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Abstract

Magnetic materials in tissue, such as iron, calcium, or collagen, can be studied using quantitative
susceptibility mapping (QSM). To date, QSM has been overwhelmingly applied in the brain, but
is increasingly utilized outside the brain. QSM relies on the effect of tissue magnetic susceptibility
sources on the MR signal phase obtained with gradient echo sequence. However, in the body,

the chemical shift of fat present within the region of interest contributes to the MR signal phase

as well. Therefore, correcting for the chemical shift effect by means of water-fat separation is
essential for body QSM. By employing technigques to compensate for cardiac and respiratory
motion artifacts, body QSM has been applied to study liver iron and fibrosis, heart chamber

blood and placenta oxygenation, myocardial hemorrhage, atherosclerotic plaque, cartilage, bone,
prostate, breast calcification, and kidney stone.

INTRODUCTION

Quantitative susceptibility mapping (QSM) (1-4) recovers local tissue susceptibility from
the nonlocal fields generated by susceptibility sources in gradient echo (GRE) or balanced
steady-state free precession (bSSFP)(5) MRI through 1) saving phase in data acquisition
and 2) performing spatial deconvolution according to the dipole field model in magnetism
physics (6-8). To date, QSM has been performed overwhelmingly in the brain (2,3,9-13),
and has seen increased adoption in a variety of brain research protocols to study iron
(14-21), myelin (22-25) and calcification (26,27), as well as in clinical protocols such as
presurgical mapping of deep brain stimulation targets (28-32). However, QSM has seen also
increasing use throughout the body, which is the focus of this review.

There are important biomedical interests to study 1) paramagnetic tissue iron, including
deoxyhemoglobin which inversely correlates with oxygen saturation, iron stored in ferritin
for iron overload in the liver (33,34) and iron stored in hemosiderin from hemorrhages in
atherosclerotic plaques (35,36), 2) diamagnetic tissues, including bone, various pathologic
calcifications (37,38), and fibrosis (39), particularly in evaluating tissue damage. QSM
has been developed and applied to study neck carotid plaque (40), spine (41-43), breast
calcification (44), cardiac oxygenation (45,46), mitral annulus calcification (47) and
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hemorrhage, liver iron content (48-50) and fibrosis (51,52), kidney fibrosis (53), cysts and
stones, prostate calcification (47), knee cartilage (54,55), and skeletal bones (41,43,56).

There are substantial technical challenges in performing QSM in the body outside the brain
in both data acquisition and data processing. For data acquisition, cardiac and respiratory
motion effects have to be minimized using motion correction strategies. For data processing,
there are two major additional challenges compared to brain QSM. First, GRE phase
includes contribution from electron cloud shielding or chemical shift of protons in fat.
Accordingly, fat-water separation is performed to remove chemical shift effects before QSM
dipole deconvolution. Second, the presence of strong susceptibility sources within or near
the region of interest requires special care where conventional dipole deconvolution methods
can perform poorly.

This body QSM review consists of two parts. The first is an overview of technical
developments common to all body applications. As each organ presents varying technical
demands and unique clinical questions, organ specific discussions are presented in the
second part, which include liver, atherosclerotic plaque, heart, cartilage and skeletal bones,
prostate, breast, kidney and in utero fetus.

TECHNICAL CONSIDERATIONS

Compared to brain applications, the framework of QSM remains conceptually the same in
body applications. However, there are crucial differences in how data should be acquired
and pre-processed before susceptibility maps can be reconstructed via dipole deconvolution
(Figure 1). This body QSM technique overview discusses the following factors in the

body affecting the formation of the GRE signal: 1) common occurrence of fatty tissues;

2) nonrigid displacement of organs due to respiratory and cardiac motions, and 3) large
dynamic range of susceptibility and presence of tissues with very short transverse relaxation
times.

Chemical shift of fat in QSM

Unlike the brain where most of the signal-generating protons are hydrogen nuclei in water,
soft tissues elsewhere in the body additionally contain signal-generating protons in fat. Fat
molecules consist of three fatty acids connected by means of ester bonds to one glycerol
(triglycerides). In these molecules, the external magnetic field By polarizes molecular
electron clouds, inducing a shielding magnetic field that alters the field experienced by

its protons. As the result, these shielded protons exhibit a different resonance frequency, and
its offset relative to water is commonly referred to as chemical shift. Depending on protons’
positions within a triglyceride, different protons experience different degrees of electron
shielding and hence different chemical shifts forming a chemical shift spectrum. The main
peak of the fat chemical spectrum, which accounts approximately for 80% to 90% of the
overall signal (57), is offset roughly by f. = —=3.5 ppm relative to the resonance frequency of
water, or —440Hz at 3T and —220Hz at 1.5T.

The presence of chemical shift poses a significant challenge for mapping the magnetic
field generated by local tissue magnetization (tissue field), a foundational step in QSM.
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In case of only water in brain (single species), the phase of GRE signal is modeled as a
product of tissue field and echo time, and tissue field is estimated from acquired multiple
echo GRE data, using a nonlinear least-squares (58) or weighted averaging. Due to the
shielding effect described above, the fat signal phase model needs to include chemical shift,
in addition to the tissue field. When fat and water coexist within the same voxel (two
species), behavior of the GRE signal phase becomes a nonlinear function of tissue field
and echo time. Consequently, assuming a single species phase model will result in a field
map with unphysical discontinuities at the boundaries between water- and fat-based tissues,
preventing meaningful QSM reconstruction (Figure 1, yellow arrows).

