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Abstract

Theranostic imaging methods could greatly enhance our understanding of the distribution of CNS-acting drugs
in individual patients. Fluorine-19 magnetic resonance imaging ('°F MRI) offers the opportunity to localize and
quantify fluorinated drugs non-invasively, without modifications and without the application of ionizing or other
harmful radiation. Here we investigated siponimod, a sphingosine 1-phosphate (SiP) receptor antagonist
indicated for secondary progressive multiple sclerosis (SPMS), to determine the feasibility of in vivo '°F MR
imaging of a disease modifying drug.

Methods: The '°F MR properties of siponimod were characterized using spectroscopic techniques. Four MRI
methods were investigated to determine which was the most sensitive for '°F MR imaging of siponimod under
biological conditions. We subsequently administered siponimod orally to 6 mice and acquired '°F MR spectra
and images in vivo directly after administration, and in ex vivo tissues.

Results: The !9F transverse relaxation time of siponimod was 381 ms when dissolved in dimethyl sulfoxide, and
substantially reduced to 5 ms when combined with serum, and to 20 ms in ex vivo liver tissue. Ultrashort echo
time (UTE) imaging was determined to be the most sensitive MRI technique for imaging siponimod in a
biological context and was used to map the drug in vivo in the stomach and liver. Ex vivo images in the liver and
brain showed an inhomogeneous distribution of siponimod in both organs. In the brain, siponimod accumulated
predominantly in the cerebrum but not the cerebellum. No secondary !°F signals were detected from
metabolites. From a translational perspective, we found that acquisitions done on a 3.0 T clinical MR scanner
were 2.75 times more sensitive than acquisitions performed on a preclinical 9.4 T MR setup when taking
changes in brain size across species into consideration and using equivalent relative spatial resolution.

Conclusion: Siponimod can be imaged non-invasively using '°F UTE MRI in the form administered to MS
patients, without modification. This study lays the groundwork for more extensive preclinical and clinical
investigations. With the necessary technical development, !°F MRI has the potential to become a powerful
theranostic tool for studying the time-course and distribution of CNS-acting drugs within the brain, especially
during pathology.
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Introduction

Siponimod is one of the few drugs that show  sine 1-phosphate receptor 1 (S:P1) and receptor 5

efficacy in secondary progressive multiple sclerosis  (51P5) modulator. Siponimod is an oral treatment and
(SPMS) patients [1]. It is a next-generation sphingo-  is administered at a daily maintenance dose of 2 mg in
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SPMS patients [1]. SiP1 receptor modulation reduces
the egress of inflammatory lymphocytes from lymph
nodes into the circulation, and infiltration into the
central nervous system (CNS), where they cause MS
pathology [2, 3]. Several reports suggest that the
therapeutic role of siponimod goes beyond inhibiting
CNS inflammation via peripheral immunomodu-
latory mechanisms [4-6]. Siponimod has potential S1P;
and S1Ps targets within the CNS, which might provide
a mechanism for additional therapeutic action on
brain pathology directly [7, 8].

CNS-acting drugs must cross the blood brain
barrier (BBB) to exert their therapeutic effect [9]. The
BBB provides an important protective mechanism and
controls the crossing of cells and toxins from the
circulation into the CNS [10], but also presents a
formidable challenge for delivery of therapeutic
agents [11]. The introduction of fluorine atoms
enhances lipophilicity [12], promoting passive BBB
permeation [13] and thus treatment efficacy [14, 15].
Most CNS-acting small molecules such as neuro-
leptics and antidepressants are fluorinated, com-
monly with a trifluoromethyl (CFs) group, to facilitate
BBB crossing [15, 16]. Bioisosteric replacement with
fluorinated moieties continues to be seminal in
medicinal chemistry for drug discovery [15, 17] as
well as tumor imaging [18].

Quantifying drug levels non-invasively would
be instrumental for studying drug distribution
especially in inaccessible organs such as the brain.
Fluorine-19 ('°F) magnetic resonance imaging holds
the promise for mapping fluorinated drugs in the
CNS. Since the amount of endogenous MR-detectable
1F atoms in the body is negligible, ’F MR imaging
(MRI) and spectroscopy (MRS) offer a highly specific
detection of administered fluorinated substances.
Recently we employed F MRS to detect the
fluorinated drug teriflunomide [19], an anti-
inflammatory drug used for treating relapsing-
remitting multiple sclerosis (RRMS).

Therapeutic actions and adverse reactions [20]
can be attributed to the dose of drug accumulating in
vulnerable organs. Drug levels are typically measured
in blood or urine, even in the cerebrospinal fluid
when clinically warranted, but this does not
accurately reflect the potentially unevenly distributed
drug levels within CNS tissue. Pharmacokinetic
imaging is commonly conducted using autoradio-
graphy and single-photon emission computed
tomography (SPECT) [21], which involve radioactive
labelling methods that are unsuitable for routine
clinical practice. ”F MRI is an additional tool for
pharmacokinetic imaging that does not involve
harmful ionizing radiation, making this approach
particularly appealing [22, 23]. A non-invasive

method for localizing and quantifying fluorinated
drugs such as siponimod in relevant organs during
disease could allow for the integration of imaging and
therapy, to establish a theranostic strategy that can
tailor treatment to individual patient responses and
pharmacokinetics [24, 25].

Many F MR applications have been
conceptualized since the 1970s [26, 27]. MRI of
fluorinated drugs has been revisited multiple times,
but low in vivo tissue concentrations have limited the
number of successful applications [28]. PF MR
imaging in the CNS has been previously achieved for
drugs that are administered in very high dose regimes
such as fluorinated anesthetics [29, 30] and for
cytotoxic chemotherapies [31, 32]. Disease-modifying
drugs (DMDs) such as siponimod are typically
present in much lower quantities and have not been
imaged by F MRI thus far. Especially within the
CNS, where only low drug levels are expected, low
signal-to-noise ratios (SNR) pose a great challenge.
Until now, only localized [33] or non-localized [19] 19F
MR spectroscopy data - but not imaging - have been
reported for other fluorinated drugs. '°F MRI will be
an invaluable tool to clarify CNS acting mechanisms if
these sensitivity limitations can be overcome.

In this study we characterized the MR properties
of siponimod and investigated MR methods tailored
for the acquisition of short T»>/T>" siponimod. We
identified ultrashort echo time (UTE) MRI as the most
sensitive method to acquire siponimod images under
biological conditions and show the feasibility of
localizing siponimod with in vivo 1F MRI in a mouse
model. For the first time, we could image and localize
the signal of siponimod in vivo in the stomach and
liver, after oral administration. Ex vivo investigations
revealed siponimod in the kidney, brain, and thymus,
even after a single dose. We acquired 3D images of
siponimod in liver and brain ex vivo and observed
varying levels of the drug within the tissue. To
investigate the potential for preclinical in vivo imaging
in the brain and for future clinical translation, we also
acquired images with shortened protocols at lower
spatial resolution, and compare the sensitivity
achieved with state-of-the-art radio-frequency (RF)
hardware for imaging the mouse brain at 9.4 T versus
imaging the human brain at 3.0 T, a commonly used
clinical field strength. Finally, we estimated the
concentration of siponimod reached in a mouse brain.

Methods

Siponimod and phantoms

Siponimod (BAF312) was purchased from
MedChemExpress LLC (New Jersey, USA) and
dissolved in 100% dimethylsulfoxide (DMSO, Roth;
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Karlsruhe, Germanyl) at a concentration of 58 mM
(29.4 mg/ml) or in 100% human serum (from male
type AB plasma, Sigma-Aldrich, H4522) at a
concentration of 6.8 mM or 3.9 mM (3.5 mg/ml or 2
mg/ml) for in vitro experiments, and formulated in
0.6% carboxymethylcellulose (CMC, Sigma, Schnell-
dorf, Germany) as stabilizer and suspending agent at
a concentration of 19.4 mM (10 mg/ml) for in vivo
administration. The latter was formulated using a
vortex mixer and kept at body temperature prior to
application. The MR properties of siponimod were
characterized in 2 ml phantoms: syringes (inner
diameter (ID) of 10 mm) equipped with stopper
closing-cones (B. Braun, Melsungen, Germany) and
filled with either the solution in DMSO or in serum
(6.8 mM). For continuous, homogenous heating at
physiological temperature (PT, 37 °C), phantoms were
inserted into a coil of tubing with circulating water;
temperature was monitored with a fiber-optic sensor
and controlled with a remote water bath. The same
phantom was employed for the comparison of RARE,
FLASH, bSSFP and UTE pulse sequences. A 10 ml
syringe phantom (ID = 16 mm) with 3.9 mM
siponimod dissolved in serum was used to determine
the relative sensitivity of the ex vivo liver and brain
imaging protocols and as a reference tube for
determining the siponimod concentration.

