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Synopsis

Motivation: Long-term delivery of therapeutic agents via repeated MRgFUS is an innovative approach for enhancing glioblastoma treatment but
underlying mechanisms are not well documented.

Goal(s): Find the best strategy for long-term drug delivery after multiple MRgFUS mediated BBB opening.

Approach: Repeated MRgFUS treatments were delivered up to 8 sessions over one month along with a multi-parametric MRI protocol follow-up to
measure physiological, hemodynamic and oxygenation parameters in order to assess the safety and effectiveness of the procedure.

Results: Intensive, repeated treatments, may lead to tissue modifications that require attention and limit the frequency of ultrasound mediated
drug delivery to once a week.

Impact: Long-term delivery of therapeutics through a FUS-induced permeabilized BBB redefines therapeutic strategies as it improves patient
outcomes. To ensure the best translation towards clinical treatment, evaluation of hemodynamics and oxygenation modifications in the CNS is
necessary to refine treatment parameters.

Introduction

Our study assesses, using a multi-parametric MRI protocol, the cerebral blood flow (CBF), blood volume fraction (BVf), vessel size index (VSI), oxygen
saturation (SO2), water apparent diffusion coefficient (ADC) in order to evaluate the bioeffects of repeated blood-brain barrier (BBB) opening using
FUS. BBB permeability was assessed using a dynamic contrast enhanced sequence (DCE). The Area Under the Curve (AUC) was used as a reporter of
BBB permeability.

Method

BBB was permeabilized in subcortical regions repeatedly with MR-guided FUS on Wistar rats during 4 weeks either once or twice a week. A control
group received a single FUS exposure and was monitored during 4 weeks (Fig.1). We opened the BBB with homemade lipidic microbubbles (1.5E8
MB) followed by a raster scan of 4x3.2mm? with continuous 1.5MHz ultrasound pulses. The 7-concentric elements transducer was moving at a
speed of 10mm/s' during 40s. Two pressures were tested in order to deliver 390kPa and 440kPa peak negative pressure in situ?. A multi-parametric
MRI protocol® was acquired just after each FUS treatment to measure ADC, CBF, BVf, SO2 and DCE parameters (Fig.2). Pseudo Continuous Arterial
Spin Labeling (pCASL) datasets* were acquired to reconstruct CBF maps. Calculation of BVf and SO2 parameters required the injection of USPIO
(Micromod, 200pmol iron/kg) in the vascular system before and after the acquisition of two MGEFIDSE (TR/TE=60/4000ms; FOV=30x30mm?
matrix=128x128mm? 7, 1Tmme-thick, slices; tacq=6min24s). Finally, to measure vessel permeability, a bolus of Gd-DOTA (200umol/kg) was injected
one minute after the start of the DCE sequence (TR/TE=4/800ms; FOV=30x30mm? matrix=128x128mm? 19, 1mm-thick, slices, tacq=6min20s).

Results

Rats followed normal weight gain and the BBB was permeabilized reliably with each FUS treatment (Fig.3.C) as shown by the significant increase in
AUC-DCE (Fig.3.A) without any evident damage on T2-w images. No significant changes in ADC and T1 were measured between ipsi- and
contralateral regions. One can observe that BVf is reduced after delivering the FUS treatment from 6% to 12% in the most intensive case and a
significant difference is observed at week 4 between the group that received 8 treatments compared to the one that received 4 treatments at
440kPa (Fig.4.A). We can observe a gap in the BVf reduction between the group with 4 treatments compared to the group with 8 treatments
suggesting a dependance between the number of sessions per week and the BVf reduction. CBF is increasingly reduced in the region treated as the
FUS treatment intensifies up to 38% (Fig.4.B). Oxygenation measurements show significant differences between week 1 and week 4 in the treated
region (Fig.5.A.) for 3 treatments out of 4. Plus SO2 is significantly reduced at week 4 in the treated area compared to contralateral for both groups
that received 8 treatments compared to those who received only 4. No significant difference in the measure of VSl is observed while comparing ipsi-
and contralateral regions, still, the difference tends to become more pronounced as treatment intensifies (Fig.5.B).

Discussion

CBF values measured in the treated area are always above 50mL/min/100g and the perfusion drop is transient®. Therefore, we are not in a critical
situation. Note that CBF measurements depend on the depth of anesthesia and end-tidal CO2. As we did not control these parameters, inter-
individual and inter-session variability may have occurred. Similar to CBF, MR estimation of SO2 values in the ipsilateral region are always above the
hypoxic threshold equal to 40%8, while the mean in the contralateral region is equal to 68.57%+5.22 [SD], a value comparable with values from
literature’. Finally, Gd-DOTA injections were administered at the end of the protocol. Consequently, the BBB had already initiated its reconstruction
process, potentially resulting in slightly lower values of DCE parameters.

Conclusion

Long-term BBB is safe for both acoustic pressures and both strategies but is associated with effects that should not be underestimated such as the
reduction in CBF and SO2 in the treated region as the FUS treatment becomes more intense. Regarding the translation of these therapeutic
strategies to deliver anti-tumor drugs to glioblastoma models on rats, one should not exceed one session per week. As a hypoxic environment suits
best to tumor development that could be caused by too closely spaced FUS treatment sessions. Particular attention should be paid to the
translation towards clinics as these modifications in hemodynamics and oxygen saturation can become significant, depending on the FUS treatment
strategy.
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Figure 1: A) MR guided FUS trajectory of 3.2 x 4mm? drawn a T2-w scan on Thermoguide®. The striatum is a large subcortical structure allowing an
homogeneous BBB opening and it can be targeted easily from one session to another. B) The corresponding T1-w image after Gd-DOTA injection. C)
Study overview for the 3 groups with the FUS treatment. timepoints.
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Figure 2 : Example of calculated BVf, ADC, Time To Peak (TTP), AUC, T1, ADC, VS| and estimated SO2 maps after the 2nd session of treatment at 390
kPa with treated and contralateral regions respectively in purple and green.
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Figure 3 : AUC (A) and weight (B) evolution along the FUS treatments. C) Example of AUC maps computed from DCE sequence acquired after each 8
sessions FUS treatment at 440 kPa.
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Figure 4 : % of modification between ipsi- and contralateral regions for BVf (A) and CBF (B) after the last treatment session for the different FUS
treatments. Values are expressed as mean+SEM, Student t-tests were performed (*p < 0.05).
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Figure 5: A) SO2 in ipsi- and contralateral regions at week 1 and week 4, B) VSI in ipsi- and contralateral regions at week 4. Student t-tests were
performed (*p < 0.05; **p < 0.01).
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