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Synopsis

The experimental autoimmune encephalomyelitis (EAE) is used to study
multiple sclerosis (MS) pathology and develop novel technologies to quantify
inflammation over time. Magnetic resonance imaging (MRI) with gadolinium-
based contrast agents (GBCAs) is the state-of-the-art method to assess

inflammation in MS patients and its animal model.

Fluorine (*°*F)-MRI is one novel technology to quantify inflammatory immune
cells in vivo using °F-nanoparticles. T1 mapping of contrast-enhancing images
is another method that could be implemented to quantify inflammatory lesions.
Transient macroscopic changes in the EAE brain confound quantification and
necessitate registration methods to spatially align images in longitudinal studies.

For ®F-MRI, an additional challenge is the low signal-to-noise ratio (SNR) due
to low number of !°F-labeled immune cells in vivo. Transceive surface
radiofrequency (RF) probes and SNR-efficient imaging techniques such as
RARE (Rapid Acquisition with Relaxation Enhancement) are combined to
increase sensitivity in °F-MRI. However, the strong spatially-varying RF field
(B1 inhomogeneity) of transceive surface RF probes further hampers
quantification. Retrospective B1 correction methods typically use signal intensity
equations, unavailable for complex acquisition methods like RARE.

The main goal of this work is to investigate novel B1 correction and registration
methods to enable the study of inflammatory diseases using H- and °F-MRI
following GBCA and °F-nanoparticle administration, respectively. For correcting
B: inhomogeneities in *H- and °F-MR transceive surface RF probes, a model-
based method was developed using empirical measurements and simulations,
and then validated and compared with a sensitivity method and a hybrid of both.
For *°F-MRI, a workflow to measure anatomical images in vivo and a method to
compute 1°F-concentration uncertainty after correction using Monte Carlo
simulations were developed. To overcome the challenges of EAE brain
macroscopic changes, a pipeline for registering images throughout longitudinal

studies was developed.



The proposed B1 correction methods demonstrated dramatic improvements in
signal quantification and Ti1 contrast on images of test phantoms and mouse
brains, allowing quantitative measurement with transceive surface RF probes.
For low-SNR scenarios, the model-based method yielded reliable °F-
quantifications when compared to volume resonators. Uncertainty after
correction depended linearly on the SNR (£10% with SNR=10.1, <25% when
SNR=24.25). The implemented registration approach provided successful image
alignment despite substantial morphological changes in the EAE brain over
time. Consequently, T1 mapping was shown to objectively quantify gadolinium

lesion burden as a measure of inflammatory activity in EAE.

The 'H- and °F-MRI methods proposed here are highly relevant for quantitative

MR of neuroinflammatory diseases, enabling future (pre)clinical investigations.
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Zusammenfassung

Die experimentelle Autoimmun-Enzephalomyelitis (EAE) wird zur Untersuchung
Multipler Sklerose (MS) und =zur Entwicklung neuer Technologien zur
Entzindungsquantifizierung eingesetzt. Magnetresonanztomographie (MRT)
mit Gadolinium-haltigen Kontrastmitteln (GBCAS) ist die modernste Methode

zur Beurteilung von Entzindungen bei MS-Patienten und im Tiermodell.

Fluor (**F)-MRT unter Verwendung von !°F-Nanopartikeln ist eine neue
Technologie zur Quantifizierung entzindlicher Immunzellen in vivo. Ti-
Kartierung ist eine MRT-Methode, die zur Quantifizierung entzindlicher
Lasionen eingesetzt werden kdnnte. Temporaremorphologische Veranderungen
im  EAE-Gehirn  erschweren die  Quantifizierung und  erfordern
Registrierungsmethoden, um MRT-Bilder in Langsschnittstudien

raumlichabzugleichen.

Das niedrige Signal-Rausch-Verhaltnis (SNR) ist aufgrund der geringen Anzahl
F-markierter Immunzellen in vivo eine zusatzliche Herausforderung der °F-
MRT. Um deren Empfindlichkeit zu erhdhen, werden Sende-
/Empfangsoberflachen-Hochfrequenzspulen (TX/RX-HF-Spule) und SNR-
effiziente  MRT-Techniken wie RARE (Rapid Acquisition with Relaxation
Enhancement) kombiniert. Jedoch verhindert die starke rdumliche Variation des
HF-Feldes (Bi-Inhomogenitat) dieser Spulen die Signalquantifizierung.
Retrospektive Bi-Korrekturmethoden verwenden in der Regel
Signalintensitatsgleichungen, die fir komplexe MRT-Techniken wie RARE nicht

existieren.

Das Hauptziel dieser Arbeit ist die Untersuchung neuartiger Bi-Korrektur- und
Bildregistrierungsmethoden, um in vivo 'H- und '°F-MRT Studien von
Entziindungsprozessen zu ermdglichen. Zur Korrektur von Bi-Inhomogenitaten
wurde eine modellbasierte Methode entwickelt. Diese verwendet empirische
Messungen und Simulationen, wurde in Phantomexperimenten validiert und mit
Referenzmethoden verglichen. Fir 1°F-MRT wurden ein Protokoll zur Messung
anatomischer Bilder in vivo und eine Methode zur Berechnung der 19F-

Konzentrationsunsicherheit nach Korrektur mittels Monte-Carlo-Simulationen
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entwickelt. Um  morphologische Veradnderungen im EAE-Gehirn in
longitudinalen Studien zu kompensieren, wurde zur Bildregistrierung eine

Software-Bibliothek entwickelt.

Die Bi-Korrekturmethoden zeigten in Testobjekten und Mausehirnen drastische
Verbesserungen der Signal- und Ti Quantifizierung und ermdglichten so
quantitative Messungen mit TX/RX-HF-Spulen. Die modellbasierte Methode
lieferte fur geringe SNRs zuverlassige 1°F-Quantifizierungen, deren Genauigkeit
mit dem SNR korrelierte. Die implementierte Registrierungsmethode
ermoglichte einen erfolgreichen Abgleich von Bildserientrotz erheblicher
morphologischer Veréanderungen im EAE-Hirn. Folglich wurde gezeigt, dass
MRT basierte Ti-Kartierung die Gadolinium-L&sionslast als Maf3 entzindlicher

Aktivitat bei EAE objektiv quantifizieren kann.

Die hier unterscuhten Methoden sind fur quantitative 'H- und *°F-MRT
neuroinflammatorischer Erkrankungen sehr relevant und ermdglichen kinftige

(pré)klinische Untersuchungen.

12



1. Introduction

Magnetic resonance (MR) is a powerful and versatile non-invasive imaging
modality that permits soft tissue contrast and is suitable for longitudinal studies
due to the use of non-ionizing radiation. Anatomical MR images are based on
the detection of signals coming from excited hydrogen (*H) atoms within a static
magnetic field Bo. After a radiofrequency (RF) pulse is sent by the transmit RF
coil, the magnetization vector is tilted by a certain flip angle (FA) spinning
protons out of equilibrium. Immediately after the RF pulse is switched off, the H
atoms start precessing and realigning with Bo and the released energy
corresponds to the voltage induced in a receive RF coil. This energy constitutes
the signal intensity (SI) of the MR image and is correlated with spatial locations
using gradient RF coils. Ultimately, the signal strength depends mainly on the
tissue properties—i.e. T1, T2, and T2", also known as longitudinal, transversal
and effective transversal MR relaxation times, respectively—and magnetic field
strength, as well as the MR imaging parameters (echo time TE, repetition time
TR, and FA, amongst others). Contrast agents such as gadolinium can be used
to enhance the contrast and diagnostic properties of the MR image by modifying
the MR relaxation times of the excited spins—i.e. by effectively shortening both
T1 and T2, with a dominant effect on T1 in most cases.? This characteristic is

especially useful to detect inflammation or increased blood flow.

Multiple sclerosis (MS) is a chronic inflammatory disorder of the central nervous
system (CNS). It involves the recruitment of immune cells from the periphery to
the CNS via disruption of the blood-brain barrier (BBB), causing myelin
destruction and neuronal damage and ultimately producing neurological
impairment in humans.3® Preclinical studies on relapsing-remitting MS (RRMS),
characterized by worsening phases (relapses) followed by partial or complete
recovery phases (remissions), involve mainly a well-established mouse model
called Experimental Autoimmune Encephalomyelitis (EAE).%’ Because of the
above-mentioned characteristics, magnetic resonance imaging (MRI) with
gadolinium-based contrast agents (GBCAS) is the gold standard in the clinic to
diagnose and monitor lesion activity in MS patients®® and animal studies.!0-1?
Despite allowing the visualization of leaky BBB and white matter lesions,

manual lesion delineation and quantification in the EAE mouse model is
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challenging due to their diffuse nature with indistinct boundaries,'* which makes
the process highly subjective and prone to observer bias. Thus, there is a need
for a robust and objective method of quantification. Moreover, GBCAs lack
specificity and, recently, the increasing concern regarding their accumulation in
the brain demands other diagnostic tools due to potential neurotoxicity.34 T,
mapping technigues—and quantitative MRI in general—provide parametric
maps that can help measuring biological changes caused by disease, and

hence be used as sensitive imaging biomarkers.*®

Another way to monitor and quantify inflammatory activity entails tracking
immune cells in vivo by means of fluorine-19 (*°*F) MRI using °F-loaded
nanoparticles (NPs). Fluorinated compounds do not naturally exist in biological
tissues—except in inorganic form, e.g. teeth and bones—, producing
background-free images.'® The detected '°F signal derived from exogenous °F
compounds is thus proportional to the amount of °F nuclei, allowing in vivo
quantification over time. Moreover, its gyromagnetic ratio (y/2mr = 40.08 MHz -
T~1) is close to that of H (y/2m = 42.58 MHz - T~1), providing advantageous
MR signal properties. These characteristics make °F-MRI a unique imaging
modality with inherent selectivity and specificity.”:18

However, the relatively low concentration of accumulated °F-loaded NPs in
vivo results in a low signal-to-noise ratio (SNR), thereby limiting detection and
challenging quantification. Therefore, to boost SNR while maintaining high
spatial resolutions, long scan times are needed.*® As a result, SNR-efficient RF
pulse sequences such as RARE (Rapid Acquisition with Relaxation
Enhancement)?® are preferred for low SNR scenarios.???2 RARE is a fast spin-
echo imaging technique essentially derived from the conventional spin-echo, in
which the combination of two RF pulses (a 90°-excitation and a 180°-refocusing
RF pulse) produces one echo per TR. In RARE, each 90°-excitation RF pulse is
followed by a train of N 180°-refocusing RF pulses, generating N echoes per
TR. The echo train length (ETL) parameter determines the number of echoes
formed during each TR.

Moving to higher magnetic field strengths?3-?®> as well as the use of surface RF
coils?® are common approaches to improve SNR. In preclinical MRI, the market

has seen a growing interest in cryogenically-cooled transceiver surface RF
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probes (Cryoprobe®, CRP). These provide further SNR gains—typically by a
factor of up to 3-4 compared to conventional room-temperature RF coils—due
to a reduction in thermal noise of the receiver circuitry (RF probe and
preamplifier).2:?8 Taking advantage such an SNR gain, one could increase
spatial resolution or reduce scan time. Importantly, SNR gain could be

employed to reduce detection limits, crucial for X-nuclei MRI.

Despite the SNR-boosting capabilities of the CRP technology, transceive
surface RF probes exhibit a strong intrinsic variation in the excitation (B1*) field
and RF coil sensitivity (B1), usually referred to as Bi inhomogeneity, whose
effects are more evident at higher field strengths.?®3° As a result, both excitation
flip angle (FA) and sensitivity are spatially dependent: their magnitude is
greatest closest to the RF coil surface, and rapidly decreases further away. This
reduces image homogeneity and severely hampers quantitative measurements
and T1 image contrast. B1 correction methods aim to improve these limitations.
However, while sensitivity can be easily corrected,3-32 B1* field inhomogeneity
correction entails more challenges. Several measures can be taken during
acquisition in order to partially mitigate Bi* inhomogeneities, from adiabatic
pulses3* through dielectric materials®® to Bi* shimming.®® Retrospective Bi1*
correction methods are, however, the most commonly applied to achieve signal
uniformity due to their simplicity, since they do not typically require RF pulse
programming or new RF coil designs. In a first step, the actual FAs are
measured using FA mapping techniques®’3® and afterwards plugged into an
analytical description linking the Sl to the FA and relaxation parameters (Sl
equation) or numerical simulations3%-4! of the RF pulse sequence used. To date,
gradient-echo*>%#* and spin-echo imaging techniques*>*¢ have successfully
benefited from this approach. However, RARE and derived fast spin-echo
approaches lack an exact analytical Sl equation that describes their complex
spin-echo and stimulated-echo configuration.4”#8 Equally, other multi-echo
imaging techniques such as Ultrashort Echo Time (UTE)*® or Echo-Planar
Imaging (EPI),%° also lack such an equation and cannot therefore be corrected
with conventional retrospective Bi* correction methods. Therefore, there is a

need for novel solutions when using more complex RF pulse sequences.
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The author's approach in this context was to implement, apply and validate
three Bi correction methods using RARE imaging in combination with
transceive surface RF probes.>! Due to the more challenging characteristics of
the 1°F signal, these were first developed using 'H-MRI and applied to test
phantoms and mouse brains, in vivo and ex vivo. The goal was to increase
image homogeneity and reduce errors to less than 10% for S| quantification and
T1 contrast. The starting point was a sensitivity correction method, commonly
used to correct B1- inhomogeneities. A model-based method was developed to
meet the challenge that the unavailability of an exact analytical SI equation
represents. The method uses a model of the SI of RARE as a function of FA
and T1 computed from actual MR measurements. Finally, a hybrid correction
was implemented as a combination of the model-based and sensitivity
correction approaches. All three correction methods substantially improved
image homogeneity. Corrected images were suitable for signal quantification

and T contrast and showed comparable results between the three methods.

In a second step, these methods were applied to 1°F-MRI in order to quantify
neuroinflammation in vivo using a °F-CRP.%2 19F imaging adds an extra

complexity to the application of the previously developed approaches, since:

(1) the sparse nature of the 1°F signal as well as the low SNR and the lack of an
a priori known location are additional challenges for B1 correction methods and
for the reliability of signal quantification;

(2) the °F-CRP is single-tuned (i.e. it is tuned only to the °F frequency) due to
its quadrature design,> although for X-nuclei—especially °F—the RF coil
design should ideally allow 'H imaging. This complicates the registration of °F
images on anatomical images, overshadowing the SNR advantage (factor

of+/2) and the higher B1 homogeneity of the quadrature configuration when

compared to linear designs;>

(3) the registration process—i.e. the process whereby two or more images are
transformed into the same coordinate system to allow voxel-wise comparison—
is challenged by pathologically-related macroscopic structural changes in the
EAE brain>5 which confound analysis during longitudinal studies, making

registration a complex, non-trivial problem.
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To solve these challenges, the author evaluated the previously proposed B:
correction techniques for the low SNR conditions present in °F-MRI and
introduced the use of (1) an approach to compute concentration uncertainty
maps and SNR requirements using Monte Carlo simulations in order to evaluate
the quality of the Bi-corrected °F-signal quantification, and (2) an in vivo MRI
workflow to facilitate localization of °F-MR images from the '°F-CRP on
anatomical images acquired from a 'H volume resonator. Also, to apply a
model-based B:1 correction, °F T1 values from °F-labelled inflammatory cells
were measured. Finally, to quantify changes associated to brain inflammation in
longitudinal studies, (3) a robust registration method was implemented that
enabled intra-subject registration even when macroscopic anatomical changes
were present and allowed voxel-wise comparison needed for quantification.
This registration process was applied to contrast-enhanced Ti1 maps of EAE
mice over time and evidence confirmed that this method can be used to robustly

and objectively quantify gadolinium lesion burden.

These valuable methods are highly relevant to the study and monitoring of a
broad range of diseases—here applied to neuroinflammation—and will open the
way to future research using SNR-efficient transceive surface RF technology in

combination with fast imaging techniques.
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2. Methods

This part of the thesis contains and uses the methods published in:

e Ramos Delgado P, Kuehne A, Periquito J, Millward JM, Pohlmann A,
Waiczies S, Niendorf T. B1 Inhomogeneity Correction of RARE MRI with
Transceive Surface Radiofrequency Probes. Magnetic Resonance in
Medicine, 2020; 84(5):2684-2701. DOI: 10.1002/mrm.28307

e Ramos Delgado P, Kuehne A, Aravina M, Millward JM, Vazquez A,
Starke L, Waiczies H, Pohlmann A, Niendorf T, Waiczies S. B:
Inhomogeneity Correction of RARE MRI at Low SNR: Quantitative In
Vivo 1°F-MRI of Mouse Neuroinflammation with a Cryogenically-cooled
Transceive Surface Radiofrequency Probe. Magnetic Resonance in
Medicine, 2021; 87(4):1952-1970. DOI: 10.1002/mrm.29094

e Millward JM, Ramos Delgado P, Smorodchenko A, Boehmert L,
Periquito J, Reimann HM, Prinz C, Els A, Scheel M, Bellmann-Strobl J,
Waiczies H, Wuerfel J, Infante-Duarte C, Chien C, Kuchling J, Pohlmann
A, Zipp F, Paul F, Niendorf T, Waiczies S. Transient Enlargement of
Brain Ventricles During Relapsing-Remitting Multiple Sclerosis and
Experimental Autoimmune Encephalomyelitis. JCI Insight, 2020;
5(21):€140040. DOI: 10.1172/jci.insight.140040

and contains text, statements, passages and figures from these publications.

2.1. Magnetic resonance hardware

All experiments were performed on a 9.4 T small animal MR scanner (BioSpec
94/20, Bruker BioSpin, Ettlingen, Germany) operating at 400 MHz (*H) and 376
MHz (°F).

B1 correction methods were applied to and validated on 'H images acquired
using transceive surface RF probes: a 'H-CRP (Bruker BioSpin) with two
elements operating in quadrature mode (inner diameter [ID]=20 mm) and a
room-temperature surface RF coil (RT, Bruker BioSpin) consisting of a single
loop (ID=20 mm). Reference images were acquired with volume resonators with

approximately uniform excitation and reception fields. For this, a small in-house

18



built mouse head RF coil (ID=18.4 mm)>’ and a larger RF coil (ID=72 mm,

Bruker BioSpin) tailored for rat body imaging were used.

F-MRI experiments were conducted using a ®F-CRP (Bruker BioSpin) with
two elements operating in quadrature mode (ID=20 mm).>® Anatomical images
were measured using the larger volume resonator and reference °F images

were acquired using the small mouse head RF coil.

The animal dataset utilized to develop the longitudinal intra-subject registration
process was acquired using the small mouse head RF coil.

2.2. 1%F/*H imaging setup

As previously mentioned, the °F-CRP is single-tuned to the °F frequency and
hence cannot produce co-localized anatomical and °F-CRP images. To
achieve this, an imaging setup including 3D-printed components was devised.

Animal bed modification. The standard animal bed uses a lever that elevates

the bed, lifting the mouse head closer to the 1°F-CRP. This feature hampers
position reproducibility. To ensure spatial alignment of both °F-CRP and
anatomical images, a 3D-printed blocking component (Y-axis blocker) was
designed to eliminate movement in the Y-axis (Figure 1A). Additionally, a new
head holder was designed and 3D-printed to place the mouse head closer to
the CRP surface (Figure 1A).

'H-MRI setup. The 72-mm volume resonator was positioned around the centre

tube holding the °F-CRP. Anatomical images were acquired after a CRP
replica (dummy)—inserted from the back of the scanner—was kept in place

while the animal bed was inserted from the front.

9F-MRI setup. Both animal bed and dummy were removed and the H-volume

resonator was retracted towards the back of the scanner. The °F-CRP was

mounted as instructed by the vendor.

A °F-NPs reference cap (24 mM NPs in 1 mL 0.75% agarose sealed with
PARAFILM® (thickness=0.14 mm, Sigma-Aldrich, Saint Louis, MO, USA),
dimensions (20x15) mm?, thickness=1.5 mm) was placed over the mouse head

to perform °F-CRP reference power adjustments and to acquire images for
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quantification (Figure 1B). Afterwards, it was removed to acquire in vivo '°F

images (Figure 1C-E).

A Animal bed with new components B Reference cap

Y-axis blocker

Parafilm
sealing

NP-emulsion
in 0.75% agarose

Animal bed Head holder

C 'Himaging D '°F imaging

72 mm volume resonator
L

Animal bed CRP dummy Animal bed

e Chmslememeimeie / _ __\ \/ | WV L __ o _______/[ ___
Magnet bore Magnet bore
CRP center tube CRP center tube

9.4T scanner 9.4T scanner

E Anatomical 'H image Reference cap SF image
(Reference power adjustment platform)

Figure 1. “Anatomical and °F imaging setup designed for a single-tuned °F-CRP. (A)
Close view of the animal bed provided by the vendor with a custom-designed component that
avoids mobility in the Y-axis (Y-axis blocker) and a new head holder to bring the animal’s head
closer to the surface of the CRP. (B) Reference cap containing °F-loaded NPs to perform 1°F-
CRP reference power adjustments and as reference for quantification. (C-D) *H/*°F imaging
setups. (E) Exemplary in vivo images: anatomical images and slice planning are performed
using a 72-mm volume resonator and a CRP dummy. Afterwards, reference power calibrations
are carried out using the reference cap and °F images are acquired using the °F-CRP”
(Ramos Delgado P, Kuehne A, Aravina M, et al. 2021)
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2.3. Test phantom, animal preparation and pre-clinical MR experiments

All animal experiments were approved by the Animal Welfare Department of the
LAGeSo State Office of Health and Social Affairs in Berlin and in accordance
with international guidelines on reduction of discomfort (86/609/EEC). In all
animals, respiration and temperature were monitored and kept constant during

the examinations.

Reference power calibrations on 'H transceive surface probes were performed
on 2-mm slices parallel and close to the probe surface. °F-CRP reference
power calibrations were performed on 1-mm slices parallel and close to the
probe surface using reference caps. All 1°F images were acquired as repetitions
in axial and sagittal orientation. Noise scans (NEX=1 and reference power=0 W)

were acquired after each 1°F RARE image for SNR map computation.

2.3.1. B1 inhomogeneity correction in *H transceiver surface RF probes

Uniform phantom preparation. A uniform phantom consisting of a 15-mL tube

(ID=14.6 mm, length=120 mm, wall thickness=0.8 mm; Fischer Scientific,
Waltham, MA, USA) containing water doped with gadolinium (Magnevist® 0.5
mmol/mL; Bayer Vital, Leverkusen, Germany; T1=800 ms) was prepared.

Animal preparation for ex vivo and in vivo methods. Bi1 correction methods were

validated ex vivo on the central nervous system of a SJL/J female mouse,
perfused with a phosphate-buffered saline (Biochrom GmbH, Berlin, Germany),
fixed in paraformaldehyde (PFA; Santa Cruz Biotechnology, Inc., Dallas, TX,
US), and placed into a 15-mL tube filled with 4% PFA. In vivo experiments were
carried out on a healthy SJL/J mouse anesthetized with 2.7% isoflurane (Abbott

GmbH & Co., Wiesbaden, Germany) and stabilized with 1.6% during scanning.

MR experiments. RARE scans (TE/TR=2.49/1000 ms, echo train length
(ETL)=8, receiver bandwidth (BW)=50 kHz, centric phase encoding, field of
view (FOV)=(25x25) mm?, matrix=128x128, 3 slices of 2 mm thickness,

flipback) were acquired using the H-CRP and the small mouse head volume

resonator (reference). Acquisition time (TA)=1 hour for the uniform and ex vivo

phantoms and TA=30 minutes for the in vivo mouse.
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To assess Ti contrast and quantification performance, four 50-mL cell culture
flasks ((79.7x42.6x25) mm?3, Fischer Scientific) filled with solutions of two
different *H-atom concentrations: 100% water, 50% water and 50% deuterium
oxide (Sigma-Aldrich, Saint Louis, MO, USA) were used. Gadolinium was
added to the mixtures to achieve two different T1 values (490 and 1525 ms).
RARE scans (same parameters as above, with and without flipback) were
acquired using the 50-mL cell culture flasks and the RT loop RF coil. Reference

images were measured with the 72-mm volume resonator.

Corresponding T1 maps for all samples were measured using RARE with
variable TR (RAREVTR: TR ranging from 150 to 14500 ms, other parameters

were kept the same).

2.3.2. B1 inhomogeneity correction at low SNR using 19F transceiver surface RF
coils

Uniform phantom preparation and MR measurements. A test uniform phantom

consisting of a 15-mL tube containing 0.2 mM of 2,2,2-trifluorethanol (Carl Roth
GmbH & Co. KG, Karlsruhe, Germany) in water was used to assess Bai
correction performance in low SNR scenarios far from the probe surface. To
achieve T1=1870 ms (in vivo PFCE-NPs T1, Results), 0.006 mM gadolinium was
used. A 1°F-MR image of the test uniform phantom (RARE: TE/TR=4.62/1000
ms, ETL=32, FOV=(25x25) mm?, matrix=96x96, 5 slices (gap/thickness=0.5/2
mm), BW=50 kHz, centric encoding with flipback, TA=3 seconds, axial
orientation) was acquired with the *®F-CRP. A reference '°F image (RARE:
same parameters, TA=1 hour) and a T1 map (RARE with variable TR=250-
10000 ms, ETL=2, linear phase encoding, other parameters same as RARE
scan. TA=24 minutes) were acquired with the H/*°F mouse head volume

resonator for comparison.

