectious agents. 

Cytomegalovirus (CMV) may demonstrate periventricular calcifications; rubella may show 
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periventricular white matter, basal ganglia and brainstem necrosis, gliosis and calcification; 

toxoplasmosis can demonstrate basal ganglia, periventricular or cerebral parenchyma 

calcifications; neurocysticercosis can demonstrate calcifications and hemorrhage. Viral 

agents such as herpes type 2 can demonstrate temporal, hippocampal and limbic system 

hemorrhage. Cerebral malaria may produce diffuse brain parenchyma hemorrhages. While 

CT is an imaging technique that is sensitive to calcification and larger hemorrhages, SWI 

can detect small and early changes, and avoid the use of ionizing radiation to this 

population.[40]

Stroke—SWI has been shown to be more sensitive to intra-infarct hemorrhage than CT and 

GRE.[41] SWI also allows early detection of hemorrhagic transformation of stroke.[42–44] 

The presence of intra-arterial thrombus can present on GRE/SWI as intra-arterial low signal 

and vessel diameter enlargement relative to the contralateral vessel, also termed as “the 

susceptibility sign”.[41, 43] Infarct/peri-infarct tissue can also demonstrate differences in 

perfusion parameters secondary to steno-occlusive disease using DSC perfusion.[45]

Hemodynamic compromise in stroke can also be depicted as paucity of veins in the region 

of infarct. Uncoupling of oxygen supply and demand in hypoperfused tissue may cause 

increased dhb relative to ohb in the tissue capillaries and draining veins, which will be 

demonstrated as prominent hypointense draining veins on SWI.[22]

Similar to adults, hypointense prominent draining veins for hypoperfused tissue on SWI can 

help identify area of infarct in children. However, hyperintense venous signal on SWI can 

indicate areas of hyperperfusion, which are associated with increased risk of post ischemic 

malignant edema.[40, 42]

SWI’s ability to detect microbleeds (hypointense dots smaller than 5mm) make it useful in 

the evaluation of subacute to chronic strokes, perinatal vascular insults, chronic 

hypertension, cerebral autosomal dominant arteriopathy, subacute infarcts and 

leukoencephalopathy (CADASIL), cerebral amyloid angiopathy, vasculitis, infective 

endocarditis, and Binswanger’s disease, all of which increase the risk of stroke.[41]

Adult and pediatric studies have also demonstrated that mismatch between areas of SWI and 

diffusion weighted imaging (DWI) were able to similarly identify patients at increased risk 

for infarct growth as the mismatch between perfusion weighted imaging (PWI) and DWI.

[42, 46] These results suggest that SWI-DWI mismatch may be useful in patients who 

cannot receive contrast for PWI.

Vascular Malformations—Arteriovenous Malformations (AVM) are one of the most 

common causes of spontaneous intracranial hemorrhage and is defined as arteries connected 

with veins without a capillary bed in-between.[47] While the gold standard for detection, 

morphology evaluation and hemodynamics of vascular malformations is digital subtraction 

angiography (DSA),[47–49] the invasive nature of the procedure makes noninvasive 

diagnostic alternatives desirable. Compared to GRE, SWI provides better visualization of 

low-flow vascular malformations, which can be not visible on GRE.[50] SWI enhances the 

blooming effect of venous blood and provides a detailed visualization of low flow lesions, 
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like cerebral cavernous malformations (CCM). CCM lesions have dhb, which is 

paramagnetic, resulting in decreased SWI signal intensity. One study found that 44% of the 

CCM detected by SWI were not seen on GRE. [51] Similarly SWI has been shown to be 

superior to GRE for detection of capillary telangiectasias, and for the ability distinguishing 

these entities from more serious pathologies such as metastasis.[52]. A limitation of SWI is 

that evaluation of anatomy may be challenging in presence of microbleeds because both the 

feeding artery and draining vein have low intensity signal.[47] Also, high-flow anomalies 

may not be visible on SWI.[49] Vein of Galen aneurysm malformation is a condition where 

choroidal arteries drain directly into median prosencephalic vein, often with neonatal period 

congestive heart failure. SWI can provide information to differentiate between low flow and 

high flow abnormalities of the vein of Galen. [53]

Sturge-Weber-Dimitri Syndrome (SWS) is a condition defined by facial capillary, ipsilateral 

glaucoma and abnormal capillary venous vessels in the leptomeninges (pial or 

leptomeningeal angiomas).[40, 54] SWI has been shown superior to standard T1 post 

contrast MRI for demonstrating abnormal transmedullary veins, periventricular veins, 

cortical gyriform hypointensities and gray white junction abnormalities. SWI can also detect 

white matter and cortical calcifications, as well as decreased venous oxygen due to chronic 

venous ischemia and venous stasis.[40, 55–57] SWS associated lesions, such as enlarged 

choroid plexus and leptomeningeal angiomas, was shown to be better visualized on post 

contrast T1 imaging than on SWI.[58]