To compare between imaging a human brain at
3.0 T and a mouse brain at 9.4 T, two phantoms
mimicking the respective loading characteristics were
built. An outer compartment was filled with a mixture
of distilled water, sucrose and NaCl matching the
electromagnetic properties of gray matter (40%) and
white matter (60%) at 123 MHz or 400 MHz (123 MHz:
1041 g sucrose and 25 g NaCl, 400 MHz: 1420 g
sucrose and 43 g NaCl per 11 water) [34, 35]. A smaller
inner compartment was filled with distilled water
only, to provide a volume with identical proton
density. For both phantoms, 0.073% CuSO; was added
to both compartments to shorten T: relaxation and
prevent bacterial growth. For imaging at 3.0 T, we
used a 2800 ml sphere with a 15 ml polypropylene
conical tube (ID = 14 mm, Corning Science México,
Raynosa, México) insert. At 9.4 T, we used a syringe
(ID =16 mm, B. Braun, Melsungen, Germany) filled to
12 ml with a glass NMR tube (ID = 3 mm,
Wilmad-Labglass, Vineland, USA) as an insert.

Animal experiments

All animal experiments were conducted in
accordance with procedures approved by the Animal
Welfare Department of the State Office of Health and
Social Affairs Berlin (LAGeSo) and conformed to
guidelines to minimize discomfort to animals
(86/609/EEC).

In vivo experiments

Heathy male (n = 5, designated M1, M2, M4-M6)
and female (n =1, M3) C57BL/6 mice (4-6 months old)
were anesthetized by intraperitoneal (IP) injection
using a mixture of xylazine (5 mg/kg, CP Pharma,
Burgdorf, Germany) and ketamine (50 mg/kg, WDT,
Garbsen, Germany) maintained by an IP catheter line.
After achieving the appropriate level of anesthesia, an
intubation catheter was inserted into the esophagus of
the mouse for later administration of siponimod
suspension (the distance to the stomach was mea-
sured and marked on the catheter prior to insertion).
Mice were transferred to a temperature-regulated
animal holder and supplied with pressurized air
(30%) and O: (70%). A respiration probe and body
temperature sensors (Neoptix, OmniLink version
1.15, Omniflex, Neoptix, Québec, Canada) were
connected for continuous monitoring of physiological
parameters and the body temperature was main-
tained throughout the measurements. The animal
holder was inserted into the MR scanner bore and
Cryogenic Radiofrequency Probe (CRP, see below). A
single dose of siponimod (4 mg in 400 pl CMC, ~133
mg/kg body weight) was administered remotely to
each mouse while in the scanner during the MR
measurements (see below).

Preparation of ex vivo samples

Mice were transcardially perfused with 20 ml
phosphate-buffered saline (PBS) followed by 20 ml
paraformaldehyde (4% PFA, Santa Cruz Biotechno-
logy, Inc., Dallas, TX, USA) at the end of each in vivo
experiment [36]. Ex vivo tissues including liver,
kidneys, brain, and thymus were extracted and stored
in tubes filled with 4% PFA. After fixation, the tissues
were embedded in 2% agarose in 15 ml conical
centrifuge tubes (liver, kidneys) or 5 ml Eppendorf
tubes (brain, thymus) to prevent movement during
the MR acquisition. All samples were stored at 4 °C.

MR hardware

With the exception of sensitivity comparison
measurements at 3.0 T, all MR experiments were
performed on a Biospec 9.4 T horizontal bore MR
scanner (Bruker Biospin, Ettlingen, Germany). We
used both an in-house built room temperature (RT, 20
°C) dual-tunable “F/'H head RF volume coil (ID =
16 mm) [37] and a cryogenically-cooled 2-channel
transceive F quadrature RF surface probe (ID =
20 mm, Cryogenic Radiofrequency Probe or CRP,
Bruker, Féllanden, Switzerland) [36]. Since the F
CRP does not have a 'H channel, anatomical 'H scans
were performed with a linear 'H volume coil (ID = 72
mm, Bruker Biospin, Ettlingen, Germany) using a
CRP replica emulating the geometry of the CRP
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coil-head and supporting components to reproduce
the position in the CRP.

Due to the very close gyromagnetic ratios of the
H and F nuclei (=6% deviation) [38], conclusions
about RF hardware aspects of MR sensitivity obtained
at the 'H resonance frequency are transferable to °F
measurements. For the comparison of preclinical and
clinical settings, we used a 'H cryogenic quadrature
RF probe (Bruker, Fillanden, Switzerland) with a very
similar geometry as a proxy for the 9F CRP [36, 39].
The measurements at 3.0 T were performed on a
Siemens Magnetom SkyraFit (Siemens Healthcare,
Erlangen, Germany) using the built-in body RF array
for transmission and a 32-channel head RF array

(Siemens Healthcare, Erlangen, Germany) for
reception.
MR protocols

MR characterization experiments

The “F MR properties of siponimod were
characterized in DMSO and in human serum at RT
and PT. They were also measured in ex vivo liver
tissue at RT. All protocols were performed with the
RT head volume RF coil and used Gauss excitation RF
pulses with a bandwidth (BWgr) of 10 kHz and a
spectral acquisition bandwidth (BWspe) of 200 kHz.
We used non-localized free induction decay (FID)
MRS sequences with 13 different repetition times (TR)
to determine T;. The DMSO RT and DMSO PT
protocols used: TR = 136 - 5000 ms, acquisition time
(TA) =4 min for each TR, acquired points (Nacq) = 4096.
Serum RT and serum PT protocols used: TR =20 and
2500 ms, TA = 20 min, naq = 1024 (RT) or 2048 (PT).
For the 1F MRI assessment of the ex vivo samples we
used: TRs=20-2500 ms, TA =3 h, and naq = 1024. T2
was measured with Carr-Purcell-Meiboom-Gill
(CPMG) MR spectroscopy (number of echoes = 32).
The measurements in DMSO used TR = 5000 ms, ATE
=32 ms (RT) or 41.5 ms (PT), TA = 10 min, and Naq =
6144 (RT) or 8192 (PT). In serum, we used TR = 2500
ms, ATE = 3.2 ms, TA = 20 min (RT) or 1 h (PT), and
Nacq = 512. For the ex vivo samples, we conducted a 70
h measurement with TR = 1000 ms, ATE = 3.2 ms, and
Nacq = 512.

To determine the most sensitive imaging
method, we acquired 3D images of siponimod in the
serum phantom with RARE, FLASH, bSSFP and UTE
MRI techniques, which were optimized based on the
determined T: and T relaxation times. Measurements
were performed at RT and PT with the head volume
RF coil. The RT experiments were repeated with the
CRP. For all protocols, the field of view (FOV) was
28%28%28 mm?, image matrix 32x32x32 voxels, TA =4
h (20 min with CRP), and receiver bandwidth (BWread)

=75 kHz. RARE was employed with flip-back pulse
and centric phase encoding. ATE was set to the
shortest possible timing (1.5 ms). Based on the
measured transverse relaxation times, we calculated
the expected point spread function (PSF) in the phase
encoding direction and chose the highest ETL with a
full width at half maximum (FWHM) of the PSF
below 1.5 voxels (ETL = 8 at RT, ETL = 16 at PT) [40,
41]. TR was optimized based on the steady-state
signal equation (TR =350 ms at RT, TR = 369 ms at PT)
[42]. The FLASH sequence was used with the minimal
possible TE (0.89 ms), a short TR (10 ms), and the
Ernst excitation flip angle (o = 15.2° at RT, o = 14.2° at
PT) [42]. For bSSFP, TR = 1.4 ms was chosen and the
excitation angle set to arccos((T1/T2 - 1)/ (T1/T2 + 1))
(o = 16.5° at RT, o = 26.3° at PT) [43]. UTE was
optimized as the FLASH sequence (TR = 10 ms, TE of
0.14 ms, a = 15.2° at RT and o = 14.2° at PT). In each
case, a separate noise scan was acquired with 1
average and 0 W transmit power.