Induction of experimental autoimmune encephalomyelitis (EAE). EAE was

induced in female SJL/J mice using 250 pg PLPisg1s1 (Pepceuticals Ltd.,
Enderby, United Kingdom) and 800 pg mycobacterium tuberculosis H37Ra
(Difco Laboratories, Thermo Fisher Scientific). Mice were also administered 200
ng of pertussis toxin (List Labs, Campbell, CA, USA) on day 0 and day 2.
Animals were weighed and scored daily for disease signs using a 0-5 scale: 0,

no disease; 1, tail weakness and righting reflex weakness; 2, paraparesis; 3,
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paraplegia; 4, paraplegia with forelimb weakness or paralysis; and 5, moribund
or dead. Intravenous injections of 1°F-NPs (10 pumol PFCE in 200 pL) were

administered daily from day 5 following EAE induction until the experiment end.

Ex vivo phantom preparation. An EAE mouse was perfused, fixed and its

central nervous system placed into a 15-mL tube filled with 4% PFA as

described above.

MR methods in EAE mice. In vivo 1°F-NPs T1 was calculated for model-based

corrections in n=3 EAE mice using a combination of ketamine-xylazine
(Ketamidor 100mg/mL, WDT, Garbsen, Germany; Rompun 2% 20mg/mL,
Bayer AG; initial dose 400 L, followed by 100-200 pL injections administered
intraperitoneally every 45 min until the end of the MR examination) to avoid
confounding °F signal. Due to the inherent °F characteristics (low SNR, signal
sparsity, lack of an a priori known location), determining in vivo Ti1 with T1
mapping was unfeasible. MR spectroscopy techniques were applied using the

1H/19F volume resonator:

¢ Non-localized spectroscopy (block pulse, 10 TRs: 250-10000 ms,
NA=64. TA=35 minutes) to compute T1 values of the two reference caps
(24 mM, 60 mM).

e Localized spectroscopy (PRESS) to compute T values in the brain after
OF-NP administration in ex vivo phantoms (n=3, 12 TRs: 250-15000 ms,
NA=64. TA=32 minutes) and in vivo mice (n=3, 8 TRs: 412.5-13000 ms,
NA=128. TA=1 hour and 8 minutes). A default Bo field map was
measured before each experiment, to optimize shim adjustment
(MAPSHIM) computed on *H using a 3D cuboid shape fitting the mouse

brain.

In vivo *H and °F images were acquired on another n=3 EAE mice from which
n=2 animals are shown. These were anesthetized with isoflurane (2.0% initial
dose, 0.5-1.0% maintenance). Slice planning and anatomical images (FLASH:
TE/TR=3/120 ms, same FOV, matrix=256x256, TA=30/15 minutes per
orientation ex vivo/in vivo, respectively) were acquired with the 72mm-volume

resonator.
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PF-MR images were acquired with the °F-CRP, with (RARE: same
parameters, 15 min per orientation both ex vivo and in vivo) and without (RARE:
same parameters, 6 h/45 min per orientation ex vivo/in vivo, respectively)
reference cap. Reference images were acquired with the H/*°F volume
resonator in ex vivo phantoms: reference cap (*°F RARE: same parameters, 30
minutes per orientation), phantoms (*°F RARE: same parameters, TA=6 hours

per orientation; 'H FLASH: same parameters, TA=1 hour per orientation).

2.3.3. Development of registration methods for longitudinal EAE studies

The developed registration methods were applied to a longitudinal in vivo EAE
dataset (n=9 mice, 1.0-1.5% isofluorane). After anatomical baseline images
were acquired, gadolinium was infused via an intravenous cannula over 2
minutes. Ti-weighted images (Tiw, MDEFT: TE/TR=3.89/15 ms, FA=20°,
NA=2, slices/thickness=12/0.5 mm, spatial resolution=(75x75) um?, TI=950 ms,
coronal orientation, TA=2 minutes and 5 seconds) and T1 maps pre- and post-
contrast (RAREVTR: TE=11.53 ms, 6 TRs: 0.38-7 s, ETL=4, spatial
resolution=(150x150) um?, 11 slices of 0.5 mm thickness, TA=3 minutes and 25
seconds) were acquired. Slice positioning was kept constant throughout the
study: axial slices were positioned parallel to the base of the brain; coronal
slices were positioned perpendicular to axial slices, covering the brain from the
olfactory bulb/frontal lobe fissure to the cervical spinal cord.** Mice were imaged
at baseline, 2 days before immunization, and every 2-3 days after immunization,
until day 64 after EAE induction.

2.4. 1F-MRI data pre-processing

All post-processing was performed using customized software developed in
MATLAB (The MathWorks Inc., Natick, MA, USA). All 1°F data followed the

same pre-processing workflow:

1. Complex averaging over smaller subsets of the total number of
repetitions to mimic different scan times followed by a sum-of-squares
(SoS) combination of the two channels (**F-CRP):

e Uniform phantom: one subset of a 3-second acquisition.
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e EXx vivo phantoms: four subsets corresponding to 15 minutes and
1-3-6 hours acquisitions. Same with *H/1°F volume resonator for
comparison.

e Invivo mice: three subsets corresponding to 15-30-45 minutes.

e Reference caps: one subset corresponding to the total scan time.

2. Noise bias correction:>%.60
e 19F-CRP: non-central x distribution (lookup table for n=2 channels).
e Volume resonator: Rician distribution (lookup table for n=1

channels).

3. Thresholding (SNR-cutoff=3.5) and removal of isolated groups of <3

connected pixels.

2.5. B1 field characterization in transceive surface RF probes

2.5.1. Double angle method: theory and method extension

To correct for B1 inhomogeneities, the transmit (B1*) and receive (Br) fields of
the transceive surface RF coils used were computed using the Double Angle
Method B1 mapping technique.®! This method typically uses the SI ratio of two
gradient-echo images to determine the FA distribution (and consequently B1*):

Sha_ ) (1)

— -1
FA (r) = cos (Z-Sla

with FA(r) being the FA distribution (i.e. FA map), and Sla and Sl2q the Sls of the
gradient-echo images with FA(a)=60° and FA(2a)=120°, respectively. The main
requirement is a long TR (TR25-T1) to achieve full T1 relaxation in the sample
and hence eliminate T1 dependence in Sla and Sl2q, which implies long scan

times.

To increase the SNR and hence FA accuracy distal to the RF probe surfaces,
an extension of this method was performed. Three FAs were used to compute
separate FA maps (60°/120° and 120°/240°), which were denoised (10™-order

polynomial using a polynomial fitting tool®?) and merged using an SNR-cutoff.

The transmit (B1¥) field was computed using the following approximation tailored

to the calculated RF pulses used:
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. FA-"/1g0 @)

Voty: Sine "V
with y the gyromagnetic ratio (y=267.522 - 108 rad s* T* for 'H, y=251.815 - 10°
rad s T for 19F), tp the pulse duration, Sint the area under the RF pulse, and V

the related voltage.

The corresponding Bi fields were calculated using the low FA
approximation®364 using a separate gradient-echo measurement with FA=5°;
|B |

ISIlowFAI

|B1 | = ©)

where the B1* map and the low FA image were normalized by their respective
maximum values. The B1- map was also denoised using a 10"-order polynomial
fit.

2.5.2. Sample preparation and experiments

Sample preparation. Uniform phantoms with small T1 (T1=300 ms) that ensured

full field of view (FOV) coverage under the transceive surface RF probes were

used to reduce the required TR.

To characterize the *H-CRP, a 15-mL tube containing a mixture of water and
copper sulphate (Carl Roth GmbH & Co. KG) was used. For the RT surface RF
coil, a 50-mL cell culture flask filled with an aqueous solution of gadolinium was

employed.

To characterize the °F-CRP, a 15-mL tube as above containing a mixture of
33.3% 2,2,2-trifluorethanol in water with 0.08 mM of gadolinium was used. To
correct B1 inhomogeneities on the reference caps, a high-*°F concentration
reference cap was constructed (60 mM NPs in 1 mL of 0.75% agarose,
dimensions (20x15) mm?, thickness~1.5 mm).

MR _experiments. *H FA mapping was performed using FLASH measurements
with nominal excitation FAs of 60°/120°/240° (*H-CRP) and 60°/120° (RT) and
with TE/TR=2.49/2000 ms, matrix=128x128, 3 slices with a slice gap of 0.5 mm
and a thickness of 2 mm. FOVs of (25x25) mm? and (35x35) mm? were used,

respectively, for the 'H-CRP and the RT. Total acquisition time was 1 hour and

30 minutes.
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F FA mapping was carried out both in axial and sagittal orientations using
FLASH measurements with TE/TR=2.16/2000 ms, FOV=(25x25) mm?,
matrix=96x96, 5 slices (gap/thickness=0.5/2 mm), and flip angles
FA=60°/120°/240° (uniform phantom) and FA=60°120° (reference cap). Total

acquisition time was 1 hour per orientation.

In both nuclei, B~ maps were acquired using a FLASH measurement with a

nominal FA=5° (rest of the parameters were kept the same).

2.6. Rapid Acquisition with Relaxation Enhancement (RARE)

2.6.1. Basic principles

Rapid Acquisition with Relaxation Enhancement (RARE) is a fast spin-echo
imaging method which enables a drastic reduction in scan time.?° After a 90°
slice-selective excitation RF pulse, a train of N equidistant refocusing RF pulses
follows, generating N echoes per TR. The echo train length (ETL) parameter
determines the number of echoes formed during each TR interval. The effective
echo time (TEer) is the time between the excitation RF pulse and the acquisition
of the k-space line with zero phase encoding. Echo spacing (ESP) is the time
between two consecutive echoes. Each echo in RARE has an independent

phase encoding.
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Figure 2. RARE sequence diagram for an ETL=5 with centric Cartesian phase encoding.
(A) RF pulse train composed of one 90°-excitation pulse and five 180°-refocusing pulses

(ETL=5), (B) frequency encoding gradients, (C) slice selective excitation, (D) echo-independent
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phase encoding, (E) echo formation. In (F) the corresponding centric k-space filling is shown:
the first echo is assigned to the centre of k-space and the following echoes are placed at the
sides. (G) shows the signal achieved for each echo. The different shades of grey represent the

decreasing (T2 decay) signals achieved.

Due to the complexity of this RF pulse sequence, no exact analytical equation
exists that relates the achieved Sl with the RF pulse sequence parameters such
as the FA, relaxation times, TE, TR, etc. Moreover, small errors in FA due to B:
inhomogeneity or slice profile imperfections, or sequence timing mismatches

will translate in errors in the generated echoes.*"48

2.6.2. Empirical RARE signal intensity model

Retrospective Bi1" correction typically uses the S| equation of the imaging
sequence used. This is, however, not feasible for RARE. Therefore, its S| was
modelled as a function of FA and Ti1 based on empirical measurements
obtained through MR experiments. This approach was validated using H

imaging.

Samples with different T1 (NMR tubes, Thermo Fischer Scientific, Waltham, MA,
USA) filled with aqueous solutions of gadolinium at different concentrations (O-
0.5 mM) vyielding Ti1 between 190 and 2871 ms were used. RARE
measurements (TE/TR=2.49/1000 ms, ETL=8, BW=50 kHz, centric phase
encoding, FOV=(25x25) mm?, matrix=128x128, 3 slices of 2 mm thickness.
TA=5 minutes and 40 seconds) using the small in-house built were performed
both with and without flipback (i.e. longitudinal magnetization recovery which
improves SNR). Thirty-five reference RF powers were used to vary the
excitation FA in 5° increments, between 5° and 160° (flipback) and between 5°
and 110° (without flipback). T1 maps of all phantoms were acquired using
RAREVTR (TR=120-15000 ms, ETL=2, linear phase encoding, other
parameters same as RARE scan).

The relationship between SI, FA, and T1was estimated using experimental data
and a fitting tool. First, images were denoised using a spatially-adaptive non-
local means filter,%> and T: maps computed by fitting S=So(1 — exp(-TR/T1)) to
the Slis using in-house developed software in MATLAB. SI(FA=0°)=0 was
assumed for all T1. For each T1 sample, a circular region of interest (ROI) was

drawn to extract average S| and Ti values from the images and maps,
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respectively. To model the SI=f(FA,T1) relationship a 7"-order polynomial was
fitted to the experimental data using MATLAB’s polyfitn function.

2.6.3. Simulated RARE signal intensity model

Extended phase graph (EPG) simulations describe the location of echoes and
their amplitudes using algorithms to trace spin phase evolution pathways.3%4!

The °F RARE SI model was calculated as a function of FA and T1 relaxation
value for RARE scans (TE/TR=4.62/1000 ms, ETL=32, FOV=(25x25) mm?,
matrix=96x96, 5 slices (gap/thickness=0.5/2 mm), BW=50 kHz, centric
encoding with flippback. TA=1 h per orientation), for 20 equispaced T1 values
(150-2050 ms) and 32 excitation FAs (5°-160° in 5°-steps). Finally, an 8-

degree polynomial was fitted to the simulated data.

2.7. Biinhomogeneity correction techniques

2.7.1. Sensitivity B correction method

The sensitivity correction is well established in the literature for correction of B1
inhomogeneities.3* A typical application is the correction of B1~ inhomogeneities
in a RF coil setup where a volume resonator is used for transmission and a

surface RF coil (with or without cryo-cooled technology) for MR signal detection.

This method requires neither the characterization of the transceive RF coil
used, nor the calculation of a RARE S| model and it is, therefore, directly

applicable after image acquisition with little post-processing.

Figure 3A shows the needed steps to perform a sensitivity correction. A RARE
image (same parameters) of the low-T1 uniform phantom used for Bi field
characterization was used. Afterwards, a correction factor was computed as the
inverse of the normalized uniform phantom image. Finally, the uncorrected
image was multiplied by the estimated correction factor to correct for B1

inhomogeneities.
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Figure 3. “Workflows of (A) sensitivity correction and (B) hybrid Bi correction. The
sensitivity correction merely requires dividing the sample image by that of a normalized uniform
phantom. The hybrid method combined the model-based approach to perform a B1i* correction
on the sample image and a uniform phantom image. The latter is then used to perform a Br

correction using the sensitivity correction method” (Ramos Delgado P, Kuehne A, Periquito J, et

al. 2020)

2.7.2. Model-based B correction method
The model-based correction uses a S| model of RARE (empirical or simulated)
to retrospectively correct Bi* inhomogeneities, followed by a Bi™ correction. The

workflow is summarized in Figure 4.

After characterizing the RF probe, a B1* correction factor (f.,..) was computed:

SI ;
fcorr — nominal (4)
SIactual

with Sl ominai D€iNg the modeled RARE SI for a perfect 90° excitation, and
SL,ctua1 the modeled RARE S for the actual excitation FA.

Applying this correction factor yielded a Bi1*-corrected image:

imagesi+corr = image - feorr (5)
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In the few cases where the algorithm produced negative values (low-SNR

regions), the correction factor was set to zero.

Dividing this Ba*-corrected image by the Bi~ map produced the final Bi-corrected

image:
imaQECorr = imaQEBl+corr/ B1 feorr (6)
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Figure 4. “Workflow of model-based B1 correction. The necessary images and maps to be
acquired are described in MR Measurements & Post-processing column. Then the flip angle
(FA) and sensitivity (B1") maps were calculated using the double angle method and the low flip
angle approximation, respectively. The RARE signal intensity model was derived from a 2D fit of
the signal intensities measured for different FAs and Ti relaxation times using a volume
resonator. The Bi* correction factor was computed pixel-wise for the actual FA and T1 using the
RARE signal intensity model. Applying this correction factor and the B:- map derived correction
factor yielded the final B1 corrected image” (Ramos Delgado P, Kuehne A, Periquito J, et al.
2020)

2.7.3. Hybrid B1 correction method

This method combines the sensitivity and model-based correction (workflow in
Figure 3B). After computing a model-based Bi* correction on the sample and

uniform phantom image, a sensitivity B1~ correction was calculated, where the

31



inverse of the Bai*-corrected uniform phantom image was applied as the B1

correction factor to the Bi1*-corrected sample image.

2.8. B1 correction method validation and uncertainty calculation

2.8.1. Central profile plots

The SI profile along a central line perpendicular to the RF coil surface was
plotted against distance to the RF coil surface. Seven pixels across the width of
the line were averaged, and the Sls were normalized to [0,1] to allow a better
comparison. A quantitative comparison was performed by calculating the root-
mean-square-error (RMSE) between each profile and the reference. Each
profile was scaled to minimize the RMSE against the reference, in order to

compensate for the arbitrary scaling and to provide a fair comparison.

2.8.2. Image homogeneity assessment

To quantitatively assess the uniformity of the corrected images, the percentage
integral uniformity (PIU)%¢ was computed for ROIs of different sizes. A PIU of
100% represents perfect image homogeneity. In the *H uniform phantom, five
internally tangential circular ROIs with increasing diameter on the central
vertical line were defined. For the brain images (ex vivo, in vivo), the cortex and
basal ganglia/thalamus (left and right) were manually outlined, achieving three
ROIs. In the °F uniform phantom, three internally tangential circular ROIls were

defined to calculate PIU values.

2.8.3. T1 contrast and quantification performance

An experimental setup (Figure 5A) was used to assess Ti contrast and
quantification performance after *H Bz correction by comparing substances with
different water content (100% or 50%, respectively) and different T1 relaxation

times (490 or 1525 ms, respectively).

All acquired images (with and without flipback) were corrected using the three
B1 correction methods. Five ROIs were drawn at pseudo-randomized positions
(Figure 5B) on all sets of images (three corrections, original and reference) for
all flasks. For each of the flask image pairs described in Figure 5A, mean SI
ratios were calculated using all possible ROl combinations for all sets. Mean

absolute percentage errors (MAPE) were computed:
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abs(SIreference - Slcorrected)

MAPE =

Slreference

x 100 (%)

with Slreference being the mean Sl ratio computed using all ROl combinations

on the reference image pairs, and Slcorrected being that achieved using the

corrected image pairs. Finally, the mean error and mean SD were calculated.

An example of the workflow is shown in Figure 5B.
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Phantom 4

1.1 water/d, O

Quantitative comparison

Ll

Same T,, different
water content

-

Contrast comparison

Same water content,
different T,

@
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Surface RF coil
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Figure 5. “lllustrations of validation methods. (A) To evaluate the performance of the

correction methods (sensitivity, model-based, and hybrid), four phantoms with different water

content and T1 relaxation times were prepared. The quantitative assessment compared flasks

with different water content for both low and high T1 values. Similarly, contrast was evaluated by

comparing phantoms with different T1 values at low and high water content. (B) shows the ROI

placement and depicts for one selected ROI the ratios that were calculated. In this manner, the
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ratios for all possible ROI combinations in the corrected, original and reference images were
calculated. The mean relative errors of these ratios with regard to those obtained in the
reference served as quantitative measure for the validation” (Ramos Delgado P, Kuehne A,
Periquito J, et al. 2020)

Statistical analysis. A non-parametric one-way ANOVA Friedman repeated
measures test was performed (mean errors on the original data did not have a
Gaussian distribution) followed by Dunn’s test where all corrections were
compared to the original data (p-values<0.05 were considered significant). All
statistical assessments were performed using GraphPad Prism 5 (GraphPad
Software, La Jolla, CA, USA).

2.8.4. Monte Carlo SNR simulations for uncertainty calculation

Given the sparse nature of °F images and the spatially-varying B: fields of the
9F-CRP, concentration uncertainty maps after B1 correction were computed
(Figure 6):

Step 1. Monte Carlo SNR simulations®7:¢¢ (1000 iterations) were performed
using measured (T:1 values) and synthetic data (SI computed using the
simulated RARE SI model). Simulation parameters (Table 1) were defined to
mimic realistic excitation FAs, Bi-values and SNRs within the sample. Shorter
parameter ranges were chosen for the reference cap after inspection of the
central region of the FA, B~ and SNR maps obtained (i.e. region used for *°F
signal quantification). This was crucial to reduce matrix size and avoid memory

problems.

Step 2. Noise levels for the prescribed SNR values were fixed for a 90°
excitation and B1'=1 using a “reverse model-based correction” (inverse steps of

the model-based correction).

Step 3. For each combination of reference and sample FA, B1 and T1 values,
the CRP Sl (for reference and sample) was calculated and separated in 2
channels. For each Monte Carlo iteration, complex Gaussian noise was added
to both channels and a SoS reconstruction computed to simulate a non-central
¥ distribution. A noise bias correction was performed as described, followed by
a model-based correction. Finally, the concentration was estimated using the 24

mM reference cap as a reference to determine absolute 1°F concentrations:
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Slsample e (1)

Csample = T
where  Slsgmpieand Sk..rare the Sls for the sample and the reference,
respectively, and csgmpie and c,.rare the corresponding concentrations. To
compute SI..r, a square-shaped ROl (3x3 pixels) was selected in a Bi-

corrected homogeneous region, in the centre of the reference cap.

The mean SNR and mean and SD of the corrected Sl throughout the 1000
iterations were determined for both reference and sample, along with the mean
and SD of the concentration. Since the Monte Carlo samples conformed to a
Gaussian distribution of mean=1 (Results), the corresponding uncertainties in

corrected Sl and concentration were defined as SDx100 (%).

Step 4. To compute the uncertainty map of an acquired °F image, measured
data (FA, B1 and SNR maps, Ti value) were fed to the corresponding Monte
Carlo uncertainty model. The uncertainties were interpolated voxel-wise using a
simple linear regression after logarithmically transforming the SNR and

uncertainty data and eliminating SNR values<1.
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Parameter definition

* Number of Monte Carlo iterations

* Ground truth values for S| and concentration (sample, ref.)
STEP 1 » Sample: excitation FA, normalized B,-, T, relaxation times (ex vivo, in vivo) and SNR
* Reference cap: excitation FA, normalized B,-, T, relaxation times (in agarose) and SNR
* Lookup table for bias correction

* RARE S| model

Compute fixed noise levels

1. “Reverse” model-based correction to compute Sl : Sld BBy

+ mo0 g1
STEP 2 * Sample: FA=90° B-=1, T, = 1869 ms
*Ref:FA=090° B =1, T, =936 ms
2. Calculate noiseSigma for defined SNR values _ 0 0

SNR simulations

* For each FA, B  and T, relaxation time of ref. and sample:
1. Compute pixel CRP Sl ("reverse model-based correction”)

2. Separate in 2 channels

* For each Monte Carlo iteration:

1. Add complex Gaussian noise and perform SoS reconstruction

STEP 3 2. Perform noise bias correction
3. Model-based B, correction

S x ¢ ¢ = concentration
i ion: o )
4. Determine concentration: o¢_ . ST, Si = signal intensity

3. Compute statistics:
* Mean SNR Gaussian djstributions
« Mean and SD of corrected Sl

* Mean and SD of concentration (signal quantification)

Error map estimation

Error dataset for desired (FA,B,T,)  Linear fit in log-log plot and error map calculation
(find error for desired SNR)

Error map  error(%)

leg(error) 25
10
error g
0

SNR log(SNR)

STEP 4

Figure 6. “Monte Carlo SNR simulation and uncertainty map estimation workflow using
measured and synthetic data. After determining the noise levels for the defined SNR values,
Monte Carlo simulations are performed for each FA, B1- and T: relaxation time of the sample
and reference by adding noise, computing a noise bias correction and calculating a model-
based B; correction. Concentration was also estimated. Statistics including mean SNR, mean
and SD of corrected Sl and mean and SD of the concentration were computed after each run.
These simulations are afterwards used to derive uncertainty maps for the measured data using
the FA, B1, T1 and SNR measured at each pixel using a linear regression in a log-log plot (error
vs SNR). Ref.: reference; SoS: sum-of-squares” (Ramos Delgado P, Kuehne A, Aravina M, et

al. 2021)
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Parameters Initialization | Ranges and steps Number of

values elements
Ground truth data
Ground truth Sl sample 1 - 1
Ground truth Sl referencecap |1 - 1
Ground truth concentration | 1 - 1
reference cap
Sample data
Excitation FA (relative to 90°) | 5°to 130° 1°-steps 126
Normalized By Otol 0.01-steps 101

0to 10 in 0.5-steps
11to 25 in 1.0-steps

SNR values (fixed at 90° | Oto 1500 27.5t0 100 in 2.5-steps | 246
excitation) 105 to 500 in 5-steps
510 to 1500 in 10-steps

T, values 936 ms - 3

818 ms

1869 ms
Reference cap data
Excitation FA (relative to 90°) | 50° to 60° 5°-steps 3
Normalized B1 0.8t00.7 0.05-steps 3
SNR value (fixed at 90° | 500 - 1
excitation)
T, values 936 ms - 1

Table 1. “Summary of simulation parameters for Monte Carlo SNR simulations” (Ramos
Delgado P, Kuehne A, Aravina M, et al. 2021)

2.9. Development of registration methods for longitudinal EAE studies

Image post-processing was done using MATLAB, MIJ% and ANTs (Advanced

Normalization Tools).7%:7

Ti-maps were computed from de-noised® Tiw-images with different TRs by
fitting an exponential growth. The Tiw-image with the largest TR (i.e. 7
seconds, highest SNR) pre-contrast was used for the registration process.
Before registration, these images underwent a pre-processing step to ensure
the correct function of ANTs—deformation is constrained to be zero at the
boundaries. First, an increase of the number of slices (x10 factor) was

performed followed by padding. Maps were also padded.

