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Abstract

Magnetic resonance fingerprinting (MRF) is an approach to quantitative magnetic resonance
imaging that allows for efficient simultaneous measurements of multiple tissue properties, which
are then used to create accurate and reproducible quantitative maps of these properties. As the
technique has gained popularity, the extent of preclinical and clinical applications has vastly
increased. The goal of this review is to provide an overview of currently investigated preclinical
and clinical applications of MRF, as well as future directions. Topics covered include MRF

in neuroimaging, neurovascular, prostate, liver, kidney, breast, abdominal quantitative imaging,
cardiac, and musculoskeletal applications.
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Magnetic resonance imaging (MRI) has become a mainstay of medical imaging over

the past several decades. Magnetic resonance imaging is widely known for its excellent
soft tissue contrast and is often a preferred imaging modality because it also does

not use ionizing radiation. Currently, MRI heavily relies on subjective interpretation

of signal characteristics on various MR sequences including T1-weighted, T2-weighted,
proton density-weighted, diffusion-weighted, and postcontrast/perfusion sequences. These
sequences are generated by systematic variation of numerous parameters such as echo time,
repetition time (TR), and flip angle (FA).! Radiologists generally evaluate signal using
intensity descriptors such as “hyperintense” or “hypointense” and use the expected signal
appearance of various tissues and associated pathologies to render a differential diagnosis.
However, this subjective analysis of relatively “weighted” images is only a fraction of the
tissue property information that could be provided by MRI techniques. The very concept
of “weighting” can start to break down when more than 1 tissue is being compared.2:3 In
addition, limitations of current MRI technologies include variable image acquisition across
scanners, limited reproducibility of images, and known interreader variability in image
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interpretation. Quantitative MRI provides a unique and discrete analysis of tissue parameters
and holds promise in addressing some of these limitations.*

To date, the most common quantitative MRI properties used in clinical practice

are diffusion-weighted imaging, fat fraction (FF) mapping, and perfusion mapping.
Quantification and mapping of T1 and T2 relaxation times, which affect all MR signals, are
not commonly performed given the additional significant scan time that would be required
in traditional serial MRI protocols. Magnetic resonance fingerprinting (MRF) is an approach
to quantitative MRI that strays from traditional acquisitions for property mapping. Instead
of an approach in which multiple images differently weighted by the property at hand

are acquired and fit to a model, a pseudorandomized acquisition in a single sequence is
used, such that any unique combination of these properties each generates unique signal
evolutions or “fingerprints.” These can be matched to a predefined dictionary of possible
signal evolutions to generate quantitative maps, allowing for measurement and analysis of
multiple different MR parameters.® The ideal MRF experiment yields rapid and accurate
mapping of interesting properties, and the approach has been shown to be repeatable and
reproducible in early applications.5-13 The MRF approach provides an opportunity for
clinically feasible quantitative mapping of multiple tissue properties in disease diagnosis
and follow-up. Multiple clinical applications of the technique have been attempted in recent
years. The goal of this review is to provide a brief technical overview of MRF acquisition
and processing, to review currently investigated clinical applications, to discuss challenges
in MRF clinical application, and to look to the future of MRF in medical imaging.

TECHNICAL OVERVIEW

Magnetic resonance fingerprinting was proposed as a method to deliver simultaneously
collected, accurate, and reproducible maps of multiple tissue properties in a single

scan, while minimizing imaging time to facilitate clinical adoption. Magnetic resonance
fingerprinting takes a different approach from conventional MRI for data acquisition and
image reconstruction. Conventional MR uses repeated acquisition parameters in a particular
sequence until all of k-space is filled, and then this is done serially for other sequences.
Image contrast is created by reconstructing images that weight relaxation of protons in

one effect; weighting toward optimization of longitudinal relaxation corresponds to “T1-
weighting,” and weighting toward optimization of transverse relaxation corresponds to “T2-
weighting.” In contrast, in MRF, the goal is to drive the signal away from a steady state

by creating transient variabilities in signal that are highly sensitive to the tissue properties
of interest. To do this, for data acquisition, parameters such as FA, TR, and echo time are
varied in a pseudorandom manner (Fig. 1A) to generate a unique signal time-course for each
tissue property of interest. The unique signal time-course can be simulated or calculated
from MR scanner settings and basic physical principles. Each predicted signal evolution
based on tissue properties can be stored within a comprehensive dictionary of potential
time-courses (Fig. 1C).

When the MRF sequence is run on the scanner, a measured signal time-course is generated
for each voxel (Fig. 1B). Each voxel-specific signal evolution can then be differentiated into
tissue type by pattern recognition. A template matching algorithm (Fig. 1D) is used to match
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the voxel-specific signal to the closest dictionary entry. Subsequently, the property values
that went into calculating the dictionary entry are assigned to the voxel in representative
MR property maps. The name “MR fingerprinting” references an analogy to human
fingerprinting, in which the obtained signal (fingerprint) is compared with a dictionary of
potential signals (or fingerprints), and the best match is selected to identify the property (or
person) of interest. Repeating this process for every voxel yields MRF property maps.

Individual images obtained to generate the voxel time-courses are typically highly
undersampled to minimize acquisition time and cannot be used diagnostically. However, the
experiment is designed to vary acquisitions so that artifacts appear spatially and temporally
incoherent, such that the eventual maps are not degraded and can be used diagnostically for
spatial localization of pathology. This is an advantage of MRF data acquisition; although
the rate-limiting step in conventional MRI is minimizing artifact to optimize diagnostic
quality of each image, in MRF, this is not as important as the primary goal is to obtain
usable quantitative data that can be accurately matched to its corresponding dictionary
entry. It has been shown that, despite undersampling of underlying images, the maps are
still quantitatively accurate, anatomy can be well characterized, and the measurements are
reproducible and repeatable.>14

The MRF framework offers great flexibility, since nearly any sequence structure and readout
trajectory can be used if the signal can be sensitized sufficiently to the property that is to

be mapped. Although the concept was initially introduced and demonstrated for mapping

of T1 and T2 relaxation times, the approach can be used for any property of interest, and
indeed even non-MR data could be analyzed in this manner. The example provided in Figure
1 illustrates a representative sequence structure and its corresponding TR and FA patterns.

A Bloch equation simulation!® or extended phase graph1®:17 has been used to calculate the
dictionary. A notable caveat is that creation and use of the MRF dictionary vary based on
what is being measured and the clinical question. For most clinical uses, the dictionary can
be calculated once based on the acquisition parameters, and the same dictionary can be used
across multiple patients. However, there are certain clinical uses for which a new dictionary
needs to be generated for each patient. In MRF for cardiac imaging, a new dictionary is
calculated for each patient to adjust for variable heart rates.18 Once an MRF application

has been designed for a certain organ or pathology, a key step toward widespread clinical
integration is assessing repeatability and reproducibility across multiple sites, scanners, and
patients. This is central to the goals of objective and reliable differentiation of pathology

or treatment response. Significant repeatability and reproducibility research has been
performed for individual clinical scenarios; as appropriate, these studies are discussed in
representative clinical sections below.

