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Abstract

Magnetic Resonance Fingerprinting (MRF) is a new approach to quantitative magnetic resonance
imaging that allows simultaneous measurement of multiple tissue properties in a single, time-
efficient acquisition. The ability to reproducibly and quantitatively measure tissue properties could
enable more objective tissue diagnosis, comparisons of scans acquired at different locations and
time points, longitudinal follow-up of individual patients and development of imaging biomarkers.
This review provides a general overview of MRF technology, current preclinical and clinical
applications and potential future directions. MRF has been initially evaluated in brain, prostate,
liver, cardiac, musculoskeletal imaging, and measurement of perfusion and microvascular
properties through MR vascular fingerprinting.

Introduction

Magnetic Resonance Imaging (MRI) is a versatile imaging technique for producing
exquisite anatomical images. As compared to other cross-sectional imaging modalities, MRI
provides superior soft-tissue contrast[1] and has no ionizing radiation exposure. Present-day
MR scanning focuses on changing various MR system parameters such as echo time (TE),
repetition time (TR) and flip angle (FA) in a systematic manner to produce images generated
that are said to be qualitatively “weighted,” most often by the T1 and T2 of the tissues.
Current MR descriptions such as “hyperintense” and “hypointense” are relative descriptions
and do not reflect absolute property values[2]. MRI also allows measurement of various
tissue properties such as longitudinal relaxation time (T1), transverse relaxation time (T2),
proton density (M), diffusion and perfusion, but these properties, particularly T1 and T2,
are not typically quantitatively measured in practice.

Corresponding author: Dr Vikas Gulani, MD, PhD, Department of Radiology, University Hospitals Cleveland Medical Center, 11100
Euclid Avenue, Cleveland, OH 44106, USA., vxg46@case.edu, Phone number: +1-(216) 844-1700.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Panda et al. Page 2

The last few years have seen an increasing emphasis on rapid and quantitative imaging.
Quantitative MR imaging can provide data that can be used as imaging biomarkers for better
characterization of tissue pathology, prognostication, follow-up, patient-specific
management, and therapy design[3]. While diffusion and sometimes perfusion mapping
have been accepted into clinical MRI protocols to provide a modicum of quantitative
information, conventional T1 and T2 mapping techniques are limited by their time
inefficiency. Conventional T1 and T2 mapping methods measure tissue properties by
measuring signal changes obtained by varying a single acquisition parameter, keeping all the
others constant. These approaches are relatively time-consuming and typically measure only
one tissue property at a time [4,5].

A novel approach to quantitative MRI was recently introduced, called MR Fingerprinting
(MRF) [2]. This technique allows simultaneous efficient measurements of multiple tissue
properties with one acquisition [2]. This review provides a general overview of MRF
technology, current preclinical and clinical applications and potential future directions.

MRF Description

MRF can be described as a three-step process comprising of data acquisition, pattern
matching and tissue property visualization. The data acquisition involves deliberately
varying MR system settings and parameters, i.e. the MRF pulse-sequence, in a
pseudorandom manner in order to generate unique signal evolutions, or “fingerprints”, for
each combination of the tissue properties of interest. The fingerprints from individual voxels
are compared with a collection of simulated fingerprints contained in a dictionary generated
for that MRF sequence. The best match for the voxel fingerprint is selected from the
dictionary through a pattern matching process. Once there is a pattern match, the
combination of tissue properties that were used to generate the simulated fingerprint are
identified as the underlying tissue properties in that voxel and these tissue properties are
depicted as pixel-wise maps that are perfectly registered to one another, thereby providing
quantitative and anatomic information[4] (Figure 1). Each of these steps is discussed in more
detail below. While the original MRF description focused on measuring T1, T2, static
magnetic field (Bg) inhomogeneity or off-resonance frequency and proton density Mg[2],
recent work has shown the feasibility to measure other properties such as radio frequency
(RF) transmit field inhomogeneity (B1)[6,7], T2*[8], perfusion[9] and microvascular
properties[10-12].

Data Acquisition

In MRF, there is a fundamental difference in the way data are acquired, as compared to
conventional MRI. Instead of repeating the same acquisition parameters over time in a
particular sequence until all the data in k-space have been obtained and used to reconstruct
images with weighting by a particular property; in MRF the acquisition parameters such as
the radiofrequency excitation angle (FA) and phase, repetition time, and k-space sampling
trajectory, are varied throughout the acquisition, which when implemented properly can
generate a unique signal timecourse for each tissue. Proper implementation of the sequence
design is crucial for obtaining useful information and determines the relevant combination of
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tissue properties that can be measured, how time-efficient, accurate, precise and clinically
useful that MRF sequence is.