“Multi-step 3D intra-subject registration (with consecutive rigid, affine and elastic
registration steps) onto the first time point (pre-immunization) was performed on
one of the pre-contrast RAREVTR Ti-mapping images (longest TR) using a
cross correlation similarity method. The resulting warping fields were then

applied to the T1 maps. Images and maps were resliced and unpadded.
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ROIs of the brain and cerebellum were manually defined for all animals using
the baseline (tp1) Tiw-images and afterwards applied to the entire series. Minor
changes onto ROIs were applied where needed. Average T1 and ATi maps
were computed. The difference pre- and post-contrast T1 was calculated and
plotted over time”.* The workflow is depicted in Figure 7.

-

TR=7000ms
pre-contrast
T,w-images
e
D
Warp files F37e3 Intra-subject
I

K registration to tp, /
/ Transform \
application

tpn_reg

3000

Pre-contrast
1750 registered
T, maps

Pre-contrast
registered
T,w-images

500

1750

ROI definition

for tp, Extension to other tps and Average T, value
minor user modifications computation over ROIs

Figure 7. “Multi-step 3D intra-subject registration workflow. For each animal, pre-contrast
Tiw-images were registered to tp:. Warping files were applied to Tiw-images and T: maps.
ROIs were defined for brain (ROI_1) and cerebellum (ROI_2) using the registered pre-contrast
Tiw-images, replicated for the other timepoints and applied to the pre- and post-contrast T:
maps to compute AT:” (Ramos Delgado P, Millward JM, Huelnhagen T, et al. ESMRMB 2020)

Changes in Ti1 were statistically evaluated using one-way ANOVA. P-
values<0.05 were considered significant. Data analysis was done using the
statistical computing environment R v.3.3.4 (https://www.R-project.org) and
GraphPad Prism.
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3. Results

3.1. B1 inhomogeneity correction in 'H transceiver surface RF probes to
enable signal quantification

This chapter contains and uses results that have been published in:

Ramos Delgado P, Kuehne A, Periquito J, Millward JM, Pohlmann A, Waiczies
S, Niendorf T. B:1 Inhomogeneity Correction of RARE MRI with Transceive
Surface Radiofrequency Probes. Magnetic Resonance in Medicine, 2020;
84(5):2684-2701. DOI: 10.1002/mrm.28307

and therefore contains text, statements, passages and figures from this

publication.

As a first step towards °F signal quantification, three Bi correction methods
were implemented and validated using 'H-MRI. B1 mapping techniques were
established to measure the B: field inhomogeneity created by the transceiver
surface RF probes. An alternative approach to conventional retrospective B1
correction methods was implemented based on estimating the relationship
between FA, S| and T1 using empirical measurements (model-based method).
This method was benchmarked against a well-known Bi~ correction method
(sensitivity method). In addition, a third method was developed as a
combination of both (hybrid method). A validation of the correction methods
using qualitative and quantitative metrics on phantoms and brains—in vivo and
ex vivo—was performed. The author of this thesis performed all the described

tasks (except for in vivo animal handling).

3.1.1. B; field characterization

The maps of the receive field (B1) (Figure 8A) and transmit field (B1*, here as
FA) relative to a 90° excitation FA (Figure 8B) demonstrate the spatially-varying
sensitivity and FA for the H-CRP. A closer look at the vertical mid-line profile
reveals a strong deviation from the target of FA=90° (nominal FA) with
increasing distance from the surface of the 'H-CRP (Figure 8C). These field
maps show the typical inhomogeneity inherent to transceive surface RF caolls,
which was very similar in the B1* and B1- maps and FA profiles for the single
loop RF coil (Figures 8D-F).
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Figure 8. “Sensitivity maps and transmission fields of the two transceive (TxRx) surface
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RF coils used for testing and validation. (A, D) Axial view of the computed sensitivity (B1)
maps for a uniform phantom placed close to the RF coil surface. (B, E) Corresponding FA maps
relative to a 90° excitation. (C, F) Normalized central profile plots of the FA along the vertical
axis, which reveal a strong decay with increasing distance to the RF coil surfaces. The gray
lines depict the true calculated data mis-estimated by the polynomial fit at low-SNR regions far
away from the RF coil surface; the assumed true value is shown by the blue dotted lines”
(Ramos Delgado P, Kuehne A, Periquito J, et al. 2020)

3.1.2. Empirical RARE signal intensity model

The RARE SI dependency on FA and Ti (SI=f(FA,T1)) was modelled to the
experimental data acquired either incorporating a flipback pulse to restore
longitudinal magnetization and hence improve SNR (Figures 9A-C), or
excluding flipback to allow natural relaxation (Figures 9D-F). The fitted 3D-
surfaces are shown in Figures 9A,D. 2D-projections of the RARE models show
the relationships between S| and T for several FA values (Figures 9B,E) and
between Sl and FA for several T1 values (Figures 9C,F). As expected, the fitted
Sl data predicts lower Sl with increasing T1 and maximal Sl for FAs around 90°.

The surface fits modelled the experimental data well (R?=0.997 in both cases).
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Figure 9. “Signal intensity models for RARE with and without flipback. (A, D) 3D-plots of
the modelled RARE signal intensity (SI) as a function of the T1 relaxation time and flip angle
(FA) with and without flipback, respectively (R2=0.997 for both). (B, E) show the Sl vs FA
projection in both models, whereas (C, F) depict the Sl vs T1 projection. Selected FA and T1
values are plotted to demonstrate the fidelity of the experimental data and the model. Each
colored line depicts a different T: and FA, respectively. The dots represent the measured data

points” (Ramos Delgado P, Kuehne A, Periquito J, et al. 2020)

3.1.3. B1 correction method validation

T1 maps (needed for Bi* correction) and reference images of a uniform
phantom, an ex vivo mouse phantom, and an in vivo mouse brain were
acquired using a volume resonator (Figures 10A-B). The original uncorrected
'H-CRP images show the strong spatial S| gradient typical of transceive surface
RF coils (Figure 10C). The results obtained with the three Bi correction
methods are shown in Figure 10D-F. The strong spatial SI gradient present in
the 'H-CRP images was removed by all B1 correction methods, yielding a
uniform Sl throughout the entire field of view for all investigated samples,
including the in vivo mouse head. With the sensitivity and model-based
corrections an overshoot in Sl in some regions was observed, particularly distal
to the CRP. This was due to a combination of increasing inaccuracies in the FA
and Sl data at low SNR. This overshoot in SI was resolved by combining both

methods in the hybrid correction approach.
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Figure 10. “B1 correction for CRP images of a uniform phantom, an ex vivo phantom and
a living mouse. From left to right, the columns show (A) the acquired T1 map (reference coil),
(B) the reference image, (C) the original CRP image, (D-F) the corrected images. A comparison
of the original images with the reference images demonstrates the need of Bi correction.
Quantification is severely hampered by the adverse signal intensity gradient. The corrected
images show a remarkably improved homogeneity. All three B1 correction methods performed
well, with only slight differences between the results. Masks containing minor errors in the
correction are overlaid and shown in light red” (Ramos Delgado P, Kuehne A, Periquito J, et al.
2020)

Central profile plots (*H-CRP). To quantitatively assess the correction of the
image inhomogeneity, normalized vertical S| profiles were plotted (Figure 11A-
C). For all three approaches, the corrected S| profiles showed close
correspondence with the reference RF coil (plotted as a surface in green). From
these profiles, one can determine how far away from the RF coil it is still viable
to perform Ba correction. This depends on the specific scanning parameters and
the dimensions of the RF coil; here this distance was approximately 17 mm (for
a nominal FA=90°, an actual FA=8° could be corrected). For our experimental
setup, the region beyond 17 mm showed increasing inaccuracies in the field
maps and S| measurements, leading to unacceptable errors in all corrected

images.

Quantitative examination revealed that all correction methods considerably
reduced the RMSE computed on the profiles to a maximum of 0.18 (uniform),
0.12 (ex vivo) and 0.26 (in vivo), with respect to the reference. For the uniform

phantom, the sensitivity and hybrid approaches performed equally well (0.11).
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For the ex vivo phantom the sensitivity and model-based correction performed
similarly (0.11). In vivo, the sensitivity correction achieved the best result (0.21).
In comparison, the uncorrected profiles revealed an average RMSE of
0.53+0.07 for all test phantoms.
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Figure 11. “Normalized signal intensity profiles perpendicular to the RF coil surface and
percentage image uniformities (PIU) for the exemplary images shown in Figure 5: (A-D)
uniform phantom, (B-E) ex vivo, and (C-F) in vivo, using five internally-tangent circular ROIs
with increasing diameter (uniform) or anatomical regions (ex vivo, in vivo: cortex and basal
ganglia/thalamus, BG/T). The corrected profiles demonstrate a striking increase in image
homogeneity and show the same trends as those of the reference coil. In all three phantoms the
calculated RMSEs of the corrected profiles reveal a high resemblance to the reference. The PIU
plots indicate a significant improvement in image homogeneity after correction” (Ramos
Delgado P, Kuehne A, Periquito J, et al. 2020)
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Image homogeneity assessment (*H-CRP). For the uniform phantom, the
calculated percentage integral uniformity (PIU) (Figure 11D-F) was found to be
95.7% within the largest ROI using the volume resonator, indicating no
significant inhomogeneities across the image, as expected. Conversely, a PIU
of 0.9% was obtained within the same ROI on the uncorrected image. The PIU
degradation scaled with increasing ROI diameter. After correction, the model-
based approach showed a PIU of 65% on the fourth ROI (up to a distance of
16.2 mm from the RF coil surface). Beyond that distance, the observed
overshoots confounded the PIU, which decreased to 0% in the largest ROI.

For the mouse brain images, the PIUs showed the expected high homogeneity
for the reference RF coil: ex vivo 87.0+4.4% and in vivo 87.7+£9.1%. The original
surface RF coil images displayed substantial inhomogeneities: averages of
35.4+9.2% ex vivo and 33.2+11.8% in vivo. A significant improvement in image
homogeneity was achieved with the three correction methods, both in vivo and
ex vivo. The model-based method performed best on average (85.0+3.8% ex
vivo and 80.5£11.3% in vivo), closely followed by the hybrid (81.6+6.9% ex vivo
and 79.7+11.2% in vivo) and sensitivity (80.8+5.7% ex vivo and 76.5+10.3% in

Vivo) corrections.

Ti-contrast and quantification performance (RT). The errors in Sl ratios
between several fixed locations for all four phantoms were studied, comparing
original (uncorrected) RARE images and their three corrections, relative to the
ground truth (reference images). These validation assessments were performed
for RARE without flipback (Figure 12) and with flipback (Figure 13). The box
plots (whiskers at 5-95 percentile) depict the mean errors for quantification at
low and high Ti relaxation times, and for Ti contrast measurements with low
and high proton density. Errors below 10% (dashed line) were considered

acceptable.

Correction of RARE MR images without flipback (Figure 12): All correction
methods reduced the errors to less than 10% for both quantification and
contrast, contrary to uncorrected images, which showed substantial errors (41-
45%), and variabilities (37-42%). None of the calculated mean errors reached a

value >8.3% after correction.
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The sensitivity correction performed best when calculating water content
proportions at low Ti values (5.0+2.9%), followed closely by the hybrid
(6.0+£2.7%) and model-based (6.6+4.5%) methods. All three methods behaved
similarly for higher T1 values, with mean errors of approximately 8% (sensitivity
8.1+2.9%, model-based 8.3+5.9%, hybrid 8.1+3.3%). All correction methods
improved quantification significantly (p-value<0.0001) when compared to the
original data.

When measuring T1 contrast, the hybrid method performed best for both water
content phantoms (2.4+1.7% high, 4.7+3.8% low). The sensitivity correction
method performed better than the model-based method for the high water
content phantom (3.5+2.5% vs. 6.2+5.5%). However, for the low water content
comparison, the model-based correction method performed better than the
sensitivity correction (5.2+3.9% vs. 6.1+3.1%). Similarly, the three described
correction methods significantly improved Ti contrast, when compared to the
original data (p-value<0.0001).
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Figure 12. “Assessment of quantification and contrast accuracy for RARE without

flipback. Box plot of relative quantification and contrast errors for the original uncorrected

45



images and those corrected with each of the three Bi correction methods. All Bi correction
methods reduced the median error from well above 25% to below 10% (dashed line). Whiskers
represent the 5 and 95 percentiles. Asterisks indicate statistically significant differences

compared to the uncorrected images” (Ramos Delgado P, Kuehne A, Periquito J, et al. 2020)

Correction of RARE MR images with flipback (Figure 13): In general, all
correction methods performed worse when flipback was enabled in RARE
measurements, compared to RARE without flipback. The errors without
correction were comparable to the case without the flipback option (40-58%).

Their variabilities, however, were spread along a wider range (40-62%).

For quantification, the correction methods performed worse at low T1 relaxation
times (overall about 10%: sensitivity 11.0£7.6%, model-based 10.7+7.9%,
hybrid 12.2+8.6%) than at higher ones (sensitivity 4.8+4.0%, model-based
11.44£10.1%, hybrid 7.2+6.0%). All correction methods significantly improved
quantification when compared to the original data (p-value<0.0001).
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Figure 13. “Assessment of quantification and contrast accuracy for RARE with active
flipback. Box plot of relative quantification and contrast errors for the original uncorrected

images and those corrected with each of the three B correction methods. B correction reduced
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the median quantification error from well above 25% to below 10% (dashed line), but achieved
only a modest improvement in the Ti contrast error. Whiskers represent the 5 and 95
percentiles. Asterisks indicate statistically significant differences compared to the uncorrected
images” (Ramos Delgado P, Kuehne A, Periquito J, et al. 2020)

T1 contrast accuracy was considerably reduced when using flipback during the
measurements, with errors approaching 20-30% for high water content. The
sensitivity correction method (19.5+9.7%) performed marginally better than the
model-based (28.9+£19.4%) and hybrid (28.4+14.5%) methods. For higher water
content, the errors were smaller (8-15%). Similarly, the sensitivity correction
method (8.3+5.0%) performed slightly better than the other two (model-based
15.2+13.2%, hybrid 15.2+8.7%). Only the sensitivity method significantly
improved Ti contrast (p-value=0.0002 and 0.0003 for high and low proton

density, respectively).
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3.2. B1 inhomogeneity correction at low SNR: first quantitative in vivo °F-
MRI of mouse brain inflammation using a transceive surface RF probe

This chapter contains and uses results that have been published by the author

of this thesis:

Ramos Delgado P, Kuehne A, Aravina M, Millward JM, Vazquez A, Starke L,
Waiczies H, Pohlmann A, Niendorf T, Waiczies S. B1 Inhomogeneity Correction
of RARE MRI at Low SNR: Quantitative In Vivo °F-MRI of Mouse
Neuroinflammation with a Cryogenically-cooled Transceive Surface
Radiofrequency Probe. Magnetic Resonance in Medicine, 2021; 87(4):1952-
1970. DOI: 10.1002/mrm.29094

and therefore contains text, statements, passages and figures from this

publication.

In the previous chapter, three Ba correction methods were developed and
validated on 'H-MRI to correct for the B: field inhomogeneities inherent to
sensitivity-boosting transceiver surface RF probes and enable signal
quantification. This chapter builds upon previous findings in order to correct 19F-
MR brain images acquired with a °F-CRP in mice with experimental
autoimmune encephalomyelitis and to determine brain inflammation. Unlike *H-
MRI, 1°F imaging suffers from low SNR, leading to long scan times. Therefore,
the use of SNR-enhancing technologies such as transceiver surface RF probes
(with or without cryo-cooling) is even more indispensable. To obtain higher SNR
gains, quadrature RF coil designs are chosen over linear implementations, but
this leads to single-tuned characteristics. The missing *H-MRI capability of this
RF technology requires the establishment of a workflow, in which in vivo *°F-MR
images can be co-localized onto anatomical images. The previously introduced
retrospective Bi1 correction methods were implemented in this study and
validated for a *®F-CRP using a uniform phantom and inflamed mouse brains—
ex vivo and in vivo. Additionally, computations of concentration uncertainty
maps using Monte Carlo SNR simulations were introduced to demonstrate the
markedly improved °F gquantification of Bi-corrected images, as well as to
propose SNR requirements to achieve acceptable error levels. The author of
this thesis performed all the described tasks (except for in vivo animal handling,

head holder design and reference cap building).
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3.2.1. B; field characterization and simulated RARE signal intensity model

The sensitivity maps (Figure 14A,D) and the FA maps (relative to an excitation
FA=90°, Figure 14B,E) of the °F-CRP revealed a strong decline with
increasing distance from the RF probe surface, in both axial and sagittal

orientations.

The Bi* inhomogeneity is clearly depicted in Figures 14C (axial) and 14F
(sagittal) which show the normalized central vertical profile lines. The maximum
distance until which there is signal above the detection threshold (SNR>3.5) is,
in this case, ca. 14.6 mm from the 1°F-CRP surface. Figure 14G shows the 3D
view of the RARE SI model simulated using EPG simulations. The SI was
modelled as a function of FA and Ti. The SI demonstrates a lower Sl with
increasing Ti (Figure 14H) and maximal SI for FA=90° (Figure 14l). When
using EPG simulations, the hybrid and sensitivity methods yielded the same
results up to a constant factor. Therefore, only the sensitivity and model-based

correction were used moving forward.
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Figure 14. “B; field maps of the quadrature °F cryogenically-cooled transceive surface
RF probe (**F-CRP) and SI model used. B1 and relative FA maps to a 90° excitation FA in (A-
B) axial and (D-E) sagittal orientation. The expected position of the mouse brain relative to the
F-CRP is outlined as a dashed grey line. Corresponding normalized central vertical profiles

are shown in (C,F). The grey line depicts the artefact miscalculated by the polynomial fit at low-
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SNR regions far away from the RF probe surface. The physically-correct value is depicted using
blue dotted lines. The simulated 3D SI model (G) shows the dependency of RARE’s S| on the
T relaxation time and FA. (H,I) show the 2D-projections of Sl vs T1 and Sl vs FA, respectively”
(Ramos Delgado P, Kuehne A, Aravina M, et al. 2021)

3.2.2. T relaxation time estimation

Calculated Ti values for PFCE-NPs in agarose (reference caps, 935.9+10.0
ms) using non-localized MRS agreed with previously published values at 9.4
T.7273 T1 values of *®F-NPs in inflammatory lesions in the brain (PRESS) were
818.1+13.4 ms (ex vivo) and 1868.7+43.9 ms (in vivo). This indicated an
effective reduction of 117.8 ms in T1 for ex vivo compared to the reference

caps, and an increase of nearly 1 second in Tz in vivo measurements.

Exemplary spectra used to compute T1 values in reference caps, ex vivo and in

vivo mice are showed in Figure 15.
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Figure 15. “Exemplary spectra used for Ti calculation for (A) reference cap containing
24mM 19F-loaded NPs (non-localized spectroscopy), (B) ex vivo CNS of an EAE mouse with
administered °F-loaded NPs prior to perfusion (PRESS), and (C) in vivo mouse with active EAE
and administered °F-loaded NPs (PRESS). Measurements were performed using a H/1F
volume resonator. Selected TR=10000 ms” (Ramos Delgado P, Kuehne A, Aravina M, et al.
2021)

3.2.3. Monte Carlo SNR simulations to estimate the 1°F concentration
uncertainty

Figures 16A-C show the concentration uncertainty (uncertainty=SDx100 (%))
for all FAs/B1™ and three SNR values fixed for FA=90°, B1'=1 and T1=1869 ms
(in vivo). For the reference, representative values (FA=60°, B1'=0.8) were used.
The level of uncertainty increases with decreasing FAs and Bai". This trend is

more pronounced for regions farther away from the RF probe surface. The
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contour lines represent SNR values. The green and red isolines depict the
border of the regions where uncertainty<10% and <25%, respectively. These
borders occur at SNR=10.1 and SNR=4.25, respectively, independent of the
FA/B1- and SNR combination.

The linear dependence of the SD of both corrected SI and concentration on
SNR for exemplary data (FA=90° B1=1.0, in vivo Ti) using the model-based
method (Figure 16D, linear fit, dashed orange line) was studied. The corrected
S| of the sample (blue dots) demonstrated a linear trend throughout the SNR
range. The concentration SD (green boxes) was linearly dependent on the
sample SNR until an SNR=160 (SD=7x103), after which it asymptotically
approached a constant value of approximately 3.5x10°® (uncertainty=0.35%)

due to small but non-negligible errors in the Bi-corrected data.
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Figure 16. “SNR simulation results corresponding to a model-based correction for
T1=1869 ms (in vivo mouse) for (A) SNR=1000, (B) SNR=500, and (C) SNR=25, fixed for a 90°
excitation and B1=1. The contour lines represent equal SNR values (in black), and errors of
<£10% (in green) and <25% (in red). (D) shows the linear dependence on the SD of the corrected
Sl and SNR, and the quasi-linear dependence on the SD of the concentration and SNR (log-log
plot). A histogram from the Monte Carlo samples for the three points depicted in (C) is illustrated

in (E). In all three cases, the distributions exhibit a Gaussian distribution of mean=1 and
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increasing SDs (uncertainties) with decreasing SNR” (Ramos Delgado P, Kuehne A, Aravina M,
et al. 2021)

Finally, Figure 16E shows histograms and error bars’ of the concentration
calculated over the 1000 iterations corresponding to the three depicted example
points (FA=70°, B1=0.8/0.4/0.2 as coloured crosses on Figure 16C). The
concentration samples exhibited a Gaussian shape with mean=1 (u1=1.0003,
H2=0.9964, u3=0.9834) and increasing SD (01=0.0564, 02=0.1199, 03=0.2529)
with decreasing SNR, as expected. This demonstrated that the model
recovered Sls without introducing bias. Randomness was propagated such that

the variability of the corrected Sl (i.e. its SD) increased with decreasing SNR.

3.2.4. B; correction method validation

Corrected Images. Bi correction performance was assessed in a low-SNR
scenario at regions far from the probe surface using a low-concentration
uniform phantom and a short acquisition. The SNR map is shown in Figure
17A. The original image shows a steep Sl decay away from the RF probe
surface, typical of transceive surface RF coils (Figure 17B). Compared to the
reference image, Bi-corrected images (Figure 17C-D) yielded uniform Sls over
the FOV (Figure 17E). A ghosting artefact due to fast RARE imaging is present
in the uniform phantom image used for the sensitivity method, and in the test
uniform phantom, producing an overshoot in the sensitivity-corrected image far
from the probe surface.

Central profile plots (Figure 17F). Corrected Sl profiles demonstrated close
correspondence with the reference RF coil (green area) up to a distance of
approximately 6-7 mm from the CRP surface for our specific scanning
parameters, dimensions of the RF coil and SNR.

Image homogeneity assessment (Figure 17H). The calculated PIU in the
reference image was 91.4% within the largest ROI (distance from CRP
surface=7.8 mm), indicating no substantial inhomogeneities across the image.
In contrast, a PIU of 13.6% was computed for the original image within the
same ROI. Corrections yielded improved PIUs (56.7% for model-based and
32.4% for sensitivity corrections). In general, PIU degrades with increasing

distance from the RF probe where acquired image artefacts prevail.
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Figure 17. “Uniform phantom validation. (A) SNR map, (B) original, (C-D) corrected and (E)
reference images, respectively. The original image includes the placement of the 10 ROIs
selected for error calculations. (F) Normalized signal intensity profiles perpendicular to the RF
coil surface. (G) Mean absolute percentage error (MAPE) of original and corrected images for
an increasing number of ROIs demonstrates a remarkable reduction in errors after B1 correction

compared to original images. The model-based correction provides quantitatively good results
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in regions far from the RF probe. (H) Percentage of integral uniformity (PIU) of corrected images
show a quantitative improvement in homogeneity in comparison with original images. (I)
Statistical assessment of signal intensity accuracy. Whiskers represent the 5 and 95
percentiles. Asterisks indicate statistical significance compared to uncorrected images” (Ramos
Delgado P, Kuehne A, Aravina M, et al. 2021)

Quantification performance and statistics. According to our MAPE
classification, only the model-based correction provided excellent results for
SNRs between 38 and 7 (Figure 17G, ROIs=1-7, distance=2.1-6.3 mm).
Uncorrected images showed high errors within this SNR range (84.7+85.8%).
Within this region (distance=2.1-6.3 mm), the model-based correction
performed best (7.7+4.7%), followed by the sensitivity correction which yielded
good results (12.2+8.2%). Both corrections provided equally good results
(model-based 16.2+16.5%, sensitivity 19.7+16.6%) up to the 8" ROI
(distance=2.1-6.5 mm), in contrast to uncorrected images (89.9+95.6%). When
considering all ROIs (distance=2.1-7.6 mm), only the model-based correction
(19.7£18.9%) yielded good results. In this case, the sensitivity correction
provided unacceptable results (35.5+£33.3%), but was still lower than the MAPE
of uncorrected images (105.84125.9%). Figure 17G also shows similarities
between the proposed ranges using simulations (uncertainty<10% when
SNR=10.1 and uncertainty<25% when SNR2>4.25) and experimental results.