Since the introduction of MRF in 2013, substantial technical work has been performed

to improve every step of the fingerprinting experiment, including image acquisition,
sensitization to various parameters, dictionary generation, pattern matching, and quantitative
analysis. These studies are extensive but beyond the scope of this review, which is focused
primarily on clinical application of the technology. The reader is directed to excellent
technical reviews of the subject.18-22
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CURRENT CLINICAL APPLICATIONS

Neuroimaging

Magnetic resonance fingerprinting was initially applied largely in neuroimaging, which is
unsurprising given the first published description of MRF itself was in the brain.> Since
then, the last decade has seen rapid technical developments and expansion of multiple
clinical applications of MRF in neuroimaging. Various brain MRF techniques have been
used for characterization of healthy brain tissue, neurological tumors, epilepsy imaging,
neonatal neuroimaging, and neuro-aging. There is also a nascent but growing body of work
focusing on neurovascular imaging applications.

From a technical perspective, the first clinically validated brain MRF sequence was a
multislice 2-dimensional (2D) MRF sequence based on a balanced steady state free
precession (bSSFP) acquisition, given known bSSFP high signal-to-noise ratio and T1/T2
contrast.>23 This initial MRF sequence provided simultaneous T1, T2, and proton density
(MO0) mapping.>24 Since then, brain MRF technology has progressed, including the
development of isotropic 3-dimensional (3D) MRF, which can be obtained in a total of 4-10
minutes and provides further improved resolution with generation of anatomically-aligned
T1 and T2 quantitative maps. The initial 3D MRF sequence described by Ma et al?® is based
on the fast imaging with steady-state precession (FISP) acquisition instead of the bSSFP
used for 2D MRF. Magnetic resonance fingerprinting—FISP was validated in neuroimaging
after the initial use of bSSFP, with Jiang et al2® showing that MRF-FISP provides similar
values to bSSFP but with additional benefit of eliminating the classic banding artifact seen
in bSSFP from field inhomogeneities. As FISP on higher strength magnets remains at risk
for transmit field (B1) inhomogeneity, a separate 3D B1 map can be acquired in conjunction
with the 3D MRF acquisition to account for this problem. The B1 values are simulated into
the MRF dictionary to correct for inaccurate FAs and field inhomogeneity resulting from the
large volume brain coverage, to further improve accuracy of T1 and T2 values provided in
3D brain MRF. Another elegant way of correcting for B1 inhomogeneity is to incorporate
B1 as an MRF parameter, as demonstrated by Buonincontri and Sawiak.2” Other 3D MRF
sequences have used varying readout trajectories, parallel imaging, and deep learning to
accelerate data sampling, accelerate dictionary matching, and to reduce artifacts.2829

Brain MRF has also been modified for measurement of quantitative properties beyond

T1 and T2. Examples include MRF techniques for measurement of combined T1, T2,

and T2* mapping3%-33: MRF with b-tensor encoding for combined T1, T2, and apparent
diffusion coefficient (ADC) mapping*; and CEST-MRF for brain tumors,3° vascular MR
fingerprinting,38 and MRF—-arterial spin labeling (ASL) for cerebral perfusion.3” The test-
retest repeatability as well as interscanner repeatability across multiple sites have been
established for both 2D MRF and 3D MRF sequences. ’+38-40

Magnetic resonance fingerprinting has been widely validated in brain tumors. T1 and T2
relaxation times obtained from both 2D MRF and 3D MRF have been used to differentiate
low-grade gliomas, high-grade gliomas, and metastases.#142 In a study of 31 adult patients
with untreated brain gliomas and metastases, Badve et al*! demonstrated that mean T2
values could differentiate low-grade glioma solid tumor from metastasis (mean, 172 + 53
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milliseconds, and 105 + 27 milliseconds, respectively; 2= 0.004) and that the mean T1

of peritumoral white matter surrounding low-grade gliomas was significantly lower than
peritumoral white matter around glioblastomas (mean 1066 + 218 milliseconds, and 1578

+ 331 milliseconds, respectively; 2= 0.004). In a similar study of 23 children and young
adults by de Blank et al,*2 high-grade gliomas had significantly higher T1 and T2 compared
with low-grade gliomas (T1: 1863 £ 70 milliseconds vs 1355 + 187 milliseconds, 2= 0.007;
T2: 90 £ 13 milliseconds vs 56 + 19 milliseconds, 2= 0.013), and peritumoral white matter
around low-grade gliomas had significantly lower T1 than peritumoral white matter around
high-grade gliomas (T1: 1154 + 253 milliseconds vs 1581 + 476 milliseconds, £ = 0.039).
In a study by Konar et al 3 both treated and untreated brain metastases showed higher T1
and T2 values than normal brain structures. Of note, in both the study by de Blank et al*2
and Konar et al, 3 there was no significant difference found between treated and untreated
lesions, possibly due to small sample size, and this remains to be explored.42:43

Efforts have also been made to differentiate grade and subtypes of gliomas using MRF.
Radiomic analysis of 2D MRF and 3D MRF has demonstrated features helpful for glioma
grade differentiation,*446 and MRF radiomics have also shown utility in prediction of /DH1
mutations.#” Haubold et al*6 investigated the feasibility of multiparametric MR (mpMRI),
MREF, and 18F-fluoethyl-L-tyrosine (:8F-FET) on a PET/MRI scanner to predict mutational
status in 42 patients with primary brain gliomas. Magnetic resonance fingerprinting T1 and
MO were useful for prediction of 1p19g mutations (area under the curve [AUC], 0.978)

and /DHI mutation (AUC, 0.88). Similar results were obtained by Tippareddy et al,*> who
found that radiomics features derived from precontrast 3D MRF T1 maps could predict
/DHI1 mutation status and also correlate with overall survival. These initial results are
intriguing as the most useful radiomics features are derived from precontrast MRF T1

maps, whereas in current clinical practice, precontrast T1-weighted images have limited
utility compared with postcontrast. Of note, although radiomics features derived from MRF
are highly repeatable across various step sizes in a particular dictionary, they are limited

by interdictionary variations.#8 Since MRF-derived T1 and T2 may not require intensity
normalization algorithms usually needed for qualitative MR images, MRF radiomics may be
well suited for longitudinal studies across sites and scanners.49

