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Since its discovery in 2001, the interest in the low-intensity focused ultrasound (FUS)-mediated blood-brain barrier (BBB) disruption to deliver genes and drugs to brain tissue has increased steadily. Increasingly sophisticated sonication protocols and dedicated hardware are being developed to efficiently and safely permeabilize the BBB, and novel magnetic resonance (MR)-based technologies have been designed to guide FUS-induced BBB opening protocols. MR imaging (MRI) allows not only to more precisely target brain regions and evaluate the outcome of sonication in terms of enhanced BBB permeability but also to control the effects of ultrasound on brain structure and function. This review summarizes the state of the art in current MRI hardware and methods used in BBB opening protocols both in pre-clinical and clinical settings.
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INTRODUCTION

The blood-brain barrier (BBB) is a semipermeable structure of the central nervous system (CNS) that controls passive diffusion and active transport of solutes and nutrients between the blood and brain compartments. While this structure is essential for brain homeostasis, it often prevents drug molecules and other substances from reaching therapeutic concentrations in the brain. Low intensity focused ultrasound (LIFUS) in conjunction with intravenously injected gas-encasing microbubbles (MBs) can reversibly disrupt the BBB, hence enabling greatly enhanced drug delivery in the brain [1–4]. In comparison to other techniques which result in diffuse BBB breakdown (e.g., mannitol administration) and hence widespread CNS uptake with potential off-target effects [5], FUS application induces targeted BBB disruption and local drugs release. Briefly, focused ultrasound (US) transducers transmit acoustic waves that converge in a millimeter-sized focal spot (FS) (Figure 1A) [1, 6]. Microbubbles circulating through capillaries and vessels within the FS region oscillate and interact with the tissue [7]. During this phenomenon (called cavitation), microbubbles expand toward the capillaries and small vessels wall, loosening the tight junctions of endothelial cells and creating gaps between these cells. Particles of interest exploit these gaps to can cross from the bloodstream to the brain [8, 9] (Figure 1B). LIFUS-mediated BBB disruption has been widely demonstrated in animal models [7, 10–14], and it has been tested in clinical settings for the treatment of neurodegenerative diseases such as Alzheimer's and Parkinson's Disease [15–17]. The same kind of approach has also been demonstrated, capable of disrupting the blood-tumor barrier (BTB) and the intact BBB within tumor-infiltrated healthy tissue. This allowed releasing otherwise unattainable concentrations of therapeutics [18–20].


[image: Figure 1]
FIGURE 1. FUS-induced BBB opening concepts: (A) Ultrasound pressure waves are converged in a millimeter-sized FS thanks to a transducer coupled to the head via a balloon filled with water. (B) Microbubbles circulating through the bloodstream cavitate within the FS region, loosening the tight junctions of endothelial cells and creating gaps between these cells.


LIFUS-induced BBB disruption protocols are often conducted under magnetic resonance imaging (MRI) guidance, not only for more precise targeting of the brain [8] but also to evaluate BBB opening and closure. This includes the potential use of magnetic resonance (MR) contrast agents (CA) [11, 14, 21, 22] to control the safety of the permeabilization protocol [23, 24], as well as putative changes induced in brain function [25–27]. This review summarizes the state of the art in MRI sequences and methods used in BBB opening protocols, both in pre-clinical and clinical settings. First, we describe MRI-compatible US systems used during permeabilization under MR-guidance. Then, we introduce MRI sequences used in different sonication protocols suitable for targeting and monitoring BBB permeabilization and closure dynamics. Given that, under certain acoustic conditions, LIFUS-mediated BBB disruption may induce concomitant effects on brain microstructure and function, we also focus on MRI methods used to investigate such changes after FUS exposure.



MR COMPATIBLE LIFUS SYSTEMS

Over the last 15 years, MR compatible US systems have been developed for both pre-clinical and clinical applications. In 2015, Magnin et al. [28] presented a new MR-guided motorized FUS system able to move a US transducer (diameter 25 mm, focal depth 20 mm, 1.5 MHz) for small animal experiments within 7T MRI pre-clinical scanners. Thanks to the coupling of this system with real-time transfer and reconstruction of MRI images, this device can precisely deliver submicrometer and micrometer particles within rat and mouse brain to a single location or a volume by sonicating along arbitrary trajectories (see Figure 2). In 2018, Kamimura et al. [29] reported on a 7T-MRI compatible system suitable to guide BBB opening experiments in non-human primates (14-elements transducer, 7 cm diameter, 500 kHz). By monitoring microbubble cavitation in real-time, this system is capable of tuning the level of acoustic pressure on-line, hence avoiding inertial cavitation (IC), and in turn, damage to brain tissue.
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FIGURE 2. Contrast Agent enhanced MRI images obtained after MRgFUS-induced BBB opening in rats. Thanks to the MRI guidance, BBB disruption has been performed along different trajectories [(A–C) in the figure]. Reproduced with permission from [28].


In parallel with the first pre-clinical prototype (2004), which was tested in the rabbit brain and was based on MRI-compatible phased array system optimized for transcranial FUS transmission, a clinical MR-compatible FUS system has also been developed [30]. This hemispherical 500-element ultrasound phased array (diameter 30 cm) operating at 700–800 kHz, was capable of reaching up to 1,080 W of local acoustic power. This device was then modified by INSIGHTEC (Haifa, Israel) to operate in a clinical context. INSIGHTEC's current product is the ExAblate 4000; a 30-cm diameter hemispheric 1,024-element phased array transducer operating at “low” (200 kHz) and “high” (650 kHz) frequencies [31]. This device can be integrated with MRI scanners operating both at 1.5T and 3T. ExAblate 4000 is currently employed in several clinical trials to permeabilize the BBB in patients with Alzheimer disease [32]1,2,3, Glioblastoma (GBM) [17]4,5,6, Her2-positive Breast Cancer Brain Metastases7, Amyotrophic Lateral Sclerosis8 (ALS) as well as Parkinson's Disease Dementia9. In addition to INSIGHTEC, recently, CarThera (France) has developed a FUS system for permeabilizing the BBB in humans. In 2016, Goldwirt et al. [33] presented for the first time an MRI-compatible US system capable of enhancing drug concentration within the brain after BBB disruption. This device (named SonoCloud®) is composed of an implantable, unfocused single-element ultrasound transducer based on a 10-mm flat piezoceramic disk powered by an external generator10. After being tested on primates for toxicity and safety through MRI, PET, electroencephalography (EEG), somatosensory evoked potential (SSEP) monitoring, behavioral scales, and histopathological analysis [34], SonoCloud® has been used to disrupt the BBB and deliver high concentrations of carboplatin in mouse [35] and primate models [34]. The same system has also been used in a clinical trial to successfully release carboplatin in tumor areas of GBM patients [36]. Indeed, brain tumors in general and GBMs in particular, are characterized by heterogeneous vascularity: while internal regions of the tumor core have a compromised and more-permeable BBB (the BTB), the periphery of the tumor hosts a mainly intact BBB [37]. LIFUS application can, therefore, be useful to permeabilize the intact tumor vasculature, to further disrupt the already permeable BTB, and to increase the permeability in the peritumoral area where tumor seeds may be present.

Papers described in this section were the results of a PubMed search using the keywords MRI AND FUS AND BBB-opening, Carthera AND BBB-opening, and on Google Scholar search using the keywords exablate AND 4000-BBB-opening. Both searches were executed on 20/12/2019.



MR IMAGING METHODS TO DETECT THE FUS BEAM IN THE BRAIN

In 1995, MRI acquisitions were used for the first time to detect propagating ultrasound waves [38]. Muthupillai et al. [38] used MR elastography (MRE) to reveal submicrometer movements induced in vitro by transient shear waves, hence demonstrating the capability of this technique to estimate elastic properties of tissue along the direction of phase-locked magnetic field gradients. MRE techniques are suitable to detect both linear (such as the linear shear modulus) and non-linear elasticity parameters [39].

