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Efficacy of diagnostics and therapeutics for brain tumours can be modulated by vascular
delivery and blood brain barrier permeability. Simultaneous dynamic gadolinium MR-PET
enables independent assessment of vascular delivery and blood brain barrier integrity in a
brain tumour animal model in the presence of a PET tracer.

Dual echo dynamic gadolinium enhanced gradient echo imaging allows simultaneous
calculation of T,* and T images from the TE image pairs. Relaxivity values then enabled
determination of independent T,*- and Ti-derived gadolinium concentrations
simultaneously with measurement of ['®F]DPA-714 neuroinflammation radiotracer
delivery.

Separate T,*- and T4-derived gadolinium concentrations curves were derived in a selection
of tumours and normal tissue, reflecting vascular delivery and tissue uptake. Changes in
the PET activity curves were seen in tumours and normal tissue, reflecting changes in the
MR derived dynamic curves. The dramatic changes in the MR-derived vascular delivery
and tissue uptake estimates may improve the understanding of the alteration of delivery
and uptake of new theranostic agents.

Keywords: MR-PET, gadolinium contrast agents, PET tracer delivery, T2+, T1, blood brain barrier

INTRODUCTION

The measured activity of a diagnostic or therapeutic positron emission tomography (PET) tracer can
be modulated by vascular delivery, transport into and out of the tissue, specific and non-specific
binding of the radiotracer and metabolism, particularly in the brain where the blood brain barrier
(BBB) strongly regulates transport from the vasculature to the neural tissue [1]. Tumour growth is
accompanied by neovascular development and compromised BBB integrity. These effects can
dramatically change the transport of candidate diagnostics and therapeutics and contribute to
the effectiveness of new treatments, with recent data demonstrating that nanomedicine accumulation
is related to vascular leakiness, rather than tumour volume alone [2].

Kinetic analysis of PET tracers requires determination of the time dependent change in tracer
activity in the blood (input function). This is challenging in rodents, particularly mice, as methods
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often require blood sampling and/or surgical procedures, and
imaging methods are limited by the low resolution of PET [3].
The higher spatial and temporal resolution of magnetic resonance
imaging (MRI) has potential to allow MR image derived arterial
input function (AIF) for PET pharmacokinetic modelling [4].

The change in MR image intensity during contrast-enhanced
magnetic resonance imaging (MRI) is not linearly related to the
Gadolinium (Gd) concentration over a large concentration range,
particularly when the image contrast is a mix of T1, T2 and/or T2*
weighting. For comparison, in nuclear imaging methods like PET,
the image intensity observed is in units of radioactivity that are
directly related to the activity of tracer present. Lower
concentrations of Gd produces T, shortening resulting in signal
enhancement in T; weighted images, as used in dynamic contrast
enhanced (DCE) MRI [5]. For higher Gd concentrations, T, and
T,* shortening dominate, decreasing the signal, ultimately nulling
at high concentrations, as exploited in dynamic susceptibility
(DSC) MRI [6]. Typically, imaging sequences are optimised for
only one contrast, T; or T,*, dependent on the type of perfusion
regime being investigated [7]. Dual echo gradient echo MRI
enables T, and T,* changes to be calculated simultaneously [8].
Therefore, we move from acquiring separate T; or T,* contrast
images to simultaneously calculating T; and T,* images from
gradient echo image pairs with TE = 3 and 6 ms. This allows
parallel changes in vascular delivery and tissue uptake to be
determined, which was not possible previously.

The aim of this study was to demonstrate independent
measurement of MR derived vascular delivery and tissue
uptake simultaneously with the PET tracer ['*F]JDPA-714 [9]
in a mouse model of glioblastoma. This was demonstrated using a
selection of mice with glioblastoma tumours at different stages of
progression.

MATERIALS AND METHODS

Animal Model and Preparation

The mouse model of spontaneous developing glioblastoma was
sourced from a colony at the Queensland Brain Institute,
University of Queensland. The model was prepared by crossing
Gt(ROSA)ZésOrtm14(CAG—thomato)Hze 20023653 with PtenthMAK;
Rb1"™2B™ Trp53t™B™ To(GFAP-cre/Esrl*,- lacZ)BSbk (alleles)
and backcrossed six generations to latter mice to generate the high
grade glioma mouse model [2, 10]. All experiments were approved
by the University of Queensland Animal Ethics Committee and
followed the Australian Code of Practice for Use of Animals for
Scientific Purposes (AIBN/142/19/UQ).