Reduction of acquisition time is important for volumetric coverage and coverage of large
body regions. As originally described, MRF acquisitions were already extremely
undersampled (only 1/48™ of full image data set was acquired for each time point) [2]. This
undersampling results in severe artifacts in the image from each individual time point.
However, a philosophical decision is made in MRF: Unlike traditional mapping techniques,
the focus is solely on generating quantitative maps of interest, and the artifacts in each
individual image are not of concern as long as they do not compromise the matching
process. Thus high quality individual time point images are explicitly not sought. Despite
the significant undersampling, the signal evolution obtained from all the undersampled data
can still be matched to the best corresponding MRF dictionary entry and the resulting
quantitative maps have been shown to be highly accurate[2] and repeatable (Coefficient of
variation of less than 5% for T1 and T2 values)[13]. It is therefore possible to “see through”
image artifacts arising from the undersampling during the dictionary-matching step, as the
errors are not coherent spatially or temporally [2]. Thus, spatio-temporal incoherence of the
undersampling artifacts is a primary consideration for design of the sampling strategy. For
data sampling, spiral[2,14-17] or radial[7,18] trajectories are often used because of higher
spatial incoherence and sampling efficiency. However, echo-planar imaging (EPI)[8,9] and
Cartesian trajectories[6,10,19-21] have also been shown to be useful in MRF framework.
Depending on the sequence type, the variation in acquisition parameters and the application,
the trajectory re-ordering can be sequential, uniformly rotated or random. For example, Ma,
et al[2] used a sequential reordering strategy with spiral trajectory for balanced steady state
free precession (bSSFP) based MRF for brain imaging. Hamilton, ef a[15] used a golden
angle based rotational reordering strategy with spiral trajectory for steady state free
precession (SSFP) based MRF for cardiac imaging. Cloos, ef a[7] used a uniform rotational
reordering strategy with radial trajectory for Plug-n-Play based MRF (PnP-MRF) for
musculoskeletal imaging.

MRF provides a framework in which any sequence structure can be theoretically adopted to
obtain relevant tissue properties[2,4]. The original MRF description was based on inversion
recovery prepared balanced steady state free precession (IR-bSSFP) because this sequence is
sensitive to T1, T2 and static field (Bg) inhomogeneity and because the behavior of spins in
this sequence has been extensively studied[22—24]. Subsequent descriptions have adapted
more sequences to MRF, each in order to overcome certain limitations of other sequences,
confer additional advantages or measure additional tissue properties. For example, Jiang, et
af[14], utilized SSFP sequence for MRF which is insensitive to By inhomogeneity,
eliminates banding artifacts seen with bSSFP and can be readily adapted for body
applications. Asslander, et a[18] adopted a pseudo steady-state free precession (pSSFP)
sequence to improve the spin-echo like signal properties of a bSSFP based MRF acquisition
and thereby reduce the effects of By inhomogeneity on estimated tissue properties within a
limited range of Bg_Reiger, ef a/[8]incorporated an EPI based data acquisition approach into
the MRF framework and a variation in TE for simultaneously estimating T1 and T2*. EPI-
MRF relaxometry values were in good agreement with gold standard values with a small
coefficient of variation (T1: 4 + 2%, T2*: 4 + 9%)[8]. On the other hand, Su, et af9]
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integrated arterial spin labeling (ASL) concept into MRF framework for estimation of
perfusion related tissue properties.

Apart from modifying various sequences to MRF framework, work has also been directed to
improve MR safety[25], patient comfort[26] and decrease scan time[27-32] during MRF.
For example, Jiang et af25], described a modification called quick echo splitting NMR
(QUEST) based MRF sequence which reduces the number of radiofrequency (RF) pulses
used during the acquisition and thereby decreases the RF energy deposition (specific
absorption rate) into subjects. Taking advantage of the freedom in sequence design in MRF
that lifts the constraint of preset gradient patterns, rather allowing them to be varied as
desired, Ma et af26], described music based-MRF in which the waveforms of music audio
files were used to design the timing of acquisition and the gradients, changing the noise
produced during MR scanning to a selected music file, which can in turn reduce patient
anxiety. Reduction of scan times has been possible using simultaneous multislice imaging
techniques[29,28,32] and mathematically advanced reconstruction methods[27,30-39].

