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Editorial on the Research Topic
 Current state and future directions of cranial focused ultrasound therapy




Transcranial focused ultrasound (FUS) is a transformative technology to treat neurological and psychiatric disorders. Following pre-clinical development for decades, FUS ablation received FDA approval for essential tremor (ET) treatment in July 2016 (1). The field has undergone rapid development with innovations in image guidance (2, 3), technique optimization (4), and expansion of target selection beyond the thalamus (5–7). In addition to cranial ablation, focused ultrasound can transiently open the transient blood-brain barrier (BBB) in targeted locations and is being actively tested for applications in Alzheimer's disease and brain tumors for targeted drug delivery (8–10).

The current collection of articles highlights the recent innovations in clinical and investigational applications of FUS. Walker et al. discuss the application of DWI and diffusion tractography to visualize the sciatic nerve in piglets They demonstrate reliable sciatic nerve visualization and disruption following MRgFUS ablation in an animal model with histopathologic correlation. This research expands the reach of MRgFUS ablation to the peripheral nervous system and may lead to clinical applications for pain relief with durable nerve conduction blocks (11, 12).

Ahmed A-K et al. explore the impact of ablation location (thalamotomy vs. pallidotomy) on treatment efficiency in a cohort of 40 patients with matched skull density ratios (SDR). Acoustic and thermal simulations were performed at each target, and the findings confirm that globus pallidus interna ablation, located further from the geometric center of the skull, was associated with a higher energy requirement when compared with thalamic ablation. This data has important implications for patient selection for pallidotomy and other off-center ablation targets.

Ahmed N et al. present a thorough review of MRgFUS applications for therapeutic cell delivery in the brain through BBB opening techniques. The authors review the existing methodology of intracerebral cell delivery, including vascular, intrathecal, and stereotactic delivery techniques. Current and future potential for clinical translation is reviewed with applications in neurodegenerative disease, malignancy, autoimmune disorders, and stroke therapy.

Stanziano et al. present data on the resting-state functional MRI connectome in patients with tremor-dominant Parkinson's disease undergoing FUS thalamotomy. Baseline, 1-month, and 3-month connectome data were evaluated for differences in connectivity using a comparative region of interest analysis. The results shed light on changes in functional connectivity between primary motor cortices, supplementary motor cortices, cingulate cortex, and lobe VI of the cerebellar hemispheres. In addition, correlative changes in functional connectivity were observed to a different extent in patients who had a positive clinical response.

Pujol et al. present DTI tractography parcellation of the hyperdirect pathway projections from the M1 cortex and reveals a somatotopic organization by the trunk, arm, hand, face, and tongue. This study analyzed the Human Connectome Project data and should have important implications for patient-specific tractography. By defining patient-specific somatotopy, practitioners could better define ablation targets and avoid off-target effects from FUS ablation.

Agrawal et al. present a systemic review and meta-analysis pooling results from 29 studies of the clinical outcomes and complications of MRgFUS ventral intermediate (Vim) thalamic nucleus ablation for ET patients. Importantly, the analysis revealed a statistically significant reduction in postprocedural ataxia when DTI-based targeted was employed. This review not only supports robust clinical outcomes from Vim ablation in ET patients but reinforces the benefits of diffusion tractography in target selection.

Fishman and Fischell present a review of existing and future techniques for BBB opening to treat neurodegenerative disease. Pre-clinical studies on the delivery of growth factors, antibodies, viral vectors, and nanoparticles into the brain with targeted BBB opening are reviewed. Safety data on the BBB opening technique is presented with a thoughtful reflection on future directions.

Lak et al. present a single-center experience with 160 thalamic FUS ablations in patients with ET or tremor-dominant Parkinson's disease, the largest experience published thus far. They report MRgFUS thalamotomy is a safe and effective procedure with a mean 78% tremor reduction at 2 years. In addition, the most observed side effects at 2 years were imbalance followed by sensory disturbance. This data further bolsters existing literature on the safety and efficacy of MRgFUS thalamotomy.

We anticipate this collection will be of great interest to seasoned and new practitioners of cranial MRgFUS. The field has undergone rapid innovation with exciting future horizons.
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Background: Magnetic resonance guided focused ultrasound (MRgFUS) is a relatively novel technique to treat essential tremor (ET). The objective of this review was to analyze the efficacy and the safety profile of MRgFUS for ET.

Methods: A systematic literature review was done. The post procedure changes in the Clinical Rating Scale for Tremor (CRST) score, hand score, disability and quality of life scores were analyzed.

Results: We found 29 studies evaluating 617 patients. DTI based targeting was utilized in six cohorts. A significant difference was observed in the pooled standard mean difference between the pre and postoperative total CRST score (p-value < 0.001 and 0.0002), hand score (p-value 0.03 and 0.02); and the disability at 12 months (p-value 0.01). Head pain and dizziness were the most in procedure complications. The immediate pooled proportion of ataxia was 50%, while it was 20% for sensory complications, which, respectively, declined to 31 and 13% on long term follow up. A significant reduction (p = 0.03) in immediate ataxia related complications was seen with DTI targeting.