Anaesthetised mice were cannulated in the tail vein using
55 cm of tygon tubing (ID 0.01 inch, OD 0.03 inch) with just the
metal needle from a 30G needle on one end and an inserted 30G
needle on the other end. Imaging was performed with a combined
MR-PET system, comprising a 300 mm bore 7T ClinScan MR
scanner (Bruker, Germany), running Siemens VB17, with a
removable PET insert (Bruker, Germany) containing 3 rings of
16 detector blocks with 15 x 15 LSO crystals (1.6 x 1.6 x 10 mm)
per block, located at the centre of the magnet bore. The scanner
was operated under Siemens Inveon Acquisition Workplace

Dual Echo Gadolinium Enhanced MR-PET

FIGURE 1 | T,_TSE_Tra images showing variable tumour growth and
gadolinium enhancement in the tumour (red ROI) and in the thalamus (yellow
ROQI) for mouse 1-5, (A-E) respectively.

(IAW, version 1.5.0.28). The animal was placed on an animal
bed warmed with recirculating water and a 23 mm ID MRI RF
coil inside the PET ring was used to acquire MR images
simultaneously with the PET acquisition. A single syringe was
prepared and connected to the cannula containing approximately
10 MBq of ['®F]DPA-714 [9] tracer solution, 50 uL Gadovist
(Bayer, Germany) and saline/10% ethanol to give a total volume
of 200 pL.

MR-PET

Following MRI localiser images, a 60 min PET acquisition was
started simultaneously with dynamic spoiled gradient echo (GRE)
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FIGURE 2 | Gadovist thalamus derived concentration derived from the changes in: (A) T,*; (B) T+; (C) thalamus time activity curve representing the uptake of ['®F]
DPA-714 as standard uptake value normalised to body weight (SUV-BW). Mouse 1-red, mouse 2-green, mouse 3-blue, mouse 4 black and mouse 5-purple.
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image acquisition with the following parameters: pulse angle = 45°,
6 x 1 mm slices, FOV = 20 x 20 mm, in-plane resolution = 313 x
313 um, TR = 75 ms, TE = 3 and 6 ms, acquisition time = 3.6 s, 200
measurements. After a 2 min baseline period the combined PET
tracer and Gadovist solution was injected by hand over
approximately 5 s, with no flush.

Following the dynamic GRE images, high resolution
transverse and sagittal T, turbo spin echo (TSE) anatomical
images were acquired with the following parameters: 19 x
0.6 mm slices, FOV = 25 x 18.74 mm, in-plane resolution =
98 x 98 um, TR = 2,200 ms, TE = 35 ms, averages = 2, acquisition
time = 4:11 and then coronal with the following parameters: 23 x
0.6 mm slices, FOV = 20 x 20 mm, in-plane resolution = 104 x
104 um, TR = 2,650 ms, TE = 35 ms, averages = 2, acquisition
time = 5:02. Another block of 20 GRE dynamic measurements
was then acquired.

Next, anatomical transverse and sagittal T; weighted TSE
images with the following parameters: 19 x 0.6 mm slices,
FOV = 19 x 18.74 mm, in-plane resolution = 78 x 78 um, TR
= 600 ms, TE = 13 ms, turbo factor = 7, averages = 3, acquisition
time = 5:21 and coronal images with parameters: 25 x 0.6 mm
slices, FOV = 25 x 20.75 mm in-plane resolution = 78 x 78 pm,
TR = 600ms, TE = 13 ms, turbo factor = 7, averages = 3,
acquisition time = 8:07 were acquired with the same geometric
positioning as the T, TSE images.

Following acquisition of f13d_swi and fl3d_dixon images (not
reported in this paper), a final set of 20 GRE dynamic
measurements was then acquired. Therefore, dynamic scans
extended for 60 min post injection.