The model-based correction performed best overall, significantly reducing
quantification errors compared to original mean errors (both Bi correction
methods p-value<0.001, Figure 171). Therefore, this method was used for

further B1 corrections.

Ex vivo MR measurements. Figures 18 and 19 show the results for axial and

sagittal orientations, respectively.

Concentration maps of the ex vivo EAE phantom were computed for different
measurement times (15 minutes [NEX=300], 1, 3 and 6 hours [NEX=
1200/3600/7200]) using the 24mM-reference cap in images acquired with the
reference volume resonator (Figures 18A, 19A) and original *°F-CRP images
(Figures 18B, 19B). Qualitative comparison of the reference images after 3
hours and original CRP images after 15 minutes revealed distinct similarities,

demonstrating the remarkable SNR capabilities of the CRP. However, the °F
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signal at the lymph nodes, indicating accumulation of °F-labeled inflammatory

cells (white arrows) in reference images was absent in the °F-CRP images.

Assessment of the 1°F concentration shown by original CRP images and
corresponding model-based Bi-corrected images (Figures 18D, 19D)
demonstrated that correction considerably improved the concentration
estimation, compared to reference images (ground truth). SNR maps from
original CRP images showed the expected increase of SNR with scan time
(Figures 18C, 19C), translating to fewer uncertainties in concentration (Figures
18E, 19E). Overall, the uncertainty maps indicated the reliability of the Bi-
corrected concentration maps, with most pixels being green (uncertainty<10%)
or orange (10%-<uncertainty<25%).

15 min 1h 3h 6h

®F conc. (mM)

A

Reference

B
Original

SNR map

D

Model-based

E

Uncertainty
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Figure 18. “Ex vivo phantom (score=2.0) in axial orientation for increasing scan times (15
minutes, 1 hour, 3 hours and 6 hours). Reference images (A) acquired with the *H/'°F volume
resonator show less °F signal in the brain compared to °F-CRP images (B). The steep
gradient in B: field of the 1°F-CRP prevents from detecting the prominent lymph node signals in
contrast to the volume resonator. SNR maps for the CRP images are presented in (C). Ba-

corrected images show concentration values closer to the reference obtained with the volume

55



resonator (D). Uncertainty maps (E) reveal the reliability of the Bi-corrected concentration
maps, with most pixels indicating green (uncertainty<10%) and orange (10%<uncertainty<25%)

values” (Ramos Delgado P, Kuehne A, Aravina M, et al. 2021)
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Figure 19. "Ex vivo phantom (score=2.0) in sagittal orientation for increasing scan times
(15 minutes, 1 hour, 3 hours and 6 hours). Reference images (A) show impressive 1°F signal in
the lymph nodes, not visible with the 1°F-CRP (B), since they are located too far away from the
CRP surface to be detected. Distinct similarities when comparing CRP images after 15 minutes
and those acquired with the volume resonator after 3 hours demonstrate the remarkable SNR
capabilities of the CRP. SNR maps for the CRP images are presented in (C). After performing
the B correction (D), images show concentration values closer to the reference obtained with
the volume resonator. Uncertainty maps (E) reveal the reliability of the Bai-corrected
concentration maps, with most pixels indicating green (uncertainty<10%) and orange
(10%<uncertainty<25%) values” (Ramos Delgado P, Kuehne A, Aravina M, et al. 2021)

In vivo MR measurements. The performance of the model-based correction in
a typically time-constrained and low-SNR in vivo EAE °F-MRI experiment was
studied.

The first animal shown (Figures 20 and 21, axial and sagittal orientations,
respectively) exhibited severe clinical symptoms (score=2.5) whereas the
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second (Figure 22 and 23, axial and sagittal orientations, respectively)
presented moderate clinical symptoms (score=1.5). Images were acquired in
axial and sagittal orientations for 15, 30 and 45 minutes [NEX=300/600/900].

Concentration maps of uncorrected images of mouse 1 (Figures 20A, 21A)
showed an overestimation of '°F concentrations in regions close to the RF
probe surface, which correspond to meningeal inflammatory cell infiltration,
common in EAE. White arrows indicate external signals (i.e. in ears and other
adjacent tissues), which are not corrected when located outside of the FA/B1
maps. SNR maps (Figures 20B, 21B) correlate with the original concentration

maps.
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Figure 20. “In vivo EAE mouse 1 (score=2.5) in axial orientation. Concentration maps of
original images (A) show an initial overestimation of the °F concentration in regions close to the
RF probe surface (e.g. meninges) which partly correspond with regions with high SNR (B). After
performing the model-based B; correction (C), 1°F concentration maps are computed. Their
reliability is presented by the uncertainty maps (D) which show green (uncertainty<s10%) and
orange (10%<uncertainty<25%) values for most pixels” (Ramos Delgado P, Kuehne A, Aravina
M, et al. 2021)
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Following the model-based B1 correction, concentration maps (Figures 20C,
21C) showed reduced °F concentration in regions close to the RF probe and
increased '°F concentration in regions with high SNR far from the CRP surface.
The reliability of the correction is represented by the concentration uncertainty
maps that mostly show values with 10<uncertainty<25% (orange pixels) and

<10% (green pixels) especially at higher SNR (Figures 20D, 21D).
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Figure 21. “In vivo EAE mouse 1 (score=2.5) in sagittal orientation. Concentration maps of
original images (A) show an initial overestimation of the °F concentration in regions close to the
RF probe surface (e.g. meninges) which partly correspond with regions with high SNR (B). Ba-
corrected images (C) present an adjustment in scale, where °F concentration not only depends
on the distance to the CRP surface and SNR (heavily dependent on B1* and Bi1) but on the 1°F-
NPs accumulated per pixel. The reliability of the Bi-corrected concentration maps is presented
by the uncertainty maps (D) which show green (uncertainty<10%) and orange
(10%<uncertainty<25%) values for most pixels” (Ramos Delgado P, Kuehne A, Aravina M, et al.

2021)

Compared to mouse 1, mouse 2 presented with more °F signal, even though

its disease score was less severe. This is evident from the original
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concentration maps (Figures 22A, 23A) and corresponding SNR maps
(Figures 22B, 23B). Mouse 2 exhibited meningeal inflammation, visible as a
thin layer of °F signal with an SNR ranging from 3.6 to 49.5 and 1°F
concentrations ranging from 0.1 to 1.7 mM, as well as and inflammatory cell
accumulation in deeper regions of the brain. After applying the model-based
correction (Figure 22C, 23C), concentration maps showed an expected
reduction in 1°F concentration in the meninges and an increase in features far
from the CRP surface. Corresponding concentration uncertainty maps (Figure
22D, 23D) demonstrate the reliability of the Bi corrections, with most pixels
being orange (10%-<uncertainty<s25%) and green (uncertainty<10%) especially
at higher SNR.
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Figure 22. “In vivo EAE mouse 2 (score=1.5) in axial orientation. (A) Concentration maps of
original images present signals in the meninges as well as in deeper regions of the brain,
indicating increased inflammatory cell accumulation. (B) SNR maps show high SNR at pixels at
the top of the mouse head and a reduced SNR in regions distant to the RF probe. After applying
the model-based B: correction (C), concentration maps show an expected reduction in 1°F

concentration in the meninges and an increase in pixels far from the CRP surface.

59



Corresponding uncertainty maps (D) demonstrate the reliability of the Bi-corrected
concentration maps, with most pixels indicating green (uncertainty<s10%) and orange
(10%-<uncertainty<25%) values” (Ramos Delgado P, Kuehne A, Aravina M, et al. 2021)
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Figure 23. “In vivo EAE mouse 2 (score=1.5) in sagittal orientation. (A) Concentration maps
of original images present signals in the meninges as well as in deeper regions of the brain,
indicating increased inflammatory cell accumulation. (B) SNR maps show high SNR at pixels at
the top of the mouse head and a reduced SNR in regions distant to the RF probe. After applying
the model-based B; correction (C), concentration maps show an expected reduction in 1°F
concentration in the meninges and an increase in pixels far from the CRP surface.
Corresponding uncertainty maps (D) demonstrate the reliability of the Bai-corrected
concentration maps, with most pixels indicating green (uncertainty<10%) and orange
(10%<uncertainty<25%) values” (Ramos Delgado P, Kuehne A, Aravina M, et al. 2021)

3.2.5. Proportionality of hybrid and sensitivity methods for a “perfect” EPG-
simulated RARE SI model

The hybrid method is proportional to the sensitivity method when the RARE SI
model is calculated using simulations and does not have a bias introduced by

measurements.
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Both correction methods can be expressed as:

image (sample)

sensitivity = - -
Y image (uniform sample)

B; correction(image (sample))

hybrid =
yort B correction(image (uniform sample))

being image (sample) and image (uniform sample) the image to be corrected

and the uniform phantom image used for sensitivity correction, respectively.
Replacing the B1* corrections by their definitions®? as:

SInominal (Sample)
Slactuai(sample)

Slhomina(uniform sample)
Slactua(uniform sample)

image (T, (sample), FA) X

image (T, (uniform sample), FA) X

Since Shyomina(sample) and Sl pmina (uniform sample)are the Sls for perfect
90° excitations and both samples have constant T1 relaxation times, they can be
replaced by a constant. Similarly, Sl,ctuai(sample) and
Slactua(uniform sample) are the Sls for the actual excitations FA which equal

to a constant for each pixel. Thus:

image (T,(sample), FA) o
=k X — - = k X sensitivity
limage (T, (uniform sample), FA)|
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3.3. Development of registration methods for longitudinal EAE studies:
validation and applications

This chapter includes and uses results that have been published in:

Millward JM, Ramos Delgado P, Smorodchenko A, Boehmert L, Periquito J,
Reimann HM, Prinz C, Els A, Scheel M, Bellmann-Strobl J, Waiczies H, Wuerfel
J, Infante-Duarte C, Chien C, Kuchling J, Pohlmann A, Zipp F, Paul F, Niendorf
T, Waiczies S. Transient Enlargement of Brain Ventricles During Relapsing-
Remitting Multiple Sclerosis and Experimental Autoimmune Encephalomyelitis.
JCI Insight, 2020; 5(21):€140040. DOI: 10.1172/jci.insight.140040

and therefore contains text, statements, passages and figures from this

publication.

In the previous study it was necessary to develop a registration method to
register *°F-MR images onto anatomical *H-MR images in the EAE. The EAE
mouse model mimics a relapse-remitting MS disease course (RRMS), and is
associated with substantial macroscopic changes in the brain, namely transient
changes in ventricle size (see Figure 24A).> This could severely challenge the
quantification of longitudinal MR studies that follow the course of disease in the
EAE, such as the previously presented °F-MR methods. To quantify the
changes associated with brain inflammation, longitudinally-acquired images
should be spatially aligned via registration methods. Due to the transient
macroscopic changes in the EAE, registration is not trivial and requires
standardized protocols and workflows that will enable the quantification of

changes that are related to the pathology.

In this section, a registration approach was proposed and applied to T1 mapping
in association with GBCAs in a longitudinal study in order to provide quantitative
information about the inflammatory lesion load in EAE mice. The obtained
results demonstrated that T: mapping methods could be used as imaging
biomarkers of disease activity in EAE. The author of this thesis registered all T1
maps acquired during the longitudinal EAE study using a post-processing

workflow.
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3.3.1. Registration methods implementation and validation

Despite careful slice planning during the MR acquisitions, minor differences
exist between slices. EAE-related anatomical changes (e.g. ventricle
contractions and expansions) make voxel-by-voxel comparison even more
challenging. Figure 24A shows an exemplary mid-brain slice demonstrating
only very subtle longitudinal variations in position, slicing and structure within
the brain. Images and T1 maps show improved alignment despite substantial
macroscopic changes in the EAE mouse brain (Figure 24B-C). This allows
accurate image/map comparison due to improved voxel alignment. The
workflow and registration procedure were applied to all EAE brain images for all

time points investigated.
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(original)
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Figure 24. “Registration of post-contrast Tiw-images and maps. (A) Minor differences
within slices coexist with anatomical changes. (B) Registration increases similarity between
slices allowing accurate comparison. (C) Registered Ti1 maps, ready for quantification. The
lower row corresponds to a zoom on day 13 post-immunization, demonstrating the successful
intra-subject registration onto time point 1 (day 2 before immunization)” (Ramos Delgado P,
Millward JM, Huelnhagen T, et al. ESMRMB 2020)

63



To demonstrate the robustness of this approach, ROIs defined for the baseline
images (first time point, tp1, both brain and cerebellum) were superimposed with
only minor changes onto ROIs replicated from tp:1 and applied to the entire
series of 8 time points to perform a manual segmentation. Figure 25 shows two
exemplary images. On the left, ROIs were drawn onto the baseline Tiw-image.
The image on the right shows the same ROIs superimposed onto the registered

Tiw-image corresponding to tpz.

ROI selection ROI superimposition

- ROI brain
- ROI cerebellum

day post immunization

Figure 25. “ROI validation. After superimposing the ROIs drawn using tp: onto tpz, pixel-by-
pixel correspondence was achieved. This was also the case for other time points and other
animals” (Ramos Delgado P, Millward JM, Huelnhagen T, et al. ESMRMB 2020)

3.3.2. GBCA-lesion burden quantification as a measure of inflammation in EAE
using T1 mapping methods

A typical pattern of contrast enhancement—with diffuse lesions especially
prominent in the cerebellum, meninges, and periventricular regions—was
observed already by d5 post immunization (Figure 26A). The change in brain
T1 values after GBCA administration (ATi=pre-contrast minus post-contrast
mean values) was calculated for n=16 mice, at time points ranging from
baseline (d-2 post immunization) to d25 post immunization (Figure 26B-C).
Compared with baseline, the AT in the cerebellum was significantly increased
at d8 and dl1l1 post immunization (592.9+£103.8 ms and 551.2+71.4 ms,
respectively; p-value=0.0030) (Figure 26B). The ATz in the whole brain (Figure
26BC) was also significantly increased at d8 and dl1l post immunization
(373.1£52.9 ms and 342.8+43.2 ms, respectively; p-value=0.0023).
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Figure 26. “Gadolinium-enhancing lesions can be used as an objective quantitative
measure of inflammation in EAE. (A) T1 map MRIs of a representative brain show altered
tissue relaxation due to blood-brain barrier disruption following administration of gadolinium-
based contrast agent. Reduced tissue T1 (purple) is apparent in the meninges, cerebellum, and
periventricular regions already by day 5 post immunization. Note that the brain images have
been registered to the baseline image for quantification; therefore, changes in ventricle volume
are not apparent in these images. (B) Quantification of global changes in tissue Ti following
gadolinium contrast administration were especially prominent in the cerebellum (n=16). The ATz
(precontrast - postcontrast values) was significantly increased from baseline at days 8-11 post
immunization (p-value=0.0030, ANOVA). (C) The AT: of the whole-brain was also significantly
increased at days 8-11 post immunization (p-value=0.0023, ANOVA)” (Modified from Millward
JM, Ramos Delgado P, Smorodchenko A, et al., 2020)
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4. Discussion

This part of the thesis contains and uses the conclusions and discussion
published in:

e Ramos Delgado P, Kuehne A, Periquito J, Millward JM, Pohlmann A,
Waiczies S, Niendorf T. B1 Inhomogeneity Correction of RARE MRI with
Transceive Surface Radiofrequency Probes. Magnetic Resonance in
Medicine, 2020; 84(5):2684-2701. DOI: 10.1002/mrm.28307

e Ramos Delgado P, Kuehne A, Aravina M, Millward JM, Vazquez A,
Starke L, Waiczies H, Pohlmann A, Niendorf T, Waiczies S. B:
Inhomogeneity Correction of RARE MRI at Low SNR: Quantitative In
Vivo 1°F-MRI of Mouse Neuroinflammation with a Cryogenically-cooled
Transceive Surface Radiofrequency Probe. Magnetic Resonance in
Medicine, 2021; 87(4):1952-1970. DOI: 10.1002/mrm.29094

e Milward JM, Ramos Delgado P, Smorodchenko A, Boehmert L,
Periquito J, Reimann HM, Prinz C, Els A, Scheel M, Bellmann-Strobl J,
Waiczies H, Wuerfel J, Infante-Duarte C, Chien C, Kuchling J, Pohlmann
A, Zipp F, Paul F, Niendorf T, Waiczies S. Transient Enlargement of
Brain Ventricles During Relapsing-Remitting Multiple Sclerosis and
Experimental Autoimmune Encephalomyelitis. JCI Insight, 2020;
5(21):e140040. DOI: 10.1172/jci.insight.140040

and contains text, statements, passages and figures from these publications.

4.1. B1inhomogeneity correction in H transceiver surface RF probes

Several methods have been described in the literature to correct Ba:
inhomogeneities.*?*% These methods are especially crucial for images acquired
with transceive surface RF coils. The main accomplishment of this project was
to extend this work, demonstrating the feasibility and efficacy of B:
inhomogeneity correction methods for RARE MRI, for which an analytical SI

equation is not available.*”48

Phantom results showed a substantial improvement in image homogeneity after
B1 correction using the investigated methods. The feasibility of these

approaches for samples with more complex structures (ex vivo and in vivo
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mouse) and in time-constrained scenarios (in vivo) was established. These
results demonstrate that images derived from the correction procedures are
suitable for accurate Ti contrast and Sl quantification purposes, thus opening
the way for parametric T1 mapping and X-nuclei quantification using surface
transceive RF coils/probes. Compared to previously developed correction
methods, these approaches are applicable to MR imaging techniques for which
no analytical S| equation exists, including but not limited to EPI®® and UTE#

imaging techniques.

Although the sensitivity correction method®! is typically used to correct B1
inhomogeneities, this work demonstrated that this method is also effective for
correction of Bi* inhomogeneities, since it includes an inherently linear Bi*
correction—all images are the product of the transmission and reception
capabilities of an RF coil. This concept is supported by the quasi-linear trends
shown in the RARE Sl model for SI vs. T1 relaxation time, and the linear trends
present for the majority of the Sl vs. FA range (e.g. between 30°-70° and
between 90°-140°).

The two novel B1 correction methods (model-based, hybrid) proposed here use
an empirical SI model of the RF pulse sequence. The correction workflow
involves using the calculated SI model to adjust the Sl to that of the nominal FA,
based on the actual FA and Ti. This rectifies the inhomogeneities related to RF
transmission (B1*), whereas those related to the RF coil sensitivity (B1) are
addressed in a separate step using a previously calculated Bi1- map (model-

based) or using a Bi*-corrected uniform phantom (hybrid).

Tests on corrected and reference images revealed a high image homogeneity,
maintained when comparing the ex vivo phantom to the in vivo situation
(difference in mean below 5% in both cases compared to reference images).
Assessing the accuracy of S| quantification and T1 contrast measurements
yielded different results for RARE with and without flipback that drives the
equilibrium regimen. Without the driven equilibrium regimen all correction
methods reduced the errors to less than 10% for both quantification and Ti
contrast, and produced statistically significant improvements compared to the
original data. For the driven equilibrium regimen, the errors in the original data

were more pronounced, which translated into higher SI quantification and T1
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contrast errors after correction. For all three Ba correction methods, errors were
around 10% for quantification, but the accuracy of T1 contrast was considerably
reduced, with errors up to 20-30% (for high water content). Only the sensitivity

method improved T1 contrast significantly.

When flipback was inactive, all three methods performed similarly for Sl
quantification purposes, and vyielded improved performance for the low Ti
mode. This can be attributed to the reduced Ti-weighting at the repetition times
used, so that less correction was needed. The sensitivity correction method
performed slightly better than the other two for Sl quantification purposes. The
simplicity of this approach makes it preferable for absolute Sl quantification.
Conversely, results showed that the hybrid correction provides more accuracy
in cases when Ti contrast is essential (e.g. for contrast-enhanced imaging in

inflammatory disease).

Overall, the hybrid method performed better than the model-based one. Since
the only difference between them is the sensitivity profile calculation, it was
concluded that the simple sensitivity correction performs better than the low flip
angle approximation when computing a B1~ map from measurements. The minor
artifacts produced at regions distal to the coil are caused by inaccuracies in the

FA information associated with low SNR.

The Bi correction methods presented here have widespread implications.
These methods are not only useful for the specific case of cryogenically-cooled
RF probes, frequently used to boost SNR in preclinical MRI but are also
generally applicable for transceive surface RF coils like single-loop RF coils.
While the applicability of the correction methods in conventional 'H brain
imaging was thoroughly demonstrated, these methods can also be applied to
moving organs, e.g. cardiovascular research, as long as the calculated
reference power is correct and the maps and images are acquired using a
trigger and spatially aligned. These B1 correction methods permit quantitative Sl
and Ti contrast measurements with transceiver surface RF coils, using MRI
techniques for which analytical SI equations do not exist. This circumvents a
key limitation, and offers a new approach for correcting B1 inhomogeneity that

may be applied for a broad range of biomedical research applications.
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4.1.1. Limitations and future directions

The described model-based approach is fundamentally limited by SNR
constraints at larger distances from the RF coil, and by the accuracy of the B1
and T1 maps and the polynomial fit. Determining the distance until which a
meaningful correction can be achieved is challenging, since it depends on the
conditions and scanning parameters used (e.g. RF coil dimensions, SNR, TA).
Hence, this distance should be determined by each user, for each specific
setup: 1) calculate the central profile plots for each correction; 2) determine at
what distance from the colil the corrected profile still follows that of the reference
volume RF coil. This will not require extra time, since T1 mapping with the

reference RF coil is anyway required for the B1 correction.

Accurate knowledge of T1 and FA is crucial for the precise correction of the Bz
inhomogeneities using the model-based and hybrid methods. For the presented
workflow, readily-available MR imaging protocols (e.g. double angle mapping,
RARE with variable TR) were selected. Limitations are related to the inherent
instability associated with the FA and T1 mapping techniques, the lack of an
established gold standard, and substantial variability among the different
methods. FA mapping depends on the slice excitation profile, Bo homogeneity
and other factors,” which produce additional uncertainties. Moreover, FA
mapping techniques are usually imprecise for low FAs,’¢ increasing the FA error

at large distances from the RF coil.

T1 mapping is equally challenging and subject to many sources of error.
Fundamentally dependent on the FA, it is usually performed using volume
resonators or a combination of RF coils for transmit-receive (volume for
transmit, surface for receive) to attenuate the effects of Bi* inhomogeneity. A
caveat of this method is the need to acquire a T1 map with each image (in order
to consider the T1 contrast of tissues) when removing the field inhomogeneities
in *H images. Although T1 mapping is feasible using a cryo-cooled RF probe,’’
the extra time was invested on using a volume resonator to reduce Ti1 map

errors.

An alternative to calculate the signal evolution (SI model) would be to use

extended phase graphs®®“# or Bloch simulations.”® Equally, magnetic
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resonance fingerprinting (MRF)”® could be used not only to create the model but
also to acquire a T1 and B1 map altogether by changing FA and TR, reducing
the amount of scan time needed and producing a tailored correction (“real” B1
map of the phantom/mouse). According to our knowledge there are no MRF-
RARE techniques available to date and the development of such MR

sequences was out of the scope of this study.

When considering SNR, it is important to bear in mind that these correction
methods entail multiplication by a position-dependent matrix of correction
factors. Thus, both the signal and the noise will be increased; furthermore, this
effect will be different for each image pixel. Therefore, SNR calculations must

be performed on the original uncorrected images.

Differences seen in image homogeneity might be related to a change in animal
position when transferring the animal from *H-CRP to reference RF coil. These
differences might be also caused by motion (e.g. due to misalignment of the flip
angle map, worse Bo shimming, etc.). Although the option motion averaging
was used, it might not have been enough to compensate for bulk motion. Since
a RARE-based imaging sequence was used where the blood signal in large
vessels is inherently suppressed due to the use of a spin-echo train, the

changes in performance are not believed to be related to blood flow.&

Finally, the proposed Bi correction methods could be of high importance in
future clinical applications due to the increasing use of transceive surface RF
coils in human MRI at ultrahigh fields (UHF),81-8°® where large volume body RF
coils are not used for signal excitation and are not provided with UHF-MR

scanners.

4.2. B1 inhomogeneity correction at low SNR using *°F transceiver surface
RF probes

The potential of *°F-MR has long been recognized.'’” However, low in vivo °F
concentrations demand SNR-enhancing strategies. Transceive surface RF
probes such as the 1F-CRP maximize SNR but their inhomogeneous B: field
hampers quantification. To date, efforts in B: field correction for 1°F-MRI have

been scarce, and usually limited to less complex imaging techniques.*377,90.91
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This part of this thesis project built upon the previous work on Bi correction
methods tailored for 'H transceive surface RF probes and SNR-efficient RARE
imaging to enable °F signal quantification in low SNR time-constrained
scenarios. Low-concentration uniform phantom images showed considerable
increase in homogeneity after B1 correction even in low SNR regions distal from
the coil. Ex vivo concentration maps using reference caps demonstrated
substantial improvement in concentration estimation, compared to reference
images. A method was established to determine concentration error after B
correction using Monte Carlo SNR simulations and an acquisition workflow to
co-localize °F-CRP images with anatomical images from an external volume
resonator. Furthermore, first in vivo 1°F-nanoparticle T1 values were determined
in EAE brains to compute model-based corrections. Successful implementation
ultimately yielded the first quantitative in vivo 1°F-MR images of inflamed EAE

brains using a *°F-CRP.