Venous Sinus Thrombosis—The overall reduced brain perfusion seen in cerebral 

venous sinus thrombosis (CVST) can manifest as hypointense and / or engorged sulcal veins 

and collateral slow flow on SWI in the region of ischemia. [59] SWI can also depict brain 

hemorrhage that occurs after venous thrombosis.[54]

Neoplasms—SWI helps in tumor detection by defining tumor boundaries, architecture of 

tumoral vascularization and presence of hemorrhages.[60] Delimitation of the peripheral 

tumoral invasion zone with high vascularity has improved using contrast-enhanced SWI.[61] 

Human and animal studies have shown even more detailed delineation using targeted 

superparamagnetic contrast agents using contrast enhanced SWI (CE-SWI). [61] Particles 

can cross the blood-brain barrier and then get phagocytized by tumor associate macrophages 

(TAMs). USPIOs have been demonstrated to detect and quantify TAMs.[62]

Intratumoral calcifications are evident in a variety of glioma subtypes: oligodendroglioma, 

ganglioglioma, pilocytic astrocytoma and ependymoma.[61]

The intratumoral development of calcification is considered a positive response to treatment 

while new intratumoral susceptibility signal (ITSS) is concerning for recurrent or 

progressive disease. As the tumoral grade increases, the neovascularity also increases, and 

also, with a higher grade glioma microhemorrhages from rupture of abnormal vessels and 

necrosis due to higher cell growth and inability to maintain tumoral cell metabolism. Dot or 

linear ITSS represent neoangiogenic vessels, conglomerated areas represent micro 

hemorrhage and necrosis. The pattern of ITSS correlates with the WHO histological grades.

Soman et al. Page 7

Curr Radiol Rep. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[61, 63] QSM’s ability to distinguish calcification from blood products make it well suited 

to evaluate response to therapy.

Similar to adults, SWI helps in identification of hemorrhage, calcification and vascularity 

within pediatric tumors, thereby providing information about tumor grade, treatment and 

prognosis.[54, 55] Calcification indicate slower growth and may define a lower grade, 

whereas in rapid growing tumors may present with hemorrhage or necrosis.[54] SWI can be 

helpful for early detection of basal ganglia germinomas because of the increased 

concentration of blood products and biologic metal within the tumoral bed.[63] In 

neurooncology, CBV is the most robust and widely used DSC perfusion parameter. [64]

Procedures—Neuronavigation-guided frameless stereotactic biopsy (NSTB) by MRI is a 

minimally invasive method for obtaining brain tumor samples.[65] The most common 

complications are hemorrhage and intracranial hypertension secondary to bleeding. SWI can 

reveal small vessels for preoperative planning, including trajectory to avoid vessels or tumor 

vasculature, reducing post-operative complications. [65]

Deep brain stimulation into the globus paliidus interna, subthalamic nucleus or the ventral 

intermediate nucleus is indicated for Parkinson’s, tremor disease and dystonia. SWI can 

visualize cerebral vascular structures and has been shown to improve target identification.

[66] Additionally, QSM imaging has been demonstrated to depict greater contrast to noise 

ratio in targeting the subthalamic nucleus (STN).[67]

Spinal Cord—Spinal cord edema is associated with a favorable neurological outcome 

whereas hemorrhage has poor neurological recovery. SWI exploits the susceptibility effects 

and makes hemorrhages detectable and is far superior to detect microbleeds than T2WI or 

T2*WI. Scan time is relatively short, giving the opportunity to include this sequence in MRI 

protocol for spinal cord injured patients.[68] An example of spine susceptibility imaging is 

the MERGE (multi-echo recombined gradient echo) acquisition, with typical scan 

parameters of: TR range, 950–1000; bandwidth, 31 kHz; matrix, 288 × 192; slice thickness, 

3 mm; 1-mm skip; FOV, 20×20 cm; and number of signals acquired, 2).[69] MERGE 

imaging has been noted to provide greater sensitivity for cord lesions, while traditional axial 

T2-weighted FSE provided improved lesion specificity.[69]

Anatomy—SWI has been show to identify the structure and oxygen saturation of small 

spinal veins.[70] As spinal AVMs would be expected to have higher oxygen saturation than 

other venous structures (due to related increased arterial inflow),[71] the phase information 

from SWI may help identify AVMs.