Pattern matching and Tissue property visualization

Pattern matching involves matching the patterns of signal evolutions generated for individual
tissue voxels, against the best corresponding entry in the overall dictionary of possible signal
evolutions generated for that sequence. For every MRF sequence, the dictionary of signal
evolutions can be generated on a computer using mathematical algorithms to predict spin
behavior and signal evolution during that acquisition. In the original MRF sequence, Bloch
Equations simulations[40] were utilized to predict spin behavior. The extended phase graph
formalism[41] has also been utilized in later work on MRF to predict spin behavior. Work on
MR vascular fingerprinting (MRvF)[10] and MRF-Arterial Spin labeling (ASL) perfusion
[9] have used more complex models to generate database of fingerprints for pattern
matching. Pattern matching provides a certain degree of tolerance to errors as long as these
errors are spatially and temporally incoherent in such a way that it is possible for the pattern
matching algorithm to select the correct match from the dictionary despite the individual
errors or noisiness in the timecourse [2].

For the template matching process utilized in the original MRF acquisition, the vector-dot
product of the acquired signal with each simulated fingerprint signal was calculated. The
dictionary entry with the highest dot product was considered to be the best match and the
T1, T2 and Bg values utilized to construct that entry were assigned to that voxel. The Mg
value was computed as the multiplicative factor between the acquired and simulated
fingerprints. This process was time efficient (requiring 160 seconds for a 2D brain
acquisition on a standard desktop computer), accurate (good correlation with phantom
values), precise and insensitive to motion artifacts[2].

Depending on the organ being evaluated or the physiological properties being measured
through the MRF acquisition, the collection of fingerprints may either be generated only
once for each sequence and applied to all patients[2,14] or may have to be generated
individually for each patient[10,15]. For example in cardiac MRF as described by Hamilton,
et al[15], the simulation was repeated individually for each new scan to accommodate the
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differences in heart rate for each person. However, this process took only 12 seconds, so
there was no major time-penalty. Similarly in MRvF, the model needs to be simulated
individually for each patient to account for the difference in contrast agent dosage according
to patient body weight[10].

Since pattern matching and visualization needs to be fast, robust and accurate, efforts have
also been spent to further speed up the matching process by compressing the whole process
in the time dimension[42] or using a fast group matching algorithm[43], thereby improving
overall speed of map generation. Compression methods have yielded a time-reduction factor
of 3-5 times with less than 2% decrease in the accuracy of tissue property estimation[42,43].

Current MRF applications

MRF has been validated with phantom studies as well as in normal volunteers and patients.
The T1 and T2 values obtained with MRF studies have shown good correlation with
conventional T1 and T2 mapping methods and those published in literature[14,16,44-46].
The utility of MRF has also been demonstrated in preclinical and animal studies[12,21].
Clinical applications of MRF till date have been greatly focused on brain and prostate and
shown promise in abdomen, musculoskeletal and cardiac applications.

Brain Relaxometry

The original MRF description showed good literature-correlation for T1 and T2 values of
grey and white matter while there was a slight mismatch for T2 values of CSF[2]. This
mismatch was attributed to the through-plane motion of CSF which was not considered
during the initial dictionary stimulation[2]. Badve, et af47] used the same MRF framework
to simultaneously estimate T1 and T2 relaxometry values for different brain regions in 56
normal healthy volunteers. In this study, the acquisition time was 31 seconds per slice for a
resolution of 1.2 x 1.2 x 5 mm3[47]. MRF-derived relaxometry provided simultaneous and
fast estimation of T1 and T2 values as compared to conventional mapping methods and
demonstrated regional differences and correlation with age and gender[47].