Conclusion: MRgFUS for ET seems to be an effective procedure for relieving unilateral tremor. Use of DTI based targeting revealed a significant reduction in post procedure ataxia related complications as compared to traditional targeting techniques. Analysis of other complications further revealed a decreasing trend on follow up.

Keywords: cerebellothalamic tract, diffusion tensor imaging, essential tremor, magnetic resonance guided focused ultrasound, targeting technique comparison, ventral intermediate nucleus


INTRODUCTION

Essential tremor (ET) is the most common form of adult movement disorder (1, 2), with an estimated prevalence of 4–6% (3, 4). Although not life threatening, it carries significant morbidity due to functional impairment from loss of hand function (5). Medications such as propranolol and primidone are the first line therapy, but many patients with ET become drug refractory (5). These patients can be good candidates for surgical treatments such as deep brain stimulation, radiofrequency thalamotomy, focused ultrasound thalamotomy, or gamma knife thalamotomy (GKT).

Stereotactic radiofrequency ablation of basal ganglia and thalamic structures, including the VIM nucleus was one of the first surgical interventions to be offered to ET patients (6). The higher risk of side effects eventually led clinicians to consider DBS as a choice for surgical treatment of ET (7–9). However, there are several drawbacks related to its use, such as implant related complications and the requirement of frequent hospital visits for programming (10, 11). GKT was developed as a relatively less invasive thalamotomy method, but suffered from unpredictable lesion size limitation and time taken for the clinical benefit to become apparent (12). MRgFUS integrates ultrasonic waves with magnetic resonance imaging for therapeutic transcranial ablation (13). MRgFUS thalamotomy is an image guided procedure with no incision. It is a precision thalamotomy, in other words. Advantages of MRgFUS include non-invasiveness, real time real-time visualization of the thermal spot, and temperature monitoring while testing for a clinical response during lesion creation. Moreover, there are no hardware-related complications, and the patients do not require repeated hospital visits for programming. New advances are being made to improve the results of MRgFUS. Diffusion tensor imaging, which allows the delineation of the CTT, has been incorporated in recent times in an effort to improve the target of the ultrasonic waves (14).

An earlier review published on the topic included only nine studies (15). Many errors were pointed out in the article, including an insufficient number of studies to draw relevant conclusions (16). Additionally, no long-term data were available at that time. Since then, several centers around the world have embraced this technique. This review summarizes the latest available evidence in literature in terms of efficacy and complications of MRgFUS for ET. Owing to the paucity of Class I evidence and the unlikelihood of prospective studies comparing the various surgical techniques available for treating ET, this meta-analysis strives to provide pooled results of a number of smaller studies on the topic.



METHODS


Literature Search

A search for published literature till May 2020 was done on PubMed, Google Scholar, Cochrane library database and Medline using the keywords “MR guided,” “focused ultrasound,” “essential tremor,” “thalamotomy,” “ventral intermediate nucleus,” “cerebellothalamic,” and “diffusion imaging” in various combinations. References of the relevant studies and other review articles on the subject were also studied to supplement the initial search. Only English language articles were considered. Two authors manually and independently reviewed all publications encountered during the search. Disagreements, if any, were resolved with the opinion of a third independent observer. PRISMA guidelines were followed throughout (Figure 1A).


[image: Figure 1]
FIGURE 1. (A) PRISMA flow diagram outlining the literature search process. (B) Bar chart depicting the type and number of studies with year of publication. (C) Bar chart depicting the country where the study was conducted. (D) Bar chart depicting the trend in targeting technique over the years.




Inclusion and Exclusion Criteria

Studies describing the use of MRgFUS for the treatment of medically refractory ET (unilateral or bilateral) in the adult population were selected for this review. The exclusion criteria were studies that reported outcomes on patients with tremors secondary to any other causes, such as drug-induced tremor, history of preceding trauma within 3 months, psychogenic tremor, or co-morbid Parkinson disease and dystonia were excluded. For studies with mixed diagnoses, we only included outcomes reported for ET patients. To keep the focus primarily on MRgFUS, we excluded cases where a previous procedure such as DBS, radiosurgery or stereotactic ablation was done. To avoid duplication of results, we only included outcomes from a single publication where multiple publications reported outcomes from the same study cohort.



Data Extraction

Data were extracted by two authors independently. Clinical data collected included the maximum reported period of follow up, the total Clinical Rating Scale for Tremor score (maximum score 160) (17, 18), hand score – a subset of CRST Part A and B (maximum score 32), disability as CRST Part C (maximum score 32) and quality of life as determined by the Quality of Life in Essential Tremor Questionnaire score (0–100%). All the data points were collected using a standardized data collection instrument developed in Microsoft Excel (Microsoft Inc., Redmond, WA) template.