Similarly, SWI has been shown to demonstrate brainstem around the brainstem and midbrain 

well. Example applications include surgical planning for dural arteriovenous fistulas, 

identification of trigeminal nerve root vascular compression, and evaluating tumor vascular 

supply. In addition to abnormal structures, SWI can demonstrate venous drainage of the 

brainstem and for pre-surgical planning.[72]
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Future Directions

An inherent limitation to QSM is that its production is defined by an ill-posed linear system, 

requiring spatial regularization that imposes sparsity or smoothness assumptions. Example 

QSM reconstruction methods include MEDI[10, 73, 74], HEIDI[75], and compressed 

sensing (CS).[76] An alternative approach to these single orientation methods is acquiring 

additional GRE volumes at multiple head orientations (calculation of susceptibility through 

multi-orientation sampling -COSMOS). This multi-orientation sampling relies on the fact 

that, as the head is rotated inside the receive array, the dipole kernel also moves relative to 

the main magnetic field.[77] This acquisition scheme allows the undersampled frequency 

content of the susceptibility map to vary as a function of rotation and enables dipole 

inversion through the solution of an over-determined linear system. COSMOS has been 

shown to provide higher quality estimates than regularized QSM from a single orientation.

[73, 78] COSMOS has also been shown to yields exquisite detail and contrast at ultra high 

field.[79, 80]

A hindrance to acquiring multi-orientation imaging is prohibitively long scan times, which 

are proportional to the number of orientations sampled. Parallel imaging, a set of techniques 

that employ receiver sensitivity encoding to reconstruct images from undersampled k-space 

acquisitions,[81–83] can allow faster acquisitions for each volume. While conventional 

parallel imaging allows up to 3-fold acceleration with good image quality, exploiting the fact 

that 3D-GRE for QSM acquisitions employs two axes for phase encoding (ky and kz) allows 

even greater acceleration (performed along both axes). Controlled Aliasing in Parallel 

Imaging (2D-CAIPI) is one such implementation. [84] Wave-CAIPI[85] combines 2D-

CAIPI with Bunch Encoding[86] to permit an order of magnitude acceleration with small 

noise amplification and image artifact penalties. When applying these methods to QSM, 

overall scan time can be enhanced by applying the efficient trajectories of Echo planar 

imaging (EPI), which encodes an entire kx-ky plane following a single RF excitation, and 

can be extended to allow 3D-EPI by phase encoding along kz dimension.[87] The 

combination of 3D-EPI with 2D-CAIPI allows up to 16-fold acceleration while flexibly 

trading speed for reduced distortion.[87] 3D-EPI QSM has been demonstrated to produce 1 

mm isotropic images in 30 seconds [88], and 3D-Spiral QSM has produced 1 mm resolution 

images in 2.5 minutes.[89] Applying Wave-CAIPI acquisition to COSMOS has 

demonstrated 15-fold accelerated Wave-CAIPI protocol that allowed 0.5 mm isotropic 

resolution from a total 20 min scan at 3 head orientations at 7T,[90] with faster scan times 

possible at lower resolution.

A challenge to clinical implementation of QSM arises from its background field removal 

methods. Assumptions implicit in most background field removal methods resulting in 

imprecise separation of background and tissue fields. This issue is particularly prominent 

near the brain boundary, where large tissue–air susceptibility differences are present[13]. To 

avoid the separate fitting of background and local field, Laplacian-based QSM methods have 

been developed[10, 91]. However, the implementation of the Laplacian requires some 

compromise between robustness against error amplification and the integrity of the 

visualized cortical brain tissue[76]. The total field inversion preconditioned QSM method 

(TFI) has been recently demonstrated to reduce the error propagation associated with 
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imprecise background field removal, and suppress streaking artifacts in intracerebral 

hemorrhage on QSM images (Figure 2).[92]

QSM venography / oxygen extraction measurement can also evaluate brain metabolism.[93, 

94] Early quantitative studies to measure oxygen saturation typically modeled large draining 

veins[95] and cortical vessels[96] as long cylinders parallel to the main field. With this 

assumed geometry and orientation, a simple relation exists between the measured field shift 

ΔBvein-water and the oxygen extraction fraction (OEF): ΔBvein-water = 4π Δχdo0 Hct OEF, 

where Δχ do0 is the susceptibility shift between fully oxygenated and fully deoxygenated 

blood. However, this approach restricts OEF evaluation to a limited set of vessels with the 

appropriate geometry, which are manually tasking to identify. Subsequent 3D QSM methods 

provided sufficient spatial resolution to allow OEF assessment along the entire brain 

vasculature. The whole brain maps of susceptibility produced, with CSF used as water 

reference susceptibility, susceptibility shifts and thus OEF can be measured along all vessels 

to create “quantitative oxygenation venograms” (Figure 3). While this methodology has 

been tested with physiological gas challenges that change the brain oxygenation state,[97] 

second order flow effects on the phase signal[98] and partial volume effects can cause 

underestimation in OEF values. New methods to automatically segment vessels from QSM 

scans can allow for automated OEF quantification with reduced potential error due to vein 

tilt angle and partial volume effects[99, 100].