Several algorithms exploiting the phase shifts due to the difference in water and fat
resonance frequencies have been developed to perform simultaneous mapping of water, fat
and magpnetic field, which is known as water-fat separation (59-62). Fundamentally, water-
fat separation is a nonconvex nonlinear minimization problem that suffers from a) local
convergence and heavy dependence on the initialization and b) sensitivity to noise in data.
For example, multiple distinct off-resonance or field values can satisfy signal model but only
one is the true field value (63). Improper determination of the field value can lead to water
and fat being swapped in the output water and fat images, and non-physical discontinuities
in the output field map. Accordingly, regularization including the field smoothness is used
to constrain the minimization. In classical IDEAL approach (64), smoothness is enforced
through convolution of the estimated field with a smoothing kernel at each iteration; the
major weakness of this method is its inability to guarantee proper convergence if very strong
field inhomogeneities are present. To address this shortcoming, region growing approach
(63,65-69) has been proposed. First, several seed voxels within the ROI are heuristically
selected. Then, adjacent voxels are iteratively added by minimizing the difference in

phase error with all previously added voxels. This region growing approach allows local
enforcement of field smoothness, but is computationally greedy with convergence not
guaranteed and dependent on the growth path (70). As an alternative to region growing, the
graph-cut optimization that inherently optimizes entire volume of interest has been proposed
(71-77).

To reinforce the performance of the aforementioned algorithms, robust initialization of the
field inhomogeneity map has been accomplished through use of strategically acquired subset
of in-phase (IP) echo times (Figure 2) (41,78). The IP echoes are characterized by the
constant angle between water and fat components, and can be realized with the echo spacing
ATE = 1/f.. IP may introduce constraints on the obtainable readout resolution and/or field

of view, which can be alleviated by using higher acquisition bandwidth and bipolar readout
gradients.

Recent advances in deep learning (DL) MR image reconstruction brought forth novel
methods for water-fat separation and to estimate chemical-shift-free field maps (79-85).
DL reconstruction is fast, eliminates the need for initial guess and reduces dependence on
acquisition parameters while improving signal to noise ratio (SNR) of reconstructed maps
(79,80). However, this approach requires large training sets to sufficiently capture data
characteristics and prevent generalization errors.
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Data acquisition

Among the existing GRE acquisition schemes, Cartesian (40,45,47,49,55,86,87) and spiral
(43,46,88-90) have been primarily used in body QSM applications. Cartesian GRE is
widely available on most modern scanners, which makes it a primary choice for clinical
imaging and research; however, inefficient k-space sampling limits its application primarily
to breathhold imaging (e.g., in liver), musculoskeletal and pelvic MR where breathing
motion is not of primary concern. Motion sensitivity of the Cartesian GRE can be mitigated
through prospective electrocardiographic (ECG) and diaphragmatic navigator gating (91,92).

To accelerate the acquisition, more efficient spiral k-space sampling, such as variable
density stack-of-spirals and cone (93,94), can be employed. Two key benefits of spiral
acquisition are very short minimum echo time, which enables ultra-short TE (UTE) imaging
of tissues with very short 7, (88,89,95), and accelerated acquisition through high k-space
undersampling efficiency (96). Additionally, spiral imaging provides motion robustness

and intrinsic flow compensation, which are critical in body imaging to mitigate respiratory/
cardiac movements and blood flow artifacts. However, spiral images may contain artifacts
caused by gradient imperfections, eddy currents, concomitant fields and off-resonance due to
By inhomogeneity (97) or chemical shift (98).

Besides the choice of the sequence, the following points should be considered for successful
acquisition of data compatible with body QSM applications.

1 Repetition time. Because the quality of QSM hinges upon the quality of the field
map, a readout with sufficiently long TR to allow sufficient phase accrual at large
TE is recommended. To maximize SNR in field maps, last acquired echo time
should be on the order of T, of the tissue of interest (99). To accommodate this
requirement, for most of the soft tissues throughout the body 7/ between 15-20
ms appears to be sufficient (45,47,86,100) at 3 T, with the exception of liver
where, due to prevalence of high iron accumulation and fibrosis, shorter 7/s
(~8-10 ms at 3T) are typically used (48,50,52,101).

2. Number of echoes. Water/fat separation involves fitting of complex data with
the minimum of 5 real-valued parameters. Therefore, a minimum of 3 echoes
is required for successful field mapping, although higher number of echoes is
typically acquired (6 echoes).

3. Imaging resolution and acquisition time. Due to respiratory motion, acquisition
of GRE in abdominal imaging calls for a compromise between scan time and
image resolution. Thus, breath-holding commonly used in liver imaging limits
acquisition times to under 30s, allowing acquisition of 20-30 slices with typical
slice thickness of 3-5 mm. Usual in-plane resolution is ~(1.5 - 2) x (1.5 - 2)
mm?, parallel imaging acceleration factor =2, receiver bandwidth =300 Hz/pixel.

Navigator gating can be used for free-breathing acquisitions to increase coverage
and resolution, and ECG triggering should be considered for cardiovascular
applications. Efficient navigator gating algorithms are important to keep the
acquisition time tolerable.
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4, Flow compensation. Strong blood flow causes phase variations that can lead
to erroneous magnetic field estimates. To mitigate flow-related issues, full flow
compensation (102) can be used for cardiovascular QSM.

QSM reconstruction

Magnetic field map estimated from GRE data reflects the total magnetic field experienced
by proton spins, which is the superposition of the local tissue magnetic field, generated

by susceptibility sources within the chosen region of interest (ROI), and the background
field, generated by susceptibility sources outside the ROI. The traditional paradigm of QSM
reconstruction consists of two separate steps (1): (a) background field removal to determine
the tissue field, and (b) dipole field inversion to obtain the susceptibility map from the tissue
field. Multiple algorithms have been developed to filter out background field (103-108),
and all of them have demonstrated robust performance in brain imaging; however, technical
challenges arise in their translation to body QSM.

First, the large susceptibility differences cross air-tissue interfaces (e.g., at the lung-liver
boundary) give rise to very sharp gradients in magnetic field within tissues. These cause

a rapid signal decay and make it difficult to measure the total field and separate the
background and tissue field (107). Consequently, in the dipole inversion step, the resulting
residual background field results in non-local shadow artifacts in the estimated susceptibility
map (107,109). To prevent this error propagation, erosion of the tissue mask at the air-tissue
interfaces is often required in tissue field dipole inversion, which may prevent visualization
of the entire tissue volume, for example, in the superior portion of the liver due to its
proximity to diaphragm.