In vivo experiments

All in vivo F measurements were performed
with the CRP positioning the mouse abdomen at the
center of the coil. One non-localized F MR spectrum
(TR = 1000 ms, block pulse, BWgE.excitation = 10 kHz,
BWhreceiver = 25 kHz, naq = 4096, TA = 128 s) was
acquired before the administration of siponimod.
Directly following the administration, an interleaved
series of 19F MRS acquisitions (as above) and 2D-UTE
experiments (3 horizontal slices, 6 mm slice thickness,
32x32 mm? FOV, 32x32 voxel image matrix, TR =100
ms, block pulse, BWgr.excitation = 10 kHz, TE = 0.27 ms,
a = 28°, BWreceiver = 20 kHz, TA =10 min) was started.
Depending on the stability of the anesthesia, the
protocol was repeated 10, 19 or 9 times for mouse M1,
M2 or M3, respectively. During analysis, 3
acquisitions were averaged, corresponding to a 1°F TA
of 30 min. Multiple 'H images were measured in
between to control for shifts in the animal’s position
(not shown). After the °F acquisitions, the animal was
transferred to the 72 mm 'H volume RF resonator to
acquire a high-quality anatomical image (RARE, 20
horizontal slices, slice thickness = 0.9 mm, FOV =
30%x30 mm?2, matrix size 154x154, TR = 1200 ms, TE =
5.9 ms, BWreceiver = 81.5 kHz, TA = 10 min).

Ex vivo experiments

We acquired F spectra of all ex wvivo tissue
samples using the CRP to detect siponimod and
possible metabolites: non-localized MRS, TR = 50 ms,
block pulse, BWgE-excitation = 200 kHz, BWreceiver = 200
kHz, naq = 512, a = 30°, TA =1 h. This protocol was
repeated 18 times spaced over 3 days without any
sample inserted to characterize short T>" F signals
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originating from the RF coil itself.

3D-UTE images were acquired for liver (M1-M3)
and brain (M4-M6) tissue samples. In both cases, the
CRP was used to achieve sufficient sensitivity and the
center RF resonance frequency was offset from the
siponimod resonance frequency by 2 kHz to avoid
exciting nuisance signal from the RF coil. Acquisition
parameters for the liver were: FOV = 28x28x28 mm?,
matrix size = 32x32x32, TR = 10 ms, Gauss pulse,
BWRF—excitation =10 kHZ/ TE=0.14 ms, a= 140/ BWreceiver
= 75 kHz, TA = 16 h (3632 averages), 2-fold radial
undersampling. For the brain we used the same
parameters, except FOV = 24x24x24 mm?3, matrix size
= 24x24x24 and TA = 64 h (27024 averages). In both
cases, additional scans with 1 average and 0 W
transmit power, but with otherwise identical settings
were acquired to estimate the noise level, necessary
for SNR estimation and quantification. To determine
the relative sensitivity of these 1°F 3D-UTE protocols,
identical measurements were performed on the 10 ml
serum phantom with 1362 averages (liver protocol)
and 844 averages (brain protocol). Anatomical images
were recorded similar to the in vivo experiment for
both the liver (RARE, 18 horizontal slices, slice
thickness = 0.87 mm, FOV = 28x28 mm?2, matrix size =
512x512 , TR = 2500 ms, TE = 13.5 ms, BWieceiver = 75
kHz, TA =32 min) and the brain (RARE, 12 horizontal
slices, slice thickness = 1 mm, FOV = 24x24 mm?,
matrix size = 168x168 , TR = 2500 ms, TE = 22 ms,
BWieceiver = 35 kHz, TA =12 min).

To demonstrate the possibility of localizing
siponimod with a shorter acquisition time, additional
ex vivo images were acquired of the brain of M6. The
above 3D-UTE brain protocol was adapted by
removing radial undersampling, increasing the FOV
to 48x48x48 mm? or 64.8x64.8x64.8 mm3 for 2 mm or
2.7 mm isotropic resolution, and reducing the TA to
60 min (205 averages) or 10 min (35 averages),
respectively. The acquisition at 2 mm resolution was
repeated 4 times and the average used for estimating
the concentration of siponimod. A corresponding
image of the 10 ml syringe phantom (3.9 mM
siponimod in serum) was acquired with 30 averages
as a Sl reference. The anatomical image 'H protocol
was adapted by matching the slice thickness to the
new "9F resolutions.

Sensitivity comparison to clinical imaging at
30T

The human brain is approximately 2750 times
larger than the mouse brain (V = 1400 cm3 vs. V =
0.509 cm?) [44, 45]. Thus, equivalent relative spatial
resolution is achieved with 2750 times larger voxel
volumes, which is equal to 14 times longer voxel edge
lengths for 3D isotropic imaging. We used Cartesian

3D gradient echo protocols with adapted FOVs but
otherwise identical parameters: matrix size =
256%256%16, TR = 3000 ms (full relaxation), TE = 2.8
ms, d = 90°, BWreceiver = 200 kHz, 1 average. The FOVs
were 358%358%22.4 mm?3 and 25.6%25.6x1.6 mm? for
3.0 T and 9.4 T, respectively.

Data analysis and image reconstruction
All data analysis was performed using MATLAB

and Optimization Toolbox Release 2018a (The
MathWorks, Inc., Natick, Massachusetts, United
States).

MR spectroscopy processing

All chemical shifts reported are referenced to
trichloro-fluoro-methane (CFCls).

The  FID-sequence data of the MR
characterization, acquired with the 1-channel volume
coil, was processed by removing the digital filter
delay and zero-padding the time domain data to
16384 points before Fourier transformation. 0t order
phase correction was performed manually and a real
Voigt peak with baseline was fitted to the spectrum
using Matlab’s Isqnonlin routine and the
trust-region-reflective algorithm to quantify the signal
intensity (SI) [46-48]. To quantify the F T, of
siponimod in DMSO or serum and ex vivo, the
spectrum was transformed back to the time domain
after phase correction and shifting the signal peak to
the central frequency. Afterwards, the phase corrected
FID signal was cut to the original length. The echoes
of the CPMG data were individually Fourier
transformed without zero-padding and the 0 order
phase was corrected manually before computing the
SI by integrating the real signal over a width of 1.5
kHz (DMSO) or 5 kHz (serum and ex vivo) around the
peak.

The in vivo and ex vivo MRS data acquired with
the 2-channel CRP was prepared in a similar fashion.
The time domain data of the in vivo experiments and
the control experiments with an empty RF coil was
truncated to 256 points and that of all ex wvivo
measurements to 768 points before Fourier
transformation to increase SNR. Zero-padding was
limited to 4096 points to accelerate fitting procedures.
Further processing steps of the control experiment
and ex vivo data are described in the following section.
For the in vivo data these steps were not necessary due
to the shorter measurement time and thus lower
sensitivity. Here complex Voigt peaks were first fitted
to each channel individually to estimate 0 and 1st
order phase correction terms. After application of the
phase correction, the channels were averaged and a
Voigt peak was fitted to the combined spectrum to
estimate the SI.
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Figure 1: I9F traces in the RF coil were detected with spectroscopy protocols optimized for short T2* compounds. Here the real part of 18 spectra acquired with
an unloaded RF coil is shown with manually adjusted Ot and 15t order phase (A). The two !°F lines occur at =-83 ppm and =-147 ppm. A. u. denotes arbitrary units. To remove
this artifact from spectra acquired in ex vivo tissue samples, the sum of three complex Voigt functions was fitted with Bayesian constraints on the two artifact lines (B). The artifact
component could then be subtracted. We show the full fit and artifact component for the channel 1 data of kidney M2. See Figure 5 for the final result. To selectively excite only
the siponimod resonance in UTE imaging while minimizing the excitation pulse length, off-resonance excitation shifted by +2 kHz was used. The resultant image blurring was
corrected by multiplication with a delay-dependent phase factor. (C) shows the efficacy of this correction for a 3D UTE protocol with 64x64%64 image matrix and data acquired

in a phantom with siponimod dissolved in DMSO.