Magnetic resonance fingerprinting has also been used to characterize nonglioma tumors
such as meningiomas and pituitary macroadenomas.®%->3 Zhang et al®2 compared MRF-
derived T1 and T2 values between pathologically confirmed subtypes of meningiomas

and found that meningothelial meningiomas had significantly higher T1 and T2 values

than transitional and fibrous meningiomas. Magnetic resonance fingerprinting T1 with
MRF T2 showed ability to differentiate meningothelial meningiomas from other subtypes,
whereas conventional weighted imaging and ADC values did not predict differentiation.52 In
preoperative evaluation of pituitary macroadenomas, gonadotroph pituitary macroadenomas
had significantly higher MRF-derived T1 and T2 values than nongonadotroph pituitary
macroadenomas, and a combination of T1 and T2 could differentiate between the 2
subtypes. This distinction can have prognostic value, as cavernous sinus invasion is more
likely with nongonadotroph pituitary macroadenomas.>3
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Because of flexibility in sequence designs and multiproperty mapping, MRF may be
beneficial for radiation therapy treatment planning protocols for longitudinal assessment

of changes in primary brain tumoral properties.>* The feasibility of MRF has been
demonstrated on both high- and low-field strength hybrid MR-guided linear accelerators
used for radiation therapy.55:56 Because MRF on MR-guided linear accelerator systems has
been shown to be technically feasible, able to pick up subtle quantitative changes, and

adds little scan time, there is potential for monitoring of posttherapy change and possible
image-guided dose plan adaptation in the future.5:56 In addition, despite the large variations
in B1 fields with the flexible MR coils used in radiation therapy, 3D MRF T1 maps show
less B1-inhomogeneity induced intensity differences compared with qualitative T1-weighted
images.10 Depending on the sequence structure selected, MRF can be made relatively
tolerant to geometric distortion secondary to susceptibility artifact at air-tissue interfaces
common in the skull (eg, skull base, sinonasal region, pituitary, and optic nerves) as
compared with other functional sequences, especially those based on echo-planar imaging.10

The role of MRF in the brain has also expanded beyond tumor-related imaging. In

patients with epilepsy, MRI can play an important role in detection of epileptogenic

brain lesions.5” However, many pathologically proven epileptogenic lesions can be “MRI
invisible” on visual assessment of conventional images, and quantitative analysis has the
potential to improve detection.58 Magnetic resonance fingerprinting has been explored

in both temporal lobe epilepsy (TLE)>® and extratemporal lobe epilepsy.? When MRF

was added to a clinical protocol in 33 patients with mesial TLE, Liao et al®® found

that MRF increased correct diagnosis rate (correct diagnosis on MRF: 32/33 [96.9%]

vs on conventional MRI: 23/33 [69.7%]) of TLE. The MRF T1 and T2 values were
significantly higher in hippocampal sclerosis compared with normal hippocampus in healthy
controls. Patients with hippocampal sclerosis have also shown increased T1 and T2 of
ipsilateral temporal lobe white matter compared with the contralateral side as well as to
healthy controls.81 In extratemporal lobe epilepsy, partial-volume analysis of MRF maps
can generate gray matter and white matter maps to improve detection of focal cortical
dysplasia and subtle epileptogenic lesions at the gray-white matter junction.62:63 In a study
by Ma et al,62 3D MRF was added to the clinical protocol in 15 patients with epilepsy;

in 4/15 (27%) patients, MRF maps detected additional findings that were not visible

on conventional high-resolution T1-weighted T2-weighted, and fluid-attenuated inversion
recovery images. Furthermore, 3D MRF-detected epileptogenic lesions were concordant
with stereotactic electroencephalogram localization. In patients with multifocal lesions such
as in periventricular nodular heterotopias, voxels within stereotactic electroencephalogram-
localized seizure onset zones have shown higher T1 values compared with voxels

outside these zones.®0 In addition, in these patients, MRF T1 values have been shown

to be associated with ictal-onset electroencephalogram waveforms, suggesting potential
associations between tissue relaxometry and electrophysiological changes.? In patients with
medically intractable focal epilepsy, 3D MRF T1 and T2 maps combined with machine
learning have shown potential in lateralizing seizure onset zones in patients with visually
normal basal ganglia and thalami.6

Research has also been done in using brain MRF for assessment of pediatric brain
myelination and evaluation of neurodevelopmental disorders.63.65.66 Magnetic resonance
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fingerprinting combined with partial volume analysis can be used to generate coregistered
T1, T2, and myelin water fraction maps in neonates and small children within a clinically
feasible time.63.65 Chen et al®® scanned 28 healthy children between 0 and 5 years old

with multislice 2D MRF without sedation and demonstrated that myelin water fraction

is undetectable at 0—6 months of age but increases after 6 months of age. Depending

on brain regions, rapid increases in myelin water fraction were noted between 6 and 12
months, and between 6 and 18 months of age followed by a slower increase after 20
months of age. Age-related dependence was noted with earlier myelination in the corpus
callosum, followed by parieto-occipital white matter, and lastly in frontotemporal white
matter. Neonates demonstrated longer T1 and T2 in unmyelinated white matter compared
with older children, with a marked decrease in T1 and T2 values until 20 months of age due
to progressive myelination. These quantitative trends correlate with known age-dependent
myelination patterns seen on conventional T1- and T2-weighted MRI.%5 In a separate study,
Yu et al%” demonstrated the feasibility of 3D MRF in 25 neonates with whole-brain coverage
(scan time <5 minutes) and demonstrated regional differences in white matter T1 and T2.

Magnetic resonance fingerprinting—relaxometry has also been used to provide additional
insights into neuroaging and neurodegenerative conditions,58:69 multiple sclerosis,”® and
traumatic brain injury.’! Patients with multiple sclerosis have shown differences in splenium
T1 and T2 and normal-appearing white matter compared with age-matched healthy controls,
with negative correlation of splenium heterogeneity with increasing time since multiple
sclerosis diagnosis.’? Whole-brain coverage with 3D MRF can be used for detection

of demyelinating plaques and to quantify longitudinal changes.’%72 In patients with
frontotemporal dementia, when compared with healthy controls, significantly longer T1
relaxation times have been found in cortical gray matter and global white matter, longer

T1 and T2 relaxation times have been found in hippocampi, and T1 relaxation times in

the amygdala and hippocampi are strongly correlated with duration of clinical symptoms
and disease severity respectively.58 Finally, a small cohort study has shown promise

for following traumatic brain injury using MRF. Gerhalter et al’! evaluated 22 patients

with mild traumatic brain injury, approximately 1 month and 3 months after injury with
conventional weighted imaging, MRF, and diffusion tensor imaging. Although there were
no differences in baseline MRF-derived T1 and T2 between patients and healthy controls, a
higher T1 at baseline with serially increasing T1 on follow-up correlated with poor recovery
at 3 months. T1 showed better prospective identification of nonrecovered patients compared
with T2, ADC, and fractional anisotropy from diffusion tensor imaging.’%

To supplement research of diffuse neurological disease processes, brain atlases have

been generated from 3D MRF in healthy volunteers, which provide highly repeatable

and reproducible normative data for T1 and T2 maps, cortical thickness, and subcortical
volumes.#0:73.74 These 3D MRF-derived normative relaxometry and morphometry atlases
can potentially be used as references to evaluate diseases with diffuse brain involvement
(eg, multiple sclerosis, epilepsy, and dementia) to detect subtle changes, which may not be
visible on qualitative assessment of images.