Second, areas with low SNR (bones, ferritin- and hemosiderin-rich ROls, imperfectly
masked air cavities) result in amplified noise during dipole inversion, manifesting as
streaking artifacts (109-112). Using a nonlinear QSM model can reduce these streaking
artifacts (58), but does not eliminate them. One approach to this challenge is to separate

the fitting processes for sources of strong (bone, air) and weak (soft tissues) susceptibilities,
hence preventing artifact from permeating into the region of interest (110,113). However,
this approach requires careful choice of the regularization parameters, thresholds for
detecting low SNR regions.

Tissue field inversion has been successfully used in multiple body applications (48,86,114),
but its performance is confounded by sensitivity to strong susceptibility sources within
ROI or strong residual background fields. To avoid these sources of error, total field
inversion (TFI) has been proposed to handle large dynamic ranges in susceptibility
(43,115,116). The key idea of TFI is to adapt the iteration step-size according to the
initially estimated susceptibilities (preconditioning) so that the solver converges for a wide
range of susceptibility values in a similar number of iterations (115). TFI is capable

of properly mapping broad range of susceptibilities over the entire ROIs including soft
parenchymal tissues, bones, air-filled cavities and subcutaneous fat. The preconditioner

in TFI should conform to magnitudes of underlying sources and can be derived from R;
without acquisition of additional data.
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ORGAN SPECIFIC CONSIDERATIONS

Liver

We review here QSM studies of specific organs in the body: liver, heart, atherosclerotic
plaque, musculoskeletal system, prostate, kidney, breast, placenta, and fetus, approximately
ordered according to the number of publications. Two aspects are emphasized, 1) biomedical
justifications for studying tissue magnetic susceptibilities in these organs and 2) primary
findings from these studies.

Liver produces the majority of proteins involved in iron metabolism, including hepcidin

and transferrin, and is the only organ whose iron content is consistently increased in

all forms of systemic iron overload (117). Iron overload in the human body occurs

in a wide spectrum of conditions, including increased dietary absorption in hereditary
hemochromatosis, transfusional hemosiderosis (in thalassemia major, sickle cell disease and
refractory anemias) and alcoholic cirrhosis (34,117). Excess iron in hepatocytes catalyzes
the formation of highly reactive hydroxyl radicals, which cause cell membrane damage

and protein denaturation. Chronic oxidative damage to hepatocytes induces activation of
hepatic stellate cells and their differentiation into myofibroblasts, resulting in in collagen
deposition, fibrosis and micronodular cirrhosis (118). Since the human body cannot actively
eliminate excess iron (119), treatment with chelating agents is required to restore normal
body iron levels. Deferoxamine, deferiprone and deferasirox are the most important specific
US FDA-approved iron chelators (120). These agents form a water-soluble complex with
iron, reducing its reactivity and promoting its excretion. Management of chelation therapy
requires constant monitoring to prevent over-chelation and associated adverse effects due to
chelator toxicity (121,122).

Due to the linear relationship between tissue magnetic susceptibility and deposition of iron
and no need for empirical calibration, QSM of the liver has seen considerable growth of
interest over the recent years (48-52,78,101,123). QSM using background field removal

and a dipole inversion technique for liver iron measurement has been shown to have high
diagnostic performance, with area under the curve (AUC) of 0.948, 0.970, 1, and 1 at
susceptibility cut-off values corresponding to liver iron content thresholds of 1.8, 3.2, 7.0,
and 15.0 mg/g dry weight (123). It has also been validated against FDA-approved R»-based
method known as Ferriscan (49) and superconducting quantum interference device (SQUID)
(48,50). Strong correlations were found between the liver parenchymal susceptibility value
and Ferriscan (A2 = 0.76 at 1.5T, /2 = 0.83 at 3T), and between susceptibility and SQUID
(R2=0.82at 1.5T, A2 = 0.81 at 3T). Both of these results demonstrate that QSM data

can provide good estimates of the liver iron content (Figure 3). In chronic liver disease,

it has been demonstrated that QSM has high diagnostic performance in differentiating
significant from non-significant hepatic fibrosis (AUC = 0.836). This was further improved
by combining QSM, proton density fat fraction (PDFF), and R, (AUC = 0.933) (52). Similar
results were also obtained in an imaging study performed on 19 ex vivo samples of liver
tissue with further histologic validation; in this work, a combination of QSM and R; resulted
in AUC of 0.91 in detecting fibrosis (51).
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One of the main technical limitations of QSM in liver iron measurement is decreased
performance in the presence of severe iron overload (iron content>27.5 mg/g dw) which
precludes acquisition of meaningful GRE signals at conventional echo times (123).
Development of advanced acquisition techniques (95,124) is required for full range
quantitative liver iron content assessment with QSM.

QSM has been used to measure differential blood oxygenation between the left and right
cardiac chambers (450,)(125). This is an established measure of cardiac function: left
ventricular (LV) dysfunction results in lower supply of blood to any given organ and thus
increases the relative extraction of oxygen from blood. This in turn results in the delivery of
more deoxygenated blood to the heart. Increased ASO» predicts poor prognosis in patients
with heart failure with and without pulmonary hypertension (126-128) where it is used

to guide treatment (129). The gold standard for measuring this oxygenation based index

is invasive catheterization (130) which entails procedural risks and can be challenging in
critically ill patients (131,132). Early methods for measuring oxygenation using phase have
relied on vessel geometry assumptions (133) that are not applicable to the cardiac chambers.
Traditional MRI approaches for chamber oxygenation based on relaxation times ( 73, T,
and T7;) (134-141) can be challenging to apply clinically. In the case of 7, for example,

the dependence of spin echo 75, on oxygenation is well understood to be complex (142)

and in practice requires calibrating several model parameters in addition to oxygenation,
potentially affecting accuracy and complicating clinical implementation. Recently, multiple
measurements to estimate all parameters in in the complex 7, model was proposed to
overcome the assumptions/calibration of previous 7, based methods but at the cost of
increased scan time (143,144). Instead of relying on modeling the complex relaxation