In 2008, Souchon et al. [40] proposed specific echo-planar imaging (EPI) MRE sequence called transient MR elastography (t-MRE), capable of estimating acoustic power from the phase shift of the MRE signal. This technique, which was tested on ex vivo tissue samples, allows to image transient shear waves generated by the ultrasonic radiation force.

In the same year, an additional method [magnetic resonance acoustic radiation force imaging (MR-ARFI)] capable of measuring focal tissue displacements caused by US was described by McDannold and Maier and tested in ex vivo tissue samples [41]. The authors used quasistatic MR elastography with a one-dimensional MRI pulse sequence triggered to be synchronous with the US frequency (1.63 or 1.5 MHz). More specifically, in the sequence proposed by McDannold et al. [41] the authors used two displacement-encoding gradients with opposite polarities, applied during a spin-echo (SE) sequence, between the 90° and 180° RF pulses and between the 180° radiofrequency (RF) pulse and the signal readout. The US pulse is triggered by the first displacement-encoding gradient and is terminated after the end of the second gradient. Focal tissue displacements due to US are assumed to be proportional to the phase difference between signals acquired with opposite encoding polarities.

It was only in 2009 that motion-sensitized MRI sequences able to delineate the US focus in the brain were developed (see Figure 3A). Larrat et al. [42] presented a motion-sensitized MR sequence optimized to detect brain tissue displacements at the US focus when the latter is as small as few micrometers. The technique consists of a standard multislice SE sequence with two additional bipolar sinusoidal gradients equally distant to the 180° RF pulse and synchronized with the ultrasound bursts.


[image: Figure 3]
FIGURE 3. (A) Magnitude (A) and phase image (B) obtained by [42] through and ARFI sequence. The bright spot in figure (B) represents the FUS focal spot. Figure adapted with permission from [42]. (B): in vitro (above) and in vivo (bottom) MR acoustic radiation force images of a human brain [43]. On the left and right part of the figure, magnitude and phase images are shown, respectively. Higher values of tissue displacements (Δϕd) in phase images acquired for different duration of encoding gradients (δ) indicate FS location. Figure adapted with permission from [43].


While Larrat et al. [42] optimized the MR-ARFI sequence for use in animal experiments, in 2013, Kaye and Pauly improved this technique for in vivo applications in humans [43]. As a result, MR-ARFI provides satisfactory image quality even in the presence of subject motion. By starting from a SE MRI-ARFI, the authors showed a reduction of motion artifacts when bipolar encoding is repeated with an optimized duration. In particular, the MR-ARFI images obtained by Kayle and Pauly [43] show that a gradient duration of 12 ms, combined with a US pulse duration of 19 ms, result in an optimized displacement phase signal to noise ratio (SNR). Figure 3B shows tissue displacements (Δϕd) recorded by Kayle and Pauly in ex-vivo and in vivo acquisitions (first and second row, respectively) for different duration of encoding gradients, δ.

In a recent paper by Wu et al. [44], a novel method based entirely on MR without the need for CA was introduced to monitor the targeted location of microbubble-enhanced FUS (and hence BBB disruption). The authors measured localized changes in gradient-echo MR signals due to microbubbles cavitation-induced perturbation of flow. This method was first validated in vitro by using flowing phantom experiments where microbubble concentrations of 0.1, 0.25, 0.5, 0.75, and 1% were infused while bursting FUS pulses with an acoustic pressure (AP) of 0.4 and 1 MPa. Successively, the same protocol was tested on rats by using an AP of 0.8 MPa and a 0.25% microbubble concentration.

Papers described in this section were the result of a PubMed search using the keywords MRI AND FUS AND BBB-opening, ARFI, AND BBB-opening. Searches were executed on 10/01/2019.



MRI ACQUISITIONS FOR BBB-OPENING EVALUATION

BBB permeabilization facilitates the passage of particles smaller than 65 nm from the bloodstream to the brain [14, 21]. Commercial MR contrast agents (MR-CAs) are typically sized around between 1 and 60 nm [14] and can, therefore, cross the permeabilized BBB and diffuse within brain tissue. Diffusing MR-CAs are paramagnetic agents able to shorten the tissue relaxation times (T1 and, less frequently, T2), hence enhancing contrasts within MR-images. For this reason, to evaluate the degree of permeabilization obtained through different acoustic protocols, several groups administer (both in animals and humans), MR-CAs right after US application.

The first study to report BBB disruption without damaging the surrounding parenchymal cells was published by Hynynen et al. [21]. The authors investigated the mechanisms of FUS-induced BBB opening in rabbits using brain MRI, including contrast-enhanced imaging. These authors administrated an ultrasound contrast agent (UCA) (Optison™; Mallinckrodt Inc., St. Louis, MO) before sonicating with different powers ranging from 0.2 to 11.5 W. In order to evaluate the BBB permeabilization after FUS application, MR-CAs (diethylene-triamine pentaacetic acid, Gd-DTPA, Magnevist® Berlex Laboratories, Wayne, NJ; molecular weight, 928 d) were injected and imaged within the brain using gradient-echo (GE)-MRI acquisitions performed through a 1.5 T MRI scanner (GE Medical Systems) and a T1-weighted fast SE MRI sequence [TR/TE = 500/17 ms; spatial resolution (x, y, z) = 400 × 400 × 1.5 mm]. In this paper, sonications were conducted after craniotomy. In 2005, the same group employed the same MRI system to demonstrate that FUS at 690 kHz and APs ranging within 0.4 and 1.2 MPa could safely open the BBB in rabbits through the intact skull [45]. Also, Choi et al. [46] demonstrated the feasibility of BBB opening through intact mice skulls, where images with a sub-millimeter resolution, acquired on a 9.4 T MRI scanner (Bruker Medical; Boston, MA), were able to localize the BBB opening area in the hippocampus also using an intravenously administered MR- T1 CA (diethylene-triamine pentaacetic acid-bis-methylamide, Gd DTPA-BMA, Omniscan® Amersham Health, AS Oslo, Norway), which was injected (10 μL) into the right femoral vein 15 min before sonication. In this study, the authors adopted a transducer working at 1.5 MHz, with a 20% Duty Cycle (DC) and APs ranging from 2.0 to 2.7 MPa (with an in-situ AP attenuated from the skull by 18%). With a similar protocol, the same authors then demonstrated the efficacy of their permeabilization protocol in a mouse model even when a lower AP (e.g., 0.8 MPa) is used [47]. The MRI sequence used in this case was a T1-weighted SE (TR/TE = 246.1/10 ms; matrix size: 256 × 256; FOV: 1.92 × 1.92 cm; slice thickness: 0.6 mm).

In 2008, McDannold et al. [48] used MRI to study the effects of both acoustic parameters and UCA dose on FUS-induced BBB permeabilization in rabbit brains. The authors found no differences in BBB opening between UCA doses and US parameters while working at 0.69 MHz, with APs between 0.1 and 1.5 MPa and using Optison with doses of 50, 100, 250 μL/kg. This study employed a clinical 1.5 T MRI system (GE Healthcare, Milwaukee, WI) and T1-weighted images after Magnevist® administration (Gd-DTPA, Berlex Laboratories, Inc.) (T1-weighted fast spin-echo MRI acquisition; TR/TE: 500/15 to 23 ms; matrix size: 256 × 256; FOV: 10 cm; slice thickness: 1.5 mm; interslice spacing: 1.5 mm).