Magnetic resonance perfusion applications are also beginning to emerge. Magnetic
resonance fingerprinting can be adapted to ASL framework (MRF-ASL) to provide
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noninvasive perfusion parameters of the whole brain. The evaluation of MRF-ASL in

the ischemic stroke setting has shown ability to differentiate between stroke regions and
contralateral normal brain, with stroke regions showing lower cerebral blood flow, longer
bolus arrival time, and longer T1 (£ < 0.001). In the same study, MRF-ASL parameters
were shown to be predictive of National Institute of Health Stroke Scale score.”® Magnetic
resonance fingerprinting—ASL has also been preliminarily explored in the setting of
Moyamoya disease, with Su et al’8 finding that bolus arrival time was prolonged (P < 0.001)
and T1 values were longer (P< 0.05) in stenotic internal carotid artery territories compared
with healthy controls. Perfusion parameters from MRF-ASL in Moyamoya disease were
significantly correlated with parameters derived from conventional ASL perfusion and
contrast-enhanced dynamic susceptibility contrast perfusion.”® Further similar techniques
and direct clinical implications of such measurements are likely to emerge in the future.

Prostate Imaging

Men with known or suspected prostate cancer are increasingly evaluated with prostate
mpMRI followed by transrectal ultrasound-mpMRI fusion-guided biopsy. This workflow
has led to increased diagnosis of clinically significant prostate cancer and avoidance

of unnecessary prostate biopsies.”” Prostate mpMRI uses T2-weighted images, diffusion-
weighted images (high b-value sequences and ADC maps), and dynamic contrast-enhanced
images. The evaluation of these sequences for cancer suspicious lesions is guided by
recommendations provided in the Prostate Imaging and Reporting Data System (PI-RADS)
5-point scoring system, currently in version 2.1.78 Generally, lesions are more suspicious
for cancer if they are T2 hypointense, have impeded water self-diffusivity, and show early
postcontrast enhancement. The extent of suspicious features on T2-weighted images serves
as the primary determinant of the final PI-RADS score in the transition zone (TZ) of the
prostate, whereas diffusion-weighted image characteristics serve as the primary determinant
of final PI-RADS score in the peripheral zone (PZ).7°

Unfortunately, interpretation of prostate mpMRI suffers from several known limitations,
many of which are related to the subjective nature of assessment and reporting. First, it is
known that cancer detection is variable by reader experience, and that there is a learning
curve to prostate mpMRI.89:81 |n addition, prostate mpMRI acquisition can be variable
across scanners, and the appearance of the prostate is heterogeneous across multiple glands,
which further complicates the learning process for novice radiologists. Finally, despite the
creation of PI-RADS, there remains known interreader disagreement, even among expert
readers.82 Differences in appearances across images from different vendors are a known
problem in prostate imaging.* Given these limitations, there is interest in the community in
investigating quantitative solutions. Moreover, reliable differentiation of lesions according to
grade remains an important goal in addition to diagnosis, as this could decrease both needed
biopsies and overtreatment. The ADC values have shown inverse correlation with prostate
cancer pathology score, and studies have suggested that there may be benefit to using these
values as an adjunct to mpMRI interpretation.83-87 T2 mapping has also been explored

as a possible quantitative measure, and it has been shown that there is T2 relaxometry
differentiation in PZ versus TZ as well as in differentiating prostatitis, benign prostatic
hyperplasia, and prostate cancer.88-90 It has also been suggested that T2 mapping can be
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combined with ADC values to improve detection of prostate cancer.%1-93 Unfortunately,
conventional T2 mapping of the prostate takes up to 6 minutes, which has not yet been
routinely incorporated into prostate MRI examinations.

Prostate MRF can provide reproducible rapid quantitative data on multiple tissue properties
and help differentiate tissue changes in benign and malignant disease. A summary of early
prostate MRF clinical validation is provided in Table 1.94-97

Initial prostate MRF was applied in the PZ, where a majority of prostate cancers are
currently detected. An example of MRF-derived T1 and T2 mapping in the prostate PZ

is provided in Figure 2. Yu et al®* showed that MRF T1 and T2 values were found

to be significantly lower in PZ cancers when compared with normal PZ (P < 0.0001).
Conventionally obtained ADC values were also found to be significantly lower in cancer
than in normal PZ, and in combined models using ADC, T1, and T2, an AUC of 0.99

was achieved in differentiation of cancer from normal PZ. In addition, there was utility in
combining ADC and T2 in distinguishing high-grade from low-grade prostate cancer. Using
targeted biopsy of suspicious lesions, these findings were confirmed by Panda et al,%® with
again significantly lower T1, T2, and ADC values in prostate cancer when compared with
noncancer and high predictive of ability of T2 + ADC in distinguishing high-grade from
low-grade prostate cancer (AUC, 0.90). In both studies, it was also demonstrated that MRF
T1 mapping may help play a role in distinguishing prostate cancer from prostatitis in the PZ.

Distinguishing cancer in the TZ comes with more challenges, as the TZ is heterogenous,

and cancer detection can be confounded by both prostatitis and benign prostatic hyperplasia.
Panda et al% investigated the utility of MRF in detection of TZ cancer, and found that MRF-
derived T1 and T2 values and conventional ADC values are significantly lower compared
with normal TZ (P < 0.001). Apparent diffusion coefficient combined with MRF T2 had an
AUC of 0.99 for distinguishing TZ cancer from normal TZ in cancer suspicious lesions, and
ADC combined with MRF T1 had an AUC of 0.81 for distinguishing prostate cancer from
noncancer. There is traditionally emphasis placed on the value of T2-weighted imaging in
distinguishing prostate cancer in the TZ, including in PI-RADS, but this study suggests that
there may be value to using T1 as a quantitative parameter in this assessment.

Although the above studies are validated with prostate biopsy, Shiradkar et al®8 explored a
histomorphometric basis for the different MRF-derived T1 and T2 values seen in prostate
cancer and prostatitis using whole-mount prostate histopathology as the ground truth. On
direct comparison with whole-mount prostate histopathology from 14 patients, it was found
that MRF-derived T1 and T2 and ADC values in normal PZ are significantly higher than
these values in prostatitis and prostate cancer (P < 0.05), similar to biopsy-based studies.
Prostatitis had significantly higher T2 and ADC values than prostate cancer in the PZ.
Furthermore, in analysis by tissue compartments within prostate cancer, there was a higher
epithelium ratio (and decreasing lumen density and stromal content) with increasing prostate
cancer grade in the PZ. This increasing epithelium ratio was found to be correlated with
decreasing T1, T2, and ADC values in the PZ. In the TZ, T1 and ADC values (and not

T2) were found to be negatively correlated with epithelium ratio, although comparison with
normal TZ was not performed.%8
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The technique used in prostate MRF is FISP-based.%* Fast imaging with steady-state
precession is used because it maintains scan efficiency while minimizing off-resonance
effects.26 This is especially important when imaging the pelvis, where there is bowel gas
and peristalsis resulting in artifact. The prostate MRF technique has been shown to have
good intrascanner repeatability, although reproducibility across multiple different scanners
has been shown to be slightly more variable but similar to other quantitative measures.?
T1 and T2 values have also been shown to be reproducible with both 1.5 T and 3

T acquisition.9® Continued assessment of reproducibility will enable creation of reliable
normative quantitative data.