In the previous study, several samples with different T1 were prepared and
scanned to compute the RARE SI model.>* Here, EPG simulations were
introduced to reduce the burden on the MR measurements, improving the
accuracy of the model; by eliminating possible errors introduced by the
measurements, especially at low FAs where Sls corresponding to different Ti1s
are closer to each other. Using EPG simulations, it was found that the hybrid
and sensitivity methods yielded similar results, up to a constant factor. Unlike
EPG simulations, imperfections originating from an empirical model disturb the
symmetry underlying this degeneracy, thereby leading to slight differences
between the hybrid and sensitivity methods (see chapter Proportionality of
hybrid and sensitivity methods for a “perfect” EPG-simulated RARE SI model).
This demonstrates that simulations have a clear advantage, which expected to

also be true for other MR sequences lacking closed-form Sl equations.

A reliable B:1 correction is indispensable for robustly quantifying the '°F signal
when employing the '°F-CRP in studies using °F-NPs to measure the
inflammatory burden in EAE in vivo. In this study, two EAE animals were
presented with discrepancies between *°F signal and clinical score—the animal
with lower clinical severity showed more !°F signal. This reflects the clinico-

radiological paradox, well described in MS®? and EAE,®® whereby clinical status
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and radiological findings diverge, underscoring the urgent need to establish
more quantitative MRI methods to assess disease severity objectively, such as

that presented in the current study.

Furthermore, the uniform phantom was prepared with '°F concentration (0.2
mM) and SNR (range 50 to 0) comparable to those achieved in EAE mice
administered with PFCE-NPs (maximum °F concentration 2 mM, SNR between
50 and 0 in all cases). Since in transceive surface RF probes the SNR is much
higher when close to the RF probe, the B1 correction approach and uncertainty
propagation model were assessed in realistic scenarios and validated for low

SNRs far away from the RF probe (Figures 17F-I).

Monte Carlo SNR simulations were performed to estimate Sl quantification
uncertainties. Simulations were designed to include a wide SNR range (Table
1), taking into account the typically low SNR values for **F (SNR=0-10 in 0.5-
steps) as well as higher SNRs (SNR up to 1500). Concentration uncertainty
maps were found to yield a linear dependence of the uncertainty on SNR, with
constant regions (£10% with SNR210.1 and <25% when SNR24.25). This is
consistent with the results previously demonstrated for *H imaging, where SNR
was not limited. The above-mentioned SNR requirements are highly relevant for
the experimental implementation of the proposed approach and aim to guide
other researchers to balance scan time with the uncertainty of the quantification
of low SNR °F RARE MRI applications.

4.2.1. Limitations and future directions

The use of higher ETLs to further improve SNR through signal averaging
produced ghosting artefacts in uniform phantoms (in test images, but also
images used for sensitivity correction) in regions where °F signal was lower.
This effect has been widely recognized®°® and produced an abnormal increase
of signal with the sensitivity method in regions adjacent to the artefact, which
could not be removed even when changing phase encoding direction. The
model-based correction was affected to a lesser extent (test images still showed
ghosting artefacts), since this correction uses FA and B1- maps computed with
FLASH images. This was observed when correcting the uniform phantom where

the model-based correction yielded MAPEs<25% for all ROIs, and calculated
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PlUs were equally higher than those achieved with the sensitivity method.
Therefore, it was concluded that the model-based correction method is more
robust than the sensitivity method, which poses some constraints in MR

scanning parameters.

Reference caps placed above the phantoms or mouse heads were developed
to allow for reference power calibrations. Little extra time was needed to acquire
separate reference images to compute °F concentrations. Furthermore,
individual B1 maps were measured to correct more pixels in the reference caps,
since the wall thickness of the 15-mL tube (0.8 mm) excluded more than half of
the pixels of the reference. Corrections of the reference caps were nevertheless
of poorer quality, with B1 inhomogeneities at the sides. This was expected due
to the large gradient close to the probe surface. Also, reference power
adjustments may not be reliable in the close slices, further demonstrating that

FA calibration is non-trivial and could be improved.®°:9

To examine the accuracy of Bi-corrected ex vivo concentration maps, these
were compared to those obtained with a volume resonator. Despite the best
efforts to select an identical anatomical position with both volume resonators,
minor differences in 'H might cause slight changes in the visible °F signal.
Nevertheless, there was overall good agreement in °F features and
corresponding concentrations, confirmed by the computed uncertainty maps. In
vivo error concentration maps showed positive results even when SNR values
achieved were significantly lower than ex vivo, due to reduced scan times.
Future studies using 3D-RARE combined with accelerated acquisition could
help further improve concentration errors.®”-% Moreover, adiabatic pulses could
be an interesting addition to 3D-RARE acquisitions to further improve Bi*-field
uniformity up to a certain region.%1% A subsequent model-based B1 correction

could be of value to increase the Bi-corrected area.

The presented approach remarkably improved concentration errors from >100%
to <25%. B1 correction methods will be critical to ensure that the detected °F
signal depends exclusively on °F spin density and not on distance to the RF
probe surface, while utilizing the SNR benefit provided by °F-CRPs. These
results are particularly promising for future clinical applications such as drug

imaging, cell-tracking or cell therapy applications,01-19 where the lower SNR
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achieved at clinical field strengths necessitate the use of transceive surface RF

probes.

4.3. Development of registration methods for longitudinal EAE studies

The last part of this thesis demonstrates the feasibility of the investigated
registration methods for a time series of Tiw-images and Ti mapping scans
obtained from longitudinal EAE studies. The implemented registration process
facilitated successful alignment of images, and was robust enough to
accommodate the considerable macroscopic morphological changes of the EAE
brain over time. Manual ROI definitions were easily translated to all timepoints,

offering a suitable workflow for longitudinal neuroimmunological studies.

One important finding of this study was that T: mapping could objectively
quantify GBCA lesion burden as a measure of inflammatory activity in EAE and
that this correlated with disease activity and changes in ventricle volume. This
method might be crucial when following inflammation over time in the animal
model. In patients, contrast enhancements provide a semi-quantitative
assessment that is typically enough to provide truthful lesion segmentation.
However, this is even more challenging in EAE where lesions are less distinct,
making segmentation prone to observer bias. The T. maps showed reduced T:
values in regions of contrast enhancement typical for SJL mice, namely
cerebellum, meninges and periventricular regions. This was most extensive in
the cerebellum, which is a region with an expected largest lesion burden in SJL
EAE mice. Taking advantage of the registration procedure, the corresponding
AT1 maps were calculated which show pronounced decreases of up to 70% in
the measured Ti value, indicating abundant disease activity. Therefore, it was
demonstrated that T. mapping of EAE brains is a useful method to quantify

gadolinium leakage as an indicator of BBB disruption and disease activity.

4.3.1. Limitations and future directions

ROIs of brain and cerebellum were manually defined for each animal. This
approach, although rudimentary, was alleviated by the registration process.
ROIs were only manually defined for the baseline images and then easily

replicated to the entire series. To take these developments to the next level, the
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registration pipeline could be extended to using registrations to a mouse brain
atlas. This would perform a quasi-automatic brain segmentation, where the
user's anatomical expertise would become of secondary importance. Future
studies could also benefit from novel registration tools such as ANTx2,106
especially tailored for animal studies, and which already includes the Allen

mouse brain atlas.10?

Registration results would equally benefit of implementing brain extraction
(namely skull-stripping) as a previous step. With less external structures to
match to the template in the search for a common coordinate system,
registration methods tend to perform better. However, skull-stripping should

only be carried out when the study focuses solely on brain tissue.

Finally, it is worth mentioning that the proposed registration methods could be
applied to other mouse models where macroscopic anatomical changes
confound the subsequent image analysis or even to images acquired with other
imaging modalities such as computed tomography (CT) or positron-emission
tomography (PET) or even in multimodal longitudinal applications. These
include but are not limited to cancer-related applications (e.g. to monitor tumour
growth or contraction,'®® to compare images before and after performing
surgical procedures or during the course of radiotherapy treatment),
neuroimaging (e.g. stroke imaging,'%61%° tissue loss monitoring in
neurodegenerative diseases!®) or orthopaedic imaging (e.g. preoperative

planning of surgeries, following the course of disease in joint degeneration!!?).
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This

Purpose: The use of surface radiofrequency (RF) coils is common practice to
boost sensitivity in (pre)clinical MRI. The number of transceive surface RF
coils is rapidly growing due to the surge in cryogenically cooled RF technology
and ultrahigh-field MRI. Consequently, there is an increasing need for effec-
tive correction of the excitation field (BT) inhomogeneity inherent in these coils.
Retrospective B, correction permits quantitative MRI, but this usually requires
a pulse sequence-specific analytical signal intensity (SI) equation. Such an
equation is not available for fast spin-echo (Rapid Acquisition with Relaxation
Enhancement, RARE) MRI. Here we present, test, and validate retrospective B
correction methods for RARE.

Methods: We implemented the commonly used sensitivity correction and developed
an empirical model-based method and a hybrid combination of both. Tests and vali-
dations were performed with a cryogenically cooled RF probe and a single-loop RF
coil. Accuracy of SI quantification and T, contrast were evaluated after correction.
Results: The three described correction methods achieved dramatic improvements in
B, homogeneity and significantly improved SI quantification and T, contrast, with
mean SI errors reduced from >40% to >10% following correction in all cases. Upon
correction, images of phantoms and mouse heads demonstrated homogeneity compa-
rable to that of images acquired with a volume resonator. This was quantified by SI
profile, SI ratio (error < 10%), and percentage of integral uniformity (PTU > 80% in
vivo and ex vivo compared to PIU > 87% with the reference RF coil).

Conclusion: This work demonstrates the efficacy of three B, correction methods
tailored for transceive surface RF probes and RARE MRI. The corrected images
are suitable for quantification and show comparable results between the three meth-
ods, opening the way for T, measurements and X-nuclei quantification using surface
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transceiver RF coils. This approach is applicable to other MR techniques for which

no analytical SI exists.

KEYWORDS

B, correction, B; inhomogeneity. MRI. RARE, signal intensity equation, transceive surface RF coils

1 | INTRODUCTION

The ability of MRI to provide high spatial resolution images
within short acquisition times is governed by the sensitivity
conundrum, which balances the constraints of signal-to-noise
(SNR), image contrast, spatial resolution, and temporal resolu-
tion." Numerous approaches have been developed to improve
SNR per scan time from the development of novel software-
driven approaches (eg, parallel ima,gin,g.("7 compressed sens-
ings), to hardware improvements, including higher magnetic
field strengths (BO)‘Hl and the optimization of radiofrequency
(RF) technology. The use of surface RF coils is common prac-
tice to boost sensitiviryI2 in (pre)clinical MRI, predominantly
with a receive-only RF coil design in combination with a vol-
ume RF coil used for excitation.'> The use of transceiver (trans-
mit-receive, TXRx) surface RF coils is increasing, in particular
in human MRI at ultrahigh fields'*** where large volume body
REF coils are not used for signal excitation and are not provided
with ultrahigh field-MR scanners.

In preclinical research, the use of transceiver RF config-
urations has been dominated by cryogenically cooled RF
probes (CRP) that provide significant SNR gains.23 "2 CRPs
are sometimes also available as decoupled Rx-only configu-
rations in combination with a room-temperature (RT) volume
resonator for RF excitation, but are not as common as the
Tx/Rx configuration.z“ By reducing thermal noise in the re-
ceiver circuitry (RF probe and preamplifier), SNR can be
enhanced by a factor of up to 3-4 compared to conventional
RT RF coils.” The SNR gain of a CRP can be exploited to
increase spatial resolution, to reduce scan time, or to lower
detection limits, especially for X-nuclei MRI.

A constraint of TxRx surface RF coil technology is the
strong intrinsic spatial gradient (inhomogeneity) in both exci-
tation (Bl*) field and coil sensitivity (Bl_).lz"3 Although the lat-
ter can be easily corrected,””* non-uniform BT fields induce
significant spatial variations in the excitation flip angle (FA),
with the effective FA decreasing with increasing distance from
the RF coil surface. The resulting BT inhomogeneities are more
pronounced at higher field strengths. > This adverse effect
reduces image homogeneity and affects the T, image contrast,
representing a major challenge for applications for which abso-
lute signal intensities are needed, such as T, mapping®’=* and
quantification techniques in X-nuclei MRI.*#°

Although partial mitigation of B‘l* inhomogeneity can be
achieved with adiabatic pulses,‘”'42 dielectric materials,**¢
or B;’ shimmingﬁ“‘) retrospective BT correction approaches

are most commonly used to achieve signal uniformity‘so’56
First, the actual FA is measured using magnitude- or phase-
based BT mapping techniques, such as the double angle
method,’"® the phase sensitive technique,” the actual FA
method, or any of their improvements.®'®* Then, an analyt-
ical description of the signal intensity (SI) dependency on the
FA for the RF pulse sequence (SI equation)”54 or numerical
simulations™® are used to perform the SI correction.

Retrospective B} correction has been successfully applied
to gradient echo imaging techniques such as fast low angle
shot™®?! or steady-state free precession,” which are inher-
ently less sensitive to RF inhomogeneity® and for which SI
equations are given.65 Retrospective BT correction was also
reported for spin-echo imaging methods.”>>* For fast spin-
echo techniques such as Rapid Acquisition with Relaxation
Enhancement (RARE)(’6 there is no exact analytical SI
equation.’™®® This extends to pulse sequences employing
simultaneous multislice parallel imaging.w non-Cartesian
trajectories,’*”* variable FA 3D turbo spin-echo,” water-fat
separation using Dixon approaches,”* and hybrid imaging
techniques like half-Fourier single shot turbo spin-echo/gradi-
ent and spin-echo/turboGRASE (HASTE/GRASE/TGSE).”
Other complex techniques with no SI equation include those
derived from ultrashort echo time’® or echo-planar imaging
(EPI).77 As a consequence, retrospective B} correction for
these MRI techniques demands novel solutions.

To address this need, we developed, implemented, and
applied three B, correction approaches for RARE MRI with
transceive surface RF probes with the goal to reduce errors
to less than 10% for SI quantification and for T, contrast. All
three methods were applied and validated in test phantoms
and mouse brains, in vivo and ex vivo. For performance eval-
uation, the corrected images were benchmarked against refer-
ence images obtained with a uniform TxRx volume resonator.
The starting point was the commonly used sensitivity correc-
tion” that uses a uniform phantom image to correct for B}
inhomogeneities. This method does not take spatial FA varia-
tions and T, relaxation times into account. Given this limita-
tion and the unavailability of an analytical SI equation for fast
spin-echo imaging, we modelled the SI of RARE as a func-
tion of FA and T, based on empirical measurements obtained
through MR experiments. This model-based correction uses
the ST model to correct B}, followed by a B correction. We
also implemented a hybrid correction using a combination of
the model-based and sensitivity correction approaches. These
methods are valuable not only for conventional 'H-MRI when
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accurate FAs are needed (eg, for well-defined T, contrasts),
but also in X-nuclei MRI, for which absolute SI is essential
for signal quantification.

2 | METHODS

The MR hardware, sample preparation, and measurements
are summarized in Table 1.

2.1 | MR hardware
All experiments were performed on a 9.4 T small animal
MR scanner (BioSpec 94/20, Bruker BioSpin, Ettlingen,
Germany) operating at 400 MHz ('H).

For creating reference images, we chose RF coils with ap-
proximately uniform excitation and reception fields:

e Small reference RF coil: in-house built volume resonator
tailored for mouse head imaging’® (inner diameter [ID] =
18.4 mm).

e Large reference RF coil: rat body linear volume resonator
(Bruker BioSpin) with an ID = 72 mm.

The correction methods were applied, evaluated, and val-
idated for 2 transceive surface RF coils:

e Cryocooled surface RF coil (CRP): 2-element transceive
RF probe (CryoProbe®, Bruker BioSpin) operating in
quadrature mode with an ID = 20 mm and a saddle-shaped
ceramic surface.

e RT surface RF coil: planar transceive single loop (ID =
20 mm) surface RF coil (Bruker BioSpin).

2.2 | Sample and animal preparation

To characterize the excitation and receive fields of the trans-
ceive surface RF coils (B; mapping), we used samples that
ensured full field of view coverage and had low T, values
(T, ~ 300 ms) to reduce the needed TR (TR > 5-T)) in our
measurements:

Cylindrical uniform phantom with low T;: 15-mL tube
(ID = 14.6 mm, length = 120 mm; Thermo Fisher
Scientific, Waltham, Massachusetts) filled with a mixture
of water and copper sulfate (Carl Roth GmbH & Co. KG,
Karlsruhe, Germany).

Rectangular uniform phantom with low T;: 50-mL cell
culture flask ((79.7 x 42.6 x 25) mm?; Fisher Scientific)
filled with a doped solution of water.

Samples with different T; (NMR tubes, Thermo Fisher
Scientific) filled with aqueous solutions of gadolinium
(Magnevist® 0.5 mmol/ml; Bayer Vital, Leverkusen, Germany)
at different concentrations (0-0.5 mM) yielding T between 190
and 2871 ms were used to produce the RARE SI models.

The test phantoms used for correction and evaluation of
the B, correction methods were:

e Cylindrical uniform phantom: containing water doped with
gadolinium embedded in a 15-mL tube (T; & 800 ms).
e Ex vivo mouse: the central nervous system of a SJL/J
female mouse, perfused with a phosphate-buffered sa-
line (Biochrom GmbH, Berlin, Germany), fixed in para-
formaldehyde (PFA; Santa Cruz Biotechnology, Inc.,
Dallas,Texas), and placed into a 15-mL tube filled with 4%
PFA.
In vivo mouse: a healthy SJL/J mouse anesthetized with
2.7% isoflurane and stabilized with 1.6% during scanning.
Heart rate, respiration rate, and temperature were moni-
tored and kept constant during the examinations.
Rectangular uniform phantoms: four 50-mL cell culture
flasks filled with solutions of two different 'H-atom con-
centrations: 100% water, 50% water and 50% deuterium
oxide (Sigma-Aldrich, Saint Louis, Missouri). Gadolinium
was added to the mixtures to achieve two different T, val-
ues (490 and 1525 ms).

All animal experiments were approved by the Animal
Welfare Department of the LAGeSo State Office of Health
and Social Affairs in Berlin and in accordance with interna-
tional guidelines on reduction of discomfort (86/609/EEC).

2.3 | MR measurements
To characterize the B, fields of both transceive surface RF
coils we used:

e FA mapping: fast low angle shot (FLASH) measure-
ments with nominal excitation FAs of 60°/120° (RT) and
60°/120°/240° (CRP) with echo time/pulse repetition time
(TE/TR) = 2.49/2000 ms, matrix = 128 X 128, 3 slices
with a gap of 0.5 mm and a thickness of 2 mm each,
TA = 1h30. We used a field of view = (25 x 25) mm? for
the CRP and field of view = (35 x 35) mm?’ for RT.

B mapping: FLASH measurement with a nominal FA of
5° (same parameters as above).

B, field characterization can be performed prior to or after
the image acquisition and does not entail extra acquisition
time on the day of image acquisition, for example, in vivo
scans.
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TABLE 1 Detailed overview of measurements
Purpose MR protocol RF coil type RF coil Sample(s) Acq. time
Test images T,w-RARE (with Surface TxRx CRP Cylindrical uniform phantom 60 min
flipback) Ex vivo mouse 60 min
In vivo mouse 30 min
Validation images T,w-RARE (with and Surface TxRx RT Rectangular uniform 30 min
w/o flipback) phantoms
Sensitivity correction
Uniform phantom T,w-RARE (with and Surface TxRx CRP Cylindrical uniform phantom 60 min
images w/o flipback) with low T
T,w-RARE (with and Surface TxRx RT R g uniform ph 30 min
w/o flipback) with low T,
Model-based correction
Mapping of FA and B} FLASH Surface TxRx CRP Cylindrical uniform phantom 90 min per FA
with low T
FLASH Surface TxRx RT Rectangular uniform phantom 30 min per FA
with low T,
RARE SImodelling  T;w-RARE (with and Volume TxRx Small reference RF coil Samples with different T, 5m40s per FA
w/o flipback)
T, mapping for RARE with variable Volume TxRx Small reference RF coil Samples with different T, 90 min
modelling TR
T, mapping for test ~ RARE with variable Volume TxRx Small reference RF coil Cylindrical uniform phantom 100 min
images TR Ex vivo mouse 30 min
In vivo mouse 55 min
T, mapping for RARE with variable Volume TxRx Large reference RF coil Rectangular uniform 30 min
validation images TR phantoms
Hybrid correction
Mapping of FA and B; FLASH Surface TxRx CRP Cylindrical uniform phantom 90 min per FA
with low T,
FLASH Surface TxRx RT Rectangular uniform phantom 30 min per FA
with low T
RARE SI modelling  T,w-RARE (with and Volume TxRx Small reference RF coil Samples with different T, 5m40s per FA
w/o flipback)
T, mapping for RARE with variable Volume TxRx Small reference RF coil Samples with different T, 90 min
modeling TR
T, mapping for test RARE with variable Volume TxRx Small reference RF coil Cylindrical uniform phantom 100 min
images TR Ex vivo mouse 30 min
In vivo mouse 55 min
T, mapping for RARE with variable Volume TxRx Large ref RF coil R gular uniform 30 min
validation images TR phantoms
T, mapping uniform  RARE with variable Volume TxRx Small reference RF coil Cylindrical uniform phantom 100 min
phantom TR with low T,
T, mapping uniform  RARE with variable Volume TxRx Large ref RF coil R g uniform phantom 30 min
phantom TR with low T,

CRP, cryogenically cooled radiofrequency probes: FA, flip angle: FLASH, fast low angle shot: RARE, Rapid Acquisition with Relaxation Enhancement: RT, room
temperature: TXRX, transmit-receive.

To compute the models, we performed RARE measure-
ments both with and without flipback and studied the effect
of the extra pulse (which restores longitudinal magnetization,
improving SNR) on the SI:

o T,-weighted (T;w-) RARE scans (TE/TR = 2.49/1000
ms, echo train length (ETL) = 8, receiver bandwidth = 50
kHz, centric phase encoding, field of view = (25 x 25)
mm’, matrix = 128 x 128, 3 slices of 2 mm thickness,
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TA = 5m40s). Thirty-five reference RF powers were used
to vary the excitation FA in 5° increments, between 5° and
160° (flipback) and between 5° and 110° (without flipback).

e T, maps of all phantoms (RARE with variable TR (120-
15 000 ms); ETL = 2, linear phase encoding, other param-
eters same as RARE scan).

T,w-RARE images were acquired using the same parameters
as above with flipback (CRP) and with/without flipback (RT) for
validation purposes. Corresponding T, maps for all samples were
measured using RARE with TR ranging from 150 to 14500 ms.

All reference RF power adjustments were performed on a
2-mm slice located parallel and close to the RF coil surface.

RARE modeling can be equally performed prior to or after
the image acquisition and does not entail extra acquisition time
on the day of image acquisition, for example, in vivo scans.

2.4 | Approach 1: Sensitivity correction

All post-processing was performed using customized soft-

ware developed in MATLAB (MathWorks Inc., Natick,
Massachusetts).

(A) [ MR MEASUREMENTS

This straight-forward method only requires a uniform
. - ;0 W
phantom image to correct for the BT inhomogeneities.”
The following steps were performed (Figure 1A):

MRI study. Images (sample and uniform phantom) were
acquired.

e Correction factor computation. We normalized and calcu-
lated the inverse of the uniform phantom image.
Sensitivity correction. We multiplied the uncorrected
image by the estimated correction factor to correct for the
B} inhomogeneities.

This method requires neither the characterization of the
transceive RF coil used, nor the calculation of a RARE SI
model and it is, therefore, directly applicable after image ac-
quisition with little post-processing.

2.5 | Approach 2: Model-based correction
Figure 2 shows the workflow of the model-based correction,
consisting of the following steps, starting with the quantifica-
tion of the B, inhomogeneities:

CORRECTION FACTOR B,* and B,-CORRECTION
& POST-PROCESSING 1 ]
+
5 correction factor:
RARE image inverse of normalized
phantom phantom image
RARE image B,-gorrected
in vivo image
Image
(B) (EEMRMEABUREMENTS CORRECTION FACTOR B,* CORRECTION B, CORRECTION
& POST-PROCESSING 1 1
oflo] i
RARE image | - only B,-dependent
phantom . ("é" map”)
*’ -
e correction B,*-corrected
ey e, factor image
+
RARE image T -~ B,-corrected
in vivo - image
Image ‘ . G correction B,*-corrected
Intansey hode factor image
FIGURE 1 Workflows of (A) sensitivity correction and (B) hybrid B, correction. The sensitivity correction merely requires dividing the

sample image by that of a normalized uniform phantom. The hybrid method combined the model-based approach to perform a B} correction on the

sample image and a uniform phantom image. The latter is then used to perform a BT correction using the sensitivity correction method
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actual
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B,* CORRECTION | B, CORRECTION

+
correction B,*-corrected B,-corrected
factor image image

FIGURE 2 Workflow of model-based B, correction. The necessary images and maps to be acquired are described in MR Measurements & Post-

processir

respectively. The Rapid Acquisition with Relaxation Enhancement (RARE) signal intensity model was d
measured for different FAs and T relaxation times using a volume resonator. The B} correction factor w

ng column. Then the flip angle (FA) and sensitivity (B}) maps were calculated usir

ng the double angle method and the low FA approximation,

ved from a 2D fit of the signal intensities

as computed pixel-wise for the actual FA and T,

using the RARE signal intensity model. Applying this correction factor and the B} map derived correction factor yielded the final B, corrected image

e RF coil characterization. FA maps were calculated using
the double angle method.”® To increase the SNR distal
to the CRP we added a measurement at a higher FA and
merged the 60°/120° and 120°/240° maps using an SNR
cutoff. All maps were denoised using a polynomial fitting
tool (polyfim,” 10™-order polynomials).