Contrast-enhanced MRI has also been used to reveal targeting improvements achieved with different ultrasound pulse sequences. Short pulses were capable of reducing the BBB opening size by avoiding standing waves inside the brain caused by skull reflection [49]. Alternatively, coded excitation based on frequency modulation of ultrasound signals has proven capable of suppressing standing waves and increase targeting specificity [50, 51].

Thanks to the detection of inertial cavitation (IC) in the presence of Definity® (Lantheus Medical Imaging, N. Billerica, MA) microbubbles and the acquisition of T1-weighted MR images at 9.4 T following BBB permeabilization and injection of MR-CA (Omniscan, Amersham Health, Gd DTPA-BMA), Tung et al. [52] showed that BBB opening could be induced without any cellular damage at an AP of 0.30 and 0.45 MPa. The authors sonicated mice brains by using a US transducer working at 1.5 MHz, with a DC of 20% and pulse repetition frequency of 10 Hz. They verified the validity of their permeabilization protocol by acquiring 3D T1-weighted Simultaneous Non-contrast Angiography and intraPlaque hemorrhage (SNAP) gradient echo pulse sequence [TR/TE = 20/4 ms, FA = 25°, resolution (x, y, z) = 75 × 75 × 312.5 μm3]. The same group has successively confirmed the safety of this acoustic protocol by using histological analysis [53].

In 2011, Marquet et al. [54] used the same range of acoustic pressures (between 0.3 and 0.6 MPa) to permeabilize the BBB in non-human primates successfully. In this study, T1-weighted MR images at 3T were used to confirm BBB disruption by tracking the uptake of gadodiamide (Gd-DTPA) in the brain. The T1-weighted MRI sequence used to confirm BBB opening was a 3D Spoiled Gradient-Echo (SPGR) (TR/TE = 20/1.4 ms; FA: 30°; NEX = 2; resolution = 500 × 500 × 1,000 μm3). BBB permeabilization was performed using both customized and Definity® microbubbles, and a 500-kHz central frequency focused ultrasound transducer.

In 2019, Aryal et al. [55] successfully delivered liposomes (dually labeled with gadolinium and with fluorescent markers) in rats, then confirming BBB opening both during MR examination and post-mortem. Sonication was performed with an AP of 0.42 MPa while gadolinium signal was detected on contrast-enhanced T1-weighted images [rapid acquisition with refocused echoes (RARE); TR/TE = 600/18 ms; echo train length (ETL): 4; matrix size: 128 × 128; slice thickness/spacing: 1 mm/interleaved].

All papers discussed so far have evaluated BBB opening through contrast enhancement achieved by MR-CA extravasation from T1-weighted MRI images. Other papers have employed dynamic contrast-enhanced MRI (DCE-MRI) to quantitatively evaluate the time evolution of local BBB permeability induced by FUS application. In this case, T1-weighted baseline images are acquired before and a few minutes after MR-CA administration and used to generate a time-intensity curve (TIC) [56]. A relatively high temporal resolution (generally 3.5–6 s) is necessary in order to capture the kinetics of CA entry and exit from tissue [57]. Interestingly, a number of pharmacokinetic models have been developed to fit the TIC curve and evaluate all microcirculatory and tissue properties contributing to the MR-signal [58–60]. The general kinetic model (GKM) [58] is most widely employed to describe BBB permeability to MR-CA enhanced by FUS application. In particular, through the GKM, it is possible to obtain quantitative maps of Ktrans, e.g., the volume transfer constant between blood plasma and within extravascular extra-cellular space (EES), which is enhanced in case of a permeabilized BBB.

In 2011, Vlachos et al. [61] used, for the first time, DCE-MRI to assess focused ultrasound-induced BBB opening. The authors quantitatively evaluated BBB permeabilization by generating permeability maps (see Figure 4). To this end, they employed gadodiamide to study changes in contrast-enhanced diffusion within the brain by recording, through a 9.4 T MRI scanner, DCE-MR images with fast low angle shot magnetic resonance imaging (FLASH) sequences (acquisition time per volume: 88 s, 40 volumes over 1 h). BBB permeabilization was performed at 1.5 MHz, APs of 0.30, 0.40, 0.60 MPa, and by administrating 1 μL/g of microbubbles with a range of hydrodynamic diameters (from 1 to 8 μm).


[image: Figure 4]
FIGURE 4. Contrast-enhanced T1-weighed MR images and permeability maps obtained by [61] with different APs (0.30–0.60 MPa) and MBs (sizes ranging between 1 and 8 μm). As can be noticed from the figure, MR images can reveal a larger disruption of the BBB at the increasing of the APs and the size of MBs used. Reproduced with permission from [61].


Also, the permeability maps described by Chai et al. [62] have been used to demonstrate the existence of imbalanced influx and efflux between the plasma and brain, indicating the existence of directional permeability during FUS-BBB opening. Based on this insight, MRI kinetic monitoring could be useful to monitor pharmacokinetics and pharmacodynamics of drugs delivered to the brain after FUS application. The authors acquired DCE-MR images of rat brains after BBB permeabilization and MR-CA administration (Magnevist, Gd-DTPA, Berlex Laboratories, Wayne, NJ). They used a 7 T MRI scanner (ClinScan, Bruker, Germany; 7 T) and acquired DCE T1-weighted imaging through a gradient-recall-echo sequence (TR/TE = 2.3/0.76 ms, slice thickness = 0.8 mm; FAs = 5/20° and matrix size = 192 × 132, resolution time: 2.3 s).

Wei et al. [63] described the use of contrast enhancement MRI and a transducer working at 400 kHz to evaluate the accuracy of neuronavigation-guided BBB opening with different APs (ranging from 0.26 to 0.56 MPa) in swine. To this end, the authors acquired T1-weighted MR images (TR/TE 700/11 ms) before and immediately after BBB permeabilization and Gd-DTPA administration. The longitudinal relaxation rate R1 was extracted from two T1-weighted gradient recalled-echo images with different flip angles (TR/TE = 101/4.1 ms, FA = 20/40°) [64] to evaluate BBB permeability better. All MRI acquisitions were performed on a 3T MR imaging scanner (Trio with Tim; Siemens, Erlangen, Germany).

Fan et al. [65] used DCE-MRI to validate a new technique for monitoring BBB opening based on US imaging. The authors developed a novel, high temporal resolution US-imaging method which was seen to have high concordance with MRI permeability maps collected in rats through a 7 T scanner (ClinScan 70/30 USR, Bruker, Germany) after US application (2 MHz, 0.5–0.7 MPa) and bolus administration of Gd-DTPA (0.5 ml/kg). DCE-MRI was used MR permeability maps by acquiring a 3-D FLASH T1-weighted sequence (TE/TR = 0.76/2.31 ms; slice thickness = 0.8 mm; FA = 50/200°; matrix size = 192 × 132, acquisition time: 20 s).

Sun et al. [66] jointly analyzed permeability maps, calculated from DCE-MR images acquired at 9.4 T (Bruker, Germany) concomitantly with microbubbles cavitation activity recorded during BBB permeabilization of mice brains. By acquiring DCE-MR images through a 2D FLASH T1-weighted sequence (TR/TE = 230/2.9 ms, resolution = 130 × 130 × 600 μm3), the authors were able to demonstrate a high correlation between BBB permeability and both stable (r2 = 0.82) and inertial cavitation (r2 = 0.72) doses. The same association was later verified by Chu et al. [67] using DCE-MRI. In addition, these authors demonstrated that Ktrans, and in turn, the permeabilization of the BBB, not only depends on the AP but also on the frequency used during sonication. Indeed, the authors showed that Ktrans values increase with the mechanical index (MI), defined as the peak negative AP over the square root of the frequency (i.e., MI = AP/[image: image], AP in MPa, f in MHz). In this study, BBB permeabilization was performed in rats by using 0.4 or 1 MHz transducers with APs ranging between 0.25 and 0.83 MPa. Animals received a single sonication [10 ms bursts length, 1 Hz pulse pulse-repetition frequency, 90 s exposure duration, 0.2 mL/kg SonoVue® (Bracco, Milan, Italy)]. DCE-MR images were acquired with a 7T MR scanner (Bruker Corp., Billerica, MA) by using T1-weighted acquisitions at different flip angles (gradient-recall-echo sequence, TR/TE = 2.31/0.76 ms, slice thickness = 0.8 mm; slice number = 14; FA = 5/10/15/20/25/30°).