effect of oxygenation on the MR signal magnitude, modeling the magnetic susceptibility

of blood on MR signal phase is advantageous because the physical model relating blood
susceptibility to oxygen saturation is simpler than that for 75: it is linear with the known
physical constant as slope. Cardiac QSM (45,125) allows mapping of the susceptibility
throughout the entire volume containing the heart. Typical acquisitions use an ECG triggered
navigator 3D Cartesian mGRE free breathing sampling (Figure 4). The QSM reconstruction
is based on TFI (115) which uses an additional regularization constraining the variation of
susceptibility in the left as well as the right ventricular chamber, which are segmented before
QSM is computed (Figure 5). This regularization is similar the CSF regularization used in
MEDI+0 (145), and immediately allows calculating the left-right ventricular ASG,. This
method was validated in patients against right heart catheterization, the gold standard for
oxygenation (125).

In patients with mitral regurgitation, mitral annular calcification (MAC) negatively impacts
the outcome in percutaneous mitral repair (146) especially in advanced MAC (147). QSM is
sensitive to calcium as a diamagnetic compound (148). While computed tomography (CT) is
reference measurement for MAC, it requires ionizing radiation exposure and cannot measure
mitral regurgitation as in MRI. In a study of 24 patients (149), a good agreement was found
between a MR based calcium moment (defined as the sum of all susceptibilities in a given
ROI) and the conventional calcium score derived from CT obtained in the same patients
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(Figure 6). ROC analysis demonstrated an AUC of 0.95 for identifying advanced MAC using
cardiac QSM, for which a threshold value of —260.33 ppmxmm?3 lead to a sensitivity of
100% and specificity of 85% in relation to the reference standard of CT.

Reperfusion injury may follow treatment after a heart attack and can lead to reduced heart
function and ultimately heart failure. A recent study using a variety of histological and
spectral methods established that iron as a biomarker for reperfusion injury in a large animal
model (150). Magnetic susceptibility was shown to be closely associated with the duration
of coronary artery occlusion, and paramagnetic shift (Ay > 30 ppb) of infarcted regions
relative to distant myocardium was demonstrated in animals with longer time-to-reperfusion,
as well as those specimens that did not undergo reperfusion after myocardial infarction.

This study also demonstrated myocardial QSM: 1) improved sensitivity for iron without the
confounding factors such as edema and fibrosis in conventional cardiac MRI; 2) had greater
AUC (0.92) than 75 and R; (0.71) in ROC analysis and showed superior balance between

sensitivity and specificity of classification.

Carotid atherosclerotic plague

The carotid bifurcation is a frequent site for progressive formation of atherosclerotic plaques
that, when ruptured, produce thromboemboli causing ischemic stroke (151). Currently, high-
stake decisions about carotid revascularization as first-line treatment to prevent stroke in
patients with stroke or transient ischemic attack symptoms are primarily based on whether
there is a 350% carotid stenosis. However, large randomized controlled trials (152-154)
have established that carotid endarterectomy (CEA) is only moderately beneficial for those
with 50-69% stenosis compared to noninvasive medical therapy, and many carotid vessels
implicated in stroke do not have a >50% stenosis (155,156). Stroke risk from a luminal
stenosis can be improved by additional assessment of plaque components: 1) the presence
of intraplaque hemorrhage (IPH) has been associated with a 4 to 6-fold increase in stroke
risk (35,36) and is a better predictor than all traditional clinical risk factors (157); 2)
calcification in carotid plagues has been associated with a 50% lower stroke risk (158). In
the conventional multi-contrast MRI approach (159-162), IPH is detected as a hyperintense
region on 73w image, which is attributed to the 7; shortening effect of paramagnetic
methemoglobin associated with the early acute stages of hemorrhage (163,164). However,
hemosiderin, an iron storage compound often associated with chronic hemorrhage, has
much larger magnetic susceptibility than methemoglobin, resulting in 73w hypointensity
due to field inhomogeneity induced signal loss. This hypointensity increases with the

main field strength (165) and can be misinterpreted as calcification, which may lead to
stroke risk underestimation. QSM is a sensitive imaging tool for resolving the ambiguous
71w hypointensity of calcification versus hemosiderin by directly measuring the magnetic
susceptibility that induces the hypointensity (166). Therefore, QSM is emerging to be a very
valuable addition to multi-contrast MRI for improving carotid plaque characterization and
ultimately stroke risk prediction.

Several pilot carotid plague QSM studies have demonstrated feasibility. One in vivo QSM
study of seven patients undergoing CEA showed that QSM yielded substantially improved
contrast between IPH and calcification as well as lipid-rich necrotic core (LRNC), which
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were confirmed by the gold standard histopathology on ex vivo CEA specimens, compared
to traditional MRI contrasts (167). These findings agreed well with an ex vivo QSM

study of excised CEA samples, which found that calcification and fibrous matrix were
prevalent in QSM hypointense areas with negative susceptibility, while IPH and hemosiderin
deposition were seen only in QSM hyperintense areas with positive susceptibility (168).
Another study of 15 carotid patients found a good agreement in IPH detection between
QSM and T;w MPRAGE (k = 0.822), as well as similar IPH and calcification area
measurements obtained by QSM and conventional multi-contrast sequences (169). They
also reported highly reproducible mean plaque susceptibility values in three patients (169).
The nonlinear preconditioned TFI algorithm can improve QSM quality and detection

of IPH and calcification when using multi-contrast MRI as the reference standard (40).
Furthermore, TFI can detect small focal hyperintense areas with high positive susceptibility
consistent with IPH that is invisible or appears hypointense on multi-contrast MRI, similar
to calcification (Figure 7), enabling IPH to be distinguished from calcification.