Prostate MRF is exciting because it seems feasible to easily use MRF-derived quantitative
parameters as an adjunct to existing MRI interpretation, especially in conjunction with the
already existing quantitative information provided by ADC. In addition, there is a known
limitation of prostate MRI in detection of all cancers, so MRF may have the ability to
detect subtle tissue changes.19° However, there remains work to be done in optimization of
the prostate MRF protocol. Currently, a 2D acquisition is used, and each slice acquisition
can take up to 50 seconds. Three-dimensional prostate MRF acquisition would accelerate
acquisition and also produce higher-resolution images and is currently being investigated
with initial promising results.101-103

Abdominal Imaging

Clinical uses of MRF in abdominal imaging have also been investigated. Abdominal

MRI is increasingly used as a problem-solving tool for various organs, especially for
clinical questions requiring superior soft tissue contrast and multiproperty characterization.
Radiologists currently primarily use qualitative criteria described for each organ to evaluate
for disease processes. Image acquisition variability and reader experience remain sources
for inhomogeneity in the care received by patients in centers around the world. There is
evidence that quantitative parameters can be measured for various imaging findings in the
abdomen, can be used in characterization of liver disease, and can be used for therapeutic
response assessment.13:104-115 Magnetic resonance fingerprinting provides a simultaneous
multiparametric rapid quantitative analysis that could be highly valuable to abdominal organ
assessment.

Imaging of the abdomen comes with unique challenges primarily because the included
FOV is very large, making it more subject to field inhomogeneities and transmit field
inhomogeneities. Abdominal MR is additionally limited by physiologic motion created

by breathing and bowel peristalsis.116 The field inhomogeneities along with breath-hold
requirements and the need to encode the large field of views make it difficult to achieve
reliable mapping with the spatial resolution necessary to characterize smaller lesions.
Multiple abdominal MRF techniques have been explored to overcome these limitations and
to explore different clinical questions.

In work published by Chen et al,11¢ abdominal MRF was used for rapid quantitative

abdominal imaging and for assessment of differentiation of hepatic metastatic lesions from
hepatic parenchyma. Magnetic resonance fingerprinting was acquired with FISP in a single
breath hold and with an interleaved spiral acquisition, with the goals of minimizing motion
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artifact and sampling the center of k-space multiple times to further reduce artifact. As
transmit field (B1) inhomogeneities are of greater concern at higher fields, a B1 map was
acquired in conjunction with the MRF acquisition, and the MRF output was provided both
without and with B1 correction. This technique was shown to provide similar T1 and T2
relaxation times compared with the literature for normal liver tissue, renal medulla, renal
cortex, spleen, skeletal muscle, and fat. Hepatic metastases also demonstrated significantly
longer T1 and T2 relaxation times compared with hepatic parenchyma, showing promise for
differentiation on MRF (Fig. 3).

Diffuse liver disease is a physiological process, which is currently finally diagnosed
invasively via random liver biopsy. However, liver disease is associated with various

known imaging findings that can be easily quantified noninvasively. Specifically, T1, T2,
T2*, and FF can be used for assessing hepatic inflammation, fibrosis, siderosis, and
steatosis, respectively. Although each of these values can be quantified individually using
conventional methods, MRF offers exciting potential to simultaneously measure these values
for quick characterization of hepatic parenchyma. One of the earlier studies to do this was
performed by Jaubert et al'11; a gradient echo-based golden angle radial MRF approach
was used to simultaneously measure hepatic parenchyma T1, T2, T2*, and FF within a
single breath hold (~14 seconds). In this primarily phantom-based experiment, this MRF
framework was found to have similar values relative to reference quantitative methods.111
This framework was later expanded to also include simultaneous T1rho mapping, given
evidence that T1rho can play a role in liver fibrosis assessment.117:118 \felasco et all12 found
that simultaneous mapping of T1, T2, T2*, T1rho, and FF again provided comparable
measurements to conventional techniques in phantoms and was feasible in vivo with
excellent output of high-quality reconstructed maps. More recently, Fujita et al'3 validated
MRF-derived simultaneous T1, T2, T2*, and FF maps by comparing to reference maps and
to biopsy histopathology. High agreement was found with reference quantitative mapping
with high repeatability (low coefficient of variation) of the measurements. In comparison
with histopathology, MRF-derived values had the ability to differentiate moderate/severe
inflammation from no/mild inflammation, steatosis, and siderosis. Certain parameters
correlated with certain liver diseases. For example, MRF-derived high proton density fat
fraction (PDFF) was associated with higher steatosis, higher T1 was associated with more
inflammation, and lower T2* was associated with siderosis.13 Broader validation of hepatic
disease characterization remains to be explored, but these results are promising because of
the wide range of simultaneously and reproducibly measured coregistered properties, with
broad clinical implications for multiple pathologies.

Other early uses of MRF in the abdomen include quantitative renal imaging and pancreatic
imaging. In renal imaging, investigated by MacAskill et al, 113 MRF has been performed
using FISP, with output provided both with and without B1 correction. Output from this
showed appropriate corticomedullary differentiation with comparable renal T1 and T2
values to conventional mapping. In addition, in this study, there was no effect of B1 on
output, suggesting that the extra step to correct magnetic field inhomogeneities in abdominal
MRF may not be needed for this application. Serrao et all19 explored use of MRF in
pancreatic imaging, acquiring MRF at varying magnetic field strengths, in both the axial and
coronal planes, in the presence of free-breathing motion, and without B1 correction. In the
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presence of free-breathing motion, it was found that coronal acquisition minimizes motion
artifact when compared with axial. Quantitative measurements in the pancreas were found to
be homogenous, enabling differentiation from pancreatic lesions. As a secondary outcome,
abdominal organs could be differentiated using MRF-derived measurements at varying field
strengths (both 1.5 and 3 T). This work is promising for the further development of more
advanced pancreatic imaging in an especially sick population. It is also exciting from a
technical standpoint as it indicates that we may be able to optimize abdominal MRF even
with free-breathing and at varying field strengths.

Early feasibility of MRF has also been evaluated in ovarian malignancies and cervical
carcinomas. A pilot study evaluating use of MRF on PET/MRI found that treated high-grade
serous epithelial ovarian tumors had lower T1 and T2 values compared with untreated
high-grade serous epithelial ovarian tumors.120 In another study, early application of MRF to
cervical imaging in healthy volunteers was repeatable for both T1 and T2 measurements. In
patients with cervical cancer, significantly higher T1 values were measured in tumor (1529
+ 112 milliseconds) compared with normal cervical mucosa (1430 + 129 milliseconds, P

= 0.031) and normal cervical stroma (1258 + 101 milliseconds, £ < 0.001). Conversely,
cervical tumors showed significantly lower T2 values (69 + 9 milliseconds) compared

with normal cervical mucosa (88 + 16 milliseconds, < 0.001); however, not significantly
different from normal cervical stroma (68 + 10 milliseconds, 2= 0.919).11

Breast Imaging

Magnetic resonance imaging has become a widely used modality for breast cancer
screening, lesion characterization, and breast cancer staging, especially in high-risk
patients. Currently, the Breast Imaging-Reporting and Data System (BI-RADS) provides
MRI assessment guidance for assignment of a BI-RADS category, which is used to
communicate suspicion for malignancy and further management recommendations.121
Magnetic resonance imaging has been shown to have higher sensitivity than mammography
and ultrasound in detection of malignancy.22 However, BI-RADS MR guidance remains
subjective and subject to interreader variation.123-125 |n addition, while postcontrast
perfusion assessment on MR is semiquantitative, it can be confounded by significant
background breast enhancement.126 Therefore, truly quantitative parameters that can
constitute a basis for intrinsic breast tissue differentiation are of great interest. Assessment
and prediction of successful response to treatment remains another important goal in the
field. Prior work has demonstrated utility of T1 and T2 relaxation times in characterization
of normal fibroglandular tissue, benign tissue, and breast malignancy.127:128 T2 relaxation
times have also been proven to be useful in monitoring of malignancy after initiation of
therapy.129.130 Unfortunately, it is difficult to rely on these parameters, as reproducibility
is variable across the multiple published mapping techniques and across different magnet
strengths. 131132 Therefore, continued investigation of quantitative parameters is needed.