The transmit field (B?) maps were computed using:

FA=y.-Bf 1

with y being the gyromagnetic ratio (y = 267.522 - 10° rad s~

T~ for 'H) and t the pulse length of a rectangular RF pulse.
Because calculated RF pulses were used, each one has a com-
plex shape tailored to the sequence parameters. We therefore
approximated the RF pulse length t using the product of the
RF pulse duration, the area under the RF pulse (S;,), and the
related voltage (V):

The RF coil sensitivity maps (B]) were calculated using
the low FA approximation®*®!:

Slltm'FA & |BT| : |Bl_|

where SI;,,,4 Was the 5° fast low angle shot measurement.
The low FA image and BT map were normalized by their re-
spective maximum values and B calculated as:
~ ¥ B} /max (BY)
B} /max (B] ) x ————— M ——
Shgwpa/max (Skgypy )

Ultimately, the B] map was denoised using a 10™-order
polynomial fit.

e Modeling of the RARE SI equation. The relationship be-
tween SI, FA, and T, was estimated using experimental
data and a fitting tool:

Data analysis: Images were denoised using a spatially
5 e 82
adaptive non local means filter,” and T, maps computed
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by fitting S = S(1-exp(-TR/T))) to the SIs using in-
house developed software in MATLAB. We assumed
SI(FA = 0°) = 0 for all T,. For each T, sample, a circular
region of interest (ROI) was drawn to extract average SI
and T, values from the images and maps respectively.

RARE modeling: To model the SI = f(FA.T)) relationship
a 7™-order 2D polynomial was fitted to the experimental
data using MATLAB'’s p()l}ﬁtnw function. This was the
lowest polynomial order that gave an R* > 0.99 and a faith-
ful representation of the measured data.

e MRI study. Images and corresponding T, maps of the test
samples were acquired.

e Retrospective correction. All images and maps (BT/BI‘/T D)
were spatially aligned, either by careful slice planning or
by image registration.

The Bj-correction factor (f,,,) was calculated as the mod-
eled RARE SI for a perfect 90° excitation (SI;pina) divided
by the modeled RARE SI for the actual excitation FA (SI,.,)
obtained from the FA map:

SI

nominal
o SIamunl

Applying this correction factor yielded a Bf—corrected
image:

IMAe s cory =IMAZE - feop

In the few cases where the algorithm produced negative
values (low-SNR regions), the correction factor was set to
zero.

Dividing this BT-corrected image by the B} map produced
the final B,-corrected image:

image.,,, =imageg, . .., /By

2.6 | Approach 3: Hybrid correction
This method combines the sensitivity and model-based cor-
rection (workflow in Figure 1B), and involves:

e RF coil characterization (as in Model-based Correction).

e Modeling of the RARE SI equation (as in Model-based
Correction).

e MRI study. Images and T, maps of the samples and of a
uniform phantom were measured.

e Model-based BT correction (as in Model-based Correction)
was performed on the sample and uniform phantom image.

e B correction (as in Sensitivity Correction). The inverse of
the B}-corrected uniform phantom image was applied as
the BT correction factor to the Bf—corrected sample image.

Both the model-based and the hybrid correction meth-
ods need a prior/posterior characterization of the transceive
RF coil used and the calculation of a RARE SI model. The
post-processing needed is rather simple in both cases.

2.7 | Correction method
evaluation and validation

The presented B, correction techniques were validated using
the following methods:

2.7.1 | Central profile plots

The SI profile along a central line perpendicular to the RF
coil surface was plotted against distance to the RF coil sur-
face. Seven pixels across the width of the line were aver-
aged, and the SIs were normalized to [0,1] to allow a better
comparison. A quantitative comparison was performed by
calculating the root-mean-square-error (RMSE) between
each profile and the reference. Each profile was scaled
to minimize the RMSE against the reference, in order to
compensate for the arbitrary scaling and to provide a fair
comparison.

2.7.2 | Image homogeneity assessment

To quantitatively assess the uniformity of the corrected
images, the percentage of integral uniformity (PIU)® was
computed for several ROIs of different sizes. A PIU of
100% represents perfect image homogeneity. In the uni-
form phantom, we defined 5 internally tangential circu-
lar regions of interest (ROIs) with increasing diameter on
the central vertical line. For the brain images (ex vivo, in
vivo), we manually outlined the cortex and basal ganglia/
thalamus (left and right), achieving 3 ROIs.

2.7.3 | T,-contrast and quantification
performance

We used the experimental setup (Figure 3A) to compare sub-
stances with different water content (100% or 50%, respectively)
and different T, relaxation times (490 or 1525 ms, respectively).
All acquired images with and without flipback were corrected
using the three B correction methods. Five ROIs were drawn at



DELGADO Et AL. . . P 2691
Magnetic Resonance in Medlcme;
(A) Low T1 High T1 FIGURE 3 Tlustrations of validation
T,=490ms T,=1525ms methods. (A) To evaluate the performance
of the correction methods (sensitivity,
High water model based, and hybrid). 4 phantoms with
content Phantom 1 | Phantom 3 different water content and T relaxation
Water only - times were prepared. The quantitative
Contrast comparison
Same water pnt nt assessment compared flasks with different
Low water 2 ?:Iiff:r:ntc$ el water content for both low and high T,
content Phantom 2 | Phantom 4 1 values. Similarly, contrast was evaluated
11 Watel‘/d20 by comparing phantoms with different
T, values at low and high water content.

r 1t

Quantitative comparison
Same T, different
water content
(B)
Quantitative comparison for low T, (example):

Surface RF coil

Reference

Phantom 1

Phantom 2

pseudo-randomized positions (Figure 3B) on all sets of images
(three corrections, original and reference) for all flasks. For each
of the flask image pairs described in Figure 3A, mean SI ratios
were calculated using all possible ROI combinations for all sets.
Relative ratio errors were computed:

abs (S_]reference —S_]corrected)
Ratio error=

— *100(%)
Slreference

With Slreference being the mean SI ratio computed using
all ROI combinations on the reference image pairs, and
Slcorrected being that achieved using the corrected image
pairs. Finally, the mean error and mean SD were calculated.
An example of the workflow is shown in Figure 3B.

Statistical analysis. A nonparametric l-way analysis of
variance Friedman repeated measures test was performed
(mean errors on the original data did not have a Gaussian dis-
tribution) followed by Dunn’s test where all corrections were
compared to the original data (P values < .05 were considered

(B) shows the region of interest (ROI)
placement and depicts for one selected

ROI the ratios that were calculated. In this
manner we calculated the ratios for all
possible ROI combinations in the comrected,
original and reference images. The mean
relative errors of these ratios with regard

to those obtained in the reference served as

quantitative measure for the validation

significant). All statistical assessments were performed using
GraphPad Prism 5 (GraphPad Software, La Jolla, California).

3 | RESULTS
3.1 | REF coil characterization

The maps of the receive field (Bl’) (Figure 4A) and transmit
ﬁeld(BT,here asFA)relative toa 90° excitation FA (Figure 4B)
demonstrate the spatially varying sensitivity and FA for the
CRP. A closer look at the vertical midline profile reveals a
strong deviation from the target of FA = 90° (nominal FA) with
increasing distance from the surface of the CRP (Figure 4C).
These field maps show the typical inhomogeneity inherent
to transceive surface RF coils, which was very similar in
the BT and B} maps and FA profiles for the single loop RF
coil (Figure 4D-F). The minor deviation of the FA profiles
at 20-30 mm from the coil surface (in gray) reflects a math-
ematical artifact of the polynomial fit at low-SNR regions
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FIGURE 4 Sensitivity maps and transmission fields of the two transceive (TxRx) surface radiofrequency (RF) coils used for testing and

validation. (A,D) Axial view of the computed sensitivity (B}) maps for a uniform phantom placed close to the RF coil surface. (B.E) Corresponding

flip angle (FA) maps relative to a 90° excitation. (C,F) Normalized central profile plots of the FA along the vertical axis, which reveal a strong

decay with increasing distance to the RF coil surfaces. The gray lines depict the true calculated data misestimated by the polynomial fit at low

signal-to-noise ratio regions far away from the RF coil surface; the assumed true value is shown by the blue dotted lines

far from the RF coil surface. The assumed correct value is
depicted by the dashed blue line.

3.2 | Modeling of the RARE SI equation

The RARE SI dependency on FA and T, (SI = f(FA,T)))
was modeled by fitting a polynomial to the experimental data
acquired with these parameters, either incorporating a flip-
back pulse to restore longitudinal magnetization and hence
improve SNR (Figure 5A-C), or excluding flipback to allow
natural relaxation (Figure 5D-F). The fitted 3D-surfaces are
shown in Figure 5A,D. Two-dimensional projections of the
RARE models show the relationships between SI and T, for
several FA values (Figure SB.E) and between SI and FA for
several T, values (Figure 5C,F). As expected, the fitted SI
data predicts lower SI with increasing T, and maximal SI for
FAs around 90°. The surface fits modeled the experimental
data well (R*> = 0.997 in both cases).

3.3 | Correction method
evaluation and validation

We acquired T; maps (needed for B} correction) and refer-
ence images of a uniform phantom, an ex vivo mouse phan-
tom, and an in vivo mouse brain using a volume resonator

(Figure 6A-B). The original uncorrected CRP images show
the strong spatial SI gradient typical of transceive surface RF
coils (Figure 6C). The results obtained with the three B, cor-
rection methods are shown in Figure 6D-F. The strong spatial
SI gradient present in the CRP images was removed by all
B, correction methods, yielding a uniform SI throughout the
entire field of view for all investigated samples, including
the in vivo mouse head. With the sensitivity and model-based
corrections we observed an overshoot in SI in some regions,
particularly distal to the CRP. This was due to a combination
of increasing inaccuracies in the FA and SI data at low SNR.
This overshoot in ST was resolved by combining both meth-
ods in the hybrid correction approach.

3.3.1 | Central profile plots (CRP)

To quantitatively assess the correction of the image in-
homogeneity, we plotted normalized vertical SI profiles
(Figure 7A-C). For all three approaches, the corrected SI
profiles showed close correspondence with the reference
RF coil (plotted as a surface in green). From these pro-
files one can determine how far away from the RF coil it
is still viable to perform B correction. This depends on
the specific scanning parameters and the dimensions of the
RF coil; here this distance was approximately 17 mm (for
a nominal FA of 90°, an actual FA of up to 8° could be
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FIGURE 6 B, cormection for cryogenically cooled radiofrequency probes (CRP) images of a uniform phantom, an ex vivo phantom and a

living mouse. From left to right, the columns show (A) the acquired T; map (reference coil), (B) the reference image, (C) the original CRP image,

(D-F) the cormrected images. A comparison of the original images with the reference images demonstrates the need of B, correction. Quantification

is severely hampered by the adverse signal intensity gradient. The corrected images show a remarkably improved homogeneity. All three cormrection

methods performed well, with only slight differences between the results. Masks containing minor errors in the correction are overlaid and shown

in light red

corrected). For our experimental setup, the region beyond
17 mm showed increasing inaccuracies in the field maps
and SI measurements, leading to unacceptable errors in all
corrected images.

Quantitative examination revealed that all correction
methods considerably reduced the RMSE computed on the
profiles to a maximum of 0.18 (uniform), 0.12 (ex vivo) and
0.26 (in vivo), with respect to the reference. For the uniform
phantom, the sensitivity and hybrid approaches performed
equally well (0.11). For the ex vivo phantom the sensitivity
and model-based correction performed similarly (0.11). In
vivo, the sensitivity correction achieved the best result (0.21).
In comparison, the uncorrected profiles revealed an average
RMSE of 0.53 + 0.07 for all test phantoms.

332 |
(CRP)

Image homogeneity assessment

For the uniform phantom, we found the calculated PTU
(Figure 7D-F) to be 95.7% within the largest ROI using the
volume resonator, indicating no significant inhomogeneities
across the image, as expected. Conversely, a PIU of 0.9% was
obtained within the same ROI on the uncorrected image. The
PIU degradation scaled with increasing ROI diameter. After
correction, the model-based approach showed a PIU of 65%
on the fourth ROI (up to a distance of 16.2 mm from the RF
coil surface). Beyond that distance, the observed overshoots

confounded the PIU, which decreased to 0% in the largest
ROL

For the mouse brain images the PIUs showed the ex-
pected high homogeneity for the reference RF coil: ex vivo
87.0 + 4.4% and in vivo 87.7 + 9.1%. The original surface
RF coil images displayed substantial inhomogeneities: av-
erages of 35.4 + 9.2% ex vivo and 33.2 + 11.8% in vivo.
A significant improvement in image homogeneity was
achieved with all three correction methods, both in vivo and
ex vivo. The model-based method performed best on average
(85.0 + 3.8% ex vivo and 80.5 + 11.3% in vivo), closely fol-
lowed by the hybrid (81.6 + 6.9% ex vivo and 79.7 + 11.2%
in vivo) and sensitivity (80.8 + 5.7% ex vivo and 76.5 +
10.3% in vivo) corrections.

3.3.3 | T,-contrast and quantification
performance (RT)

We studied the errors in SI ratios between several fixed
locations for all four phantoms, comparing original (uncor-
rected) RARE images and their three corrections, relative
to the ground truth (reference images). These validation
assessments were performed for RARE without flipback
(Figure 8) and with flipback (Figure 9). The box plots
(whiskers at 5-95 percentile) depict the mean errors for
quantification at low and high T, relaxation times, and
for T, contrast measurements with low and high proton
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FIGURE 7 Normalized signal
intensity profiles perpendicular to the
radiofrequency (RF) coil surface and
percentage of integral uniformities (PIU) for
the exemplary images shown in Figure 5:
(A-D) uniform phantom, (B-E) ex vivo,

and (C-F) in vivo, using 5 internally
tangent circular regions of interest (ROIs)
with increasing diameter (uniform) or
anatomical regions (ex vivo, in vivo: cortex
and basal ganglia/thalamus, BG/T). The
corrected profiles demonstrate a striking
increase in image homogeneity and show
the same trends as those of the reference
coil. In all three phantoms the calculated
root-mean-square-errors (RMSEs) of the
corrected profiles reveal a high resemblance
to the reference. The PIU plots indicate

a significant improvement in image
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density. Errors below 10% (dashed line) were considered
acceptable.

Correction of RARE MR images without flipback (Figure 8):
All correction methods reduced the errors to less than 10% for
both quantification and contrast, contrary to uncorrected im-
ages that showed substantial errors (41-45%) and variabilities
(37-42%). None of the calculated mean errors reached a value
>8.3% after correction.

The sensitivity correction performed best when calculat-
ing water content proportions at low T, values (5.0 + 2.9%),
followed closely by the hybrid (6.0 + 2.7%) and model-based
(6.6 + 4.5%) methods. All three methods behaved similarly for
higher T, values, with mean errors of approximately 8% (sensi-
tivity 8.1 +2.9%, model-based 8.3 +5.9%, hybrid 8.1 + 3.3%).
All correction methods improved quantification significantly
(P value < .0001) when compared to the original data.

When measuring T, contrast, the hybrid method per-
formed best for both water content phantoms (2.4 +
1.7% high, 4.7 + 3.8% low). The sensitivity correction
method performed better than the model-based method
for the high water content phantom (3.5 + 2.5% vs. 6.2 +
5.5%). However, for the low water content comparison,

homogeneity after correction

the model-based correction method performed better than
the sensitivity correction (5.2 + 3.9% vs. 6.1 + 3.1%).
Similarly, the three described correction methods signifi-
cantly improved T, contrast, when compared to the original
data (P value < .0001).

Correction of RARE MR images with flipback (Figure 9):
In general, all correction methods performed worse when
flipback was enabled in RARE measurements, compared to
RARE without flipback. The errors without correction were
comparable to the case without the flipback option (40-58%).
Their variabilities, however, were spread along a wider range
(40-62%).

For quantification, the correction methods performed
worse at low T, relaxation times (overall about 10%: sensi-
tivity 11.0 + 7.6%, model-based 10.7 + 7.9%, hybrid 12.2 +
8.6%) than at higher ones (sensitivity 4.8 + 4.0%, model-
based 11.4 +10.1%, hybrid 7.2 + 6.0%). All correction meth-
ods significantly improved quantification when compared to
the original data (P < .0001).

T, contrast accuracy was considerably reduced when using
flipback during the measurements, with errors approach-
ing 20-30% for high water content. The sensitivity correction

106



107

2696 . . . e DELGADO ET AL.
—LMagnetlc Resonance in Medicine .
RARE without flipback
(A) Quantification error, low T, (B) Quantification error, high T,
200 . 200
175 175 s
150 150
sz 7D .15
X X
g g
& 50 3 50
[ =4 =
© @
() (7]
E ek *k E
25 25
10 ———— 10
0 0
Original ~ Sensitivity Model-based  Hybrid Original ~ Sensitivity Model-based Hybrid
©) T, contrast error, 100% water (D) T, contrast error, 50% water
200 200 %
175 . 175
1501 T wsol T
75 7
£ g
5 5
5 50 3 50
§ §
(] Q
E Fekek ek Hedkede E dededke dedede ek
25 25
10 10 T —— _——_ = B
ol 0 —r— *
Original ~ Sensitivity Model-based  Hybrid Original ~ Sensitivity Model-based Hybrid

FIGURE 8 Assessment of quantification and contrast accuracy for Rapid Acquisition with Relaxation Enhancement (RARE) without

flipback. Box plot of relative quantification and contrast errors for the original uncorrected images and those corrected with each of the three B,
correction methods. All B, correction methods reduced the median error from well above 25% to below 10% (dashed line). Whiskers represent the
5 and 95 percentiles. Asterisks indicate statistically significant differences compared to the uncorrected images

method (19.5 + 9.7%) performed marginally better than the
model-based (28.9 + 19.4%) and hybrid (28.4 + 14.5%) meth-
ods. For higher water content the errors were smaller (8-15%).
Similarly, the sensitivity correction method (8.3 + 5.0%) per-
formed slightly better than the other two (model-based 15.2 +
13.2%, hybrid 15.2 + 8.7%). Only the sensitivity method signifi-
cantly improved T contrast (P value = .0002 and .0003 for high
and low proton density, respectively).

4 | DISCUSSION

Several methods have been described in the literature to cor-
rect B; inhomogeneities. These methods are especially crucial
for images acquired with transceive surface RF coils. The cur-
rent study extends this work by demonstrating the feasibility

and efficacy of B, field inhomogeneity correction methods for
RARE MRI, for which an analytical SI equation is not avail-
able. Our phantom results showed a substantial improvement
in image homogeneity after B; correction using the methods
we investigated. We also establish the feasibility of these ap-
proaches for samples with more complex structures (ex vivo
and in vivo mouse) and in time-constrained scenarios (in vivo).
These results demonstrate that images derived from the cor-
rection procedures are suitable for accurate T, contrast and SI
quantification purposes, thus opening the way for parametric T,
mapping and X-nuclei quantification using surface transceiver
RF coils/probes. Compared to previously developed correction
methods,*>>* the approaches presented and evaluated here are
applicable to MR imaging techniques for which no analytical
SI equation exists, including but not limited to echo-planar im-
aging and ultrashort echo time imaging techniques.
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FIGURE 9 Assessment of quantification and contrast accuracy for Rapid Acquisition with Relaxation Enhancement (RARE) with active

flipback. Box plot of relative quantification and contrast errors for the original uncorrected images and those corrected with each of the three B,

correction methods. B, correction reduced the median quantification error from well above 25% to below 10% (dashed line) but achieved only a

modest improvement in the T, contrast error. Whiskers represent the 5 and 95 percentiles. Asterisks indicate statistically significant differences

compared to the uncorrected images

The sensitivity correction method is well established in
the literature®” for correction of sensitivity-related inhomoge-
neities. A typical application is the correction of B} inhomo-
geneities in a RF coil setup where a volume resonator is used
for transmission and a surface RF coil (with or without cryo-
cooled technology) for MR signal detection. We demonstrate
here that this method is also effective for correction of B}
inhomogeneities. The sensitivity correction method includes
an inherently linear BY correction, because all images are the
product of the transmission and reception capabilities of an
RF coil. This concept is supported by the quasi-linear trends
shown in our SI model for SI vs. T relaxation time, and the
linear trends present for the majority of the SI vs. FA range
(e.g. between 30°-70° and between 90°-140°).

The two novel B; correction methods (model-based,
hybrid) we propose use an empirical SI model of the RF

pulse sequence. The correction workflow involves using the
calculated SI model to adjust the SI to that of the nominal FA,
based on the actual FA and T,. This rectifies the inhomoge-
neities related to RF transmission (Bf), whereas those related
to the RF coil sensitivity (B}) are addressed in a separate step
using a previously calculated B| map (model-based) or using
a B}-corrected uniform phantom (hybrid).

Homogeneity was first assessed calculating the PTU and
central SI profiles in the corrected and reference images.
These tests revealed a high homogeneity, maintained when
comparing the ex vivo phantom to the in vivo situation (dif-
ference in mean below 5%). A clear difference was found in
the profile comparison (RMSE = 0.12 vs 0.26, ex vivo and
in vivo respectively), which might be related to a change in
animal position when transferring the animal from 'H-CRP
to reference RF coil. These differences might be also caused
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by motion (eg, due to misalignment of the FA map, worse
B, shimming, etc.). Although the option motion averaging
was used, it might not have been enough to compensate for
bulk motion. Because we were using a RARE-based imaging
sequence where the blood signal in large vessels is inherently
suppressed due to the use of a spin-echo train, we do not be-
lieve the changes in performance to be related to blood flow.**

Assessing the accuracy of SI quantification and T, con-
trast measurements yielded different results for RARE with
and without flipback that drives the equilibrium regimen.
Without the driven equilibrium regimen all correction meth-
ods reduced the errors to less than 10% for both quantifica-
tion and T, contrast, and produced statistically significant
improvements compared to the original data. For the driven
equilibrium regimen, the errors in the original data were more
pronounced, which translated into higher SI quantification
and T, contrast errors after correction. For all three B, cor-
rection methods, errors were around 10% for quantification,
but the accuracy of T, contrast was considerably reduced,
with errors up to 20-30% (for high water content). Only the
sensitivity method improved T, contrast significantly.

When flipback was inactive, all three methods performed
similarly for STquantification purposes, and yielded improved
performance for the low T, mode. This can be attributed to
the reduced T,-weighting at the repetition times used, so that
less correction was needed. The sensitivity correction method
performed slightly better than the other two for SI quantifica-
tion purposes. The simplicity of this approach makes it pref-
erable for absolute SI quantification. Conversely, our results
showed that the hybrid correction provides more accuracy
when T, contrast is essential (eg, for contrast-enhanced im-
aging in inflammatory disease).

Overall, the hybrid method performed better than the
model-based one. Because the only difference between them
is the sensitivity profile calculation, we conclude that the
simple sensitivity correction performs better than the low
FA approximation when computing a B} map from measure-
ments. The minor artifacts produced at regions distal to the
coil are caused by inaccuracies in the FA information associ-
ated with low SNR.

The described model-based approach is fundamentally
limited by SNR constraints at larger distances from the RF
coil, and by the accuracy of the B, and T, maps and the poly-
nomial fit. Determining the distance until which a meaningful
correction can be achieved is challenging, since it depends on
the conditions and scanning parameters used (eg, coil dimen-
sions, SNR, acquisition time). Hence, this distance should be
determined by each user, for each specific setup: (1) calculate
the central profile plots for each correction and (2) determine
at what distance from the coil the corrected profile still fol-
lows that of the reference volume RF coil. This will not re-
quire extra time, because T; mapping with the reference RF
coil is anyway required for the B, correction.

Accurate knowledge of T, and FA is crucial for the precise
correction of the B, inhomogeneities using the model-based
and hybrid methods. For our workflow, we selected readily-
available MR imaging protocols (eg, double angle mapping,
RARE with variable TR). Limitations are related to the inherent
instability associated with the FA and T, mapping techniques,
the lack of an established gold standard, and substantial vari-
ability among the different methods. FA mapping depends on
the slice excitation profile, B, homogeneity and other factors,®"
which produce additional uncertainties. Moreover, FA mapping
techniques are usually imprecise for low FAs,* increasing the
FA error at large distances from the RF coil.

T, mapping is equally challenging and subject to many
sources of error. Fundamentally dependent on the FA, it is
usually performed using volume resonators or a combination
of RF coils for transmit-receive (volume for transmit, surface
for receive) to attenuate the effects of Bf inhomogeneity. A
caveat of these methods (model-based and hybrid) is the need
to acquire a T, map with each image (in order to consider the
T, contrast of tissues) when removing the field inhomogene-
ities in 'H images. Although T, mapping is feasible using a
cryocooled RF probe,*® we invested the extra time and used a
volume resonator to reduce T map errors.