Plague inflammation has been studied through imaging the uptake of nanoparticles by
macrophages in the plaque, as shown in a QSM study of the carotid plaques in five

patients before and after the administration of ultrasmall superparamagnetic iron oxide
nanoparticles as a means to detect inflammation (170). Regions of calcification appeared
strongly diamagnetic on both pre-contrast and post-contrast QSM (~ -1 ppm), while regions
of USPIO uptake appeared strongly paramagnetic (>1 ppm). Plaque regions containing
neither calcification nor USPIO had susceptibility values close to zero in both pre- and post-
contrast QSM images. USPO uptake and presence of calcifications was further confirmed by
plague histology samples obtained in two patients These early findings suggest that QSM
has the ability to improve carotid plaque characterization.

Successful clinical adoption of carotid plaque QSM in the future will depend on overcoming
several technical challenges. A major challenge is the residual streaking or shadow artifacts
in the susceptibility map caused by the proximity of background air, air cavities, fat
(171,172), bone, and blood flow in the neck region. Another challenge is the noise
amplification in areas with low signal-to-noise ratio such as calcified plaques, especially
when data acquisition is performed using a product head/neck coil with less optimal
anatomical coverage compared to a dedicated carotid coil (173). Recently developed
susceptibility source separation methods (174-177) may be useful for separating co-
localizing IPH and calcification in the atherosclerotic plaques. Finally, a multi-contrast
acquisition and reconstruction approach that utilizes the shared structural information among
different image contrasts to vastly reduce the scan time (178-180) will be essential to
translate carotid plague QSM into a routine imaging workup.

Musculoskeletal and spinal applications.

Due to its sensitivity to magnetic tissue composition and structure, QSM has been
successfully applied to study cartilage tissue in in animal models, ex vivo samples, as

well as healthy and osteoarthritic subjects at different field strengths (54,55,181-188).

The collagen fiber is a major source of contrast in cartilage to assess microstructural
pathologies within the collagen matrix (Figure 8A) (183). In healthy cartilage, architecture
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and biochemical composition of the functional extracellular matrix is strictly maintained by
the chondrocytes (189). However, if the balance between the anabolic (synthesis of cartilage
matrix components) and catabolic (normal turnover of matrix molecules) processes is
disrupted by physical or molecular mechanism, chondrocytes activate in an attempt to repair
the matrix. Following up-regulation of matrix synthesis, expression of proteolytic enzymes,
increased expression of pro-inflammatory cytokines and tissue necrosis factor alpha leads
to clustered apoptosis and proliferation of cells, disrupting integrity of the cellular network
(190,191). Cartilage and its surrounding tissues are affected in osteoarthritis (OA), a highly
prevalent and slowly progressing degenerative joint disease. The OA changes include
subchondral sclerosis, meniscal degradation, osteophytosis, and, as a primary pathologic
feature, loss of articular cartilage (192-194) in spinal and peripheral joints. MRI is among
the best non-invasive tools available for diagnosis of OA (195).

In the preclinical animal studies, QSM has been shown to be sensitive to progressive
degeneration of epiphyseal cartilage canals due to induced chondronecrosis (185); similar
ability of QSM to visualize cartilage canals and cartilage vascular architecture in pediatric
subjects has been demonstrated (54,181). In equine model of post-traumatic osteoarthritis,
combination of QSM and T within articular cartilage allowed successful prediction of
reference parameters (equilibrium and dynamic moduli, proteoglycan content, collagen fiber
angle and anisotropy) with high Spearman’s rank correlation (o = [0.49...0.68]) between
measured and predicted parameters (187). A prospective quantitative study performed in
OA patients demonstrated that the variation of magnetic susceptibility within the knee
cartilage was associated with the stage of OA (55). In a more recent study in marathon
runners, QSM has been shown to be sensitive to acute changes in femoral and tibial cartilage
after repetitive loading without any morphologic changes (184). While more research is
required for successful clinical translation of QSM, these findings indicate the potential

of susceptibility quantification to provide critically relevant information about structure of
cartilage.

Osteoporosis (OP) is a systemic skeletal disease characterized by low bone mass and a
consequent increase in risk of fractures (196). The skeleton is metabolically active and
undergoes continuous remodeling throughout life, occurring at discrete sites known as basic
multicellular units. Each unit is a dynamic structure comprised of osteoclasts, osteoblasts,
and osteocytes (197). During bone remodeling, recruited osteoclasts degrade mineralized
bone and undergo subsequent apoptosis; after this, osteoblasts are recruited to the site, and
formation and mineralization of new bone takes place (197,198). Under normal conditions,
the processes of bone resorption and formation are balanced. With age, this balance is
disrupted. In post-menopausal women, the rate of bone remodeling is increased, while the
remodeling balance becomes negative due to increased osteoclast-mediated bone resorption,
resulting in bone overall bone loss; in contrast, ageing in men is associated with reduced
bone formation (196,199). Bone mineral density (BMD) assessment using dual energy x-ray
absorptiometry (DXA) and quantitative CT (qCT) is central to the diagnosis of OP (200).
Because of the widespread use of bone mineral densitometry, there is potential to improve
the standards of care if the radiation dose could be minimized by using non-ionizing
imaging modalities.
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Utilization of magnetic susceptibility as a skeletal MR imaging biomarker is still under
active development despite first being proposed about three decades ago (201,202).

The main contrast mechanism in bone QSM is deposition of hydroxyapatite, a calcium
compound, withing the bone matrix. The main challenge in bone MR is the ultrashort
apparent transverse relaxation time (~300 ps) (203) of bound bone water, resulting in no
meaningful phase for QSM reconstruction in conventional GRE. To address this challenge,
utilization of UTE sequences has been proposed (56,88). In ex vivo specimens, estimated
magnetic susceptibility of cortical bone has been found to correlate against #CT-derived
BMD and bone porosity (88) and traditional CT Hounsfield units (56), warranting further
investigations (Figure 8B). Besides bone density assessment, the feasibility of QSM for
detecting hemosiderin deposition in patients with hemophilic arthropathy (89) and for
tracking gadolinium-based contrast agents deposition within cortical bone (204,205) have
been demonstrated (206).