The primary outcome variable was the change in CRST score pre and postoperatively at 3 and 12 months. The secondary outcomes were the difference in disability and QOL scores. For the meta-analysis, studies that reported the outcome as a mean value (with standard deviation) of the total CRST score, hand score, CRST Part C score and QUEST score were included. Studies reporting outcome as median or percentage improvement in outcome scores, studies that reported the hand score out of 12/16 were excluded from that part of the analysis. Case reports were excluded from the meta-analysis.

Complications attributed to the procedure were recorded as immediate (occurring during the procedure to within 48 h after the procedure), short-term (from the third day onwards till 3 months), and long-term (persisting/appearing more than 3 months later). The complications were divided into two broad categories - neurologic and minor/treatment related. The neurological complications were further divided into four subcategories – sensory (paresthesia, taste disturbance, dysesthesia, tinnitus), motor (facial or limb weakness), ataxia (dizziness, gait ataxia, dysmetria/hand ataxia) and speech & swallowing. The minor/treatment related complications were categorized as headache and fatigue, sonication, MRI, frame related and others.



Statistical Analysis

Statistical analysis of the pooled data was performed using R software (R Foundation for Statistical Computing, Vienna, Austria) employing the “meta” and “metaphor” packages (19–21). We first performed the analysis using fixed-effect modeling and later, with random-effect methods (after assessing heterogeneity with fixed modeling). Thus, all values reported in the current analysis were from random-effect modeling (was heterogeneity significant for all analyses). The extent of heterogeneity between the studies was quantified using the I2 statistic. Values of I2 < 25%, 25–75%, and >75% were defined as low, moderate and high heterogeneity, respectively (22). The results were expressed as a standardized mean difference with a 95% confidence interval. A negative SMD indicates improvement in the relevant score postoperatively. P-value < 0.05 was considered as statistically significant. Linear regression analysis was performed to detect any significant correlation between parameters.



Risk of Bias Assessment

Studies were assessed for a possible publication bias initially using a funnel plot, which was later quantified using Egger's test. Publication bias was evaluated for reporting of CRST total score at 3 months. Egger's regression test showed that the X-axis intercept occurred at −1.587 with p-value (two-tailed) being 0.04315 (Supplementary Material 1).



Study Quality Assessment

The MINORS criteria were used to assess the methodological quality of non-randomized surgical studies (23) (Table 1).


Table 1. Methodological index for non-randomized studies (MINORS) scores for included studies*.
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RESULTS

A total of 29 studies (24–52), evaluating a total of 617 patients (156 female) fulfilled the inclusion criteria for the systematic review. Out of these 29 studies, there was only one RCT (47), with the rest being observational studies. There were fourteen prospective and eight retrospective studies and three case reports (Figure 1B). At present, the procedure has been performed in eight countries (Figure 1C). Three studies were reporting long term follow-up (37, 48, 49) of the patients in the RCT. Mean age of the patients ranged from mean 61.7 ± 8.1 to 78 ± 6 years in the studies, except a case report which reported the use of MRgFUS in treating nonagenarians (51). Mean disease duration ranged from 15.4 ± 13.3 to 34.3 ± 22.1 years. The maximum follow-up reported was 5 years by Sinai et al. in two patients (41). The baseline characteristics of the studies are summarized in Table 2.


Table 2. Study details arranged chronologically by the month and year of publication along with follow up and outcome scores [*For descriptive purposes, the cohort of patients reported by Krishna et al. (35) and Elias et al. (47) were split into two groups, each with its own distinct characteristics].
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Targeting Method and Operative Parameters

Majority of the studies followed atlas-based targeting which was further refined by direct targeting based on MRI. DTI based targeting was reported by six studies, two of whom were case reports (Table 2, Figure 1D). Treatment parameters used by various centers have been summarized in Table 3. The skull density ratio (SDR) was more than a mean of 0.45 for all studies, except one which reported a median value of 0.38 (38). The mean number of sonications ranged from 11 ± 3.2 to 22.5 ± 7.6. All studies reported maximum temperature attained as >55°C for the lesioning except Chang et al. (26), who reported 53 ± 3.3°C as the mean temperature attained, and Jones et al. (40), who described a series of 19 patients in whom multiple low-temperature sonications were used to create a lesion. The maximum energy delivered ranged from a mean of 10,320 ± 4,537 to 16,910 ± 8,340 J. The sonication time ranged from a mean of 82.8 ± 30.8 to 105 ± 55 min. A recent case report mentioned 80 min as the sonication time (51). Four centers utilized a 1.5T MRI for the procedure (34, 46, 50, 52) while the rest performed it on a 3T machine.


Table 3. Treatment parameters [*For descriptive purposes, the cohort of patients reported by Krishna et al. (35) and Elias et al. (47) were split into two groups, each with its own distinct characteristics].
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Tremor Outcome

Tremor outcomes, in the form of CRST scores and its subsets, for all studies have been summarized in Table 4. Total CRST scores 3 months after the procedure were reported by nine studies. The pooled standard mean difference between postoperative and preoperative total CRST score at 3 months was −1.93 (95% CI: −2.32 to −1.54, p-value < 0.001). The studies showed moderate heterogeneity with I2 of 33% (Figure 2A).