At the end of the imaging, the cannula radioactivity was
measured and decay corrected to allow calculation of the

injected dose. PET data was reconstructed using a
dedicated PET reconstruction software developed by the
University of Tibingen. PET images with a matrix of 89 x
128 x 128 and field-of-view = 68 x 90 x 90 mm were
reconstructed using the ordered-subset expectation
maximization (OSEM2D) algorithm with 3 x 30s, 15 X
10s, 11 x 60s and 9 x 300s time frames for 60 min. MRI
and PET datasets were aligned using Siemens Inveon Research
Workplace (IRW, version 4.2.0.8) software employing a
standard transformation matrix.

Image Processing

HOROS (www.horosproject.org) was used for MRI region-of-
interest (ROI) drawing and output. On the central slice of the
tumour, one ROI was positioned within tumour tissue taking care
to avoid the susceptibility effect at the edge of the brain. The high
resolution T, and T, image sets were used for placement of the
tumour ROIs. The tumours with low enhancement on the T,
images (Figures 1C-E) were more easily visualised on the T, TSE
images. The ROI placements were then checked on the TE = 6 ms
images, both before and after Gd injection, to ensure the ROI
regions of the images were not distorted due to susceptibility
effects. A second ROI was positioned in the thalamus to represent
normal brain tissue (Figure 1). The ROIs were then propagated to
all time point images, exported as csv files and imported into excel
for calculations.

Calculation of the gadolinium concentration derived
independently from T,* and T, time changes were determined
from equations modified as previously described [8], using TE1 =
3ms and TE2 = 6 ms, TR = 75 ms, pulse angle = 45°, 12* =
635s " mM ™! and rl = 6.1s mM™! (Gadovist solutions at
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7.0 T), A = mean ROI intensity (TE = 3 ms) and B = mean ROI
intensity (TE = 6 ms), Mysina = 2,700.
The T,* was calculated using:

TE1

7 In(2)

The T,* derived concentration was then calculated using:

1 1
T, concentration=|———- —— |+ r2"

2 2baseline

The baseline values were determined by averaging data points
3-12 during the baseline period before the Gd injection.

The T, was calculated for TE = 3 and 6 ms image pairs using
the following equations:

A% (%)
M, X sinoc

T, =1+ (TR+(L))
D X cos o<

The T; derived concentration was then calculated using:

D=1-

1 1
T, concentration = [ — — +rl
1 leaseline

The Appendix contains the equations expressed in a form that
can be pasted into excel to perform the calculations from TE =
3 ms and TE = 6 ms image pairs. The values were then expressed
as change from the baseline and 3 point floating averaging was
applied.

Prism 8 software (GraphPad Software, United States) was used
for plotting the data.

RESULTS

Tumour Growth and Enhancement
Spontaneous brain tumours 5 months post induction displayed
variable size and T, gadolinium enhancement (Figure 1). Similar
to tumour growth in humans, the model was extremely
heterogenous in growth rates and not all animals produced a
tumour. The tumours produced included a large tumour with
strong Gd enhancement (Figure 1A), a large tumour with
reduced Gd enhancement (Figure 1B), and three slow
growing tumours with weak Gd enhancement (Figures 1C-E).
The T, weighted images provided easier visualisation of the
tumours with weak enhancement. This allowed the potential
of the dual echo method to measure changes in physiology
during tumour growth to be assessed.

Normal Tissue

Firstly, we compared Gd and PET data from the thalamus region
as control tissue in all mice. A rapid initial increase and
subsequent decrease in the T,*-derived Gadovist concentration
(Figure 2A) is consistent with vascular Gd bolus passing through
the tissue and then equilibrating throughout the total blood
volume. The slower uptake and gradual decrease observed in

Dual Echo Gadolinium Enhanced MR-PET

the T,-derived Gadovist concentration curve (Figure 2B) is
consistent with Gadovist crossing the BBB and entering the
brain tissue [5]. ['*F]DPA-714 thalamus time activity curve
(TAC) displayed a rapid increase followed by a decrease
(Figure 2C) in activity. Plots were consistent for mice 1, 3, 4
and 5 with lower T,* and TAC curves for mouse 2.