MRF has also been used to characterize and differentiate between various intra-axial brain
tumors. In a study on 31 patients with intra-axial brain lesions, MRF-derived T1 and T2
values were used to differentiate gliomas and metastases[48]. The mean T2 values were
significantly different for lower grade gliomas as compared to metastases (mean, 172 + 53
ms, and 105 + 27 ms, respectively; P = .004) while the mean T1 of peritumoral white matter
surrounding lower grade gliomas differed from peritumoral white matter around
glioblastomas (mean, 1066 + 218 ms, and 1578 + 331 ms, respectively; P = .004.) Mean T2
of solid tumors offered the best separation between glioblastomas and metastases with an
area under the curve (AUC) of 0.86 (95% Cl, 0.69-1.00; P < .0001)[48](Figure 2). Ongoing
work on MRF in brain tumors is directed towards using a volumetric 3D MRF sequence for
improved lesion visualization[49,50], assessment of treatment response, identifying
radiation necrosis and tumor recurrence.
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In recently published work on prostate, the feasibility of using a combined MRF -SSFP and
apparent diffusion coefficient (ADC) mapping exam was evaluated for separating cancer
from normal prostate in the peripheral zone of prostate[51]. MRF-SSFP sequence was added
to a conventional prostate MRI protocol and regions of interest (ROIs) were drawn on MRF
T1 and T2 maps and DWI images using the conventional T2 weighted (T2w) image as a
reference. The reported time for MRF acquisition was 39 seconds per slice for a resolution
of 1 x 1 x 5 mm3[51]. The mean T1, T2, and apparent diffusion coefficient (ADC) values
from cancer (mean, 1628 + 344 msec, 73 + 27 msec, and 0.773 x 1073 + 0.331 x 1073 mm?/
sec, respectively) were significantly lower than those from normal peripheral zone (mean,
2247 + 450 msec, 169 + 61 msec, and 1.711 x 1073 + 0.269 x 1073 mm?/sec) (P< .0001 for
each) and together produced the best separation between these groups (AUC = 0.99).
Importantly, ADC and T2 together also produced an AUC of 0.83 for separating high- or
intermediate-grade tumors from low-grade cancers[51](Figure 3).

This study showed that MRF has the potential to identify high-grade prostate cancers and
illustrated the power of a rich quantitative space in characterizing disease. Future
applications of prostate MRF includes correlating T1 and T2 values with tumor
aggressiveness, guiding targeted biopsies and monitoring patients on active surveillance for
prostate cancer. Work on sequence improvement involves generating a 3D volumetric MRF
sequence for prostate, obtaining ADC values with MRF and improving the overall spatial
resolution so that conventional imaging could potentially be eliminated altogether.

Adopting MRF for abdominal imaging comes with its own unique challenges and
necessitates modifying the original MRF sequence. Challenges included developing a fast
sequence that could yield the needed data in a single breath hold, provide a high spatial
resolution, cover the wide range of tissues within the abdomen and compensate for both By
and B1 inhomogeneities. A couple of approaches have been proposed for imaging abdomen
using the MRF framework[7,16].

Chen et af16] adopted an approach where the authors measured B, variation through a
separate scan based on the Bloch-Seigert method[52] and incorporated the corresponding
values in the dictionary simulation to reduce the effects of B; inhomogeneity on tissue
properties. Additionally, a SSFP based MRF acquisition was used due to its robustness to By
inhomogeneity. This sequence was validated for abdomen MRF in asymptomatic subjects
and the obtained T1 and T2 values of various abdominal organs were congruent with
literature[16]. The clinical utility of this sequence was also tested in 6 patients with 20
metastatic adenocarcinoma lesions to the liver. The mean T1 and T2 in metastases (mean,
1673 msec + 331, 43 msec £ 13,), were significantly different from surrounding liver
parenchyma (mean, 840 msec + 113, 28 msec + 3; P <.0001 and P <.01) and healthy liver
parenchyma in volunteers respectively (mean, 745 msec + 65, 31 msec + 6; P <.0001 and P
=.021)[53](Figure 4). The total scan time (including the time for B1 mapping) for this
acquisition was 19 seconds per slice for a resolution of 1.9 x 1.9 x 5 mm3[16].
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Other groups have also shown approaches to overcome B1 inhomogeneity[6,7,17]. Cloos, et
al[7] proposed an alternative approach to B; inhomogeneity (shown in simulation in the
abdomen and demonstrated /n vivo for high field musculoskeletal imaging as below) where
the combination mode of the RF transmit coils or “B; illumination mode” was used as an
additional MRF acquisition parameter. In this method, similar to other acquisition
parameters such as FA, TR, etc. the Bq illumination mode was varied from time point to
time point to generate temporal variation in the B; inhomogeneity of the fingerprinting
signal. Using the MRF framework, they thus reduced the effects of B; inhomogeneity on the
estimated tissue properties. A combination of SSFP and spoiled gradient echo based
modules were used to reduce the effects of By inhomogeneity on the estimated tissue
properties.