Artifact signal characterization and
subtraction

YF MR spectra acquired with the empty CRP
containing no sample showed two distinct lines at
~-83 ppm and ~-147 ppm (Figure 1A). Such artifact
signals can originate from trace amounts of
fluorinated substances in, for example, capacitor
electrolytes and lubricants used for the manufacturing
of the RF coil. Contamination of MR spectra could be
mitigated by selective excitation, suppression
techniques, or in post-processing. We opted for the
latter by fitting an analytic line shape model and
subtracting the artifact contribution to preserve any
potential metabolite signals. The code used for this is
available on Github and details can be found in the
associated documentation [49].

The artifact was characterized by fitting two
complex Voigt peaks to the 18 spectra acquired with
an empty RF coil [48, 50, 51]. Each RF channel of the
data was treated separately. The model was
parameterized with coupled peak amplitudes to later
enable a Bayesian constraint on the relative
contributions independent of the absolute SI: L(f) =
a-ef(r-eP-V(f,vy,wi,myy  +  (1-1)-e1-V(f,vo,wa,my),
where L is the modeled line shape, f the frequency, a
the joint amplitude, ¢ the first order phase correction,
r the peak ratio, p and q are the zeroth order phase
correction, and V is a complex Voigt function with
center frequency v, full widths at half maximum
(FWHM) w and mixing parameter m. To enable
automatic fitting, Weideman’s polynomial approxi-
mation of the error function was used for fast
computation of the Voigt function [49, 52]. Based on
the 18 acquired control spectra (Figure 1A), we found
the following means and standard deviations: for
channel 1 r = 0.84£0.02, v1 = -82.96£0.08 ppm, w; =
5.1+0.4 ppm, 11 = 0.82+0.06, v> = -147.9+0.4 ppm, wy =
611 ppm, 1> = 0.820.2; for channel 2 r = 0.85+0.01, v;

-82.5+0.1 ppm, w1 = 4.8+0.3 ppm, r; = 0.79+0.06, v> =
-146.9+0.4 ppm, w> = 5+1 ppm, 1> = 0.7£0.2.

The knowledge of this artifact signal was then
used to constrain fits of the acquired spectra of ex vivo
tissue samples by placing Gaussian priors on two of
three modeled peaks. To account for magnetic field
drift and inhomogeneity, the uncertainty on the
artifact frequencies was increased equivalent to the
addition of a zero mean Gaussian variable with a
standard deviation of 250 Hz. The third peak was left
unconstrained and initialized to capture the main
siponimod signal. To remove the artifact signal, the
corresponding portion of the fit was subtracted
(Figure 1B). Due to the limited degrees of freedom of
the model, it is expected that potential metabolite
signals are not captured by the fit and thus unaffected.
Analogous to the processing of the in vivo data, a
single, unconstrained complex Voigt peak was fitted
to the cleaned spectrum to estimate the Oth order phase
term. After phase correction, the data of both RF
channels was averaged, and the noise level was
determined in a background region of the combined
spectrum. Both the peak signal-to-noise ratio (pSNR)
and the ratio of the area under the curve of a fitted
Voigt peak to the noise level (area-to-noise ratio,
ANR) are reported as metrics of SI.

MR Relaxometry

We computed Ti, T> and T>* relaxation times
using a non-linear least squares cost function, the
Levenberg-Marquardt algorithm and Matlab’s
Isqcurvefit function. The parameter covariance matrix
was estimated using the linear approximation: V, =
0:2(J'])1, where ] denotes the Jacobian and o,? the error
variance calculated from the residuals [53, 54]. We
report parameter standard errors given by the square
root of the diagonal elements of V,. The used SI
equations were S(TR) o« 1 - exp(-TR/Ti) for Ty
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estimation and both S(t) « exp(-t/T2) and S(t) o«
Brexp(-t/To@) + (1 - PB)-exp(-t/T>®) for T, and T>"
estimation. As the mono-exponential decay can be
understood as a constrained version of the
bi-exponential model, a likelihood ratio test was
performed to determine whether the hypothesis that
T2 or Ty" decay follow a single exponential curve can
be rejected. Apparent T» and T>" values summarizing
the bi-exponential decay were calculated by sampling
5-10* parameter values from a multivariate normal
with mean equal to the parameter estimate and
covariance Vp, determining t where S(t') = S(0)-exp(-1)
for each sample, and reporting the mean and standard
deviation of the results for t'.

Image reconstruction and analysis

UTE images were reconstructed using the
Michigan Image Reconstruction Toolbox (MIRT)
non-uniform fast Fourier transform (NUFFT) based
on trajectory measurements performed with a 'H coil
and an adjusted FOV to compensate the change of
gyromagnetic ratio [55-58]. For data acquired with the
CRP, each channel was reconstructed separately
before computing a root sum-of-squares image.
Off-resonance effects in the ex vivo imaging data were
compensated before image reconstruction by
multiplying each k-space point with delay-dependent
phase factor exp(2mi-(TE + (j-1)-ta)-Af), where i is the
imaginary unit, TE the echo time, j the position on the
k-space spoke, tq the frequency encoding dwell time
and Af the off-resonance frequency shift (Figure 1C).
Noise levels were estimated based on a background
region (in vivo) or a separate noise scan (ex vivo) and
background subtraction was performed with
cluster-based thresholding [59] at SNR = 3.5 (in vivo)
or 4.0 (ex vivo) following the protocol outlined in
Starke et al. [60].

For comparison of the employed ex vivo liver and
brain protocols, SNR maps of the serum phantom
measurements were adjusted for the difference in
scan time to the ex vivo acquisitions, the FOVs and
spatial resolutions of the SNR maps were matched by
nearest neighbor interpolation and the SNR ratio was
averaged over all voxels with SNR > 10 in both
images. To estimate the siponimod concentration in a
mouse brain, the pixelwise SI ratio between data
acquired in the brain and in the reference phantom
was computed, and the result multiplied by the
reference concentration.

Sensitivity comparison to clinical imaging at
30T

Noise data was extracted from rectangular
32x32x16 voxel background regions located in the 4
corners of the individual image volumes obtained for

each RF receive channel. Noise prewhitening was
performed with Cholesky decomposition of the
inverse noise covariance matrix followed by
sum-of-squares reconstruction [61, 62]. The SI was
evaluated in a central slice of the phantom by
averaging over 32x5 (3.0 T) or 12x12 (9.4 T) voxel
rectangles inside the inner compartment. SNRs were
determined taking into account the RF channel
number-dependent noise distributions [60, 63].

Results

Temperature and protein binding alter the MR
properties of siponimod

In vitro and ex vivo experiments showed that the
YEF MR properties of siponimod are strongly
influenced by the chemical environment. All results
are outlined in Table 2 and Figure 2. Siponimod gives
a single peak spectrum under the investigated
conditions. In DMSO, a chemical shift of -57.08 ppm
(at RT ~ 20 °C) and -57.06 ppm (at PT ~ 37 °C) was
observed (Figure 2A). In the presence of plasma
protein (in serum), the resonance frequency shifted to
-59.13 ppm (RT) and -59.06 ppm (PT, Figure 2E). A
similar observation was made in ex vivo liver tissue,
where a chemical shift of -59.09 ppm was observed at
RT.