An alternative to calculate the signal evolution (ST model)
would be to use extended phase graph®’ or Bloch® simula-
tions. Equally, magnetic resonance fingerprinting® could be
used not only to create the model but also to acquire a T,
and B; map altogether by changing FA and TR, reducing the
amount of scan time needed and producing a tailored correc-
tion (“real” B; map of the phantom/mouse). To our knowl-
edge there are no magnetic resonance fingerprinting-RARE
techniques available to date and the development of such MR
sequences was out of the scope of this study.

When considering SNR, it is important to bear in mind
that these correction methods entail multiplication by a
position-dependent matrix of correction factors. Thus, both
the signal and the noise will be increased; furthermore, this
effect will be different for each image pixel. Therefore, SNR
calculations must be performed on the original uncorrected
images.

The B, correction methods presented here have widespread
implications. We demonstrated that these methods are not only
useful for the specific case of cryogenically cooled RF probes,
frequently used to boost SNR in preclinical MRI>** put are
also generally applicable for transceive surface RF coils like
single-loop RF coils. We demonstrated the applicability of the
correction methods in conventional 'H brain imaging; however,
these methods can also be applied to moving organs, for exam-
ple, cardiovascular research, as long as the calculated reference
power is correct and the maps and images are acquired using a
trigger and spatially aligned. These approaches are also highly
relevant for quantitative MR of X-nuclei, where absolute SI is

impcn'tant._ENREF_‘w'40 For the low-SNR scenarios that are
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prevalent in X-nuclei imaging, the procedures that are used to
validate the correction methods described in this manuscript
(eg, PIU, central profile plots) might not be entirely valid. In
these cases, we suggest performing error propagation simula-
tions associated with inaccuracies due to the low SNR or to sim-
ply use the sensitivity correction method.

Interestingly, all correction methods we studied here greatly
improved SI quantification and image contrast, with only minor
differences in performance of the three approaches. The best re-
sults were obtained with the hybrid correction, but contrary to
expectations, even the straightforward sensitivity correction per-
formed well. Therefore, one could recommend this last method
due to its simplicity. These B, correction methods permit quan-
titative SI and T contrast measurements with transceiver sur-
face RF coils, using MRI techniques for which analytical ST
equations do not exist. This circumvents a key limitation and
offers a new approach for correcting B, inhomogeneity that may
be applied for a broad range of biomedical research applications.
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Purpose: Low SNR in fluorine-19 ("*F) MRI benefits from cryogenically-cooled
transceive surface RF probes (CRPs), but strong B, inhomogeneities hinder
quantification. Rapid acquisition with refocused echoes (RARE) is an SNR-
efficient method for MRI of neurcinflammation with perfluorinated compounds
but lacks an analytical signal intensity equation to retrospectively correct B, in-
homogeneity. Here, a workflow was proposed and validated to correct and quan-
tify ""F-MR signals from the inflamed mouse brain using a "*F-CRP.

Methods: In vivo F-MR images were acquired in a neuroinflammation mouse
maodel with a quadrature "*F-CRP using an imaging setup including 3D-printed
components to acquire co-localized anatomical and ¥ images. Model-based cor-
rections were validated on a uniform "F phantom and in the neuroinflammatory
model. Corrected F-MR images were benchmarked against reference images
and overlaid on in vivo "H-MR images. Computed concentration uncertainty
maps using Monte Carlo simulations served as a measure of performance of the
B, corrections.

Results: Our study reports on the first quantitative in vivo "F-MR images of
an inflamed mouse brain using a "F-CRP, including in vivo T, calculations for
mF—I'JﬂIIOpﬁI‘ﬁCIEE during pathology and B, corrections for “F—signal quantifica-
tion. Model-based eorrections markedly improved "*F-signal quantification from
errors > 504 to < 10% in a uniform phantom (p < 0.001). Concentration uncer-
tainty maps ex vivo and in vivo yielded uncertainties that were generally < 25%.

This is an open acoess article under the terms of the Creative Commons Asribution-NonCommercial License, which permits use, distibution and reproduction in any
medium, provided the original work is property cited and is not used for commerdial purposes.
2 M71 The Authors. Magnetic Resorance in Madicine published by Wilksy Periodicals LLC on behalf of International Society for Magnetic Resonance in Medicine.
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1 | INTRODUCTION

Fluorine-19 ("*F) MRI shows promise in several biomed-
ical applicar.iuns.1'3 However, "F-MRI suffers from low
SNR due to the very limited availability of "F nuclei in
vivo. Consequently, *F-MRI is constrained by long mea-
surements. One SNR-boosting strategy has been to imple-
ment sensitivity-promoting surface RF coil technologies.*
Cryogenically cooled transceive surface RF probes (CRPs)
have introduced a paradigm shift in preclinical imaging,
providing substantial SNR gains compared with room-
temperature RF coils.™"" Further increases in SNR have
been achieved with quadrature configurations, which pro-
vide a+/2 SNR gain and better transversal B, homogeneity
compared with linear polarized RF coils."

Quadrature CRPs are typically single-tuned for X-
nuclei® since dual-tunable capabiliies would require
electromagnetic decoupling between coil elements, ' de-
grading signal sensitivity. This adds extra post-processing
challenges when locating quantified '*F signals in vivo.
Moreover, the low-SNR and sparse nature of g prevents
the MR system from performing reference power adjust-
ments without an external '°F reference.

The greatest challenge of transceive surface RF probes
like the "F-CRP is their strong B, inhomogeneities,*!”
which hamper T, contrast and signal quantification, as
the measured "*F signal depends on the number of ]
atoms per pixel, their distance from the probe surface,
and relaxation times. Inhomogeneities in the excitation
field (Bf) are typically corrected retrospectively using
signal-intensity (SI) equations of corresponding RF pulse
sequences. This is possible for gradient-echo or spin-echo
techniques.]s'zu but the SNR-efficient rapid acquisition
with refocused echoes (RARE) technique lacks an exact
SI equation.™* We previously implemented three B; cor-
rection methods (model-based, hybrid, and sensitivity) for
RARE "H-MRI and transceive surface RF probes, consid-
erably increasing image homogeneity and significantly
reducing errors in signal quantification and Ty contrast.”

The low SNR, signal sparsity, and lack of a priori lo-
cation of the 'F signal constrain the reliability of signal

Monte Carlo simulations prescribed SNR > 10.1 to reduce uncertainties < 10%,
and SNR = 4.25 to achieve uncertainties < 25%.

Conclusion: Our model-based correction method facilitated F signal quantifi-
cation in the inflamed mouse brain when using the SNR-boosting "*F-CRP tech-
nology, paving the way for future low-SNR "*F-MRI applications in vivo.

E_MRI, B, correction, inflammation, RARE, transceive surface RF probe

quantification, even after B, correction. A procedure that
evaluates the quality of the SI correction and quantifica-
tion per image voxel is thus crucial. This is particularly
relevant when monitoring and quantifying inflammation
e.g., in the animal model of multiple sclerosis (MS), exper-
imental autoimmune encephalomyelitis (EAE)** using
YF.nanoparticles (NPs).

Here, we implemented and validated our B, correc-
tion ag.'q:lr::lzlches23 to correct "*F-MR images from a single-
tuned quadrature '*F.CRP after estimating in vivo T, of
E.NPs in the EAE brain using a volume resonator. We
performed Monte Carlo SNR simulations to estimate the
associated concentration uncertainty. We also established
a workflow using 3D-printed add-ons to facilitate in vivo
localization of “F-MR images from the "E.CRP on ana-
tomical images acquired from a 'H volume resonator. This
workflow and correction method delivered the first quan-
titative in vivo "*F-MR images of an inflamed EAE mouse
brain using a **F-CRP. These results will be pivotal to drive
future "F research using transceive surface RF technolo-
gies to quantify inflammation or wF—compﬂum:ls in in vivo
studies.

2 | METHODS
2.1 | Magnetic resonance hardware

All experiments were carried out on a 9.4T small animal
MR scanner {BioSpec 94/20; Bruker BioSpin, Ettlingen,
Germany).

F images were acquired using a g cryogenically-
cooled transceive surface RF probe ("*F-CRP CryoProbe;
Bruker BioSpin)'" for mouse head imaging (inner di-
ameter [ID] = 20 mm), composed of two elements op-
erating in quadrature mode. Anatomical images were
measured using a 72-mm (ID) linear volume resonator
(Bruker BioSpin). T; measurements of "E.NPs in EAE
brains and reference "°F images were acquired using a
small-diameter (ID = 18.4 mm) mouse head "H/™F vol-
ume resonator.
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2.2 | Anatomical and F-MRI setup

Given the lacking 'H channel, an imaging setup includ-
ing 3D-printed components was devised to acquire co-
localized anatomical and ""F-CRP images.

221 Animal bed modification

The standard animal bed uses a lever that elevates the bed.,
lifting the mouse head closer to the *F-CRP. This feature
hampers position reproducibility. To ensure spatial align-
ment of both **F-CRP and anatomical images, a 3D-printed

(A) Animal bed with new components

Y-axis blocker

Animal bed Head holder

(C) 'Himaging

Animal bed

Magnat bore T
CRP center tube

247 scanner

(E) Anatomical 'H image

Reference cap

nce power

blocking component (Y-axis blocker) was designed to elim-
inate movement in the Y-axis (Figure 1A). Additionally, a
new head holder was designed and 3D-printed to place the
mouse head closer to the CRP surface (Figure 1A).

222 | 'H-MRIsetup

The 72-mm-volume resonator was positioned around the
center tube holding the '*F-CRP. Anatomical images were
acquired after a CRP replica (dummy), inserted from the
back of the scanner, was kept in place while the animal
bed was inserted from the front.

(B) Reference cap

Parafilm
sealing

NP-emulsion
in 0.75% agarose

(D) '°Fimaging

Magnetbore ™~~~
CRP center tube

9.47 scanner

°F image
ent platform)

FIGURE 1
Close-up view of the animal bed provided by the vendor with a cu
(y-axis blo

For exemplary in vivo imag

Afterward, reference po

m-de:

)and a new head holder to bring the animal’s head cl
nanoparticles (NPs) to perform '"F-CRP reference power adjustments and as reference for quantification. (C,D) "H/
s, anatomical images and slice planning are performed using a 7

Anatomical and fluorine-19 (*F) imaging setup designed for a single-tuned cooled transceive surface RF probe (CRP). (A)

ed component that eliminates mobility in the y
of the CRP. (B) Reference

F-loaded
F imaging setups. (E)

to the surfa; p containing

-mm volume resonator and a CRP dummy.

nwer calibrations are carried out using the reference cap, and '°F images are acquired using the ’F-CRP
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223 | “F-MRIsetup

Both animal bed and dummy were removed and the
"H-volume resonator was retracted toward the back of
the scanner. The "F-CRP was mounted as instructed by
the vendor.

A "FNP reference cap (section 2.3) was placed over
the mouse head to perform "F-CRP reference power
adjustments and to acquire images for guantification
(Figure 1B). Afterward, it was removed to acquire in vivo
YF images (Figure 1C-E).

23 | Sample and animal preparation

Table 1 summarizes all MR measurements, RF coils, and
samples used.

Perflucro-15-crown-5-ether (1200 mM  PFCE;
Fluorochem, Hadfield, United Kingdom: f = 376.620
MHz) nanoparticles were prepared as described. **

To characterize "*F-CRP B, fields, B; maps and RARE
images were used as follows:

+ Low-T, uniform phantom: 15-mL tube (ID = 14.6 mm,
length = 120 mm, wall thickness = 08 mm;
Fischer Scientific, Waltham, MA, USA) with 33.3%
2.2 2-triflucrethanol (Carl Roth & Co, Karlsruhe,
Germany; f = 376.633 MHz) in water with 0.08 mM
of gadolinium (Magnevist 0.5 mmol/ml; BayerVital,
Leverkusen, Germany) yielding T = 300 ms.

« High-""F concentration reference cap (Figure 1B): ho-
mogeneous mixture of 60 mM NPs in 1 mL 0.75% aga-
rose (dimensions 20 x 15 mm’; thickness = 1.5 mm)
sealed within PARAFILM (thickness = 0.14 mm; Sigma-
Aldrich, 5t. Lonis, MO, USA).

Both sets of maps were acquired separately to consider
tube thickness (0.8 mm). This accounts for more than
half the number of pixels of the reference cap.
Phantoms and mice were used to evaluate the perfor-
mance of the By correction methods as follows:

» Test uniform phantom: 15-mL tube containing 0.2 mM
of 2,2 2-trifluorethanol in water. To achieve T; = 1870 ms
(in vivo PFCE-NPs Ty; see section 3), 0.006 mM gadolin-
ium was used.

In vivo and ex vivo mice: EAE was induced in female
SIL/] mice as described ™ Animals were weighed and
scored (0-5) daily for disease signs. Intravenous injec-
tions of "E-NPs (10 umol PFCE in 200 pL) were ad-
ministered daily from day 5 following EAE induction
until the experiment end. Respiration and temperature

were monitored during measurements. All animal
experiments were approved by the Animal Welfare
Department of the LAGeSo in Berlin and in accor-
dance with international guidelines (86/600/EEC).

In vivoe ""E-NPs T, for model-hased corrections was
calculated in n = 3 EAE mice using a combination of
ketamine-xylazine (initial dose 400 pL, followed by
100-200 pL injections administered intraperitoneally
every 45 minutes until the end of the MR examina-
tion) to aveid confounding “F signal. Ex vivo T of
PFCE-NPs was computed on n = 3 ex vivo phantoms
prepared as described subsequently.

In vivo 'H and '*F images were acquired on another
n =3 EAE mice from which n = 2 animals are shown.
These were anesthetized with isoflurane (2% initial
dose, 0.5%-1% maintenance). '"H- and "F-MRI of an ex
vivo phantom containing the central nervous system
{CNS) of a EAE mouse perfused/fixed as described® and
embedded in a 15-mL tube filled with 4% paraformalde-
hyde (Santa Cruz Biotechnology, Dallas, TX, USA ) were
also performed.

A reference cap (24 mM NP emulsion ) was prepared as
described previously for '*F-CRP adjustments and sig-
nal quantification of in vivo and ex vivo mice. A similar
construction of smaller dimensions (10 % 5) mm® was
prepared to fit within the volume resonator.

2.4 | Magnetic resonance experiments

*F.CRP reference power calibrations were performed on
a 1-mm slice parallel and close to the probe surface. All
images were acquired as repetitions in axial and sagittal
orientation. Moise scans (number of excitations [NEX] =1
and reference power = 0 W) were acquired after each
RARE image for SNR map computation.

241 | “F-CRP B, field characterization

The B, fields of the "*F-CRP were characterized * Separate
sets of maps were determined using the low-T, uniform
phantom and the high-"*F concentration reference cap as
follows:

« Flip angle (FA) mapping: FLASH measurements with
TE/TR = 2.16/3000 ms, FOV = (25 % 25) mm®, matrix =
06 » 06, 5 slices (gap/thickness = 0.5/2 mm), 1 hour per
orientation; FA = 60°/120°/2407 {uniform phantom)
and FA = 60°/120° (reference cap).

« B; mapping: FLASH measurements with parameters as
described previously and FA = 5° in both cases.
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For the sensitivity correction method, RARE images of
the low-T, uniform phantom were acquired (TE/TR =
4.62/1000 ms, same geometry, echo train length (ETL) =32,
bandwidth = 50 kHz, centric encoding with flipback, 1 hour
per orientation). All "F-RARE images were measured using
these scan parameters with varying acquisition times.

242 | Ty relaxation times (reference, ex
vivo, in vivo) of PECE-NPs

Due to the inherent "F characteristics (low SNR, signal
sparsity, lack of an a priori known location ), determining in
vivo Ty with T; mapping was unfeasible. We applied MRS
techniques using the "H/"*F volume resonator as follows:

Non-localized spectroscopy (block pulse, 10 TRs [230-
10 000 ms], number of acquisitions [NA| = 64, acqui-
sition time [TA] = 35 minutes) to compute T, values of
the two reference caps (24 mM, 60 mM).

Localized spectroscopy (PRESS) to compute T, values in
the brain after "*F-NP administration in ex vivo phan-
toms (n = 3, 12 TRs [250-15 000 ms], NA = 64, TA = 32
minutes) and in vive mice (n = 3, § TRs [412.5-13 000
ms|, NA = 128, TA = 1 hour 8 minutes). A default B,
field map was measured before each experiment to op-
timize shim adjustment (MAPSHIM) computed on 'H
using a 3D cuboid shape fitting the mouse brain.

243 | Uniform phantom MR measurements

AYEMR image of the test uniform phantom was acquired
with the "*F-CRP (RARE: same parameters, 3 seconds,
axial orientation) to assess B, correction performance in
low SNR scenarios far from the probe surface. A reference
F image (RARE: same parameters, 1 hour) and a T, map
(RARE with variable TR [250-10 000 ms], ETL = 2, linear
phase encoding, other parameters same as RARE scan, 24
minutes) were acquired with the 'H/"F volume resonator
for comparison.

244 | Exvivoand in vivo MR
measurements

Slice planning and anatomical images (FLASH: TE/TR =
3/120 ms, same FOV, matrix = 256 x 256, TA = 30/15
minutes per orientation ex vivo and in vivo, respectively)
were acquired with the 72-mm volume resonator.

YEMR images were measured with the SE.CRP with
(RARE: same parameters, 15 minutes per orientation both
ex vivo and in vivo) and without (RARE: same parameters,

& hours/45 minutes per orientation ex vivo and in vivo,
respectively) reference cap.

Reference images were acquired with the "H/™Fvolume
resonator in ex vivo phantoms: reference cap (°F RARE:
same parameters, 30 minutes per orientation) and phan-
toms (**F RARE: same parameters, 6 hours per orientation;
'H FLASH: same parameters, 1 hour per orientation).

25 | Dataanalysis

Data analysis was performed using MATLAE (The
MathWaorks, Natick, MA, USA).

251 | MRI data preprocessing
All data followed the same pre-processing workflow:

1. Complex averaging over smaller subsets of the total
number of repetitions to mimic different scan times
followed by a sum-of-squares (SoS) combination of
the two channels ("*F-CRP):

« Uniform phantom: one subset of a 3-second
acquisition.

« Ex vivo phantoms: four subsets corresponding to
15-minute and 1-3-6-hour acquisitions. Same with
'H/"F volume resonator for comparison.

+ Invive mice: three subsets corresponding to 15-30-45
minutes.

» Reference caps: one subset corresponding to the total
scan time.

2. Moise bias correction: ™
+ "F-CRP: noncentral ¥ distribution™ using a lookup

table for n = 2 channels.¥

« Volume resonator: Rician distribution™ using a
loakup table for n = 1 channels.*

3. Thresholding (SNR cutoff = 3.5) and removal of iso-
lated groups of < 3 connected pixels.

252 | YF-CRP B, field characterization and
RARE 51 model computation

The B; maps were computed and dencised as detailed™
(10™-order and 8™-order polynomials for the low-T; uni-
form phantom and the high-"F concentration reference
cap, respectively).

The RARE SI model was calculated as a function of
FA and T relaxation value (SI = f{FA, T, )) using extended
phase graphs™ ™ (EPGs). This algorithm provides a tool
that depicts the magnetization response and allows com-
puting echo intensities in multi-pulse MR seguences.
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RARE scans with the same MR parameters as above were
simulated for 20 equispaced T, values (150-2050 ms)
and 32 excitation FAs (5°-160° in 5° steps). Finally, an
B'hdegree polynomial was fitted” to the simulated data
for faster computation of results for arbitrary FAs and T
values, which did not introduce any oscillations or error
within the desired parameter space (R? = 1.0, root-mean-
square-error (RMSE) = 5.5 % 107%).

2.53 | T, relaxation times (reference, ex
vivo, in vive) of PECE-NPs

PFCE-NPs typically show a single peak at f = 376.620
MHz. A Lorentzian line-broadening (factor = 70) and au-
tomatic phase correction (TopSpin 2.1) were applied. To
compute Ty values from MRS data, peak values were fitted
as SI vs. TR datapoints on an exponential growth. Mean
values and SDs were computed. T, values were used to
correct B} using the model-based method.

254 | B, correction methods

The B, of ""F-CRP images was corrected using the sen-
sitivity (uniform phantom) and model-based (reference
caps, phantoms, and in vivo mice) methads ™ All post-
processing was performed using software openly available
on Github (pramosdelgado/Blcorrection-toolkit).

2.5.5 | "F signal quantification

The 24-mM reference cap was used as reference to deter-
mine absolute 'F concentrations as follows:

Coampie - w (1
rf

where ﬁmmandﬂm, are the S1s for the sample and the ref-

erence, respectively, and c,,, . and c,,; are the correspond-

ing concentrations. To compute 51, , a square-shaped region

of interest (ROI; 3 x 3 pixels) was selected in a By-corrected

homogeneous region, in the center of the reference cap.

2.6 | Monte Carlo SNR simulations to
estimate the 'F concentration uncertainty

Given the sparse nature of °F images and the spatially var-
ying B, fields of the "*F-CRP, we computed concentration
uncertainty maps after By correction as follows (Figure 2):

Magnetic Resonance in Medicin.eJ—}

Step 1. Monte Carlo SNR simulations™ (1000 itera-
tions) were performed using measured (T, values) and
synthetic data (SI computed using the simulated RARE
SI model). Simulation parameters (Table 2) were defined
to mimic realistic excitation FAs, BJ-values, and SNRs
within the sample. Shorter parameter ranges were cho-
sen for the reference cap after inspection of the central
region of the FA, B, and SNR maps obtained (section
2.5.5). This was crucial to reduce matrix size and avoid
memaory problems.

Step 2. Noise levels for the prescribed SNR values were
fixed for a 907 excitation and B} = 1 using a “reverse
model-based correction™ (inverse steps of the model-
based correction™).

Step3. For each combination of reference and sample FA,
B, and T; values, the CRF Sl (for reference and sample) was
caleulated and separated into two channels. For each Monte
Carlo iteration, complex Gaussian noise was added to both
channels, and a 508 reconstruction was computed to simu-
late a noncentral y distribution. A noise bias cormection was
performed as described, followed by a modal-based cormec-
tion. Finally, the concentration was estimated using equa-
tion (1). The mean SNR and mean and SD of the corrected
SI throughout the 1000 iterations were determined for both
reference and sample, along with the mean and SD of the
concentration. Since the Monte Carlo samples conformed
to a Gaussian distribution of mean = 1 (section 3), the cor-
responding uncertainties in corrected 51 and concentration
were defined as SD % 100 (%).

Step4. To compute the uncertainty map of an acquired
"*F image, measured data (FA, By, and SNR maps, T,
value) were fed to the corresponding Monte Carlo un-
certainty model. The uncertainties were interpolated
pixel-wise using a simple linear regression after loga-
rithmically transforming the SNR and uncertainty data
and eliminating SNR values < 1.

27 | Correction method
evaluation and validation

B, correction methods were validated using the following
methods on the uniform phantom:

2.7.1 | Central profile plots of
uniform phantoms

We quantified the improvement in image homogeneity by
plotting normalized vertical 81 profiles of original, corrected,
and reference images against the distance from the CRP
surface.
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Parameter definition

* Number of Monte Carlo iterations
* Ground truth values for Sl and concentration (sample, ref.)

STEP1 ° Sample: excitation FA, nor d B, T, rel n times (ex vivo, in vive) and SNR
* Reference cap: excitation FA, normalized B T, r ion times (in agarose) and SNR
* Lookup table for bias correction
* RARE S| model

Compute fixed noise levels
1. “Reverse” model-based correction to compute S| SNR FA By

1
sk « Sample: FA=00°. B= 1, T, = 1869 ms i
*Ref . FA=90° B =1, T ,=036ms
2. Calculate noiseSigma for defined SNR values I o o

SNR simulations

+» For each FA, B, and T, relaxation time of ref. and sample:
1. Compute pixel CRP Sl (‘reverse model-based correction”)
2, Separate in 2 channels

« For each Monte Carlo iteration:
1. Add complex Gaussian noise and perform SoS reconstruction
STEP 3 2. Perform noise bias correction
3. Model-based B, correction s M = _
e -t ¢ = concentration

4. Determine concentration: ¢ = s, Si = signal intersiy

3. Compute statistics:
* Mean SNR
* Mean and SD of corrected Si
« Mean and SD of concentration (signal quantification)

Uncertainty map estimation

Error dataset for desired (FAB T )  Linear fit in log-log plot and uncertainty map
calculation (find uncartainty for desired SNR)

T, Uncertainty map (1)

log(uncertainty) 25
. |1 0
0

SN log(SNR)

or3,5NR3)
SNR2)

1 .