A combination of DCE-MRI and susceptibility-weighted (SW) images was employed by Wu et al. [68] to characterize the effect of three different kinds of commonly used microbubbles on BBB permeabilization. In particular, the authors employed a rat model to test different formulations of UCA: SonoVue, Definity, and USphereTM (Trust Bio Sonic, Taiwan) by using a US transducer working at 0.4 MHz, 1% DC, with a MI of 0.62–1.38. Their results showed that under identical UCA concentrations and acoustic parameters, these three MBs induced equivalent BBB-opening effects in terms if BBB permeabilization as well as opening persistence. The authors acquired DCE-MRI through a 7 T magnetic resonance scanner (ClinScan, Bruker, Germany) (gradient-recall-echo sequence, TR/TE = 2.31/0.76 ms, slice thickness = 0.8 mm, slice number = 14, flip angle = 5/10/15/20/25/30°) after administrating a T1-MRI contrast agent (Gd-DTPA, Magnevist, Berlex Laboratories, Wayne, NJ; 938 Da).

In a recent paper published by Yoon et al. [69], DCE-MRI was used to validate BBB opening in ovine models by detecting MR-CA extravasation. Through pharmacokinetic and independent component analysis, the authors showed local disruption of the BBB without hemorrhage for an AP of 0.48 MPa. DCE-MR images were acquired through a 3-T MRI scanner (Signa HDxt, GE Medical Systems, Waukesha, WI) by using a fast spin-echo sequence (TR/TE = 500/13 ms, resolution = 0.7 × 0.7 × 3.0 mm3, echo train length = 4, FA = 90°).

As previously mentioned, BBB permeabilization has been often evaluated through DCE-MRI acquisitions. However, additional studies have employed quantitative MR-CA concentration maps [(CA)-maps] to evaluate the disruption of the BBB. Instead of relying on T1-weighted images (whose contrast may saturate at high concentration of CA sometimes found in the brain after BBB-opening), such methods are based on parametric T1-maps [14, 22, 70, 71].

In this context, Marty et al. [14] used (CA)-maps to evaluate the largest molecular size deliverable across BBB permeabilized by US application. The authors used a 1.5 MHz transducer (0.45 MPa, 3% DC) to sonicate rat brains 5 s after the administration of SonoVue microbubbles (1.5 × 108 bubbles/mL, 200 μL). Successively, the authors administered MR-CAs with different hydrodynamic diameters (ranging from 1 to 65 nm), finding that the largest size they experimented with (65 nm) could still be delivered in a regime of APs (below 0.5 MPa), which can be considered safe (i.e., which do not induce edema or hemorrhage). Here, T1 parametric maps were acquired before and after LIFUS application and MR-CA administration through a 7 T MRI scanner (Bruker, Germany). In detail, segmented series of FGE (fast gradient echo) images were acquired at different time points after magnetization inversion to sample the T1 recovery curve at multiple times [TR1 = 5 ms, TE = 2.5 ms, six segments, 60 inversion times (from 64 to 5,800 ms), repetition time between two segments TR2 = 9 s, FA = 5°, and Resolution = 0.2 × 0.2 × 1 mm3].

(CA)-maps have been used by Samiotaki et al. [72] in conjunction with DCE-MR to evaluate BBB opening performed in non-human primates (NHPs). In this study, NHPs were sonicated with APs between 0.20 and 0.60 MPa to open the BBB both in gray and in white matter. DCE-MR images and (CA)-maps were acquired through 3D Spoiled Gradient Echo (SPGR)/3D T1 Fast field echo (FFE) acquisitions, respectively (acquisition parameters: SPGR: TR/TE: 20/5 ms, FA: 5, 10, 15, 20, 35°, resolution, 0.89 × 0.89 × 1 mm3; FFE: TR/TE: 4.2/1.7 ms; FA = 20°, resolution:1 × 1 × 2.5 mm3). At the beginning of the acquisition, an MR-CA (Omniscan®, Gd DTPA-BMA, GE Healthcare, Princeton, NJ) was injected intravenously. The authors show in NHP that FUS-induced permeability varied between gray and white matter, likely due to the different vascularization of these regions, and subsequent differences in attainable MB concentration [73]. In particular, the authors reported that, under sonication, 80% of the permeabilized regions belong to white matter. In addition, the authors observed an increase of permeabilization as AP increased. This result suggests that FUS impact BBB in gray and white matter in a differential manner, likely due to their different vascularization and subsequent differences in attainable MB concentration.

All the articles presented in this section were found on PubMed using the keywords MRI and FUS and BBB-opening. The search was executed on 20/12/2019. Table 1 details the MR-CAs as well as the details of MRI acquisitions used in the BBB-opening studies referenced.


Table 1. Specifications of studies, included in this narrative review, using MR-CA administration to evaluate the opening of the BBB induced by FUS application.
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MR IMAGING TO EVALUATE BBB CLOSURE

FUS application allows obtaining a reversible disruption of the BBB by creating gaps between endothelial cells. These gaps begin closing right after US application, progressively reversing, over time, the enhancement in the ability of small molecules to cross the blood to the brain. Using MRI, it is possible to study the dynamics of particle uptakes during BBB closure. This can be achieved by injecting MR-CAs smaller than 65 nm [14] and acquiring T1-w images at different time points after FUS application. In turn, this has allowed extensive use of MR acquisitions to optimize the ultrasound protocol in pre-clinical studies.

In 2009, Yang et al. [76] evaluated, through MRI acquisitions using a 3 T MRI system (TRIO 3-T MRI, Siemens MAGNETOM, Germany), the effect of microbubble dose on the duration of FUS-induced BBB disruption at an acoustic power of 1.43 W. Sonications were performed at a frequency of 1 MHz with a 5% DC, 15 s after the injection of SonoVue. T1- and T2- weighted images were acquired after MR-CA administration (Omniscan, Gd DTPA-BMA, GE Healthcare, Cork, Ireland). The authors demonstrated that the BBB-closure time exceeds 4 h for high doses (450 μL/kg) of MBs.

The association between the contrast-enhanced (CE) MRI signal and the duration of FUS-BBB disruption was investigated in 2010 by Yang et al. [77]. The authors imaged 48 rats through a 3 T MRI scanner (TRIO, Siemens Magnetom, Erlangen, Germany) for up to 1 h after FUS application (burst length of 50 ms, DC of 5%, AP between 1.43 and 4.29 W, SonoVue at 150 μL/kg). They demonstrated the existence of a strong correlation between CE MRI signal and CA extravasation, which persisted until 1 h after sonication. Successively, other authors employed DCE to study how different acoustic parameters can affect BBB closure dynamics, examining periods of up to several days after FUS application.