Musculoskeletal

Cardiac

MRI forms a vital cog in musculoskeletal (MSK) imaging, with its ability to provide
superior soft-tissue contrast and differentiate between the wide variety of tissues seen in
musculoskeletal imaging, namely bone marrow, muscle, fat, cartilage, tendons and soft
tissues. Imaging in the presence of orthopedic implants is a challenging aspect of MRI
because the images are affected by variations in RF fields and implants lead to areas of
signal loss. The MRF approach to overcome B inhomogeneity, as proposed by Cloos, et
al[ 7] was successful for obtaining tissue maps devoid of shading artifacts despite the
presence of orthopedic implants(Figure 5). These maps were generated with resolution of
1.4 x 1.4 x 5 mm3 and total scan time of 8 minutes 18 seconds for 18 slices.

Myocardial tissue property mapping has come into focus in cardiac imaging for the ability to
detect pathology earlier than conventional cardiac imaging. Cardiac MRF as described by
Hamilton, et af15] provided simultaneous estimation of T1, T2 and Mg values with a
resolution of 1.6 x 1.6 x 8 mm3 using a breath-hold acquisition of 16 heartbeats. While there
are no patient data available yet, comparison of T1 and T2 MRF values from normal
volunteers show good concordance with conventional mapping methods[15]. Further
technical development involves reducing the scan time, volumetric acquisition for whole
heart coverage and optimizing the Mg values obtained.

Microvascular structure

The MRF framework has also been extended to characterize the microvascular properties
termed MR vascular fingerprinting (MRVF). Christen, ef a[10] described a new MRF
approach to measure microvascular properties such as cerebral blood volume (CBV), mean
vessel radius (R) and the blood oxygenation saturation (SO,). The acquisition sequence was
based on a gradient echo sampling of the free induction decay and spin echo (GEFSIDE)
sequence. The acquisition was performed before and 2 minutes after injection of an iron-
based contrast agent (ferumoxytol). The dictionary was simulated using a different
mathematical model both before and after contrast injection and the ratio of the pre and post
contrast signal evolutions was used as the fingerprint[54]. The best fit between the observed
fingerprint and the dictionary was determined by using least squares method to generate
CBYV, R and SO, for voxels. Pre and post contrast scans were acquired using a resolution of
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1.6 x 1.6 x 1.5 mm3 with scan time of 4 minutes for whole brain coverage[10]. Preliminary
data showed high contrast in CBV maps between grey and white matter, suggesting
differential perfusion. R and SO, maps were more homogenous[10](Figure 6). Other authors
have further built upon this foundation and applied MRVF in rats studies to either get more
realistic vascular maps[12] or evaluate differences in microvascular properties in strokes and
brain tumors[11]. Lemasson, et af11]tested the MRVF technique in 115 rats divided into
three models, namely brain tumors, strokes and healthy animals, to obtain maps of the
microvascular architecture (i.e., blood volume fraction, vessel diameter) and function (blood
oxygenation) simultaneously. These findings were compared with conventional MR
approaches and histopathology analysis for validation. MRVF could robustly distinguish
between healthy and pathological brain tissues with different behaviors in tumor and stroke
models. MRVF also showed that two pathologically different brain tumors had distinct
microvascular signal evolutions. This in-vivo estimation of microvascular properties, if
efficiently translated to humans, can potentially improve diagnosis and management of brain
diseases.

Perfusion (MRF-ASL)

ASL is a promising non-contrast MR perfusion technique. Since, the ASL signal is affected
by multiple hemodynamic parameters, both Wright ef a[KL Wright et al., Abstract
0417.22"d Annual Meeting of International Society of Magnetic Resonance in Medicine,
Milan, Italy, 2014] and Su, et af9] recently explored the feasibility of developing an ASL
technique based on MRF framework to simultaneously get multiple hemodynamic
parameters with one scan. The MRF-ASL acquisition was performed using an EPI readout
with whole brain coverage in 3 minutes of scan time and a resolution of 2.8 x 2.8 x 10
mm?3[9]. Different hemodynamic parameters were extracted depending on the mathematical
model used and compared with dictionary values. The sequence was validated in volunteers
using a hypercapnia challenge, which showed expected increase in perfusion in response to
CO», stimulation, and in patients with Moya-Moya disease, which showed delay in bolus
arrival time on the side with the stenotic internal carotid artery.