Longitudinal relaxation time measurements in
DMSO yielded T1 = 5534 ms (RT) and T;=802+7 ms
(PT, Figure 2B). In serum, T; was shortened to 282+2
ms (RT) and 32242 ms (PT, Figure 2F), which is similar
to 273+4 ms observed in ex vivo tissue at RT (Figure
2]). For transverse relaxation, the shortening of
relaxation times in serum and ex vivo tissue compared
to DMSO was even more pronounced (up to 98%
reduction). For all conditions, the null-hypothesis
(mono-exponential decay) was rejected in favor of a
bi-exponential decay (P « .001, Table 2). We observed
an apparent T> of 381 ms (RT) and 612 ms (PT, Figure
2C) in DMSO. In serum, T> was 5.320.4 ms (RT) and
14.7+0.4 ms (PT, Figure 2G). Ex vivo, a bi-exponential
decay with an apparent T> of 203 ms was observed
(Figure 2K, see Table 2 for details). For T2, a
bi-exponential decay also best described the FID
signal in DMSO and in serum (P <« .001, Table 2). We
found apparent T>" = 2.30 ms (DMSO RT), 1.41 ms
(DMSO PT), 0.95+0.01 ms (serum RT), and 0.643+0.007
ms (serum PT). For the ex wvivo sample, the
mono-exponential decay hypothesis was not rejected
(P = .09) and we observed T>" = 0.55+0.02 ms. The
stated uncertainties reflect the ambiguity of the fits
only, and no deviation is given where the value falls
below 1%, as in those cases divergences due to
biological factors or temperature variations can be
expected to dominate.
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Figure 2: Chemical shift and MR relaxation times for siponimod dissolved in DMSO and serum (mimicking biological conditions), and in ex vivo liver tissue
from mouse M3. Room temperature (RT) equals 20 °C and physiological temperature (PT) 37 °C. Where the hypothesis of a mono-exponential decay was rejected, an
apparent Ty or Ty*value (T2®) or T>*®) is reported, which reflects the time after which 63% of the signal has decayed. More detailed results, including measurement uncertainties,

are reported in Table 2.

Table 1: Pulse sequence parameters used for SNR comparison in
the serum phantom (Figure 3).

Repetition time, ~ Echo time, = Excitation flip  Echo train
TR (ms) TE (ms) angle a (°) length, ETL
RT RARE 350 15 90 8
FLASH 10 0.89 15.2 -
bSSFP 1,4 0.7 16.5 -
UTE 10 0.14 15.2 -
PT RARE 269 15 90 16
FLASH 10 0.89 14.2 -
bSSFP 14 0.7 26.3 -
UTE 10 0.14 14.2 -

Ultrashort echo time MRI is most sensitive for
imaging siponimod

As the relaxation times in serum closely
mimicked those observed ex vivo and were also
expected to approximate in vivo conditions, optimized
MRI acquisition methods were compared by
experiments on a serum phantom. At both RT and PT,
measurements using a volume transceive RF coil with
high transmission and reception field (Bi)
homogeneity showed the highest SNRes for the UTE
protocol (Figure 3A and B, Table 3). FLASH and
bSSFP were much less SNR efficient with more than
70% lower SNRer. RARE emerged as the next best
MRI method with 36% and 13% lower SNRes than
UTE at RT and PT, respectively (Table 3).

Table 2: 19F MR characterization of siponimod. T2() and T2*®)are
apparent relaxation times computed from a bi-exponential fit.
Ta(meno) and Ty*(meno) denote the results of a mono-exponential fit.
P values report a likelihood ratio test if T2 or T2" decays follow a
mono-exponential. B2 and P12+ give the ratio between the @ and
() components in the bi-exponential fits.

DMSO, RT DMSO,PT Serum, RT  Serum, PT Ex vivo

chem. shift -57.08 57.06 59.13 59.06 59.09
(ppm)
Ti(ms) ~ 553.2:43 8024872 282118 3217321 2729438
Tot)(ms) 3808429  61L6:1.6  53+0.4 147:04 208428
Totmow) (ms) 385.6£0.9  6214+13 64402 178403 472429
Too)(ms)  226.0:324 20531399  4.7+0.6 8.0£0.9 9.4+16
Tob(ms) 409077 6369439 129432  217:07  80.6£9.3
Prz 0.13740.056 0.047+0.009 0.880£0.072 0.405£0.037 0.618£0.030
Pr «.001 «.001 «.001 «.001 «.001
Tr0)(ms)  2.304£0.008 1.410:0.000 0952+0.014 0.643:0.007 0.493:0.146
Tytmono (ms) 3.710:0.018  2.040:0.018 13160012 1.696:0.012 0.5510.017
Ty@(ms)  1.03740.006 0.778:0.004 0.336£0.018 0.325:0.004 0.240+0.19
Ty0(ms)  612:0.02 3948002  183%0.04  342:0.03  0.65:0.11
Pra(1/ms) 0554£0.002 0.629+0.002 0.425:0.014 0.671x0.003 0.260+0.286
P> «.001 «.001 «.001 «.001 0.086

Analogous  experiments using a  VF

cryogenically-cooled surface transceiver RF coil (CRP,
see Methods) showed similar differences between the
MRI methods (Figure 3A, lower panel) but highlight
inhomogeneity and signal loss distal from the coil,
characteristic of surface transceiver soils. The RARE
protocol achieved high sensitivity only in the region
close to the RF coil array, while FLASH and UTE had
a much better signal coverage. Based on the peak SNR
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measured with UTE and the CRP (Table 3), we can
extrapolate that siponimod concentrations as low as
516 uM would be detectable under ideal conditions at
the tested spatial resolution, with an acquisition time
of 1 h. This is equivalent to 6.2:10™ F-atoms per
voxel. Importantly, the detection limit can be further
reduced by increased averaging or with larger voxel
sizes. It is inversely proportional to the square root of
the measurement time. For radial sequences such as
UTE, the SNR does not strictly follow the same
straightforward dependence on the image resolution
as with Cartesian sampling. Thus, we determined
experimentally the detection limits for two lower
spatial resolution protocols: at 2 mm and 2.7 mm 3D
isotropic spatial resolution, the detection limit with 1
h of measurement time dropped to 76 uM and 33 uM,
respectively. This equates to 186 pM and 82 puM
detection limits for a 10 min acquisition.

Table 3: SNR and SNR efficiency results for the MR pulse
sequence comparison shown in Figure 3. Uncertainties were
estimated as described in Starke et al. [60] with 270 pixel signal
ROIs and 4100 pixel (UTE) or 6144 pixel (all other sequences)
noise ROls.

RARE FLASH bSSFP UTE
RT SNR 85£0.1 3.48:007 2441006  13.0£02
SNRt (1/vh)  4.24+0.05  1.74#0.03 1224003  6.50£0.08
PT SNR 107401  294%007 2533007 12301
SNRu (1/vh) 5324006 1474003 126003  6.14%0.07
RT,CRP  pSNR 17.7 9.0 8.7 26.7
PSNRut(1/vh) 305 15.6 15.0 46.2

In vivo '?F MRS and MRI of siponimod in the
stomach and liver

We remotely administered siponimod via an
intubation catheter to the stomach (Figure 4A) and
acquired F MRS measurements interleaved with °F
imaging using the CRP. A F MRS signal was
detected within the first 5 min following siponimod

administration in all three mice, after which a signal
increase was observed over the initial minutes of the
experiment (Figure 4B). The increase was much faster
for mice M1 and M3 than for mouse M2, for which the
signal took more than an hour to gradually reach a
plateau. In all mice, the MR spectroscopy signal was
mostly stable throughout the measurement,
indicating a prolonged gastric emptying and slow
uptake into the blood stream. Mouse M3 showed a
sharp signal drop after 120 min, which coincided with
an increase in the respiration rate, indicating
attenuation of anesthesia, that required termination of
the experiment (Figure 4B).

A clearly localized siponimod-derived F signal
was observed in the stomach. The signal mostly
remained stable over time (Figure 4C). The second
and third imaging block (45-100 min and 102-145 min
after siponimod administration) showed °F signal
also in the liver. However, the highest SNR values
were observed only within the stomach (Figure 4C).

Siponimod-derived signal is detected in ex vivo
tissues

We acquired ex vivo F MR spectra from liver,
kidney, brain, and thymus samples from 6 mice. A
siponimod-derived F MR signal was detected in all
samples (Figure 5). Due to the inhomogeneous
transmission and reception field of the CRP surface
coil, SNRs and ANRs can be considered only
semi-quantitative measures of the amount of
siponimod in the sample. The highest SNRs were
observed in the liver, followed by the kidney (Figure
5A and B, Table 4). All samples exhibited a single
peak with a chemical shift of -59 ppm similar to the
spiked serum (Figure 2). The signal from the brain of
mouse M1 showed a secondary peak (Figure 5C).
Only weak signals were detected in the thymus
(Figure 5D).