In 2012, Samiotaki et al. [78] used DCE-MRI to show how BBB closure dynamics depends on APs and microbubble size employed for vascular permeabilization. MRI data were acquired from the day of the experiments until 7 days later. Each MRI session a 9.4 T MRI scanner (performed on a scanner by Bruker Medical; Boston, MA) included a pre- and a post-MR-CA injection (Omniscan™ (Gd-DTPA-BMA) T1-weighted 2D FLASH acquisitions (TR/TE: 230/3.3 ms, FA: 70°, resolution = 86 × 86 × 500 μm). The authors found that the duration of the BBB opening in mice was extended from 1 to 5 days as the UCA size increased from 1 to 8 μm. BBB closure dynamic was also seen to depend on APs, with variations between 1 and 3 days for an AP of 0.3 and 0.6 MPa, respectively.

In 2013, the same group used DCE and T1-weighted MRI to study changes in the reversibility timeline of FUS-induced BBB opening for different pulse lengths (PLs). Sonications with APs ranging between 0.30 and 0.60 MPa [79] and pulse lengths (PL) of 0.067, 0.67, and 6.7 ms and MRI acquisitions similar to what employed in [78] demonstrated that BBB closure rate decreases with the increase of both of PL and AP. However, their results suggested that in the investigated range of PLs and APs, the BBB consistently closes within 3 days after its disruption. In this study, all experiments were performed in mice with post-contrast DCE MR images acquired in a 9.4 T MRI scanner (Bruker Medical; Boston, MA) using 2D FLASH T1-weighted sequences (TR/TE: 230/3.3 ms, resolution 100 × 100 μm, slice thickness: 400 μm).

In 2015, Sun et al. [66] used DCE-MRI, acquired at 9.4 T (Bruker, Germany) in a mouse model, to quantitatively evaluate the duration of BBB permeability and correlate it with microbubbles cavitation doses acquired during permeabilization. The authors found that stable cavitation was associated with the duration of BBB opening (r2 = 0.77) in a safe regime of APs below 0.60 MPa for up until 6 days after the experiments. Here, DCE-MRI was performed using a 2D FLASH T1-weighted sequence (TR/TE = 230/2.9 ms, resolution = 130 × 130 × 600 μm3).

In 2012, Marty et al. [14] presented a comprehensive study of BBB closure dynamics after FUS-induced disruption as a function of the size of delivered molecules. The authors permeabilized BBB in rat brains by using a 1.5 MHz transducer at fixed acoustic parameters (0.45 MPa, 3% DC, SonoVue microbubbles (1.5 × 108 bubbles/mL, 200 μL). They focused on the study of concentration uptake within 24 h after BBB permeabilization, employing a range of different hydrodynamic diameters (between 1 and 65 nm) administered seven times per day. After each administration, quantitative (CA)-maps were recorded through a 7 T MRI scanner (Bruker, Germany) by using a segmented series of FGE sequences (TR1 = 5 ms, TE = 2.5 ms, six segments, 60 inversion times (from 64 to 5,800 ms), FA = 5°, and Resolution = 0.2 × 0.2 × 1 mm3). These maps allowed the time-dependent quantification particles delivered and demonstrated that the BBB remains permeable to small MR–CA (~1 nm diameter) up to 24 h after US application. Instead, for molecules of 65 nm, the BBB remains open for <15 min after sonication. Also, the authors proposed a model able to relate the half closure time (t ½) to the molecular hydrodynamic diameter. The same group also related the expression of t ½ as a function of the size of delivered agents to BBB closure rate and FUS-induced BBB gap sizes [80].

All the articles presented in this section were found on PubMed using the keywords MRI AND FUS AND BBB-opening OR MRI AND FUS and BBB-closure. Both searches were executed on 10/1/2020.



MRI TO INVESTIGATE THE EFFECTS OF FUS ON THE BRAIN

In this section, we introduce MRI techniques used in literature to evaluate the effects of FUS application on brain structure and function. Papers described in this section were the result of a PubMed search using the keywords MRI AND FUS AND BBB-opening, MRI AND FUS AND SAFE AND BBB-opening, MRI AND FUS AND safety AND BBB-opening, functional MRI AND FUS AND BBB-opening, fMRI AND FUS AND BBB-opening. Searches were executed on 15/01/2019. Papers focusing on the topics discussed in this paragraph have then been selected. In Table 2 specifications of all cited studies investigating BBB closure dynamics are reported.


Table 2. Specifications of studies, included in this narrative review, using MR-CA administration to investigate BBB closure dynamic after US application.
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MRI Methods to Ensure Safe BBB Opening

In this section, we introduce MR methods suitable to investigate the safety of LIFUS application to the brain. One of the main safety concerns when applying US through the intact skull is the possibility of damaging the surface of the brain thought he mechanism of bone heating [81, 82]. To avoid this issue, most of the work initially performed in this field was conducted by sonicating the brain after craniotomy and by running concomitant MRI thermometry [21, 83]. The latter technique is capable of recording changes in temperature-dependent proton resonant frequency [84].

In 2001, Hynynen et al. [21] adopted MRI thermometry to monitor temperature rise in the brain during sonication after craniotomy. This method was based on repeated spoiled gradient-echo MRI acquisitions (TR/TE = 40.9/19.9 ms; FA = 30°; resolution = 0.5 × 0.7 × 1 mm3). MR images were obtained during rabbit brain sonication using APs ranging from 0.2 to 11 W and were used to keep the accumulated dose below a safety threshold by keeping brain temperature below 43°C within 1 min. In 2004, McDannold et al. [23] published the first MRI method able to monitor heating produced by ultrasound absorption in the skull. In this study, fast spoiled gradient-echo MRI acquisitions generated temperature images (TR/TE 39.5/19.3 ms, FA = 30°, FOV = 20 × 15 cm, slice thickness = 5 mm, matrix = 256 × 96), while sonicating pigs in different brain locations (frequency = 690 kHz; acoustic power = 8.2–16.5 W). Phase-difference images were generated to obtain local estimates of temperature changes [84]. Safe openings were obtained in humans by applying acoustic parameters tested on porcine models [85] while monitoring local temperature through MR-thermometry techniques [32].

Another safety issue that may be occurring when BBB is disrupted through sonication is local edema or hemorrhage [86]. These events can be detected through T2-weighted MR imaging, where they produce hyper- and hypointense signals, respectively [87, 88]. In particular, cerebral microbleeds are easily detectable through MRI since they generate local magnetic field inhomogeneities, which results in faster signal decay [89]. Among available MRI pulse sequences, T2*-weighted MRI, and SWI, have proved to be the most useful in detecting hemorrhage.

For this reason, in 2008, Liu et al. [24] investigated the feasibility of SWI for identifying tissue hemorrhage associated with BBB disruption induced by FUS in a rat model. The authors demonstrated that SWI was more sensitive than T2-weighed MRI in detecting hemorrhages and recovery processes of damaged tissues after sonication.

In 2013, Wei et al. [63] modified a heavy T2*-weighted fast low-angle shot sequence (TR/TE = 28/20 ms; FA = 15°) implemented on a 3 T MRI scanner (Trio with Tim; Siemens, Erlangen, Germany) to perform SWI. They were able to identify intracerebral hemorrhaging caused by excessive FUS exposure in large-animal (swine) experiments.

A year later, Fan et al. [90] used SWI to demonstrate that when submicron bubbles are exposed to resonant-frequency matched FUS inertial cavitation phenomena, the risks of erythrocyte extravasations are significantly reduced. The authors delivered FUS with APs of 0.1–4.5 MPa to rat brains using either in-house manufactured submicron bubbles or SonoVue microbubbles, and two different US transducer operating at 1 and 10 MHz (where the latter is resonant with the stable cavitation frequency of submicron bubbles). SWI was performed on a 3-T MRI system (Trio with Tim, Siemens, Erlangen, Germany) with the following parameters: TR/TE = 28/20 ms; FA = 15°, 16 slices, resolution of 0.3 × 0.3 × 0.7 mm3. The same MRI technique has been later employed by Wu et al. [91] to demonstrate that stable microbubble cavitation does not cause edema or hemorrhage in BBB opening experiments performed in large animals (NHPs).