Conclusion

MRF heralds a new approach to quantitative MRI by providing a framework to measure
several tissue properties in a single and time-efficient acquisition. Various sequences can be
tailored to this MRF framework depending on the specific tissue properties that need to be
measured, including T1, T2, Mg, perfusion parameters, By, B1, etc. Current MRF sequences
have been shown to be repeatable[2,13,14]. MRF offers the possibility of bringing
quantitative imaging into clinical routine, potentially allowing more precise and automated
diagnosis and easier comparison between data acquired in different scans, at different times
and in different locations. Follow-up studies and patient specific therapy management can
also benefit from such a quantitative approach. In the future, MRF could therefore play a
role in the development of imaging biomarkers and novel therapies. Improvements in
sequence design, efficiency, acquisition speed, post-processing steps and image quality are
continuous and on-going processes. Clinical validation of MRF requires the establishment of
inter-disciplinary biomedical engineering and clinical teams that can simultaneously develop
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new hypotheses and test the technology in various clinical applications and organ systems.
This can help MRF become an effective clinical tool and facilitate development of a rapid,
“one-scan, multiple-property” approach to quantitative MR imaging.
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Highlights

MRF is a novel approach to quantitative MRI that allows measurement of
multiple tissue properties in a single, time-efficient acquisition.

MRF acquisition relies on deliberately varying MR system parameters such
that each tissue produces a unique single evolution called “fingerprint”.

Pattern matching the tissue fingerprint to a database of fingerprints helps to
visualize specific tissue properties.

Some of the tissue properties measured include longitudinal relaxation time
(T1), transverse relaxation time (T2), proton density (M) and off-resonance
frequency (By).

Clinically MRF has been used to differentiate between various brain tumors,
separate prostate cancer from normal prostatic tissue and characterize liver
metastases.

Development and validation of MRF technology and testing new clinical
applications remain continuous and ongoing processes.

Curr Opin Biomed Eng. Author manuscript; available in PMC 2018 September 01.




1duosnuey Joyiny

1duosnuely Joyiny

Panda et al. Page 14

A) Sequence parameters

=

Dictionary

. s filh i N A fﬁ. w,\
Series of é /‘ I MM JM LY
varying TR E | Image number

——CSF ——FAT —— White Matter Gray Matter

Image number
B) \ Acquisition sequence
Excitation /\ Fm\* . E) Matching

FA,
pulses A A A A
!
T

Series of

LN AVAVAVAVA VN

Image number

E

Simulated signal
mtensny a.u.)

TR, L TR
Slice selection f\l f

gradients v v v --- ey “ l
Readout \ = m ‘
P ,

—l
/ [M"’l'nd " ""
Trajectory @

C)

I

Voxel fingerprint

Undersampled images F)

Voxel
intensity (a.u.)

Image number

Figure 1. MRF overview
The flowchart shows an overview of the MRF framework as used for MR-True Fast Imaging

with Steady State Precession (TruFISP) acquisition. (A) shows an example of variable flip
angles (FA) and time of repetition (TR) used for this acquisition. (B) Sequence diagram
showing the excitation pulses, slice selection gradients, readout and k-space trajectory for
each TR (C) shows three undersampled images acquired in different TR. (D) shows
examples of four “dictionary” entries representing four main tissues; cerebrospinal fluid
(CSF) (T1=5000ms, T2 =500 ms) fat (T1=400ms, T2 = 53 ms), white matter (T1 = 850
ms, T2 =50 ms) and gray matter (T1 = 1300 ms, T2 = 85 ms). (E) shows pattern matching of
the voxel fingerprint with the closest entry in the dictionary, which allows to retrieve the
tissue features represented by that voxel. (F) shows intensity variation of a voxel across the
undersampled images. (G) shows parameter maps obtained by repeating the matching
process for each voxel.
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Figure 2. MRF in brain tumor

(A, B) Conventional MR images of a patient with glioblastoma multiforme (grade 4 brain
tumor) show an enhancing tumor with peritumoral white matter edema on the left side. (C)
show ROIs with grey ROI segmenting the tumor and white ROl segmenting peritumoral
white matter edema. (D, E) show MRF-derived quantitative T1 map T2 maps respectively.
The mean T1 and T2 values for tumor were 1408 ms = 86 ms and 112 + 25.4 ms
respectively while the mean T1 and T2 values for the peritumoral white matter were 1614
+ 101 ms and 140 + 15.7 ms respectively.