Poor Injection

The T,* concentration curve for mouse 2 was below the other
four animals (Figures 2A, 3E, green data). Increased resistance
during intravenous dose injection was noted, consistent with
poor cannulation and the solution entering the tail tissue instead
of the tail vein. This illustrates the power of the T,* derived Gd
concentration to ensure cannulation consistency in group studies
where animals with decreased agent delivery can be excluded
from further analysis. The decreased Gd delivery to the normal
tissue was also reflected in the decreased activity of the PET tracer
activity curve (Figure 2C), illustrating the parallel changes in
both Gd and PET dynamic tracer injection. The PET dynamic
curve of mouse 2 was flat compared to the decrease in intensity
post bolus of the other mice consistent with slow release of the
tracer injected into the tail tissue, rather than the vein. The T,
derived Gd concentrations curves (Figure 2B) reflect tissue
uptake of Gd and were grouped together. This is consistent
with the intact blood brain barrier restricting transport of the
Gadovist from the blood into the brain tissue. The reduced
vascular delivery in mouse 2 did not appear to alter the
normal tissue uptake of Gadovist. The decreased intensity of
the Gd and PET tracer curves in the normal tissue of mouse 2, was
not exhibited in the tumour tissue of mouse 2, as discussed below.

Tumour Tissue

The tumour tissue in mice 1 and 2 both displayed dramatically
enhanced T,* (Figure 3A) and T; (Figure 3B) derived
concentration curves relative to corresponding thalamus curves
(Figures 2A,B) and compared to the tumour tissue in mice 3, 4,
and 5. Mice 3, 4 and 5 showed modest increases in T,* and T,
derived concentrations in the tumours (Figure 3C) compared to
the normal thalamus tissue (Figure 3E).

The extent of the dramatic increase of delivery and uptake of
Gadovist in the two large tumours was not evident in the time
activity curves representing the tumour uptake of ['*F]DPA-714
(Figure 3F). For example, at 10 min the T2* curve for the tumour
in mouse 2 is approximately 8 times the other curves (Figure 3A),
yet the TAC curve is only about double the other curves
(Figure 3F). The TAC for the tumour in mouse 2 was similar
in intensity to the other three tumours (Figure 3F), despite a
higher bolus (Figure 3A) and the TAC amplitude being of less
than half the intensity in the thalamus compared to the
other mice.

DISCUSSION

Gd enhanced MRI typically follows changes in image contrast
using standard T;, T, or T,* contrast. Dual echo imaging
progresses this to calculation of unique gadolinium
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FIGURE 3 | Gadovist concentration derived from the changes in: (A) To*; (B) T+; (C) first 10 min of To* derived Gadovist concentration in the tumour (D) expanded
scale of T; derived Gadovist concentration of mice 3, 4, and 5; (E) first 10 min of T,* derived Gadovist concentration in the thalamus (F) tumour time activity curve for ['6F]
DPA-714. For mouse 1 in (B), the maximum calculated value was ~5,000 nmol, above which the calculation failed. Mouse 1-red, mouse 2-green, mouse 3-blue, mouse
4 black and mouse 5-purple.

concentrations from T; and T,* changes with time. This can
provide novel insights into differences in the vascular delivery
and BBB permeability as demonstrated in the spontaneous
developed brain tumours. Changes in T,* and T, were
independently determined from images acquired with two TE
values. The resulting relaxivity values were used to calculate the
concentration derived from the T,* and T, values. Using these
data, the tumours in mice 1 and 2 showed dramatically enhanced
vascular delivery and tissue uptake of Gadovist. The tumours in
mice 3, 4 and 5 illustrated moderately increased delivery and
tissue uptake of Gadovist.

The choice of TE values is dependent on the concentration of
Gd used and expected changes in Gd uptake. A larger difference
in TE values makes the procedure more sensitive to changes in
T,* changes. However, increased TE values result in stronger
magnetic susceptibility effects and image distortion, particularly
at brain boundaries near air cavities. Depending on the MR
system capability, a pair of shorter TE values may be beneficial,
particularly for mice. Larger animals may be suitable for longer
TE values and a lower Gd volume compared to blood volume.
The temporal resolution of 3.6 s provided approximately 4 data
points to define the initial increase of the bolus. Both increasing
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the image resolution or number of slices decreases the temporal
resolution.