A RARE  FLASH  bSSFP e B
il 20 °C
20°C 6t [ 37 °C
. =
RT coil 2
= 4
(OF a7c 8
RT coil Z 2l

O~ 0
\Z X % \Z
CRP ..- fom @ ?\}g ‘0%6? 2

Figure 3: Comparison of optimized 3D '9F MR protocols imaging the serum phantom. (A) The first two rows show measurements with the room temperature (RT)
volume RF coil at sample temperatures of 20 °C (RT) and 37 °C (PT). The acquisition time was 4 h per image. The third row highlights the different impact of the surface coil
design of the CRP (20 min acquisition time). Each row is adjusted to one SNR scale. (B) SNR efficiencies (SNRI\/(acquisition time)) in the volume RF coil measurements. Error bars
show the standard error of the measurement (numerical values are reported in Table 3). UTE showed superior SNRett compared to the other three sequences for both
temperature conditions (PuTeRARE, RT = 3.7-10-19, pute-rare, pT = 1.5:10-133, p-value below 2.3-10-308 for all other comparisons, two-sided z-test).
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Figure 4: In vivo '?F MRS and MRI after oral administration of siponimod. (A) Siponimod suspended in carboxymethylcellulose was administered through an oral
intubation tube (marked in yellow) directly into the stomach. (B) Dynamic tracking of non-localized '°F MRS signal intensity. (C) 2D '9F UTE images overlaid on an anatomical 'H
scan. Each image corresponds to the average of 3 x 10 min !9F acquisition. The time envelope of these is indicated by the gray boxes in the bottom plot with the hashed areas

highlighting the actual UTE measurement.
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Figure 5: '9F MRS in ex vivo tissues. Signal intensities represent the SNR with one common scale for each organ. Mice M1-M3 underwent perfusion =2.5-4 h after

siponimod administration while M4-Mé were perfused after =6 h.

Table 4: Peak SNR (pSNR) and area-to-noise ratio (ANR) in the
MR spectra of ex vivo tissue samples (Figure 5).

PSNR ANR

liver kidney brain thymus liver kidney brain thymus
M1 1594 86.8 194 - 4462 260.0 779 -
M2 885 472 125 - 2235 1354 49.3
M3 1975 619 374 - 4873 185.7 1441 -
M4 4895 166.0 36.6 226 927.6 398.7 129.2 440
M5 2920 121.8 204 137 606.2 286.5 616 259
M6 4625 1284 530 155 953.5 340.6 1932 36.0
mean 2815 102.0 299 173 607.4 267.8 109.2 35.3
std. dev. 1645 44.8 151 47 286.4 97.1 557 9.1

Mice M4-M6 showed increased F MR signals in
all tissues, due to a longer time after oral
administration (Table 4). Yet even in the same cohort,
large variations were seen, for example in the
observed SNRs for the liver and brain between M2
and M3 (>100% difference).

Ex vivo 'F MRI of siponimod in the liver and
brain

Ex vivo YF MR images were acquired in liver

(Figure 6) and brain (Figure 7) samples using the
3D-UTE MRI method. The “F signal in the livers

clearly follows the anatomy of the liver lobes,
especially for mouse M3. Different anatomic segments
showed different 1F signal intensities derived from
siponimod. For example, less signal was detected in
the upper liver lobe of mouse M1, compared to the
lower lobe. Siponimod signals, especially those in the
upper lobe of M1 were confined within the vascular
boundaries. As expected, observed signal levels
dropped with increasing distance from the RF coil.
The overall much lower SNR in the liver F MRI
signal of M2 (Figure 6) is consistent with the 19F MRS
signal (Figure 5A).

Similar observations were made in the brain
(Figure 7). The brain with the highest F MRS signal
(M6) among all analyzed samples also showed the
highest SNR in the F UTE MR images. Conversely,
the brain with the lowest SNR in F MRI (M5) also
had the lowest 9F MRS signal (Figure 5). Differences
in siponimod-derived °F signals could be resolved
between white and grey matter, especially in the M6
brain (Figure 7). M4 and M6 show a clear difference
between the cerebral and cerebellar regions of the
brain. In the brain of M4, a region of low or no
siponimod accumulation was observed within and
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around the right lateral ventricle. In a control
measurement of a spiked serum phantom, the
protocol employed for the brain resulted in 3.1-fold
higher sensitivity than the protocol used for imaging
the liver (Figure 6). Thus, based on similar recorded
SNRs, we conclude that siponimod concentrations in
the liver were about 3 times higher (Figure 6 and 7).

Short acquisition time imaging of siponimod in
the brain

In vivo imaging of siponimod in the brain
necessitates a substantial reduction of the acquisition
time compared to the protocol above. Figure 8A and B
present ex vivo images acquired at 2.7 mm or 2 mm
isotropic spatial resolution, acquired in 10 min or 60
min, respectively. In both cases, siponimod could be
localized within the brain and, particularly with 2 mm
spatial resolution, a non-homogeneous SI distribution

M2

was also observed (Figure 8B). Comparison with Sls
measured in a spiked serum phantom enabled an
estimation of siponimod concentrations as well as an
RF field (B1) inhomogeneity correction (Figure 8C).
Drug levels up to 145 pM were reached in the brain of
mouse M6.

To evaluate the possibility of imaging siponimod
in a clinical setting, we determined the hardware
sensitivity ratio between imaging a mouse brain at 9.4
T and imaging a human brain at 3.0 T at equivalent
relative resolution. Due to the very close
gyromagnetic ratios (6% deviation), this comparison
could be performed at the 'H resonance frequencies.
For the specific hardware investigated, we found that
the larger voxel size viable for human brain
measurements and higher RF channel count render
the clinical acquisition 2.75 times more sensitive.

anatomy

siponimod

overlay

increasing distance from RF probe

increasing distance from RF probe

increasing distance from RF probe

Figure 6: 3D UTE '°F MRl in ex vivo liver tissues with 16 h acquisition time and 0.875 mm isotropic spatial resolution.

overlay siponimod anatomy

increasing distance from RF probe

increasing distance from RF probe

increasing distance from RF probe

Figure 7: 3D UTE '9F MRI in ex vivo brain tissues with 64 h acquisition time and 1 mm isotropic spatial resolution. This protocol is 3.1 times more sensitive than
that employed for the liver (Figure 6). Thus, equal SNR values correspond to 3.1 times lower concentrations of siponimod.
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Figure 8: Short acquisition time 3D UTE '"F MRI in ex vivo brain tissue and siponimod concentration estimation. All subfigures show data acquired in the brain
sample of mouse Mé. (A) With 2.7 mm isotropic resolution, siponimod can be localized in only 10 min of acquisition time. (B) 60 min of acquisition enable imaging of siponimod
at 2 mm isotropic resolution. (C) Siponimod concentration estimates computed by comparison of '9F Sls measured in a phantom with spiked serum and in the mouse brain. 4
acquisitions of the protocol shown in B were averaged and the same slices as in B are presented.

Discussion

In the present study, we achieved for the first
time in vivo and ex vivo 1°F MR images of a fluorinated
drug with disease modifying properties that is
indicated in SPMS, a progressive form of MS with
increasing brain degeneration.

In SPMS patients, the daily maintenance dose of
siponimod is 2 mg. In an early phase 2 clinical trial in
RRMS, one cohort received 10 mg daily up to 24
months [64]. In a later phase 3 clinical trial in SPMS
patients, a dose of 2 mg was used [65]. A daily dose of
2 mg and 10 mg siponimod in humans corresponds to
0.03 and 0.17 mg/kg, respectively, for an average
weight of 60 kg. In preclinical studies, doses ranged
between 0.3 to 25 mg/kg, and therapeutic efficacy
depended on species, application route, experimental
design, as well as variations on the MS animal model,
experimental autoimmune encephalomyelitis (EAE)
[66-69]. In these preclinical studies, siponimod was
administered daily over extended periods (up to 4
weeks). A recent study reported a protective effect of
siponimod, that was most pronounced at 15.5 mg/kg
[66]. The absolute oral bioavailability of siponimod is
~84% in humans [70], 50% in rats and 71% in monkeys
[71]. The time (Tmax) for siponimod to reach maximum
plasma concentrations (Cmax) after oral administration
is 3-4 hours in healthy subjects [72]. Steady-state Cmax
are reached after ~6 days of once-daily dosing [73]
and are 2-3 fold greater than after the initial dose [72,
73]. In this proof-of-concept study we administered 4
mg (=133 mg/kg) as a single, one-time application in
healthy mice.