Breast MRF is currently in very early translational stages, with initial development
published by Chen et al. 133 Initial breast MRF has been performed as a volumetric 3D
FISP acquisition, rather than traditional 2D MRF applications. This is important in breast
imaging, as 3D data are important in detection of multicentric and multifocal disease. Each
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partition is composed of segments that use their own preparatory pulses followed by data
acquisition; total time for acquisition of 48 partitions in initial studies is approximately

6 minutes. The high fat content found in breast tissue also poses a unique challenge, as
this results in higher magnetic field inhomogeneities. Magnetic resonance fingerprinting
already compensates for heterogeneity with high artifact tolerance in the mapping process,
and FISP is also less sensitive to field inhomogeneity as described previously. The T2
preparation module used for each segment of breast MRF uses 4 composite 180-degree
pulses to further reduce acquisition sensitivity to inhomogeneities, and a spectral-selective
fat-saturation module is used for fat suppression.

On initial phantom studies, this breast MRF technique showed good technical validation
with minimal T1 and T2 variation in measurements across the partitions and strong
correlation with conventionally acquired T1 and T2 values. In addition, images acquired

in patient volunteers showed successful fat suppression with minimization of signal variation
from field inhomogeneity. In a small series published by Panda et al® using 3D breast

MRF, the MRF-derived T1 and T2 values were reproducible across 2 different scanners and
showed good test-retest repeatability within the same imaging visit, as well as in patients
who were scanned twice in different phases of their menstrual cycle. In a small sample

size of breast cancer patients, Chen et al found that longer T1 and T2 relaxation times

were observed in tumor and peritumoral regions when compared with normal fibroglandular
tissue, and this T2 relaxation time difference was significant (< 0.001). They also found
that T1 and T2 relaxation times were even longer in benign breast cysts.133 A representative
example comparing cancer and cyst tissue to fibroglandular tissue is provided in Figure 4.
These findings suggest tissue differentiation potential with 3D breast MRF. Future work
remains to be done in further validating this technique and in establishing expected T1 and
T2 values across age groups and breast densities.

Work has also been done in exploring the utility of an alternative 2D Dixon-based breast
MRF acquisition. This technique was developed by Nolte et all34 and uses a 3-point Dixon
water-fat separation and blurring correction to correct the fat blurring into adjacent voxels
that occurs due to off-resonance effects in a spiral readout. Without correction, this fat
blurring otherwise interferes with accurate T1 and T2 measurements and is a limitation of
2D spiral acquisition when imaging tissues containing both aqueous and fat components
(such as the breast). It was found that this 2D MRF-Dixon technique produces clearer

maps that show delineation between fibroglandular and fatty tissue and improved accuracy
of T1 and T2 measurements. Zanderigo et al'3% performed validation of this technique

in a prospective study on 14 patients with both precontrast and postcontrast MRF maps.
They found that using MRF-Dixon, T1 and T2 values of breast cancer were significantly
higher than fibroglandular tissue on precontrast maps (T1: 2= 0.007; T2: £=0.03). On
postcontrast maps, T1 in breast cancer was significantly higher than in fibroglandular tissue
(P=10.0005), but no significant difference was observed between T2 values of breast cancer
versus fibroglandular tissue. On evaluation of the maps by 3 radiologists, at least 50% of the
cancers were visually detectable on the precontrast T1 MRF maps, and this was improved on
the postcontrast T1 MRF maps. Visual detection of malignancy on the T2 MRF maps was
more variable. Overall, the precontrast findings were similar to those obtained by Chen et
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al133 and suggest potential use of MRF to supplement precontrast differentiation of breast
tissue.133.135 This remains to be validated on a larger scale.

Cardiac Imaging

There has been considerable interest in the development and clinical translation of
quantitative cardiac MRI parameter mapping for detection of cardiac disease. Several
studies have previously described the accuracy and complimentary roles of mapping T1,

T2, T2*, and extracellular volume fraction (ECV)—a property derived from native and
postcontrast T1 measurements—for earlier detection of pathology compared with qualitative
MRI. This has been shown in various infiltrative/inflammatory/ischemic cardiomyopathies,
myocarditis, and postcardiac transplant imaging.136-139 Measurement of these parameters

is now routinely recommended by the Society for Cardiovascular Magnetic Resonance

and endorsed by the European Association of Cardiovascular Imaging in patients with
amyloidosis, Anderson-Fabry disease, myocarditis, and iron overload.13% The consensus
statement also recommends mapping in patients with heart failure to evaluate potential
diffuse myocardial disease. Although T1, T2, T2*, and ECV are increasingly used in
clinical cardiac MRI, other tissue properties may offer additional value. For example, PDFF
mapping may have value in assessing intramyocardial fat infiltration and lipomas, and T1rho
mapping could enable detection of focal and diffuse fibrosis without the need for exogenous
contrast agent, 140141

Conventional cardiac MRI mapping techniques require a separate scan to measure each
tissue property. Scans are typically 2D and breath held, and they often use electrocardiogram
(ECG) triggering to limit the imaging window to diastole to minimize cardiac motion
artifacts. A small number of T1- or T2-weighted images are collected using a single-shot
readout with 1 image acquired per heartbeat. At each pixel, the signal intensities from the
weighted images are fit to an exponential function to obtain a quantitative map. In clinical
practice, T1 mapping is often performed using modified Look-Locker inversion recovery
(MOLLLI) or saturation recovery shingle-shot acquisition (SASHA). Commonly used T2
mapping sequences include T2-prepared bSSFP and gradient spin echo.142-145

Despite their widespread use, conventional mapping approaches have some limitations.