Table 4. Summary of outcomes after meta-analysis.
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FIGURE 2. Pooled standard mean difference between preoperative and postoperative total CRST score at 3 months (A), total CRST score at 12 months (B), hand score at 3 months (C) and hand score at 12 months (D).


Seven studies reported total CRST scores at 12 months after the procedure. The pooled standard mean difference was −2.07 (95% CI: −2.70 to −1.44). P-value was found to be significant at <0.01. The studies showed high heterogeneity with I2 of 68%. Sensitivity analysis was done, and 2 studies (33, 47) were found to be contributing to heterogeneity. Analysis was redone after removing these 2 studies. Hence, the final analysis for total CRST scores at 12 months after the procedure included five studies. The pooled standard mean difference was −2.12 (95% CI: −2.57 to −1.67). P-value was found to be significant at 0.002. The studies showed low heterogeneity with I2 of 0% (Figure 2B).

Four cohorts reported hand scores (out of a total of 32) at 3 months. The pooled standard mean difference was −2.36 (95% CI: −3.56 to −1.15; p-value - 0.03). The studies showed high heterogeneity with I2 of 67% (Figure 2C). Eight cohorts reported hand scores at 12 months. The pooled standard mean difference was −2.35 (95% CI: −2.83 to −1.86; p-value - 0.02). The studies showed moderate heterogeneity with I2 of 57% (Figure 2D).

The standard mean difference between the preoperative and postoperative total CRST score and hand scores was found to be significant at 3 and 12 months following the procedure. Subgroup analysis of the mean changes in CRST scores according to the targeting technique (standard vs. DTI based) revealed that the difference was not statistically significant between the two groups.



Disability and QOL Outcome

Disability, as per the CRST Part C score at 3 months after MRgFUS, was reported by five studies. The pooled standard mean difference was −2.66 with 95% CI: −3.53 to −1.79 (p-value - 0.08). The studies showed moderate heterogeneity with I2 of 52% (Figure 3A). Disability at 12 months after MRgFUS was reported by eight cohorts. The pooled standard mean difference was −4.54 with 95% CI: −8.95 to −0.12 (p-value < 0.01). The studies showed considerable heterogeneity with I2 of 96%. Sensitivity analysis was done, and 1 study (42) was found to be contributing to heterogeneity. Analysis was redone after removing this study. Hence, the final analysis for disability at 12 months after MRgFUS included seven studies. The pooled standard mean difference was −2.57 with 95% CI: −3.33 to −1.80 (p-value - 0.01). The studies showed moderate heterogeneity with I2 of 64% (Figure 3B).
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FIGURE 3. Pooled standard mean difference between preoperative and postoperative disability scores at 3 months (A), disability scores at 12 months (B), QUEST scores at 3 months (C) and QUEST scores at 6 months (D).


QOL, as per the QUEST score at 3 months, was reported by three cohorts. The pooled standard mean difference was −1.49 (95% CI: −2.93 to −0.04; p-value - 0.13). The studies showed moderate heterogeneity with I2 of 51% (Figure 3C). Four cohorts reported QOL at 6 months. The pooled standard mean difference was −2.20 (95% CI: −3.40 to −1.00; p-value - 0.07). The studies showed moderate heterogeneity with I2 of 57% (Figure 3D).

The comparison between preoperative and postoperative disability revealed statistically significant difference in the Part C score at 12 months (p-value: 0.01) (Table 4). Further subgroup analysis disclosed no statistically significant difference.



Complications

Details regarding the immediate, short term, and long-term complications are provided in the supplementary data (Supplementary Materials 2–4). The total complications were arranged according to the targeting method – standard vs. DTI based (Table 5) The pooled proportion of sensory, motor, ataxia and speech & swallowing related complications was calculated for immediate, early and late (occurring or persisting after 3 months) complications (Table 6, Figure 4, Supplementary Material 5).


Table 5. Total number of complications (grouped according to the targeting method).
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Table 6. Summary of complications after meta-analysis.
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FIGURE 4. Forest plots depicting pooled proportions of immediate sensory (A), motor (B), ataxia (C) and speech and swallowing (D) related complications.


Ataxia was the most common postoperative complication. All complications showed a decreasing trend over time. Subgroup analysis revealed significantly less immediate post procedure ataxia related complications in the DTI group, although no significant difference was noted over long term analysis.