Spine is an extension of the central nerve system and connects different parts of the
musculoskeletal system. Pathologic changes in calcification and hematopoietic bone marrow
of the spine can cause changes in magnetic susceptibility, which can be studied using

QSM (207,208). Spine QSM can be effectively obtained using an IP acquisition with
consecutive tissue field inversion (42). In vivo study comparing vertebral QSM, proton
density fat fraction and BMD performed in 108 postmenopausal females found that a
statistical model combining QSM and PDFF resulted in high specificity and sensitivity
(AUC>0.82) in differentiating normal, oteopenic and osteoporotic subjects (41). QSM has
also been demonstrated to be sensitive to osteolytic metastases within the spinal column,
surpassing conventional MR sequences (73w, 7ow, Tow-water) in sensitivity (43)

Prostate cancer is the most common cancer in men in the US (209). Fiducial markers are
used as landmarks for radiation therapy for prostate cancer treatment (210). The workflow
for image-based localization of fiducial markers for radiation therapy of the prostate is
usually based on CT. However, MRI only workflows are sought for because of the superior
soft tissue contrast of MRI compared with CT and because they eliminate the risk for MR-
CT registration errors as well as reduce the exposure of patients to ionizing radiation (211-
213). Conventional MRI workflows using magnitude data lack the ability to differentiate
between diamagnetic calcification that are a common finding in the prostate (214), fiducial
markers such as gold fiducial markers that are more diamagnetic than calcification or
titanium encapsuled seeds that are strongly paramagnetic, and blood products that possess a
paramagnetic susceptibility. Therefore, the risk for error might outweigh the benefits of an
MRI-only workflow (211). Moreover, the use of prostatic calcification as an internal fiducial
marker has been proposed (212).

A recent study showed that susceptibility values of gold intraprostatic fiducial markers
were significantly different from the susceptibility values of intraprostatic calcification (p
< 0.001), facilitating QSM-based radiotherapy planning and overcoming the limitations of
magnitude-based MRI workflows (215). Using an unsupervised k-means and k-medoids
clustering machine learning algorithm, QSM-based automated detection of implanted low
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dose rate brachytherapy seeds could accurately detect seeds and estimate seed centroids
while seed orientations were highly correlated with the actual orientations (R > 0.98) (213).
Preceding the applications to prostate radiation therapy, prostate-QSM has been first used
to detect intra-prostatic calcification as well as calcification in the periphery of the prostate
(47) (Figure 9) and average susceptibility values were reported to be —0.249 £ 0.179 ppm.
For QSM of the prostate, susceptibility values have been referenced to iliopsoas muscle
(112,216), or to internal obturator muscles (217).

There can be large air-filled spaces in the vicinity of the prostate dependent on subject
physiology, that will create strong artifacts when not considered in background field
removal. Furthermore, excluding regions with very short T; relaxation time such as bones,
and therefore, unreliable phase data, can improve the quality of susceptibility maps of the
prostate (112). While the prostate itself does not contain fat, it is surrounded by different
tissues including muscle and fat tissues so that accounting for the chemical shift between
water and fat can further reduce shading artifacts (217).

Breast cancer is the most common cancer in women in the US (209). While

large macrocalcifications (218) are often associated with benign conditions such as
fibroadenomas, microcalcification can be associated with breast cancer or ductal carcinoma
in situ (DCIS) (219). The gold standard for the detection of calcification in the breast is
mammography, a projection technique, which may be inferior to 3D imaging modalities
such as MRI regarding its localization properties. This might also limit detection in certain
instances. However, current clinical MRI protocols lack the ability to detect calcification.

Early on in the history of QSM, it has been shown that QSM of the breast is feasible, it
can be used to detect calcification (44,220) (Figure 10), and that it might even provide
complementary information about tumor morphology and vascularization compared to
mammography or contrast-enhanced imaging (44). Recently QSM-based mammography-
like MR images using a preconditioned water-fat-silicone total field inversion algorithm
were used to detect smaller microcalcification in the presence of silicone implants (221).
Further studies are required to establish diagnostic efficiency of breast QSM and compare
its performance against the golden standard of mammaography and multiparametric MRI
protocols.

The kidney possesses a complex geometry comprised of nephrons that are subdivided into
vessels, glomerulus and the tubules facilitating its integral functions in the urinary and
endocrine systems such as filtration, control of body fluids and hormonal regulation. In a
pre-clinical ex vivo study the complex geometry of the kidney could be visualized using
susceptibility tensor imaging (222,223).

QSM has been applied to study kidney fibrosis. Chronic kidney disease is characterized
by renal interstitial fibrosis for which the standard diagnosis is renal biopsy. Therefore, the
interest in finding non-invasive biomarkers has been growing in recent years with great
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interest in MRI biomarkers (224). It was shown in a pre-clinical study using a mouse

model prone to focal interstitial fibrosis, cortical inflammation, glomerulocysts and inner
medullary hypoplasia that susceptibility values of the kidneys of wild-type mice were more
paramagnetic than in knock-out mice (225). This observation was attributed to an increase in
proteins and lipids due to inflammation and fibrosis, which possess a relatively diamagnetic
susceptibility. A first feasibility study on healthy volunteers that also included one patient
with kidney fibrosis could reproduce the results from the animal study and showed strongly
reduced susceptibility values in the fibrosis patient (53).

QSM has been used in the study of autosomal dominant polycystic kidney disease
(ADPKD). At present, one of the most commonly utilized biomarkers for prediction of

the renal function decline in ADPKD is height-adjusted total kidney volume (ht-TKV) (226-
228). However, despite its efficiency, this measure is a surrogate marker which does not take
in account many other features of ADPKD and manifestations of kidney injury provided by
abdominal MRI. Thus, recent findings suggest that the renal cyst hemorrhage is a significant
predictor of rapid disease progression to ESRD (229,230). Cystic hemorrhages are detected
as hyperintense on 71-weighted images acquired as a part of a multi-contrast abdominal

MR examination, assuming erythrocytes have lysed releasing mobile iron (164). However,
the 71-weighted signal intensity of hemorrhage is not hyperintense when erythrocytes have
not lysed, or iron has been collected into large hemosiderin clusters. Thus, the 7;-weighted
signal-intensity of hemorrhagic cysts is complicated and may lead to misdiagnosis.