At 7T, susceptibility imaging of the spinal cord using T2* weighted 3D-GRE has been able 

to delineate MS lesion hyperintensities in high detail. In a cohort of MS patients, a 

comparison between 3T T2W images and 7T T2* images permitted the detection of 52% 

more white matter lesions at 7T than at 3T. These results demonstrate the potential benefits 

of ultra-high field imaging in the detection and monitoring of pathologies that may not be 

readily visualized at lower fields. [101]

At 7T, resting state BOLD fMRI was also used to demonstrate functional connectivity 

between left and right ventral (motor) horns, and between left and right dorsal (sensory) 

horns of spinal cord gray matter (Figure 4).[102] Future work will investigate applications of 

resting state spinal cord networks in evaluating central nervous system dysfunction in 

clinical populations.

Ultrashort echo time methods (UTE) have been able to delineate cortical bone in high detail, 

including throughout the neural axis (Figure 5). In addition to direct imaging, these methods 

are also being used for attenuation correction in PET-MRI systems.[103] UTE methods have 

also shown promise in evaluating white matter via myelin selective imaging.[104, 105]

Susceptibility tensor imaging (STI) is an extension of susceptibility mapping that captures 

the orientation dependence of tissue susceptibility through a tensor model. Similar to 

diffusion tensor imaging, STI allows mapping of brain white matter fiber orientations and 

reconstruction of 3D white matter pathways using the principal eigenvectors of the 

susceptibility tensor. In contrast to diffusion anisotropy, the main determinant factor of the 

susceptibility anisotropy in brain white matter is myelin.[106]
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Conclusions

Susceptibility based imaging methods are able to run provide rich structural and functional 

information across a variety of neuropathologies. Range of information possible for imaging 

the neural axis is set to expand greatly, based on new acquisition, reconstruction and post 

processing methods, as well as the broader availability of iron oxide nanoparticle imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
3D T2* weighted multi echo GRE images obtained at 3T. (A) TE=14, (B)TE=33, (C) 

TE=52. Note that with increasing TE, the T2* contrast increases, but artifacts due to field 

inhomogeneity also increase.
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Figure 2. 
QSM MEDI and QSM TFI images on same subject, acquired at 3T. (A) QSM TFI (B)QSM 

MEDI. Note that skull anatomic landmarks (solid arrows) and brain tissue (dashed arrows) 

are preserved in the mask free TFI method, compared to MEDI on these images.
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Figure 3. 
QSM Venous Oxygenation Mapping. (A) Original QSM map in healthy volunteer with χ > 

0.15 threshold, (B) Surface renderings of vessel and (C) Calculated Mixed Venous Oxygen 

Saturation measurements (SvO2). SSS=superior sagittal sinus, SS=straight sinus, 

TS=transverse sinus, ISS=inferior sagittal sinus, SAV=superficial anastomic vein.
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Figure 4. 
7T resting state functional connectivity maps of cervical spinal cord. Functional connectivity 

demonstration between (A) left and right ventral (motor) horns and (B) left and right dorsal 

(sensory) horns of spinal cord gray matter. (C) Spinal cord gross anatomical arrangement.
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Figure 5. 
Brain IR UTE MRI at varying inversion times (TI) (TR = 300, TI = 85/90/95/100/110/120 

ms). Contrast between cortical bone (solid arrows) and marrow (dashed arrows) is greatest at 

(A) TI-85ms and least at (B) TI-120ms.
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Table 1

Paramagnetic and Diamagnetic Tissue Components(Haacke and Reichenbach 2011).

Paramagnetic Relevance Diamagnetic Relevance

Storage forms of iron: Fe+2 and Fe+3: 
Hemosiderin; Fe+3: Ferritin

Hemorrhage, Hemochromatosis Water

Deoxyhemoglobin Vascular diseases Phospholipids, myelin Demyelinating diseases

Methemoglobin (extracellular) Hemorrhage, Methemoglobinemia, 
Sickle Cell Anemia

Oxyhemoglobin Vascular diseases

Hemosiderin (intracellular after 
macrophage phagocytosis)

Hemorrhage, hemochromatosis Calcium phosphate Vascular calcification, tumor

Ceruloplasmin (Cu2+ carrying enzyme) Wilson’s disease Most organic molecules

Gd3+ Gadolinium enhancement NaCl

Mn2+, Co2+, Cr2+

Haacke, E. M. and J. r. R. Reichenbach (2011). Susceptibility weighted imaging in MRI : basic concepts and clinical applications. Hoboken, N.J., 
Wiley-Blackwell.
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