A dose-proportionality  in  steady-state
siponimod levels in the brain was recently reported
[69]. Following repeated daily application (25 mg/kg)
in female C57BL/6 EAE mice (over 27 days),
concentrations of =45 pM were measured in whole
brain homogenates [69]. Considering this, a repeated
application of 133 mg/kg (as applied in the present

study but as a single dose) would result in brain
concentrations of ~240 uM. This is 2-3x greater than
what we measured with fluorine MRI across different
regions in the mouse brain following one application
of siponimod, and is consistent with the expected
2-3-fold increase in Cuax after several doses (steady-
state after ~6 days), when compared to one dose [72,
73].

Siponimod demonstrated very short transverse
relaxation times in the presence of serum, analogous
to our previous observations with teriflunomide,
another MS drug [19, 74]. We used serum as a
biological medium to simulate the in vivo
environment for siponimod. These investigations
ultimately made the first F MR images of siponimod
possible because we adapted acquisition protocols to
the MR properties of the drug within the specific
biological environment.

Siponimod is known to have a very high plasma
protein binding capacity (>99.9% bound fraction) [75].
The CF3 group in siponimod greatly improves its
affinity to its target [76] as well as its lipophilicity, and
thus likely its penetration into the CNS. A recent
study in non-human primates using 2I- radiolabeling
for in wvivo single-photon emission CT showed
penetration of siponimod into the CNS, with higher
uptake in white matter versus grey matter [69].
Therefore, the high plasma protein binding of
siponimod does not appear to hinder its penetration
into the CNS. This has also been described for many
other drugs, which show high plasma protein
binding, but which are nevertheless detected in the
CNS in higher amounts than their unbound fraction
in the plasma [77]. Drug plasma protein binding
reduces passive diffusion and uptake by peripheral
tissue, as well as penetration into the CNS [78].
However, apart from diffusion, active mechanisms
such as receptor-mediated transport exist for drug
uptake into the CNS [79]. Siponimod targets both SiP;
and 51Ps receptors on BBB endothelial cells [80], which
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might contribute to an active transport into the brain.
Inhibition of S1P1 receptors, specifically in endothelial
cells, results in a transient opening of the BBB [81].
Binding of smaller molecules such as siponimod to a
much larger protein molecule is expected to strongly
influence the MR resonance frequency (chemical shift)
and relaxation rates [82, 83]. While the observed
change in chemical shift between solution in DMSO
and in serum is moderate (= -2 ppm), the relaxation
times were substantially shortened in serum.
Similarly shortened relaxation times were observed in
ex vivo tissue, and we expect that the properties in in
vivo tissues will not differ substantially. The effect of
protein binding on the transverse relaxation times
(reduction by up to 98%) creates challenges for pulse
sequences which are employed in the more common
F MR methods such as point resolved spectroscopy
(PRESS) or highly accelerated RARE in the case of
perfluorocarbon imaging [37, 84-86].

Here, we determined radially encoded UTE to be
the current best suited acquisition method for
detecting siponimod under physiological conditions.
In the context of 19F MRI, UTE acquisitions are mostly
used for imaging fluorinated gases in the lungs [87,
88]. Besides superior sensitivity for short Ty
compounds compared to RARE or bSSFP [42], UTE
acquisitions offer intrinsic robustness to motion
artifacts [89]. The lower flip angles used with UTE
reduce RF power deposition compared to RARE,
which is essential for enabling efficient acquisitions in
a clinical context [90]. As shown in Figure 3A, UTE
also offers a crucial enlargement of the sensitive FOV
for acquisitions with transceive surface RF arrays, as
was used in this study. We employed 2D multislice
protocols for acquisitions with slice thicknesses of
multiple millimeters, where slice encoding gradients
do not entail substantial acquisition delays. For higher
through-plane resolutions, 3D protocols were
preferred. We chose tailored frequency encoding
bandwidth to ensure that the signal readout did not
extend beyond the signal decay. Short duration RF
excitation pulses were chosen to achieve the lowest
possible TEs. Unfortunately, this prohibits the use of
adiabatic pulses which would improve transmission
field (B1*) uniformity. More research is necessary to
identify short RF pulses that balance a narrow
frequency range with good penetration. Additionally,
the readout trajectories could be further optimized for
sensitivity and sharpness, for example by the
implementation of spiral [91], twisted projection
imaging [92], or density adaptation techniques [93],
which were developed in the context of sodium (**Na)
MRI [94, 95].

Using radially encoded 2D UTE F MRI in
healthy mice in vivo, we localized siponimod in the

stomach and the liver. Siponimod was also detected in
the kidneys, brain, and thymus, even only 2.5-4.5
hours following a single oral dose. Nevertheless,
differences in siponimod levels were observed among
different tissues. Changes in the chemical environ-
ment e.g.,, pH could also influence the MR signal.
Previously we showed that the °F signal measured
using MR spectroscopy with full relaxation was
reduced in an acidic environment, as in the stomach
[19]. Therefore, acidosis which is prevalent in
conditions associated with hypoxia such as
inflammation or in tumors, would be expected to
result in a decreased F signal.

Ex vivo 9F MR images of liver and brain samples
revealed a non-homogenous distribution of the drug,
contrary to our expectations from previous studies
[96]. In accordance with a recent report using in vivo
SPECT-imaging of the siponimod analog ['ZI]MS565
in non-human primates [69], we observed a pattern of
higher siponimod concentrations in white than in
gray matter. We also observed signal variations in
different anatomical regions, e.g., between the
cerebral versus cerebellar regions of the brain, and
between the liver lobes. No major differences were
seen between brain cerebral and cerebellar regions in
the previous SPECT study, even following the first 2
hours of intravenous administration [69]. One
important difference between the studies is that here
we investigated the unmanipulated drug, identical to
the form that is administered to SPMS patients as an
oral dosage, whereas the SPECT study used a
radiolabeled drug. The fluorine that we exploit for
imaging with F MRI is intrinsic to the chemical
structure of siponimod. The close match of tissue
borders, e.g., in the liver lobes, between the
anatomical images and the overlaid siponimod °F
MR images indicates an accurate localization of the
drug. It is crucial that future studies investigate the
signal distribution over repeated administrations of
the drug, and importantly, during disease. This can be
done using the EAE animal model. Different variants
of the EAE model reproduce features of RRMS and
SPMS [97, 98], and using F MRI to monitor
siponimod distribution in conjunction with clinical
disease activity could yield crucial insights. Our °F
MR spectroscopy results also indicate that the
concentration of siponimod in the liver and the
kidney are higher than those in the brain. Future
studies will investigate the concentrations of
siponimod in other organs apart from the central
nervous system, also during pathology.