Reprinted with permission from American Society of Neuroradiology from Figure 1, Badve
C, Yu A, Dastmalchian S, Rogers M, Ma D, Jiang Y, Margevicius S, Pahwa S, Lu Z,
Schluchter M, et al. MR Fingerprinting of Adult Brain Tumors: Initial Experience. AJNR
Am. J. Neuroradiol. 2016, doi:10.3174/ajnr.A5035[38].
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Figure 3. MRF in prostate cancer
(A) T2 weighted axial image of a patient with a high-grade prostate cancer (Gleason score 9)

shows a large hypointense lesion involving peripheral zone (white thick arrow) while the
normal peripheral zone is hyperintense (green thin arrow). (B) Apparent diffusion coefficient
(ADC) map shows diffusion restriction (dark on ADC map) in prostate cancer (white thick
arrow) while normal peripheral zone shows no diffusion restriction (green thin arrow). (C,
D) show MRF-derived quantitative T1 and T2 color maps respectively. The mean T1 and T2
values for prostate cancer were 1533 £ 175 ms and 36.8 + 6.7 ms respectively while the
mean T1 and T2 values for the normal peripheral zone were 2920 + 80 ms and 261 + 57 ms
respectively.
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Post-contrast T,-weighted

Figure 4. MRF in liver metastases
(A) Post-contrast T1 weighted (A) and contrast enhanced CT image (B) show two liver

metastases from lung adenocarcinoma. (C) shows a MRF image summed from all
undersampled images. (D-F) show MRF-derived quantitative T1, T2 and Mgy maps. The T1,
T2 and MO values of these lesions were 1462 and 57 ms and 1582 and 19 ms respectively,
while the surrounding liver parenchyma had T1 and T2 values of 686 and 26 ms
respectively.

Reprinted with permission from Radiology Society of North America (RSNA) from Figure
5, Chen Y, Jiang Y, Pahwa S, Ma D, Lu L, Twieg MD, Wright KL, Seiberlich N, Griswold
MA, Gulani V: MR Fingerprinting for Rapid Quantitative Abdominal Imaging. Radiology
2016, 279:278-286 [19].
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Figulre 5. Conventional MRI versus Plug-and-Play (PnP)-MRF in the presence of an orthopedic
Implant

(AI; X-ray image showing the orthopedic implant. (B) Contrast weighted axial image
through the legs obtained using a conventional inversion recovery (IR) TSE sequence. Signal
voids appear both in the vicinity of the implant and in the contralateral leg. (C-F)
Quantitative maps obtained using PnP-MRF, including proton density (PD), B1y, T1 and T2,
respectively. Units are arbitrary for PD (C), micro Tesla for B1y (D), seconds for T1 (E) and
milliseconds for T2 (F). (G) Enlargements, extracted from B (red frame) and C (green
frame), comparing the region surrounding the implant with conventional (left) and PnP-
MRF (right) approaches. Note the absence of B; -related signal voids in any of the PnP-
MRF parameter maps.

Reprinted under Creative Commons License from Figure 6, Cloos MA, Knoll F, Zhao T,
Block KT, Bruno M, Wiggins GC, Sodickson DK: Multiparametric imaging with
heterogeneous radiofrequency fields. Nat. Commun. 2016, 7:12445. doi:10.1038/
ncomms12445[7].
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Figure 6. Representative MR Vascular fingerprinting (MRVF) maps
Representative parametric maps for T1, cerebral blood volume (CBV), Radius and oxygen

saturation (SO,) obtained from normal volunteer who had the highest correlation coefficient
(r2) for the match between the fingerprint and the dictionary. White and blue arrows indicate
that the technique is sensitive enough to detect the relatively small medullary veins of the
deep white matter.

Reprinted with permission from Elsevier from Figure 5, Christen T, Pannetier N, Ni W, Qiu
D, Moseley M, Schuff N, Zaharchuk G: MR Vascular Fingerprinting: A New Approach to
Compute Cerebral Blood Volume, Mean Vessel Radius, and Oxygenation Maps in the
Human Brain. Neurolmage 2014, 89:262-270[10].
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