DISCUSSION

The first reports of the use of MRgFUS in medically refractory ET were published in 2013 (24, 25). Standard atlas-based targeting was utilized to create a lesion in the contralateral VIM nucleus of the thalamus. The USFDA approved the use of MRgFUS in ET in 2016 after a randomized sham-controlled trial showed favorable results in the MRgFUS group (47). In a short time period, there has been a significant amount of research on the subject. However, most of these studies have small sample size. Our review article summarizes the latest available evidence in literature in terms of efficacy and complications of MRgFUS for ET. Owing to the paucity of studies involving large number of patients, this meta-analysis strives to provide pooled results of a number of smaller studies on the topic. We did an updated systematic review and meta-analysis of the studies describing the outcomes and adverse events following the use of MRgFUS in essential tremor. Though reviews have been published in the past on this topic, but there were significant shortcomings (15, 16). Our review article summarizes the latest available evidence in literature in terms of efficacy and complications of MRgFUS for ET. The primary outcome analyzed was the change in total CRST score and hand score (out of 32) after treatment, while the secondary outcomes measured were the quality of life and the complication rates. We have also tried to find whether any difference in efficacy and complication rate exists according to the area targeted - VIM nucleus of thalamus or CTT in the PSA.


Clinical Efficacy

All studies have reported good postoperative outcomes. We found a significant difference in the pooled SMD between the postoperative and preoperative primary outcome variables, at 3- and 12-months post-procedure. This shows MRgFUS to be an effective surgical modality for the treatment of ET. Additionally, there was a statistically significant improvement in the disability of the patients at 12 months postoperatively, as evaluated by the CRST Part C score. Only one study had a control group; hence between-group comparison was not possible.

For any other surgical technique to replace DBS as the procedure of choice for refractory ET, it has to prove itself as at-par, if not better than DBS. Comparative studies between RFA and DBS have reported better improvement in function and fewer adverse effects with DBS (53). Gamma knife thalamotomy for ET was first described in the 1990s. It's a non-invasive procedure, however, the inability to monitor real-time clinical response, variation in the size of the lesion produced, unpredictable radiation effects, and a delay in clinical response have resulted in GKT being reserved for patients who are otherwise unfit for DBS (12).

Non-invasiveness of the MRgFUS is an advantage of MRgFUS over DBS. Class I evidence in the form of an RCT gave a big impetus to MRgFUS (47). In a retrospective analysis of RFA, DBS, and MRgFUS for ET, outcomes of the procedures between the three groups were not statistically different (30). Another retrospective analysis showed comparable efficacy and QOL between unilateral DBS and MRgFUS (54). A recent study compared a trial on the use of VIM DBS for ET, with the RCT done by Elias et al. (47, 55, 56). They found a greater percentage improvement with DBS, although the patients in the DBS group had worse baseline tremor scores.



Long Term Outcome

Sustained improvement in tremor scores has been demonstrated on long term follow up of patients (37, 41, 48, 49). At 3 years of follow up, the patients enrolled in the RCT had a reduction of 56% in hand score, 63% in disability score and a 50% improvement in the QOL (49). At 4 years of follow up in 12 patients, a 56% reduction in hand score and 63% reduction in the disability scores was seen (37). The maximum available follow up of 5 years in two patients revealed a total CRST score of 8.0 (6–10) and QUEST score of 11.0 (6–16), as compared to a baseline score of 46.0 (16–74) and 41.5 (15–93) respectively (41).

A decline in efficacy over time, in the form of a small increase in the hand tremor and disability scores at 3 years as compared to the scores at 6 months has been noted (49). Four patients out of 76 underwent DBS (49). Sinai et al. observed a return of tremor in 11% of their patients (5/44) (41). Further studies with a greater number of patients are needed to refute this observation. The decline in the efficacy over time may be due to the progressive nature of the disease (57). In such cases, it is feasible to treat the patients again and this is certainly a big strength of MRgFUS.



Treatment Parameters

A meta-analysis of the mentioned treatment parameters could not be done due to the unavailability of adequate data for analysis. Some studies in literature have tried to correlate various treatment parameters with the clinical outcome. SDR was significantly associated with the outcome at 1 and 6 months by Sinai et al. (41), while no such relationship was found in other studies (42, 44, 46). The study which included patients with SDR < 0.4 found no statistically significant difference in the mean SDR of patients who had sustained improvement in symptoms and those who had recurrence of symptoms in this study. Traditionally, a SDR value of <0.40 has been associated with higher energy requirements. But recent clinical series investigating this topic have found no significant difference in the clinical outcome or the complication rate in this subgroup as compared to the patients with SDR value > 0.40 (58, 59).

The higher maximal temperature has been found to significantly influence the percentage change in tremor scores (41, 45). Intraoperative tremor reduction has not been found to correlate to outcome at 3 months, while procedure duration and number of sonications have been shown to be significantly less with the use of DTI (35). Studies have previously found an association between younger age, short disease duration, better baseline tremor scores, fewer number of sonications and a higher maximal temperature during treatment to a better outcome (35, 44, 46). Experience acquired with the technique has also been found to have a positive impact on the outcome positively (44). It has been recommended by some that the procedure should be restricted to a few specialized centers only (41). Barring three patients who underwent bilateral procedures 1 year apart (27), all FUS procedures have been performed unilaterally. ET is a progressive disease, with most patients having bilateral symptoms (57). Thus, more experience with bilateral procedures is required.



Complications

More than 1/3rd of patients developed sonication related complications, amongst which head pain and dizziness were the most common. This seems to be a significant source of discomfort for the patient. Iacopino et al. (34) reported four patients in whom treatment had to be aborted due to severe head pain. None of the sonication or frame related complications persisted beyond 3 months.