The determination of localised arterial input function from
vascular T,* derived concentrations would allow PET parametric
calculations [4] for specific tissue or region of interest [11]. To
achieve this goal, in vivo determination of the Gadovist relaxivity
values is required, rather than solution-derived values, as used in
this study. MR-PET allows simultaneous quantification of a MR
contrast agent and a PET surrogate e.g., using copper-64 [12, 13]
or Yttrium-68 [14], as the gold standard for in vivo quantification.
Initial reports indicate in vivo relaxivity values are lower than in
solution [15]. MR-PET can be used to gain a greater
understanding of how the relaxivity values change in the
different organs and under different pathological conditions.
This is critical for accurate quantification of gadolinium
contrast agent concentrations in vivo. Targeted MR-PET
experiments are required to investigate relaxivity values and
concentration linearity in normal and pathological tissue. This
will greatly improve the quantitative potential of MRI
measurements.

The calculation of the two T, and T,* concentrations from the
TE image pairs allows altered tissue haemodynamics and
perfusion to be measured within the tissue, not in a remote
vessel. Subtle BBB transport changes are discernible from T,
changes, as observed for mice 3-5 (Figure 3D). Areas of extreme
extravasation [16], mouse 1, are indicated by T,* changes.
Ischaemia, blocking tracer delivery, or hyperperfusion can be
easily assessed by MRIL

Despite being simultaneously injected from a single syringe,
the very large changes in Gd tumour delivery and uptake were
not mirrored with the PET tracer tested in these pilot animals.
Future experiments, incorporating blocking studies or cold
washout are required to better understand the consequences
of the changes in MR derived delivery and tissue uptake upon
accumulation of the PET tracers, particularly in pathological
tissue as illustrated by mice 1 and 2. The structural difference of
Gadovist and DPA714 may also contribute to the differences
observed between the MR and PET dynamic curves. Future
experiments with structurally similar or identical MR contrast
agents and PET tracers are also required to understand this
observation.

As the Gd enhanced MR measures are non-targeted, this may
also enable unique insights into non-specific uptake of PET
tracers. Larger studies are required to investigate the
reproducibility of the results and how the methodology,
including Gd concentrations and acquisition parameters
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APPENDIX

Calculation of dual echo, using TE = 3 and 6 ms, T2*, T1 and T,*
and T, derived Gadovist concentration in excel:

The following equations can be copied and pasted into excel to
calculate the gadolinium concentrations where A = intensity for
TE = 3ms ROI and B = intensity for TE = 6 ms ROI and the
parameters listed in the methods. These equations can only be
applied when TE2 is twice TE1, e.g., using TE2 = 6 ms and TE1 =
3 ms. The baseline values were determined by averaging data
points 3-12 during the baseline period before the Gd injection.

T," calculations:

T, =3/LN(A/B)T, derived gadovist concentration
= ((1/(T;/1000) - (1/(T}/1000)))/6.35)

Where 6.35s™' mM ™" equals the T," relaxivity determined at 7T
determined on the 7T Clinscan used in the study. The 1,000
converts ms to s to match the units of the relaxivity.

Dual Echo Gadolinium Enhanced MR-PET

T, calculations:
T, = ABS(75/ (LN ((1 - (A*(A/B)/C))/ (1 - (A*(A/B)
x [C*0.707)))))
Where C = Mgsina = 2,700.
M, = Ae/((1 - EXP( - TR/T}))/ (1 — COS (a)*EXP
- TR/TI))*SIN(Q)*EXP( - TE/T;))
Where Ae is the average baseline intensity and we used baseline

brain values of T; = 2000 ms, and T,* = 40 ms

T, derived Gadovist concentration
= ( (1/ (TI/IOOO) - (1/ (Tl baseline/looo)))/6~ 1)

Where 6.1s™' mM ™" equals the T, relaxivity determined at 7T
determined on the 7T Clinscan used in the study. The 1,000
converts ms to s to match the units of the relaxivity.
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