A separate breath hold scan is needed to map each tissue property. If several properties

are assessed, multiple breath holds are required, and the maps most likely will not

be coregistered due to differences in breath hold position and cardiac motion. Many
conventional techniques are affected by confounding factors that can alter the measured
tissue property values. For example, MOLLI has been shown to be influenced by heart rate,
T2 relaxation, off-resonance, B1 inhomogeneities, and magnetization transfer.146

Cardiac MRF enables simultaneous mapping of multiple tissue properties in a single
acquisition and yields coregistered maps, as shown in Figure 5.18.147 The first
implementation of MRF for cardiac imaging was provided by Hamilton et al*47 for joint
T1, T2, and MO mapping with diastolic ECG triggering and a breath hold duration of
15-16 heartbeats. There are several technical differences between cardiac MRF compared
with other MRF implementations. Multiple inversion and T2 preparation pulses are applied
throughout the scan to enhance the sensitivity of the sequence to T1 and T2, and small
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angles (below 25 degrees) are used to reduce the sensitivity to B1 effects. Because of the use
of prospective ECG triggering, the subject’s heart rate influences the MRF sequence timings
and the resulting fingerprints. Therefore, in cardiac MRF, a new dictionary is generated
after every acquisition that incorporates the subject’s cardiac rhythm timings (obtained

from the ECG signal) in the Bloch equation simulation. This step is essential to obtain
accurate T1 and T2 measurements that are independent of heart rate. In contrast, most other
MREF applications compute the dictionary once and reuse it for subsequent scans since the
sequence timings are fixed.

The cardiac MRF framework has the potential to correct for confounding factors, which
may improve the accuracy of tissue property measurements and reduce variability across
scanners. For example, slice profile imperfections and signal relaxation during the inversion
and T2 preparation pulses can be modeled in the MRF dictionary.148 Including these
corrections was shown to reduce measurement variability among cardiac MRF sequences
with different acquisition parameters. One disadvantage is additional computation time;

for example, modeling these effects increases the dictionary calculation time from
approximately 10 seconds to 5 minutes.

Artificial intelligence offers a promising solution for overcoming several computational
bottlenecks in cardiac MRF.149 Artificial intelligence can be used to accelerate the
dictionary generation process in MRF. One approach that has been investigated uses a
neural network that receives the cardiac rhythm timings from the ECG signal as an input
and outputs the dictionary in under 1 second, thus eliminating the need for a time-consuming
Bloch equation simulation.150 Artificial intelligence methods for cardiac MRF have also
been proposed that perform parameter estimation without a dictionary. One technique used
a fully connected network to estimate T1, T2, and MO values directly from the signal time-
courses in undersampled cardiac MRF images in under 400 milliseconds. No differences in
myocardial T1 and T2 values were observed compared with the standard dictionary-based
reconstruction, which required nearly 5 minutes.%1

Artificial intelligence has also been leveraged to improve the image quality in cardiac MRF.
The MRF deep image prior uses a u-net to generate cardiac T1, T2, and M0 maps with
reduced aliasing artifacts and noise compared with previous reconstruction methods. It also
does not require any additional training data, as network training is performed using the
undersampled MRF data from a single scan. This technique has been applied to shorten the
cardiac MRF breath hold from 15 to 5 heartbeats and the diastolic acquisition window from
250 to 150 milliseconds to mitigate motion artifact.152

Although the original cardiac MRF technique focused on 2D T1, T2, and M0 mapping,
several extensions have been proposed recently. Simultaneous multislice imaging has been
combined with cardiac MRF to enable mapping from 3 slices during one breath hold.153 An
approach for 3D MRF T1 and T2 mapping in 7 minutes of free-breathing has been proposed
that combines the respiratory bellows with autofocus translational motion correction.1%4
Cine MRF techniques that use a continuous acquisition with retrospective ECG gating have
been developed for cardiac phase-resolved (or cine) T1, T2, and MO mapping.1%5:156 The
maps can be used to generate contrast-weighted cine images to quantify ventricular volumes,
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mass, and ejection fraction. Thus, cine MRF enables tissue characterization and evaluation
of cardiac function during a single acquisition. Finally, while many studies have focused

on T1 and T2 mapping, additional tissue properties of interest in cardiac diseases have also
been investigated. These include T1rho, T2*, postcontrast ECV mapping, and FF from either
a water-fat DIXON sequence or rosette trajectory for water-fat separation,157-162

Table 2 summarizes several studies that have validated various cardiac MRF techniques
against conventional cardiac mapping techniques,147:148.153-159,162,163 Generally, although
absolute T1 and T2 values differ between MRF-derived mapping and conventional mapping,
there is good correlation between MRF and conventional mapping sequences in all studies.

For normative data assessment, cardiac MRF was evaluated in a cohort of 58 healthy
subjects at 1.5 T and compared with conventional T1 and T2 mapping, presented in the first
row of Table 3.12 In this study, MRF maps exhibited good test-retest repeatability (intraclass
correlation coefficients ranging, 0.85-0.87). In addition, the MRF T1 and T2 maps were
rated qualitatively higher than conventional T1 and T2 maps on Likert score analysis, based
on sharpness of borders, absence of artifacts, and overall diagnostic confidence. When
randomly presented with either MRF or conventional T1 and T2 maps in a blinded fashion,
MRF maps were preferred over conventional maps in 80% of cases by all 3 radiologists.12 In
a preliminary analysis performed by the same group, a small sample size (18 patients) across
2 sites showed good intersite reproducibility.170

Translational work has also been performed in certain diseases, with early MRF-

based relaxometry studies published in suspected cardiovascular disease,169 cardiac
amyloidosis, 16 postcardiac transplant,16 nonischemic cardiomyopathy,164 hypertrophic
cardiomyopathy,167:168 and inflammatory cardiomyopathy patients!®8 (remainder of Table
3). In many of these studies, MRF provides significant discriminatory information between
healthy controls and patients with the cardiac disease of interest. So far, this has been
shown in various cardiomyopathies and amyloidosis patients. A subset of this population
often has implantable cardioverter-defibrillators, and in these patients, MRF has shown
lower artifacts and higher image quality scores compared with conventional T1 and T2
maps.166 In patients who are postcardiac transplant, MRF provides rapid quantification to
allow for longitudinal assessment and provides a baseline to monitor for future rejection.169
These early translational studies show great promise for the future of MRF in rapid
characterization of cardiac disease.

Musculoskeletal Applications

Early work is starting to emerge in application of MRF techniques to the musculoskeletal
system. For example, Sharafi et al*’1 reported low coefficients of variation for MRF
measurements of T1, T2, and T1rho in lower leg musculature, suggesting feasibility of MRF
for muscle characterization. Marty et al1’2-174 have applied simultaneous measurements

of T1, T2, and FF on fat-infiltrated muscles, with implication for pathologies such as
neuromuscular diseases. Work has also been done in using MRF to characterize multiple
musculoskeletal structures, including cortical bone, which is usually barely detectable on
conventional MRI due to its ultrashort T2 time (on the order of 110 milliseconds). Li et
all’> have successfully been able to apply MRF on long, short, and ultrashort structures
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with successful differentiation of cortical bone and production of bone-enhanced MRF maps
that mimic CT scans. The potential for MRF has also been explored in the setting of
prostate cancer metastases; in a study comparing ADC values, unenhanced MRF T1 values,
unenhanced MRF T2 values, postcontrast MRF T1 values, and postcontrast MRF T2 values
of bone metastases and normal bone marrow in the pelvis, significant differences were
found in the values between normal bone marrow and metastases across all quantitative
parameters (£< 0.001). In addition, measurement of these parameters showed moderate to
good interreader agreement for all parameters across treated lesions, untreated lesions, and
normal bone marrow (intraclass correlation coefficients, 0.519-0.915).176