Ataxia, which included gait disturbance and hand ataxia, was the most common neurological side effect, followed by sensory deficits. The immediate pooled proportion of ataxia was 50%, while it was 20% for sensory complications, which is considerable. The high complication rate has been postulated to be due to the small size of the VIM nucleus and non-visibility on MRI resulting in the potential overlap of the lesion with the surrounding structures like the ML and CST. The reason why ataxia is the most common acute complication was suggested to be due to the objective nature of assessment (36). Further, it was demonstrated that the area responsible for postoperative ataxia overlapped significantly with the area associated with clinical benefit (36). Fortunately, data suggests that these complications partially resolve with time as evident by the decreased incidence of late complications (Table 4). Furthermore, no additional side effects were observed in each subsequent year of follow up amongst the patients enrolled in the RCT (37, 48, 49). But a major limitation in assessing the long-term complications of the patients undergoing MRgFUS is the high dropout rate (48, 49). Halpern et al. found it to be as high as 31% in 3 years (49). Thus, a true picture of the permanence of the complications is hard to assess.

No hemorrhage, seizure or trajectory related complications have been noted till now with MRgFUS for ET, making it a uniquely safe procedure in this aspect as compared to DBS or RFA (11, 30, 59).



Role of DTI in Target Localization Technique

VIM nucleus of the thalamus, which has traditionally been used as the target for MRgFUS, is not visible on the 3T MRI and surgeons have to target it based on an atlas or an estimate based on their experience. Microelectrode recording is not possible intra-operatively as the procedure is incisionless. A series of low power sonications, delivered before creating the actual lesion, are usually used to observe the resolution of tremor or the appearance of side effects. However, this method of confirming target accuracy has not been scientifically validated. On the other hand, CTT fibers localized to the PSA have been shown to have a high density of clinically relevant fibers for targeting (53, 60, 61). Gallay et al. were the first to target the CTT using atlas-based co-ordinates (27). Boutet et al. identified distinct areas in the thalamus associated with clinical benefit and complications (36).

Advances in DTI have allowed surgeons to visualize the CTT and individualize surgical targeting accordingly. Both the CST and ML can also be localized, thus clearly demarcating the target according to the unique anatomy of each patient (31, 35, 39, 43). The surgical target thus identified has been found to be anterior and lateral to the atlas-based target (62). This should theoretically lead to better postoperative outcomes. Our analysis revealed a significant reduction in ataxia immediately after DTI based targeting. This is noteworthy as post procedure ataxia has been observed to be an important source of patient discomfort. Thus, use of DTI could decrease patient distress and lead to better acceptability of the procedure. A significant benefit was not apparent on analysis of the other complications. This could be due to the smaller number of studies utilizing DTI. Moreover, it must be emphasized that DTI based targeting is not yet standardized. Differences exist in the number of tracts generated for localization. All the centers have generated the ipsilateral CTT tract (one track) for target localization in the VIM region of the thalamus. Many studies have additionally utilized the ipsilateral CST and ML tracts (three tracks) and adjusted the surgical target accordingly to avoid significant motor and sensory side effects. Anatomical considerations of the CTT tract which originates from the contralateral dentate projections and then decussates in the superior cerebellar peduncle to reach the ipsilateral motor cortex via the thalamus, have led some centers to generate the contralateral CTT tract (four track) in addition to the previously defined three tracks, for refining the target localization (62, 63). Thus, there are differences between the various surgical teams performing DTI based MRgFUS and there is no consensus on what are the best practices although there seems to be an increasing trend to the DTI usage (62–65). The utility of DTI in this regard remains to be definitely proven with additional numbers and long-term data.



Limitations

Observational studies formed the majority basis for the analysis as there is only one clinical trial on the subject. These two types of studies are assessed differently in terms of bias and the strength of evidence, and thus recommendations, that they can offer are markedly different. Authors have used various subsets of the CRST scale to report the outcomes, thus precluding standardized comparison. Few studies included patients who underwent bilateral MRgFUS, which is associated with higher rates of complication. However, the data of these patients was not provided separately and could not be excluded from our analysis. The possibility of some overlap between subsets of patients reported from the same center cannot be completely ruled out. DTI based targeting is a novel procedure, and the number of studies utilizing it are quite low in number. A high level of heterogeneity in between studies needs to be kept in mind.