Ultimately, detection of fluorinated drugs with
19F MRI depends on the levels of the drug reaching the
tissue, which depends not only on the administered
dose but also on the drug distribution, e.g., in the
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CNS. Yet the general strategy of the current study -
careful characterization of the MR properties of a
fluorinated drug, and optimizing the MR methods to
image in vivo and ex vivo - can in principle be
extended to other fluorinated compounds relevant for
diseases beyond MS. The sensitivity improvement
offered by the CRP was crucial for achieving the
detection limits necessary to detect a DMD in the
mouse. Cryogenically-cooled surface RF probes can
be employed for all preclinical studies which do not
require whole-body coverage [36] and could enable
3D in vivo imaging of drugs which have so far only
been investigated with spectroscopic °F MR
techniques or localized with very low spatial
resolution 2D projection images, e.g., the cytostatic
agents  5-fluorocytosine  (5FC) including its
metabolites [31, 99] and gemcitabine [100], the
neuroleptic fluphenazine [101], the anti-depressants
fluvoxamine and fluoxetine [33, 102], and the
anti-fungal drug voriconazole [103]. Our proposed
spectral post-processing method could be used for the
removal of all consistent, hardware-derived artifact
signals and could also easily be adapted for dealing
with confounding signals from anesthetics such as
isoflurane. The suitability of UTE imaging protocols
depends on the MR properties of the specific
compound. Relaxation times under physiological
conditions, especially T2", have not been reported for
most investigated fluorinated drugs. However,
protein binding can be expected to have similar effects
on other drugs [82, 83], and we also observed a
binding-induced severe shortening of transverse
relaxation times in both teriflunomide and
teriflunomide derivatives [19, 74]. We can assume that
for compounds with short T» and T,, UTE will
provide higher SNR efficiency than the
often-employed magnetic resonance spectroscopic
imaging (MRSI) protocols, due to the shorter TEs
enabled by the absence of phase encoding gradients
and the inherent oversampling of the k-space center.
Fluorinated drugs with complex, multi-peak spectra
or prominent metabolites present a challenge for
standard UTE techniques, as chemical shift artifacts
will lead to signal blurring and the downstream
compounds cannot be distinguished. Especially at
high magnetic field strengths and with large chemical
shifts, this can be overcome with selective excitation
of individual resonances. However, new techniques
will need to be developed to overcome the resulting
efficiency penalty and enable true multi-color °F MRI,
as has been demonstrated for perfluorocarbons [104].

In vivo imaging of siponimod in the brain at 1
mm isotropic spatial resolution will admittedly not be
feasible in reasonable measurement times given the
equipment and protocols described in this study.

However, our exploration of lower spatial resolution,
short acquisition time protocols suggests that
informative mapping of the siponimod distribution in
vivo in the mouse brain can be achieved, even as part
of comprehensive multi-contrast or longitudinal
study designs. We also found that, when considering
differences in magnetic field strength, RF hardware,
and species anatomy, detection limits are expected to
be about 2.75 times lower in clinical measurements at
equivalent relative spatial resolution (14 times larger
voxel edge lengths) compared to preclinical imaging.
Due to the availability of state-of-the-art hardware,
the comparison was performed at the 'H resonance
frequency leveraging the closeness of the 'H and “F
nuclei’s gyromagnetic ratios (~ 6% deviation). No
substantial difference in transmission and reception
RF field (B1*/Br) penetration is expected between 'H
and direct 1F measurements. The signal per nucleus is
proportional to the third power of the gyromagnetic
ratio (y%) which impacts the measurement at 9.4 T and
3.0 T equally and thus does not affect the determined
ratio [105]. Crucially, choosing the 'H alternative for
the comparison allowed the use of modern RF arrays
with a geometry optimized for head imaging and
excluded signal attenuation effects from operating the
RF array of the clinical scanner outside the optimal
bandwidth. While RF arrays developed for 'H
imaging could be adapted for the construction of F
coil designs, dedicated hardware with components
free of fluorinated contaminants is necessary to
achieve the best performance [90]. The determined
SNR improvement equates to 7.6 times faster
acquisitions with equal sensitivity, which could be
further enhanced by increasing the magnetic field
strength (Bo) of the clinical scanner from 3.0 Tto 7.0 T
(first systems are already in clinical use) or 10.5 T and
beyond (first research systems available) [106-108]. In
practice, the sensitivity ratio will also depend on By
effects on the relaxation times, primarily T; relaxation.
An increase of T; with increasing By, favoring high
sensitivity at lower magnetic field strengths, is well
documented for the 'H resonances of water and
metabolites [109], but the opposite has been shown for
the F resonance of perfluorocarbons [110, 111].
Further developments of MR hardware, acquisition
methods, and data processing are still necessary to
shorten acquisition times, but the current study lays
the groundwork for future, more elaborate studies,
with the ultimate objective to translate F MRI into
routine clinical practice.

Besides the trend towards higher magnetic field
strengths [111], new developments in post-processing
methods offer further possibilities to enhance 1°F MRI
sensitivity. The encoding trajectories commonly
employed in UTE sequences are well-suited for
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undersampling and compressed sensing (CS) image
reconstruction [112-114]. Multiple publications have
demonstrated that the increased averaging enabled by
CS can lead to sensitivity improvements for low SNR
MRI [86, 115, 116]. The distribution of siponimod is
less sparse than that of inflammatory lesions [86]. At
the spatial resolution achieved in this study, the signal
distribution has important features at the scale of
single voxels, and thus does not possess the sparsity
necessary for successful application of conventional
CS techniques. There is a need to investigate whether
tailored reconstruction methods could overcome this
challenge, and to determine whether CS can only be
harnessed at enhanced spatial resolutions. Another
post-processing method relevant to F MRI of
fluorinated drugs is B; correction for data acquired
with transceive surface RF probes. This would allow
the computation of quantitative concentration maps
with the help of an external standard. Retrospective
techniques based on the steady-state signal equation
can be employed for the UTE sequence employed in
this study [117], while more complex, model-based
approaches would be recommended if a RARE
sequence were employed [118]. Finally, should
sensitive hardware that enables alternating or even
simultaneous 'H and "F acquisition be available,
motion correction techniques could be employed to
reduce the need for restraining the subject under
investigation and promote the successful outcome of
the experiment without compromising animal welfare
or patient comfort [119, 120].

Our goal is to harness the potential of F MRI as
a powerful theranostic tool in the treatment and
management of neurological pathologies such as MS.
The stability of the siponimod signal in the stomach
indicates a reduced gastric emptying and absorption
of the drug. Future studies will investigate drug
distribution in the absence of the confounding effects
of anesthesia, since drug pharmacokinetics including
absorption and distribution are likely to be affected
[121]. Nevertheless, the increasing signals observed in
the liver during the experiment, and presence of
siponimod in subsequently harvested tissues indicate
that siponimod was indeed absorbed despite reduced
gastric motility.

A study with radioactively labeled siponimod
reported detection of metabolites in blood samples
from healthy human volunteers [122]. In mice, a
cholesterol ester of siponimod, CssHsoN2OsFs, still
preserving the CF; group, was reported as the main
metabolite. This chemical change is unlikely to lead to
significant differences in the chemical shift relative to
the parent compound [122]. In our study, in vivo and
ex vivo MR spectroscopy did not reveal secondary
peaks, except for the brain sample of mouse 1 (M1),

which showed a small peak at -76.2 ppm. An increase
in negative chemical shift (-60 to -80 ppm) indicates
increased shielding of the CF3 group, which can occur
as a result of branching or hydrogen bond donors in
close proximity to the CF; group [123], as is the case
with a known hydroxylated siponimod glucoronide
metabolite [122]. However, considering that the -76.2
ppm peak is 0.6-1.1 ppm downstream of isoflurane
[124], which sometimes contaminates the bore of the
animal scanner following previous in vivo
experiments, we cannot exclude isoflurane as a
possible contaminant. Future experiments will
involve repeated oral administrations of siponimod to
determine whether the second -76.2 ppm peak will
appear in the brain and other organs, especially in the
context of neuroinflammatory pathology. It would
also be appealing to determine whether siponimod
metabolites can be differentiated from the parent drug
in MS patients with in vivo 1%F MRS. Alongside °F
MRI to image and localize drugs in vivo, localized
MRS methods suitable for short T> compounds, such
as image-selected in vivo spectroscopy (ISIS), would
be highly advantageous for non-invasive metabolite
quantification to provide more insight into drug
metabolism in vivo [125], especially during pathology.

Conclusions

We imaged siponimod for the first time in its
unmanipulated form, as administered to MS patients,
using non-invasive ”F MRIL Further technological
progress will enable the necessary accelerations
required to provide measurement protocols for drug
imaging in the CNS in vivo. While larger studies are
necessary to draw  conclusions on  the
pharmacokinetics of siponimod, the present study
reports its distribution in the CNS and other organs.
The methods used in this study will provide the
groundwork for future clinical studies in MS patients
to monitor drugs in vivo. These developments will
ultimately enable the use of 1°F MRI, which has thus
far been an underexploited and underexplored tool in
theranostics.
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