Liu et al. [92] investigated a fully flow-compensated T2*-weighted imaging method enhanced by superparamagnetic iron oxide (SPIO) particles to distinguish FUS-induced BBB opening from brain hemorrhages. The T2*-weighted signal is dependent both on spin-spin interaction and on spin coherence loss resulting from the susceptibility-induced field variations surrounding SPIO particles. Rat brains were sonicated at 1.5 MHz, pulse repetition frequency (PRF) of 1 Hz, and APs of 1.1, 1.9, 2.45, and 3.5 MPa. Follow-up T2*-weighted imaging was performed every 7 days for up to 35 days by using a 3 T scanner (Trio with Tim, Magnetom, Siemens, Erlangen, Germany) through a T2*-weighted 3D FLASH sequence acquired before and after SPIO administration (TR/TE = 28/20 ms; FA = 15°, resolution = 0.3 × 0.3 × 0.7 mm3). This study showed that T2*-weighted MR images with and without SPIO particles could be of aid in differentiating between sonicated areas and hemorrhages.

In 2018, Jones et al. [93] published a new method to perform transcranial microbubble imaging suitable to calibrate exposure levels when performing BBB disruption. In this work, performed on rabbits, the authors used an MRI-compatible ultrasound phased array system installed within a 3T scanner (Magnetom Prisma; Siemens Healthcare, Erlangen, Germany). After the administration of a gadolinium-based MR-CA (GadovistTM; Bayer Inc., Toronto, ON, Canada), the authors acquired CE-T1-weighted images to evaluate BBB permeability, as well as T2- and T2*-weighted images for evaluating the presence of edemas of hemorrhages, respectively. The MRI findings reported by the authors suggested that 3D subharmonic imaging can be used to calibrate exposure levels for safe FUS-induced volumetric BBB opening.



MRI Methods to Investigate Brain Functionality After BBB Opening

Since the first use of FUS for BBB permeabilization, conjectures about potential changes in brain function induced by FUS have emerged. Among non-invasive tools for functional brain imaging, functional Magnetic Resonance Imaging (fMRI) is the most popular. fMRI offers a much higher spatial resolution than other brain functional imaging techniques such as EEG, at the expense of a lower time resolution. fMRI techniques are based on blood oxygenation level-dependent (BOLD) imaging, a technique designed to detect signal changes originated by the variation of oxy- and deoxyhemoglobin ratio [94]. This ratio changes when the neuron firing rate increases above basal levels and local energy demand increases rapidly, requiring more oxygen in the surrounding tissue and, in turn, affecting variations in the BOLD signal [95]. This regional BOLD response is often modeled as a so-called Hemodynamic Response Function (HRF) [96]. Despite the well-characterized physiological functioning of the hemodynamic response, the neurobiological details of this neurovascular coupling are largely unknown. Neurovascular coupling not only controls blood flow—hence modulating oxygen levels—but it also has some direct neurometabolic effects; for instance, following the neuronal glucose depletion, the permeability of the BBB for glucose is enhanced by the stimulation of the glucose transporter 1 (GLUT 1) [97]. The BBB is also responsible for controlling the transport of other substances necessary for neuronal physiology, including other energy substrates (such as lactate, acetate, ketone bodies), neurotransmitter pre-cursors, and ions [98]. The neurovascular and neurometabolic coupling is, therefore, likely to have a direct effect on the permeability of BBB with respect to all these substances. The study of FUS-induced BBB permeabilization in conjunction with fMRI with a BOLD signal is challenging due to the difficulty of interpreting the BOLD signal itself. However, at the same time, the combination of these techniques may unlock the possibility of understanding the neurophysiological mechanisms involved in the neuron-to-BBB feedback.

The first study to employ fMRI to investigate neuromodulation induced by BBB permeabilization in rats was published by Chu et al. [99]. The authors measured permeabilization-related changes in somatosensory evoked potentials (SSEPs) and BOLD responses. Rats were sonicated (with APs of 0.30, 0.55, or 0.80 MPa) at the forelimb region in the left primary somatosensory cortex. fMRI acquisitions were performed in conjunction with forepaw electrical stimulations through a 7 Tesla Bruker BioSpec system (Bruker Corp., Billerica, MA) using a gradient-echo EPI sequence (TR/TE = 2,000/20 ms, FOV = 2.5 × 2.5 cm, slice thickness = 1 mm and matrix = 80 × 80). The authors found short-term suppression of SSEP for <60 min with an MI of 0.55. Conversely, a higher MI induced suppression of SSEP amplitude for 7 days.

A similar study by Todd et al. [100] has shown that even safe levels of FUS BBB opening may affect the physiological processes generating the BOLD fMRI signal in rats. The study reported a reduction in functional connectivity of the targeted area with the surrounding brain regions. The authors first disrupted the BBB right primary somatosensory cortex hindlimb region (S1HL) through a US transducer working at 690 kHz, with 0.3 MPa of AP (e.g., an MI of 0.4), and successively investigated BOLD signals and local functional connectivity changes. They employed a 2D single-shot gradient-echo EPI sequence (resolution = 0.5 × 0.5 × 1.0 mm3; 18 slices with 0.2 mm slice gap; TR/TE = 1,500/18 ms; FA = 65°). In detail, this study observed a functional loss in the targeted region, which was detected by analyzing functional connectivity between anatomic regions, voxel-wise correlation maps calculated through seed-based correlation analysis and spatial patterns found from independent component analysis.

In 2019, two fMRI studies investigated functional loss due to FUS-induced BBB-permeabilization [25, 26]. In the first study, published by Todd et al. [26], the authors suggested that FUS-induced BBB permeabilization may cause changes in hemodynamic responses usually evoked by the application of external stimuli, in turn indicating that local alterations of neurovascular physiology accompany BBB disruption. In this study, FUS was applied along a 2 × 2 mm square trajectory to ensure a homogenous BBB disruption in the right S1 region of rat brains (10 ms bursts, 1 Hz repetition frequency, of 0.26 MPa in the brain). fMRI data were acquired using a 2D single-shot gradient-echo EPI sequence [same parameters used in [100] both during electrical stimulation of the rat's hind paws and during a carbogen gas breathing challenge (95% O2, 5% CO2; causing vasodilatory effects). The study showed that FUS-based BBB opening leads to a marked decrease in amplitude and duration of BOLD response in the target region in case of stimulus-induced neuronal activity. Surprisingly, local attenuation in BOLD signal in permeabilized regions of the brain was detected also during carbogen breathing, which is expected to yield and increase in the BOLD signal due to vasodilation [101]. The authors interpreted these results by hypothesizing that FUS-BBB opening may cause a local change in brain neurovascular physiology which in turn may hinder the vascular response to local requests for increased blood flow, hence locally affecting the BOLD signal.

In the same year, these authors investigated how gamma-aminobutyric acid (GABA) delivery through FUS-disrupted BBB can modulate brain activity in the primary somatosensory cortex of rats [25]. By acquiring functional MR images, they found that a combination of FUS-induced BBB permeabilization and GABA injections further reduces the BOLD signal response to the external stimuli (bilateral hind paw electrical stimulations) both in peak amplitude and in spatial extension. In this study, the authors used the same acoustic protocol as in [26] (MI = 0.4). fMRI data were acquired before and after GABA injection through a 2D single-shot gradient-echo EPI sequence with the same parameters used in [26, 100].