CONCLUSION

MRgFUS for ET is an effective procedure for relieving unilateral tremor. Use of DTI based targeting revealed a significant reduction in post procedure ataxia related complications as compared to traditional targeting techniques. Analysis of other complications further revealed a decreasing trend on follow up. As of now, it seems to be the procedure of choice for patients unable to tolerate an invasive procedure. For it to replace established surgical options like DBS, further research will be required to prove long term clinical efficacy in both unilateral and bilateral procedures.
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Stem cell and immune cell therapies are being investigated as a potential therapeutic modality for CNS disorders, performing functions such as targeted drug or growth factor delivery, tumor cell destruction, or inflammatory regulation. Despite promising preclinical studies, delivery routes for maximizing cell engraftment, such as stereotactic or intrathecal injection, are invasive and carry risks of hemorrhage and infection. Recent developments in MRI-guided focused ultrasound (MRgFUS) technology have significant implications for treating focal CNS pathologies including neurodegenerative, vascular and malignant processes. MRgFUS is currently employed in the clinic for treating essential tremor and Parkinson's Disease by producing precise, incisionless, transcranial lesions. This non-invasive technology can also be modified for non-destructive applications to safely and transiently open the blood-brain barrier (BBB) to deliver a range of therapeutics, including cells. This review is meant to familiarize the neuro-interventionalist with this topic and discusses the use of MRgFUS for facilitating cellular delivery to the brain. A detailed and comprehensive description is provided on routes of cell administration, imaging strategies for targeting and tracking cellular delivery and engraftment, biophysical mechanisms of BBB enhanced permeability, supportive proof-of-concept studies, and potential for clinical translation.
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INTRODUCTION


Neurologic Cellular Therapies

Treating CNS disorders with cells were trialed first in the late 1980s, when patients with Parkinson's disease (PD) and Huntington's disease (HD) underwent intrastriatal injections of fetal mesencephalic tissue. Modest improvements in motor and cognitive function were noted in PD patients, but survival of transplanted fetal dopaminergic cells was low, and a cohort of patients also developed post-engraftment dyskinesias, possibly due to patchy reinnervation (1). Engraftment was verified via increased PET signaling in HD patients (2), but one patient was noted to have graft tissue overgrowth in a 5-year follow-up, demonstrating a potential risk of fetal tissue implantation (3). Despite these limitations, the pilot trials motivated future research into using exogenous cells to treat CNS disease, especially from sources that did not raise the ethical concerns involved with fetal tissue. Over time, the consensus on the mechanistic goal of this strategy shifted from outright cell replacement toward the inclusion of more complex functions, including local immunomodulation, inducing differentiation of endogenous stem cells, or encapsulating small molecular drugs for controlled release. Compared to other therapeutic vehicles (liposomes and nanoparticles), the biological machinery of a therapeutic cell can be exploited for their natural signaling networks, migration behaviors, and endosomal compartmentalization. Moreover, cells can be genetically engineered in vitro to express neurotrophic factors (4), enzymes to convert innocuous prodrugs into active forms for targeted therapies (5), or chimeric antigen ligands designed to target specific pathologic cell markers for more targeted therapy (6). They can also be designed to contain built-in suicide genes to ensure that they are not retained longer than intended or undergo mutation (7).



Stem Cells

Research probing the biochemical and mechanical underpinnings of stem cell differentiation continues to grow with ever increasing preclinical and clinical studies. Stem cells maintain their definition as undifferentiated cells with self-renewal capacity that are mainly classified based on “potency,” or capacity to develop into one or all of the three germ layers; further classification schemes are based on sourcing technique or location. Human Embryonic Stem Cells (hESCs) and induced Pluripotent Stem Cells (iPSCs) exhibit pluripotency i.e., capacity to differentiate into somatic cells of all three embryonic germ layers. Applications employing hESCs, which are derived from the embryonic inner cell mass, are limited due to ethical constraints and the risk of tumorigenicity if not fully differentiated into the tissue of interest. iPSCs are created via transfecting somatic cells (e.g., from the skin or peripheral blood) with reprogramming transcriptional factors (8). Clinical grade, human PSCs (hPSCs) for direct differentiation into midbrain dopamine neurons, for example, are currently being developed for the treatment of PD (9). While patient-derived lines that circumvent immune rejection is promising, challenges still include maximizing reprogramming efficiency and overcoming costs of expansion and safety testing (10, 11). Adult stem cells (neural, mesenchymal, hematopoietic, colonic epithelial) exhibit multipotency i.e., capacity to differentiate into a somatic cell of their respective germ layer. These reside within “stem cell niches” that have been identified in several organ tissues and either continuously proliferate and differentiate (e.g., colonic stem cells) or lie dormant until receiving molecular cues after injury (12).