Kidney stones are common among the chronic kidney disease and ADPKD patients (231-
235). Patients with urinary stones should be followed up more closely for progression (234).
Non-contrast CT is a highly sensitive and specific technique for imaging kidney stones
(236). Once a partially obstructing ureteral stone has been identified on CT, following the
gradually descent of the stone down the ureter is not practicable with CT due the cumulative
radiation exposure of multiple scans (237). QSM can exploit large differences in magnetic
susceptibilities of blood products, mineral depositions, and normal kidney parenchyma to
distinguish diagnostic features associated with the disease (Figure 11). QSM offer the
potential to follow stones to see if they are progressing to been excreted or if an intervention
will be required.

For QSM of the kidney, paravertebral muscle tissue can be used a reference for susceptibility
value quantification (53) as well as the whole kidney (225).

The placenta is a vital organ for normal fetal development, providing the maternal-fetal
interface for oxygen and nutrient exchange. Given the exceptionally high blood volume of
the placenta (~50%), magnetic susceptibility measured in the placental tissue using QSM

is likely to reflect blood oxygenation and may offer early biomarkers of placental failure.
Placental QSM may be performed using 2D/3D single-echo EPI or multi-echo GRE imaging
with respiratory gating (114,238,239). While single-echo EPI approach offers an extremely
shorter scan time for whole placenta imaging (~10 s), its noise level in field map estimation
may be higher than that of multi-echo imaging (114). For both single- and multi-echo
approaches, TE must be determined considering relatively longer 7, values of the placenta
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compared to other organs and the decreasing tendency with advancing gestational age (from
70 to 25 ms at 3T in the third trimester) (114) unless iron is of interest (239). In previous
studies, standard QSM algorithms were used for background field removal (103,240) and
dipole inversion (7,241,242). Amniotic fluid may be used for susceptibility reference similar
to the CSF in brain QSM (238,239) although there exist several challenges, such as fully
flow-compensated acquisition for amniotic fluid circulation and selection of a large and
reliable region in amniotic fluid without operator-dependent bias (114).

Placental QSM has been performed in both healthy pregnancies and those complicated

by placental insufficiency (114,238). In healthy pregnancies, the feasibility of placental
QSM was demonstrated by showing lobular contrast in susceptibility maps, no difference in
susceptibility measures between 1.5T and 3T, increasing spatial variation of susceptibility
with advancing gestational age, and sensitivity of susceptibility to induced maternal
hyperoxia (Figure 12) (114). Compared to healthy pregnancies, susceptibility of the
placentas associated with preeclampsia was found to be higher (238). More importantly,
spatial variation of susceptibility was significantly larger with preeclampsia (Fig. 12B)
(238). The underlying cause of this spatial variation remains unclear because in principle
susceptibility of the placenta is sensitive to many other factors besides blood oxygenation,
such as hemorrhage, calcification, and susceptibility of the villous tissues and septa.
Nevertheless, placental QSM may offer direct imaging biomarkers of placental insufficiency.

While placental oxygenation may serve as an early marker of disrupted fetal development,
direct measurement of blood oxygenation in the fetal brain may identify fetuses at
immediate risk for hypoxic ischemic injury. Similar to in adult brains, QSM can be used

to measure venous oxygenation of the superior sagittal sinus in the fetal brain based on

the paramagnetism of deoxyhemoglobin. Earlier studies used only the intravascular phase
data with a long cylinder assumption on the superior sagittal sinus(243,244). More accurate
measurement of susceptibility using a QSM pipeline was performed in follow-up studies
(245,246). For susceptibility measurement in the vasculature, fully-flow compensated GRE
imaging is required and relatively short echo times (15-20 ms) are used due to short 7,

of venous blood. Blood oxygenation can be converted from susceptibility using a simple
equation that describes the relationship between the two parameters. In literature, another
application of QSM in fetuses was estimation of calcification in the fetal spine (247).
Diamagnetic susceptibility of calcium in the fetal vertebrae may be used to assess bone
growth and mineralization of the fetus, which may be disturbed in case of maternal
hypocalcemia in pregnancy. All these prior fetal QSM studies were performed without
sophisticated motion compensation techniques; data acquisition was repeated when fetal
motion occurred and images with motion artifacts were excluded from analysis. GRE
imaging with a radial or spiral trajectory is a promising approach to reduce fetal motion
artifacts and may be explored in future studies(88,89).

Venous oxygenation measured in the fetal superior sagittal sinus using QSM was
approximately 65-67% (245,246), which is in good agreement with literature values
measured using near infrared spectroscopy (248). Oxygenation was higher in the fetal brain
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with ventriculomegaly than healthy controls (67.8% vs 65.3%) although the difference was
not significant with a small sample size (246). The increased venous oxygenation with
ventriculomegaly may suggest reduced oxygen extraction fraction attributed to reduced
metabolism with impaired fetal brain function. On the other hand, QSM was also
demonstrated to be sensitive to the diamagnetism of calcium in fetuses (247). Susceptibility
measured in the fetal vertebrae decreased significantly with advancing gestational age in
healthy pregnancies, which may indicate increasing calcium content associated with normal
bone development. Fetal QSM is potentially a safe and effective tool to provide early
markers of impaired fetal development and may be further investigated in various high-risk
pregnancies such as those complicated by fetal heart disease, fetal growth restriction, or
preeclampsia.

DISCUSSION AND CONCLUSION

QSM in the body outside the brain needs to account for the fat contribution to the phase
signal. Technical advancements in QSM data acquisition and reconstruction have achieved
robust water/fat separation, enabling QSM outside the brain. Body QSM has opened a venue
for noninvasive study of local tissue magnetic susceptibility properties and their pathological
changes.