MODELS DEPICTING DRUGS DISTRIBUTIONS AFTER BBB DISRUPTION

Over the last few years, a growing number of studies have been performed to characterize and predict particle distribution within the brain after FUS-induced BBB permeabilization. A model based on DCE-MR imaging by Chai et al. [102] was able to describe FUS-MR-CA delivery to CNS. The model is capable of estimating the molecular penetration distribution in DCE-MR images when molecules with different sizes (from 40 to 149 kDa) are released into the brain by using different MIs. This model was validated on DCE-MRI acquisitions performed on rats after Gd-DTPA administration. MR images were acquired through a 7-Tesla MR scanner (Bruker Corp., Billerica, MA) (gradient-recall-echo sequence, TR/TE = 2.31 ms/0.76 ms, slice thickness = 0.8 mm; slice number = 14; matrix = 132 × 192, FA = 5/10/15/20/25/30°).

Relatedly, a numerical model by Conti et al. [71] was able to predict particle distributions in quantitative MR-CA concentrations maps for up to over 3 h after BBB disruption and molecule administration. This model, validated through animal experiments performed on a 7T MR scanner (Bruker Corp., Billerica, MA), takes into account several factors including US parameters (e.g., AP), particle size, blood pharmacokinetics (e.g., particles half-life and clearance rate), and molecular apparent diffusion coefficient, in turn depending on the tortuosity of the targeted region of the brain. The model is designed to be based on (CA)-maps calculated from repeated IR-FGE (Inversion Recovery Fast Gradient Echo) MRI acquisitions, which consist of a segmented series of FGE images acquired at different time points after magnetization inversion (TR1 = 5 ms, TE = 2.5 ms, six segments, 60 inversion times (from 64 to 5,800 ms), FA = 5°, and resolution = 0.2 × 0.2 × 1 mm3).

A recent study by Valdez et al. [103] described a model able to characterize the distribution and diffusion of different-molecular-weight dextran molecules within the brain within 20 min after administration. The model uses both T1-weighted MR-images and fluorescence imaging. MRI acquisitions were performed through a 7 T MRI system (Bruker Medical, Boston, MA) by using a spin-echo sequence (TR/TE = 400/9 ms, a field of view = 1.92 × 1.92, matrix size = 128 × 128, slice thickness = 750 μm). In detail, this model considered diffusion over 20 min from continuously supplied point sources, which in turn means assuming that the concentration of dextran in the blood remains constant over the whole 20 min period. However, this model cannot predict MR-CA distributions since CA concentrations vary within this experimental window [104].

Papers described in this section were the result of a PubMed search using the keywords MRI AND FUS AND BBB-opening, MRI AND FUS and BBB-opening, Diffusion AND FUS AND BBB-opening. Searches were executed on 15/01/2019. Details from cited papers which develop or employ models based on MRI acquisitions, able to depict particles distributions within the brain after FUS-induced BBB opening are presented in Table 3.


Table 3. Specifications of studies, included in this narrative review, using MR-CA administration to validate models able to depict particles distributions within the brain after FUS-induced BBB opening experiments.
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MRI PROTOCOLS IN FUS-BBB OPENING IN HUMAN SUBJECTS

As discussed previously, MR-based technologies and acquisitions can be used for enabling BBB-permeabilization experiments. In this section, we present a summary of the MR-imaging methods suitable to guide and monitor FUS-induced BBB disruption in humans. In 2018, Lipsman et al. [32] described the results of a clinical trial that treated five Alzheimer's Disease patients through LIFUS application for BBB opening. The FUS device consisted of a transducer with 1,024 elements driven at 220 kHz (ExAblate Neuro; INSIGHTEC Haifa, Israel) installed in a 3T MRI scanner (Signa MR750; GE Healthcare, Milwaukee, WI). Before treatment, each subject underwent the same MRI protocol composed by a T1-, T2- (fast spin-echo), and T2*- (gradient echo) weighted images to identify target regions. After the administration of 4 μl/kg of UCA (Definity®), LIFUS was applied while monitoring temperature through MR thermometry. The US was applied twice a month within a rectangular volume (10 × 10 × 7 mm3) along a square trajectory. During sonication, acoustic parameters were limited by the clinical device hardware to avoid microbubbles inertial cavitation. Acoustic powers ranged between 2.5 and 7.5 W. After sonication, the administration of a gadolinium-chelate was followed by a T1-weighed MRI acquisition. Figure 5A shows exemplar T1-weighted images obtain before, immediately after, and 24 h after sonication in one subject treated by Lipsman et al. [32]. These images were obtained after MR-CA administration. While contrast is enhanced right after BBB disruption, no CA extravasation is revealed 24 h after sonication, hence pointing to BBB closure.


[image: Figure 5]
FIGURE 5. (A): Contrast-enhanced T1-weighed MR images obtained before (a), immediately (b), and 24 h (c) after BBB opening [32]. Figure reproduced with permission from [32]. (B): fMRI images used by [75] to specifically target the US to the primary motor cortex in a human subject. BBB opening has been then evaluated through the acquisition of Contrast-enhanced T1-weighed MR images (b,c). Figure reproduced with permission from [75].


In 2019, the same group investigated resting-state (i.e., task-free) functional connectivity changes in the bilateral frontoparietal network induced in Alzheimer's Disease patients by FUS-induced BBB opening, during 1 month after the procedure [74]. These authors found a transient connectivity decrease in the network, which was then restored at 24 h after treatment. Resting-state fMRI (rs-fMRI) acquisitions were performed through a 3-T MRI (Signa MR750; GE Healthcare, Milwaukee, WI) by using 200 temporal volumes of 40 slices (3.6 mm thick), TE\TR = 30\2,400 ms.

Abrahao et al. [75] also used fMRI acquisitions during a motor task to test the feasibility and safety of LIFUS-induced BBB permeabilization in four Amyotrophic Lateral Sclerosis (ALS) patients in lag and hand control regions in the primary motor cortex (see Figure 5B). The fMRI data were employed to specifically target the US to the primary motor cortex (as shown in Figure 5B). MRI acquisitions were performed through a 3T scanner (Signa MR750; GE Healthcare, Milwaukee, Wis.) with an eight-channel head receiver coil. 3D anatomical images were acquired through an inversion recovery prepared fast spoiled gradient echo (IR-FSPGR) (TE/TR = 2.94/7.65 ms, matrix size = 265 × 265, slice thickness = 1 mm). fMRI scans were performed by acquiring 130 temporal volumes of 36 slices with 4 mm thickness, TR/TE = 2,000/30 ms; FA = 70°, matrix size = 64 × 64) during a motor task of 4 min 28 s duration. BBB opening was targeted to the arm or leg regions as mapped by task fMRI. The authors used the 220 kHz ExAblate Neuro 4000 system type 2.0 with 1,024 ultrasound transducers coupled to the 3-Tesla MRI.

All articles presented in this section were the results of a PubMed search performed using the keywords MRI AND FUS AND BBB-opening AND patients, MRI AND FUS AND BBB-opening AND Alzheimer's; MRI AND Ultrasound AND BBB-opening AND Parkinson's Disease Dementia; MRI AND ultrasound AND BBB AND Amyotrophic Lateral Sclerosis. Searches were executed on 15/01/2019.



FUTURE PERSPECTIVES IN MR-GUIDED BBB OPENING

FUS-mediated BBB disruption has been demonstrated to be capable of delivering a number of drugs and other potential therapeutic substances to the brain. The development of this technique has been closely dependent on the availability of MRI technology for the treatment planning, execution, and evaluation. In this review, we have summarized the main MR methods employed to guide FUS before, during and after the BBB permeabilization protocol, demonstrating that MR-guided focused ultrasound is a unique, exciting and effective technique able to induce brain changes and drug delivery in the brain in a non-invasive, temporally and spatially controlled manner.