Preliminary clinical work in MRF on cartilage imaging has included using 3D MRF to
quantify age-dependent differences in medial tibial and femoral cartilage between healthy
patients and patients with knee osteoarthritis.1?7:178 Quantification of hip cartilage using
MRF has also been explored, with Sharafi et al1’ able to successfully characterize
subregions of hip cartilage in both hips with excellent repeatability. Cloos et al*8 were
able to use MRF to enable semiautomatic hip cartilage segmentation and for T1/T2/proton
density quantitative mapping, enabling an efficient and highly reproducible workflow for
quantitative hip cartilage assessment. Finally, there are benefits of MRF in overcoming
field heterogeneity created by prosthetic implants, with particular success using an MRF
technique called plug-and-play MRF.181

CHALLENGES AND FUTURE

As can be seen, MRF has been extensively used to generate reproducible and repeatable
tissue property maps of various parts of the body and for characterization of multiple
diseases. However, there remain both technical and clinical barriers to overcome before
widespread clinical adoption. Detailed discussion of specific remaining technical challenges
is beyond the scope of this review, but advances continue at all steps of the pipeline of the
MRF experiment. Some challenges for clinical utilization of the techniques being developed
are discussed below, although these are by no means comprehensive.

One major obstacle to clinical adoption is that MRF maps must remain accurate,
reproducible, and repeatable while being obtained in a fast enough acquisition such that
patient table time is not greatly increased. If the resolution of these maps can be sufficiently
high (to match conventional weighted images), the possibility exists to reconstruct weighted
images or even to replace weighted images altogether, and there is significant ongoing work
in this direction.28:40.182 As new technical advances arise in acquisition and reconstruction,
it is also very important to make these advances directly available at the scanner so that
clinical adoption can be facilitated. To do this, some advances (particularly in reconstruction
and large dictionary generation) must often be coupled with appropriate implementation

via graphic processing units and tensor processing units, which is not a trivial computing
challenge.®183 Finally, accuracy, reproducibility, and repeatability are central to all imaging
advances and must be assessed. Unfortunately, careful testing of sequences using accepted
phantoms (such as the ISMRM/NIST phantom) and on volunteers/patients is not often
performed by authors purporting to perform quantitative imaging, which makes it difficult to
compare quantitative data from MRF or other techniques.
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In clinical application, as has been shown in this review, MRF has great potential. However,
studies remain small and often are limited to one site. There is a need to generate sufficient
normative data to be able compare pathologic tissue to normal tissue and to accurately
differentiate different degrees of pathology. To accomplish this, large multicenter studies are
needed for more widespread validation and adoption of new MRF techniques. In addition,

it is hoped that MRF and other quantitative approaches can be used to assess response to
treatment and ideally even identify early response to treatment. This would require these
quantitative approaches to be validated via systematic laboratory or pathology-based testing,
which is currently an unmet need in the rollout of MRF applications. When evaluating
potential for widespread clinical use, most MRF sequences are currently developed on single
vendor platforms. Execution of new MRF sequences across platforms requires collaboration
with multiple vendors, which poses obvious practical problems that must be overcome as an
MR community. With widespread clinical use, there would also be opportunity for computed
or automated assessment of quantitative imaging data, which is a possibility that has not yet
been deeply explored.184

We have aimed to provide a summary of many major developing clinical applications of
MRF; however, given the excitement surrounding this topic and rapid evolution of the
literature, we can by no means claim that this review is entirely comprehensive.

CONCLUSIONS

There has been a rising demand for personalized medicine, and objective, reliable, and
quantitative diagnosis and treatment follow-up will be needed to provide this overarching
goal in medicine. However, precision diagnosis and widespread quantitative imaging remain
somewhat elusive goals in radiology. Rapid and reproducible quantitative MR would be a
huge asset to this evolving landscape. Quantitative approaches could also provide another
tool for dealing with ever-increasing volumes as quantitative data lend themselves well

to computerized or semiautomated initial evaluation. Magnetic resonance fingerprinting is
a tool for providing reproducible, simultaneously obtained (and thus perfectly registered)
anatomic maps of multiple interesting properties, which can then be used for disease
diagnosis, differentiation, and follow-up. Although initial application of MRF throughout
the body has centered on T1 and T2 relaxation times, multiple additional properties have
been explored and continue to be added to the possible maps that can be obtained in this
manner.
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Representative example of MRF framework, with the typical steps shown: A, example of
MR parameter variation for data acquisition; B, measured signal time-course, generated
for each voxel; C, generation of simulated time-courses as dictionary entries; D, template
matching algorithm used to match the voxel-specific signal time-course to the closest
dictionary entry, repeated for each voxel to generate an MRF property map.
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FIGURE 2.
Images in a 72-year-old man referred for elevated prostate-specific antigen level of 9.87

ng/mL with minimal urinary symptoms who underwent limited MR imaging and targeted
biopsy of lesion in left mid prostate. Prostate adenocarcinoma with Gleason score 4 + 3 =7
was diagnosed at cognitively targeted biopsy. T2-weighted image, ADC map, MRF T2 map,
and MRF T1 map show corresponding hypointense lesion in mid prostate (arrow) and NPZ
in right hemiprostate. Figure adapted with permission from Yu et al.%
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FIGURE 3.
Quantitative maps acquired from a patient with metastatic lung adenocarcinoma. A,

Conventional postcontrast T1-weighted image. B, CT image. C, Image summed up from all
undersampled images. D—F, Quantitative T1, T2, and MO maps. Two metastatic lesions with
sizes of 32.9 and 9.8 mm were observed from both conventional images and quantitative
maps. Figure originally printed in Chen et al.116
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FIGURE 4.
Example of breast MRF in a patient with right-sided breast cancer and multiple right-sided

breast cysts. The breast tissue in this patient was classified as heterogeneously dense.
Conventional T2W imaging and T1 and T2 MRF maps are provided. Values obtained

in the breast cancer (solid arrow) and one breast cyst (dashed arrow) were higher than

in normal breast tissue. Values obtained were breast cancer (solid arrow): T1 = 1171
milliseconds, T2 = 76 milliseconds; breast cyst (dashed arrow): T1 = 2079 milliseconds,
T2 = 153 milliseconds; normal breast tissue (left breast): T1 = 954 milliseconds, T2 = 33
milliseconds.
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FIGURE 5.
Simultaneous T1, T2, and M0 mapping in a healthy subject at 1.5 T using cardiac MRF.

Data were acquired using a FISP-based MRF sequence during a 15-heartbeat breath hold
and a 250 milliseconds ECG-triggered acquisition window. The sequence used variable
flip angles of 4-25 degrees and multiple inversion and T2-preparation pulses. To generate
the dictionary, a Bloch equation simulation was performed that incorporated the subject’s
cardiac rhythm timings derived from the ECG signal.
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