The following promising body QSM applications have been identified. Liver QSM can
provide iron quantification without fibrosis interference suffered by the R; or /2, based
method. Cardiac QSM can provide chamber blood oxygenation guantification noninvasively
without relying on complicated magnitude modeling. Atherosclerotic plaque QSM can
differentiate calcification components from hemorrhages without the ambiguity in 7;
weighted image intensity. Further exciting developments in body QSM include cartilage
and bone quantification in skeleton and spine, calcification mapping in prostate, breast and
kidney stone, and oxygenation in the placenta and fetal brain.

Compared to brain QSM, body QSM is less developed and offers wider opportunities

for technical and application developments. While studying gross organ properties such

as iron content of the liver allows for rapid QSM acquisitions that can be performed

within one breath hold, the detection of smaller lesions might in future require acquisition
strategies that effectively account for motion during image acquisition. The recent
advancements in fast imaging, including deep learning-based acceleration, can be explored
and harnessed for body QSM with robustness against motion artifacts (249). These technical
developments will facilitate exciting clinical translation research activities, including body
QSM applications in studying various diseases and in monitoring various therapy responses.

In conclusion, QSM can be developed and applied to study accumulation or loss of
paramagnetic iron, diamagnetic calcium, and structural tissue changes such as diamagnetic
fibrosis in all organs in the body beyond the brain.
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Figure 1.
Flowchart of QSM reconstruction in body applications. Susceptibility mapping requires

acquisition and preservation of both magnitude and phase of standard complex gradient echo
sequence. Water-fat separation is performed to generate a high-fidelity magnetic field map.
Dipole deconvolution to solve the inverse field-to-source problem is performed as the final
step
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Effects of chemical shift in field mapping. Signal vector diagram illustrating GRE phase
behavior in presence of fat. Because of the chemical shift, signals of water (W, blue arrow)
and fat (F, green arrow) experience different rates of phase accrual, wg and wq; adding

and subtracting images S acquired at strategically selected “In phase” and “out of phase”
echo times, water and fat images can be generated. At an arbitrary echo time, relationship
between the echo time and phase becomes nonlinear, and its dependence on chemical shift
value can be exploited for estimation of water, fat images, and field mapping
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Magnitude

QSM

Iron concentration increase >

Magnitude and QSM images in four thalassemia major patients. Higher degrees of
iron overload manifest in gradual increase of liver parenchymal susceptibility, linearly
proportional to iron concentration (adapted from (64))

Figure 3.
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Figure 4.
Pulse sequence diagram for cardiac QSM. ECG triggered navigator 3D Cartesian multi-echo

gradient echo free breathing acquisition
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Figureb.
Two representative examples of QSM maps in cardiac patients. In the top patient, who

had severely reduced LV function (EF=20%), QSM measured a marked increase in ASO,
(36.9%), which agreed well with invasive catheterization (40%). In the bottom patient, who
had normal LV function (EF=70%), QSM measured ASO, (24.1%) was within normal limits
and was similar to invasive data (23%). Reprinted with permission from (128)
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No mitral annulus Mitral annulus calcification
calcification present

Figure®6.
QSM of mitral calcification. Representative examples of patients with and without MAC as

visualized by CT and T," weighted magnitude, QSM, and R," pulse sequences on cardiac
MRI. Note that CT evidenced calcium was found to correspond with presence and location
of annular susceptibility on cardiac QSM. Reprinted with permission from (133).
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Figure7.
Comparison between tissue and total field inversion QSM techniques. Two regions at the

boundary of a large plaque from a 63-year-old carotid artery stenosis patient appear similarly
hypointense on TOF, Tyw, Tow, and MPRAGE images. On QSM reconstructed using total
field inversion, one region has a strong diamagnetic appearance (yellow arrow), consistent
with calcification, while the other region has strongly positive susceptibility indicative of an
old hemorrhage with hemosiderin deposition (red arrow). This susceptibility contrast could
not be seen well on QSM obtained with a tissue field inversion approach (adapted from (39))
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Figure8.
QSM in MSK imaging. A) Medial cartilage in a healthy subject (a-d) and a patient with

collagen damage (e-h). Patient magnitude and R," images reveal signal alteration in the
tibial plateau compared to the healthy control (arrows). Susceptibility map (h) reflects
changes in cartilage composition in the affected regions (adapted from (167)). B) MIP of a
whole knee joint QSM in a healthy subject demonstrating delineation of cortical areas of the
femur (f) and tibia (t), the depiction of trabeculation, the epiphyseal line (e) and transition
from diaphyseal to metaphyseal bone (dm) (adapted from (55))
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Figure.
QSM in prostate. Prostatic calcifications (yellow arrowheads) in CT images (first column),

and susceptibility maps (second column). Motion/air artifacts and noise can be observed
around the prostate (first row), indicated by arrows. Additionally, body mass index (BMI) of
patients is provided (adapted from (46)).
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Figure 10.
QSM in breast. Mammogram (left) and QSM (right) of a breast in a female patient

with calcified nodules. (adapted from (200)). QSM is able to unambiguously identify of
calcifications, which appear hypo-intense due to their diamagnetic susceptibility
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Figure 11.
Kidney QSM in ADPKD. A) Despite hyperintense appearance on 3D T{w LAVA image,

only few ADPKD cysts appear as paramagnetic on QSM (yellow arrows), indicating
heterogeneity of cyst composition and non-specificity of Tq hyperintensity to presence of
hemorrhage and blood products. B) QSM allows detection of calcified kidney stones as
confirmed by CT (unpublished data).
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A Normoxia Hyperoxia

Figure 12.
QSM in placenta. A) Susceptibility maps (ppm) acquired in a healthy pregnancy (gestational

age, 29 1/7 weeks) under normoxia and maternal hyperoxia induced by administration

of 100% oxygen within the same scan session. Spatial variation of susceptibility was
substantially reduced under hyperoxia. B. Susceptibility maps (ppm) acquired in a health
pregnancy (left; gestational age, 28 6/7 weeks) and one complicated by preeclampsia (right;
gestational age, 35 weeks). Susceptibility of the placenta associated with preeclampsia
showed markedly increased spatial variation. Reprinted from (218, 219).
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