MRI, and specifically MR elastography, has often been used for improving brain targeting based on tissue displacement monitoring [38, 41, 42]. However, neuronavigation-guided ultrasound [105] can be a valid alternative for all procedures performed in-scanner. This procedure relies on in silico pre-planning (targeting) based on computed tomography, MRI, and neuronavigation systems. This procedure can reduce costs and improve comfort for patients, especially in cases involving critical care patients or repeated sessions.

The evaluation of BBB opening and closure dynamics is commonly performed by analyzing T1-weighted MR images and parametric T1-maps and requires the administration of an MRI CA. The most common choice is a gadolinium chelate. However, the accumulation of MR-CAs may lead to adverse reactions, especially in patients with a history of asthma, allergies, and renal insufficiency and when injections are performed at faster rates [106]. For this reason, minimizing the use of Gd-CAs through the development of different MRI strategies for the evaluation of BBB opening dynamics and brain changes is advisable to optimize treatment and ensure patient safety. For example, a local increase of the EES [71, 107] induced by FUS-mediated BBB disruption could pave the way for the evaluation of BBB opening using diffusion MRI or multimodal MRI acquisitions, which would allow more in-depth characterization of microstructural brain changes [108, 109].

MRI evaluation of tissue damage can reveal blood extravasation and edema formation that may occur when inadequate acoustic parameters are employed. This is commonly performed using T2- and T2*-weighted images. However, the procedure can be improved by combining techniques to detect harmful treatment conditions in real-time with feedback control prior to causing damages. In this context, cavitation monitoring has been used to identify potentially harmful microbubble activity [110]. For high-pressure levels, microbubbles engage in strong oscillations, increase in size, and deform in shape. This eventually leads to collapses, which in turn release strong jets. Cavitation activity can be acoustically monitored using a second transducer (passive acoustic detector or an imaging probe) coupled to the patient's head. The scattered acoustic signal emitted by the cavitating microbubbles reveals the signature of each of the processes involved in the cavitation activity (stable or inertial cavitation). Therefore, MRI and cavitation detection-based feedback techniques [29, 66, 111] are complementary in the efficacy of effect monitoring and for evaluating brain integrity and local drug release.

As mentioned, functional MRI has been used for the evaluation of both functional changes and neuromodulatory effects induced by sonication [99, 100, 112]. In future studies, this technique may also be used to e.g., evaluate improvements of cognitive function induced by ultrasound-mediated blood-brain barrier opening in Alzheimer's Disease with and without the delivery of neurotrophic factors [113]. Also, since it has been recently shown that FUS exposure may induce reactive gliosis [114], which in turn can inhibit neuroplasticity and regeneration [115], future works may leverage fMRI acquisitions to non-invasively evaluate these effects.

While it is well-known that FUS application affects EES by enlarging the extracellular volume fraction [71, 107], so far the effects of sonication on molecular pseudo-diffusion (and hence on the velocity of water within the vessels and its diffusion within the blood) have not been investigated. Future studies involving intravoxel incoherent motion (IVIM) acquisitions [116] right after FUS-induced BBB opening may help in eludidatig whether FUS application affects not only diffusion within the EES but also pseudo-diffusion within blood vessels.
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ABBREVIATIONS

ALS, Amyotrophic Lateral Sclerosis; AP, Acoustic Pressure; BBB, Blood-Brain Barrier; BOLD, blood oxygenation level-dependent; CA, Contrast Agent; (CA)-maps, concentration maps; CE, contrast-enhanced; CNS, Central Nervous System; DC, Duty Cycle; DCE, dynamic contrast enhancement; EEG, Electroencephalography; EES, Extravascular-extracellular space; EPI, Echo-Planar Imaging; FA, Flip Angle; FFE, fast field echo; FGE, fast gradient echo; FLASH, fast low angle shot; FOV, Field Of View; FS, focal spot; FUS, Focused Ultrasound; fMRI, functional Magnetic Resonance Imaging; GABA, gammaaminobutyric acid; GBM, Glioblastoma; Gd-BOPTA, Gadobenate disodium; Gd-DO3A-butriol, Gadobutrol; Gd-DOTA, Gadoterate meglumine; Gd-DTPA, Gadolinium-diethylene-triamine pentaacetic acid; Gd-DTPA-BMA, Gadolinium-diethylene-triamine pentaacetic acid- bis-methylamide; GKM, general kinetic model; GLUT 1, glucose transporter 1; HRF, hemodynamic response function; IC, inertial cavitation; IR-FGE, inversion recovery fast gradient echo; IR-FSPGR, inversion recovery prepared fast spoiled gradient echo; IVIM, intravoxel incoherent motion; LIFUS, low intensity focused ultrasound; MBs, microbubbles; MI, mechanical index; MR, Magnetic Resonance; MR-ARFI, magnetic resonance acoustic radiation force imaging; MRE, Magnetic Resonance elastography; MRI, Magnetic Resonance Imaging; R1, longitudinal relaxation rate; PL, pulse length; RF, radiofrequency; SE, Spin-Echo; S1HL, right primary somatosensory cortex hindlimb region; SNAP, Simultaneous Non-contrast Angiography and intraPlaque hemorrhage; SNR, signal to noise ratio; SSEP, somatosensory evoked potential; SW, susceptibility weighted; t1/2, half closure time; TE, echo time; TR, repetition time; t-MRE, Transient MR elastography; SPIO, superparamagnetic iron oxide; UCA, ultrasound contrast agents; US, Ultrasound.



FOOTNOTES

1ExAblate Blood-Brain Barrier Opening for Treatment of Alzheimer's Disease. Available online at: https://clinicaltrials.gov/ct2/show/NCT03739905 (accessed January 2, 2020).

2Blood-Brain-Barrier Opening Using Focused Ultrasound With IV Contrast Agents in Patients With Early Alzheimer's Disease. Available online at: https://clinicaltrials.gov/ct2/show/NCT02986932 (accessed January 2, 2020).

3ExAblate Blood-Brain Barrier (BBB) Disruption for the Treatment of Alzheimer's Disease. Available online at: https://clinicaltrials.gov/ct2/show/NCT03671889 (accessed January 2, 2020).

4ExAblate Blood Brain Barrier Disruption (BBBD) for Planned Surgery in Suspected Infiltrating Glioma. Available online at: https://clinicaltrials.gov/ct2/show/NCT03322813 (accessed January 2, 2020).

5ExAblate Blood-Brain Barrier Disruption for Glioblastoma in Patients Undergoing Standard Chemotherapy. Available online at: https://clinicaltrials.gov/ct2/show/NCT03712293 (accessed January 2, 2020).

6Assessment of Safety and Feasibility of ExAblate Blood-Brain Barrier (BBB) Disruption for Treatment of Glioma. Available online at: https://clinicaltrials.gov/ct2/show/NCT03616860 (accessed January 2, 2020).

7Blood Brain Barrier Disruption (BBBD) Using MRgFUS in the Treatment of Her2-positive Breast Cancer Brain Metastases. Available online at: https://clinicaltrials.gov/ct2/show/NCT03714243 (accessed January 2, 2020).

8Blood-Brain Barrier Opening Using MR-Guided Focused Ultrasound in Patients With Amyotrophic Lateral Sclerosis. Available online at: https://clinicaltrials.gov/ct2/show/NCT03321487 (accessed January 2, 2020).

9A Study to Evaluate Temporary Blood Brain Barrier Disruption in Patients With Parkinson's Disease Dementia. Available online at: https://clinicaltrials.gov/ct2/show/NCT03608553 (accessed January 2, 2020).

10≫ Device. Available at: https://carthera.eu/sono-cloud/device/ (accessed January 2, 2020).
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