R error
SNR=25
SNR=50
SNR=100

STEP 4

FIGURE 2 Monte Carlo SNR simulation and uncertainty map estimation workflow using measured and synthetic data. After
determining the noise levels for the defined SNR values, Monte Carlo simulations are performed for each flip angle (FA), B, and T,
relaxation time of the sample and reference by adding noise, computing a noise bias correction, and calculating a model-based B, correction.
Concentration was also estimated. Statistics including mean SNR, mean and SD of corrected signal intensity (SI), and mean and SD of the
concentration were computed after each run. These simulations are then used to derive uncertainty maps for the measured data using the
FA, 85, T,, and SNR measured at each pixel using a linear regression in a log-log plot (error vs. SNR). Abbreviations: Ref., reference; SoS,
sum-of-squares
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TABLE 2 Summary of simulation parameters for Monte Carlo SNR simulations
MNumber of

Parameters Initialization values Ranges and steps elements
Ground-truth data
Ground-truth 51 sample 1 - 1
Ground-truth 51 reference cap 1 - 1
Ground-truth concentration reference cap 1 - 1
Sample data
Excitation FA (relative to 90°) 5°-130° 17 steps 126
Normalized 5] -1 0.01 steps. 101
SNR values (fixed at %0° excitation) 0-1500 0-10in 0.5 steps 246

11-25in 1.0 steps

27.5-100in 2.5 steps

105-500 in 5 steps

5101500 in 10 steps
T, values 936 ms, 818 ms, 1869 ms - 3
Reference cap data
Excitation FA (relative to 90°) 50°-60° 5% steps 3
Normalized 8] 0807 0.05-steps 3
SNR value (fived at 90 excitation) 500 - 1
T, values 936 ms - 1

2.7.2 | Image homogeneity assessment (10% < MAPE £ 25%, orange), or unacceptable (MAPE

The percentage of integral uniformity (PIUY was com-
puted for three internally tangential circular ROIs with in-
creasing diameter placed on the central vertical line filling
the region with signal.

2.7.3 | Quantification performance

Ten ROIs were placed at pseudo-randomized positions
(Figure 5B) on original, corrected, and reference images.
Mean absolute percentage errors (MAPEs) were com-
puted relative to the reference (volume resonator) images,
as follows:

MAPE= —Iﬁﬂﬁmf ~ Sleree

» 100 (%)
ST

reference

where ST, .. and 5L, are the mean SI in reference
and corrected images.

A value was calculated for the original image and
the three corrections summing over an increasing num-
ber of ROIs (top to bottom), with increasing distances
from the CRP surface and decreasing SNR. Corrections
were classified as excellent (MAPE = 10%, green), good

> 25, red).

274 | Statistics

Normality was assessed using the DApostino-Pearson
test. Because none of the MAPESs on original or corrected
data conformed to a Gaussian distribution, a Friedman
non-parametric  one-way repeated-measures ANOVA
test was used followed by Dunn’s post-hoc test, in which
all corrections were compared to original data (p-values
< 0.001 were considered significant). The statistical anal-
ysis was performed using GraphPad Prism 5 (GraphPad
Software, La Jolla, CA, USA).

3 | RESULTS
3.1 | "F-CRP B-field characterization
and RARE 51 model

The sensitivity maps (Figure 3A.D) and the FA maps
(relative to an excitation FA = 907, Figure 3B,E) of the
F.CRP revealed a strong decline with increasing dis-
tance from the RF probe surface, in both axial and sagittal
orientations.
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FIGURE 3 B, field maps of the quadrature "°F cryogenically-cooled transceive surface RF probe (*°’F-CRP) and SI model used. (A-E) B;
and relative FA maps to a 90° excitation FA in axial (A.B) and sagittal (D,E) orientation. The expected position of the mouse brain relative
to the ’F-CRP is outlined as a dashed gray line. (C,F) Corresponding normalized central vertical profiles. The gray line depicts the artifact
miscalculated by the polynomial fit at low-SNR regions far away from the RF probe surface. The physically correct value is depicted using
blue dotted lines. The simulated 3D SI model (G) shows the dependency of the rapid acguisition with refocused echoes (RARE) SIon the T,
relaxation time and FA. H.1, The 2D-projections of SI vs. T; and SI vs. FA, respectively

The B inhomogeneity is clearly depicted in Figure 3C
(axial) and Figure 3F (sagittal), which show the normalized
central vertical profile lines. The maximum distance until
which there is signal above the detection threshold (SNR > 3.5)
is, in this case, approximately 14.6 mm from the CRP surface.

Figure 3G shows the 3D view of the RARE SI model
simulated using EPG simulations. The SI was modeled as
a function of FA and T,. The SI demonstrates a lower SI
with increasing T, (Figure 3H) and maximal SI for FA = 90°
(Figure 31). When using EPG simulations, the hybrid and
sensitivity methods yielded the same results up to a constant
factor (Supporting Information). Therefore, we only used
the sensitivity and model-based correction moving forward.

3.2 | T,relaxation times (reference, ex
vivo, in vivo) of PFCE-loaded NPs

Calculated T, values for PFCE-NPs in agarose (reference
caps, 935.9 = 10.0 ms) using non-localized MRS agreed

with previously published values at 9.4 T3 T; values of
F-NPs in inflammatory lesions in the brain (PRESS) were
818.1 + 13.4 ms (ex vivo) and 1868.7 + 43.9 ms (in vivo).
This indicated an effective reduction of 117.8 ms in T, for
ex vivo compared to the reference caps, and an increase
of nearly 1 second in T; in vivo measurements. Exemplary
spectra are shown in Supporting Information Figure S1.

3.3 | Monte Carlo SNR simulations to
estimate the '°F concentration uncertainty

Figure 4A-C shows the concentration uncertainty (uncer-
tainty = SD X 100 [%]) for all FAs/B] and three SNR values
fixed for FA = 90°, B; = 1, and T; = 1869 ms (in vivo).
For the reference, representative values (FA = 60°, B] =
0.8) were used. The level of uncertainty increases with
decreasing FAs and B]. This trend is more pronounced
for regions farther away from the RF probe surface. The
contour lines represent SNR values. The green and red
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isolines depict the border of the regions where uncertainty
< 10% and 225%, respectively. These borders occur at SNR
= 10.1 and SNR = 4.25, respectively, independent of the
FA/B] and SNR combination.

We studied the linear dependence of the SD of both
corrected SI and concentration on SNR for exemplary
data {FA = 90°, By = 1.0, in vivo T, ) using the model-based
method (Figure 4D, linear fit. dashed orange line). The
corrected SI of the sample (blue dots) demonstrated a lin-
ear trend throughout the SNR range. The concentration
SD (green boxes) was linearly dependent on the sample
SNR until an SNR = 160 (SD = 7 % 1077), after which it
asymptotically approached a constant value of approxi-
mately 3.5 % 1077 (uncertainty = 0.35%) due to small but
non-negligible errors in the By-corrected data.

Finally, Figure 4E shows histograms and error bars™ of
the concentration calculated over the 1000 iterations cor-
responding to the three depicted example points{FA =707,
B = 0.8/0.4/0.2 as colored crosses on Figure 4C). The con-
centration samples exhibited a Gaussian shape with mean
=1 (g = L0003, py = 0.9964, y; = 0.9834) and increasing
SD (o = 0.05364, 53 = 0.1199, gy = 0.2529) with decreas-
ing SNR. as expected. This demonstrated that the model
recovered SIs without introducing bias. Randomness was
propagated such that the variability of the corrected SI
(ie., its SD) increased with decreasing SNR.

3.4 | Uniform phantom MR
measurements
341 | Corrected images

By correction performance was assessed in a low-SNR
scenario at regions far from the probe surface using a
low-concentration uniform phantom and a short acquisi-
tion. The SNR map is shown in Figure 5A. The original
image shows a steep 51 decay away from the RF probe
surface, typical of transceive surface RF coils (Figure 5B).
Compared with the reference image, B,-corrected images
(Figure 5C,D) yielded uniform Sls over the FOV (Figure
5E). A ghosting artifact due to fast RARE imaging is pre-
sent in the uniform phantom image used for the sensitivity
method, and in the test uniform phantom, producing an
overshoot in the sensitivity-corrected image far from the
probe surface.

342 | Central profile plots

Corrected SI profiles demonstrated close correspondence
with the reference RF coil (green area) up to a distance
of approximately 6-7 mm from the CRF surface for our

Magnetic Resonance in Medi.cineJl

specific scanning parameters, dimensions of the RF coil,
and SNR (Figure 5F).

3.43 | Image homogeneity assessment

The calculated PIU in the reference image was 01.4%
within the largest ROI (distance from CRP surface = 7.8
mm), indicating no substantial inhomogeneities across
the image. In contrast, a PIU of 13.6% was computed
for the original image within the same RO Corrections
vielded improved PIUs (56.7% for model-based and 32.4%
for semsitivity corrections). In general, PIU degrades with
increasing distance from the RF probe, where acquired
image artifacts prevail (Figure SH).

344 | Quantification
performance and statistics

According to our MAPE classification, only the model-
based correction provided excellent results for SNRs be-
tween 38 and 7 (Figure 5G; ROIs = 1-7, distance = 2.1-6.3
mm). Uncorrected images showed high errors within this
SNE range (84.7 + 85.8%). Within this region (distance =
2.1-6.3 mm), the model-based correction performed best
(7.7 £ 4.7%), followed by the sensitivity correction, which
yielded pood results (12.2 + 82%). Both corrections pro-
vided equally good results (model-based 16.2 + 16.5%.
sensitivity 19.7 + 16.6%) up to the eighth ROI (distance =
2.1-6.5 mm), in contrast to uncorrected images (80.9 +
05.6%). When considering all ROIs (distance = 2.1-7.6
mm), only the model-based correction (19.7 + 18.0%)
yielded good results. In this case, the semsitivity correc-
tion provided unacceptable results (35.5 + 33.3%), but was
still lower than the MAPE of uncorrected images (105.8
+ 125.9%). Figure 5G also shows similarities between the
proposed ranges using simulations {uncertainty < 10%
when SNR 2 10.1 and uncertainty < 25% when SNR 2 4.25)
and experimental results.

The model-based correction performed best overall,
significantly reducing quantification errors compared
with original mean errors (both B, correction methods p
< 0.001; Figure 51I). Therefore, this method was used for
further B, corrections.

3.5 | Exvivo MR measurements

Concentration maps of the ex vivo EAE phantom were com-
puted for different measurement times (15 minutes [NEX =
300}, 1, 3. and 6 hours [NEX = 1200/3600/7200]) using the
24-mM reference cap in images acquired with the reference
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FIGURE 4 The SNR simulation results corresponding to a model-based correction for T, = 1869 ms (in vivo mouse) for SNR = 1000
(A), SNR = 500 (B), and SNR = 25 (C), fixed for a 90° excitation and ] = 1. The contour lines represent equal SNR values (in black),
and uncertainties of < 10% (in green) and < 25% (in red). (D) Linear dependence on the SD of the corrected SI and SNR, and quasi-linear
dependence on the SD of the concentration and SNR (log-log plot). (E) Histogram from the Monte Carlo samples for the three points
depicted in (C). In all three cases, the distributions exhibit a Gaussian distribution of mean = 1 and increasing SDs (uncertainties) with

decreasing SNR

volume resonator (Figure 6A) and original *F-CRP images
(Figure 6B). Qualitative comparison of the reference im-
ages after 3 hours and original CRP images after 15 minutes
revealed distinct similarities, demonstrating the remark-
able SNR capabilities of the CRP. However, the *°F signal
at the lymph nodes, indicating accumulation of "*F-labeled
inflammatory cells (white arrows) in reference images was
absent in the "*F-CRP images, as the lymph nodes are lo-
cated too far away from the CRP surface to be detected.
Assessment of the '*F concentration shown by
original CRP images and corresponding model-based
B;-corrected images (Figure 6D) demonstrated that cor-
rection considerably improved the concentration esti-
mation, compared with reference images (ground truth).
The SNR maps from original CRP images showed the
expected increase of SNR with scan time (Figure 6C),
translating to fewer uncertainties in concentration (Figure
6E). Overall, the uncertainty maps indicated the reliabil-
ity of the B;-corrected concentration maps, with most

pixels being green (uncertainty < 10%) or orange (10% <
uncertainty < 25%). Images corresponding to the axial ori-
entation are shown in Supporting Information Figure S2.

3.6 | Invivo MR measurements

We studied the performance of the model-based correction
in a typically time-constrained and low-SNR in vivo EAE
*F.MRI experiment.

The first animal shown (Figure 7) exhibited severe
clinical symptoms (score = 2.5), whereas the second
(Figure 8) presented moderate clinical symptoms (score
= 1.5). Images were acquired in axial and sagittal orien-
tations for 15, 30, and 45 minutes (NEX = 300/600/900).
Images corresponding to the axial orientation are shown
in Supporting Information Figures S3 and S4.

Concentration maps of uncorrected images of
mouse 1 (Figure 7A) showed an overestimation of '°F
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FIGURE 6 Exvivo phantom validation. Sagjttal views of an ex vivo experimental autoimmune encephalomyelitis (EAE) mouse (score = 2.0)
for increasing scan times (15 minutes, 1 hour, 3 hours, and 6 hours). Reference images (A) show impressive g signal in the lymph

nodes, not visible with the "’F-CRP (B), since they are located too far away from the CRP surface to be detected. Distinct similarities when
comparing CRP images after 15 minutes and those acquired with the volume resonator after 3 hours demonstrate the remarkable SNR
capabilities of the CRP. (C) The SNR maps for the CRP images. (D) After performing the B, correction, images show concentration values
closer to the reference obtained with the volume resonator. (E) Uncertainty maps reveal the reliability of the B,-corrected concentration
maps, with most pixels indicating green (uncertainty < 10%) and orange (10% < uncertainty £ 25%) values

concentrations in regions close to the RF probe surface,
which correspond to meningeal inflammatory cell infiltra-
tion, common in EAE. White arrows indicate external sig-
nals (i.e., in ears and other adjacent tissues), which are not
corrected when located outside of the FA/B] maps. The
SNR maps (Figure 7B) correlate with the original concen-
tration maps.

Following the model-based B, correction, concentration
maps (Figure 7C) showed reduced °F concentration in
regions close to the RF probe and increased **F concentra-
tion in regions with high SNR far from the CRP surface.
The reliability of the correction is represented by the con-
centration uncertainty maps that mostly show values with
10 < uncertainty < 25% (orange pixels) and < 10% (green
pixels) especially at higher SNR (Figure 7D).

Compared to mouse 1, mouse 2 presented with more '°F
signal, even though its disease score was less severe. This is
evident from the original concentration maps (Figure 8A)
and corresponding SNR maps (Figure 8B). Mouse 2 exhib-
ited meningeal inflammation, visible as a thin layer of '°F
signal with an SNR ranging from 3.6 to 49.5 and "*F concen-
trations ranging from 0.1 to 1.7 mM. as well as inflammatory
cell accumulation in deeper regions of the brain. After ap-
plying the model-based correction ( Figure 8C), concentration
maps showed an expected reduction in '°F concentration in
the meninges and an increase in features far from the CRP
surface. Corresponding concentration uncertainty maps
(Figure 8D) demonstrate the reliability of the B; corrections,
with most pixels being orange (10% < uncertainty < 25%)
and green (uncertainty < 10%), especially at higher SNR.
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In vivo EAE mouse 1 (score = 2.5) in sagittal orientation. Concentration maps of original images (A) show an initial

overestimation of the "’F concentration in regions close to the RF probe surface (e.g., meninges), which partly correspond to regions with
high SNR (B). (C) B,~corrected images present an adjustment in scale, where 1%F concentration not only depends on the distance to the
CRP surface and SNR (heavily dependent on B} and B7) but on the 1F.NPs accumulated per pixel. (D) The reliability of the B,-corrected
concentration maps is presented by the uncertainty maps, which show green (uncertainty < 10%) and orange (10% < uncertainty = 25%)

values for most pixels

4 | DISCUSSION
The potential of "F-MR has long been recognized.'*!
However, low in vivo 'F concentrations demand SNR-
enhancing strategies. Transceive surface RF probes such
as the "*F-CRP maximize SNR® but their inhomogeneous
B, field hampers quantification. To date, efforts in B, field
correction for "*F-MRI have been scarce, and usually lim-
ited to less complex imaging techniques.'*%4243

This study builds on our previous work on B; correc-
tion methods tailored for 'H transceive surface RF probes
and SNR-efficient RARE im:tging.23 to enable "*F signal
quantification in low SNR time-constrained scenarios.
Low-concentration uniform phantom images showed con-
siderable increase in homogeneity after B, correction even
in low-SNR regions distal from the coil. Ex vivo concen-
tration maps using reference caps demonstrated substan-
tial improvement in concentration estimation, compared
with reference images. We established a method to deter-
mine concentration error after B, correction using Monte
Carlo SNR simulations and an acquisition workflow to

co-localize '*F-CRP images with anatomical images from
an external volume resonator. Furthermore, first in vivo
9F_nanoparticle T, values were determined in EAE brains
to compute model-based corrections. Successful imple-
mentation ultimately yielded the first quantitative in vivo
F-MR images of inflamed EAE brains using a *F-CRP.
Interestingly, differences in T; were observed for PFCE-
NPs in reference caps, ex vivo, and in vivo. This is in agree-
ment with previous studies showing significant changes
in T, relaxation as a result of variations in temperature or
chemical environment (e.g., pH, different tissue types). **
By introducing EPG simulations, here we reduced the
burden of our previous strategy of preparing and scanning
several samples with different T; to compute the RARE
SI model.” This also improved the accuracy of the model
by essentially eliminating possible imprecisions intro-
duced by measurements, especially at low FAs where SIs
corresponding to different T;s are closer to each other. We
found using EPG simulations that the hybrid and sensi-
tivity methods yielded the same results, up to a constant
factor. Imperfections originating from a measured model
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In vivo EAE mouse 2 (score = 1.5) in sagittal orientation. (A ) Concentration maps of original images present signals in the

meninges as well as in deeper regions of the brain, indicating increased inflammatory cell accumulation. (B} The SNRE maps show high SNR
at pixels at the top of the mouse head and a reduced SNR in regions distant to the RF probe_ (C) After applying the model-based B, correction,
concentration maps show an expected reduction in 'F concentration in the meninges and an increase in pixels far from the CRP surface.
(1)) Corresponding uncertainty maps demonstrate the reliability of the B -corrected concentration maps, with most pixels indicating green

(uncertainty = 10%) and orange (10% < uncertainty = 25% ) values

instead of EPG simulations disturb the symmetry underly-
ing this degeneracy, leading to slight differences between
the hybrid and sensitivity methods. This demonstrates
that simulations have a clear advantage, which we expect
would alse be true for other MR sequences lacking closed-
form SI equations.

The use of higher ETLs to further improve SNR through
signal averaging produced ghosting artifacts in uniform
phantoms (in test images, but also images used for sensitiv-
ity correction) in regions where '*F signal was lower. This
effect has been widely recognized ™ and produced an ab-
normal increase of signal with the sensitivity method in re-
pions adjacent to the artifact, which could not be removed
even when changing the phase-encoding direction. The
maodel-based correction was affected to a lesser extent (test
images still showed ghosting artifacts), since this correc-
tion uses FA and B] maps computed with FLASH images.
This was observed when correcting the uniform phantom
in which the model-based correction yielded MAPEs lower
than 25% for all ROIs, and calculated PIUs were equally
higher than those achieved with the sensitivity method.

Therefore, we conclude that the model-based correction
method is more robust than the sensitivity method, which
poses some constraints in MR scanning parameters.
Furthermore, the uniform phantom was prepared with
"8F concentration (0.2 mM) and SNR (range 50 to 0) com-
parable to those achieved in EAE mice administered with
PFCE-NPs (maximum "°F concentration 2 mM, SNR be-
tween 50 and 0 in all cases). Because in transoeive surface
RF probes the SNR is much higher when close to the RF
probe, the B, correction approach and uncertainty propaga-
tion model were assessed in realistic scenarios and validated
for low SNRs far away from the RF probe (Figure SF-1).
Reference caps placed above the phantoms or mouse
heads were developed to allow for reference power calibra-
tions. Little extra time was needed to acquire separate refer-
ence images to compute '*F concentrations. Furthermore,
individual B, maps were measured to correct more pixels
in the reference caps, since the wall thickness of the 15-mL
tube (0.8 mm) excluded more than half of the pixels of the
reference. Corrections of the reference caps were neverthe-
less of poorer quality, with B, inhomogeneities at the sides.
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This was expected due to the large gradient close to the
probe surface. Also, reference power adjustments may not
be reliable in the close slices, further demonstrating that FA
calibration is non-trivial and could be improved. !

Reliable B, correction is indispensable for robustly quan-
tifying the '°F signal when using the F-CRP in studies
using "*F-NPs to measure the inflammatory burden in EAE
in vivo. In this study we presented two EAE animals with
discrepancies between g signal and clinical score: the an-
imal with lower clinical severity showed more g signal.
This reflects the clinico-radiclogical paradox, well described
in M5* and EAE,* whereby clinical status and radiological
findings diverge, underscoring the urgent need to establish
more quantitative MRI methods to assess disease severity
objectively, such as that presented in the current study.

We performed Monte Carlo SNR simulations to esti-
mate ST quantification uncertainties. Simulations were de-
signed to include a wide SNR range (Table 2), taking into
account the typically low SNR values for F (SNR = 0-10
in 0.5 steps) as well as higher SNRs (SNR up to 1500). We
found that concentration uncertainty maps yielded a linear
dependence of the uncertainty on SNR, with constant re-
gions (£ 10% with SNR = 10.1 and < 25% when SNR Z 4.25).
This is consistent with the results previously demonstrated
for 'H imaging, in which SNR was not limited. These SNR
requirements are highly relevant for the experimental im-
plementation of our approach and aim to guide other re-
searchers to balance scan time with the uncertainty of the
quantification of low-SNR "*F RARE-MRI applications.

To examine the accuracy of By-corrected ex vivo con-
centration maps, these were compared to those obtained
with a volume resonator. Despite the best efforts to select
an identical anatomical position with both volume resona-
tors, minor differences in 'H might cause slight changes
in the visible "F signal. Nevertheless, there was overall
good agreement in *°F features and corresponding concen-
trations, confirmed by the computed uncertainty maps. In
vivo error concentration maps showed positive results even
when SNR values achieved were significantly lower than ex
viva, due to reduced scan times. Future studies using 3D-
RARE combined with accelerated acquisition could help
further improve concentration errors. ™ Moreover, adia-
batic pulses could be an interesting addition to 3D-RARE
acquisitions to further improve B;-field uniformity up to a
certain region.” A subsequent model-based B, correction
could be of value to increase the By-corrected area.

To conclude, we demonstrated a workflow that allows
V*F signal quantification using a model-based B, correction
method together with a single-tuned transceive surface
RF probe and RARE. We also highlight several issues that
should be considered when performing similar studies.
This approach remarkably improved concentration er-
rors from > 100% to < 25%. B, correction methods will

Magnetic Resonance in MedicineJl

be critical to ensure that the detected °F signal depends
exclusively on "*F spin density and not on distance to the
RFgmbe surface, while utilizing the SNR benefit provided
by “F-CRPs. These results are particularly promising for
future clinical applications, ™ in which the lower SNR
achieved at clinical field strengths necessitates the use of
transceive surface RF probes.
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FIGURE 51 Exemplary spectra used for T, calculation
for (A) reference cap containing 24mM F-loaded NPs

Magnetic Resonance in Medi.ciner

(non-localized spectroscopy), (B) ex vivo CNS of an EAE
mouse with administered "*F-loaded NPs prior to perfu-
sion (PRESS), and (C) in vive mouse with active EAE and
administered "“F-loaded NPs (PRESS). Measurements
were performed using a "H/"*F volume resonator. Selected
TR = 10000 ms

FIGURE 52 Ex vivo phantom (score=2.0) in axial ori-
entation for increasing scan times (15 minutes, 1 hour, 3
hours and 6 hours). Reference images (A) acquired with the
"H/"™F volume resonator show less "°F signal in the brain
compared to "*F-CRP images (B). The steep gradient in B,
field of the "F-CRP prevents from detecting the prominent
hymph node signals in contrast to the volume resonator. SNR
maps for the CRP images are presented in (C). B,-corrected
images show concentration values closer to the reference
obtained with the volume resonator (D). Uncertainty maps
(E) reveal the reliability of the Bj-corrected concentra-
tion maps, with most pixels indicating green (uncertainty
£10%) and orange (10% < uncertainty < 25% ) values
FIGURE 82 In vivo EAE mouse 1 (score = 2.5) in axial
orientation. Concentration maps of original images (A)
show an initial overestimation of the "F concentration
in regions close to the RF probe surface (e.g. meninges)
which partly correspond with regions with high SNR
(B). After performing the model-based B; correction (C),
'°F concentration maps are computed. Their reliability is
presented by the uncertainty maps (D) which show green
(uncertainty = 10%) and orange (10% < uncertainty < 25%)
values for most pixels

FIGURE 54 In vivo EAE mouse 2 (score = 1.5) in axial
orientation. (A} Concentration maps of original images
present signals in the meninges as well as in deeper re-
gions of the brain, indicating increased inflammatory cell
accumulation. (B) SNR maps show high SNR at pixels at
the top of the mouse head and a reduced SNR in regions
distant to the RF probe. After applying the model-based
By correction (C), concentration maps show an expected
reduction in *F concentration in the meninges and an in-
crease in pixels far from the CRP surface. Corresponding
uncertainty maps (D) demonstrate the reliability of the By-
corrected concentration maps, with most pixels indicating
green (uncertainty < 10%) and orange (10% < uncertainty
£ 25%) values
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