Neural stem cells (NSCs) and Mesenchymal stem cells (MSCs) are common stem cell types under study for neurologic cell therapies. NSCs were discovered to reside within the subventricular zone of the lateral ventricles and subgranular zone of the dentate gyrus, two areas of adult neurogenesis which have been implicated in learning, memory and mood regulation (13, 14). The NSC migratory and differentiation functions are influenced by a network of supportive cells that provide synaptic input, transcriptional signals, and epigenetic cues (15). NSCs have been therapeutically exploited for their cell replacement potential in becoming neuronal or glial progenitor cells, producing neurotrophic factors that promote neuronal growth, and for delivering a variety of anticancer payloads (16). Isolating large therapeutic quantities of autologous NSCs directly from a patient, however, is challenging. Two recently developed harvesting techniques are being evaluated comparatively. One involves directly transforming adult somatic cells into a NSC (i.e., “transdifferentiation”) (17), while the other differentiates iPSCs to create “induced” NSCs (iNSCs) (18). MSCs reside in multiple areas in the body including bone marrow, dental pulp, adipose tissue, umbilical cord blood and amniotic fluid, conferring their ability to be sourced relatively easier than NSCs. MSCs have been shown to cross the BBB and home to primary and metastatic tumors of the brain through chemokine signaling (19, 20). The pleiotropic functions of MSCS (growth factor secretion, immunomodulation, neuroprotection, angiogenesis, anti-apoptosis, inducing differentiation) (21) are undergoing rigorous study for therapeutic intent, shifting the focus from MSC mediated regeneration potential toward exploiting MSC “medicinal signaling” (22). Another promising component of MSC therapy involves its natural cell-cell communication ability via exosomes, nanometer-sized lipid membrane bound vesicles that secrete a variety of cargo molecules to maintain tissue homeostasis (23). Drug encapsulation using exosomes can extend the agent's half-life, and maximize targeted and controlled delivery with minimal effects on healthy tissues (24). This can be beneficial in cases where a biologic therapeutic (e.g., cytokines, miRNA, growth factors) may either have difficulty reaching the pathologic cerebral area, or cause systemic side effects if delivered on their own (e.g., inflammatory reactions from systemic IL-2).



Immune Cells

Immune cell delivery is the other arm of CNS cellular therapies currently being investigated, mainly in the context of treating malignancy, but more recently also being explored for neurodegenerative conditions (25). One of the primary findings of small animal studies, which established the new experimental domain of natural killer (NK) cell therapeutics, was their ability to recognize and kill human glioblastoma (GBM) cells through direct cell-mediated cytotoxicity (26). As NK cells account for only ~3% of circulating immune cells, autologous harvesting would not be able to reach therapeutic levels, and expansion ex vivo would be required. Many clinical trials use the immortalized NK-92 cell line, due to relative ease of expansion and implementation (compared to autologous harvesting). To circumvent the immunosuppressive environment of brain tumors, which downregulates NK activity, NK cells can be engineered ex vivo to overexpress activating cytokines (Il-12 or IL-15) to form “activated” NK cells, which increases tumor cell killing efficacy (27). The clinical success of chimeric antigen receptors in T-cells (CAR-T cells) for treating lymphoblastic leukemias shows promise toward implementing a similar strategy using NK cells, a lymphoid relative of T-cells, for solid brain malignancies (28). The use of CAR-T cells is an evolving form of cancer immunotherapy, in which autologously or allogeneic derived T-cells are genetically modified to target and attack specific cancer cells via chimeric antigen receptor binding (29, 30).




ROUTES OF ADMINISTRATION FOR CELLULAR THERAPY

The route of administering therapeutic cells into pathologic intracerebral regions plays a critical role toward successful implantation. The BBB is a multicellular capillary network that protects the brain parenchyma from intrusion of foreign pathogens and neurotoxins, and regulates cerebral perfusion and flux of ions, hormones, and glucose to ensure normal functioning of neuronal circuits. Therapeutic cells must either circumvent the BBB or be functionalized to utilize one of many transmigratory pathways of the BBB for access to the target site (31).

Intracerebral injections offer the most direct access for cellular implantation, by bypassing the BBB. However, the stereotactic technique can carry increased risk of hemorrhage and infection (32). This method is also less appealing due to the limited effective volume of delivery, especially for larger agents (33). Intrathecal administration bypasses the BBB via injection of the therapeutic agent or cell directly into the subarachnoid space and the CSF. This approach is mainly utilized for treating leptomeningeal disease, delivering chemotherapeutics for leptomeningeal disease (34), and baclofen for analgesia (35). For parenchymal disease, intrathecal administration of cells may have limitations due to the rapid turnover of CSF (i.e., minimizing interaction time between the cell therapy and brain-CSF barrier) (31).

Vascular routes of administration include intra-arterial (IA) and intravenous (IV) administration, and are commonly employed for procedural simplicity. There was initial concern for the IV route being a potential nidus for pulmonary thromboembolism (36), but a recent systematic review of 47 randomized clinical trials utilizing intravascular administration of MSCs found no statistically significant risk of embolic complications compared to controls (37). Nevertheless, studies report injected cells accumulating within the microvasculature of the lung, i.e., a “pulmonary trapping” effect (38), leading to decreased cell engraftment at the treatment target. Intracarotid (i.e., IA) injections can bypass filtering organs and allow cells to reach the CNS to a greater degree than by IV (39).

Hyperosmolar BBB disruption involves intravascular delivery of an agent, typically mannitol, that increases oncotic pressure and drives fluid outside of microvascular epithelial cells, causing shrinkage and thus paracellular passage of therapeutics, including stem cells, into the brain (40). A drawback of this procedure is that it may lead to increases in BBB permeability in off-target brain regions. This would for example, allow greater exposure to endogenous neurotoxins (i.e., albumin), which may result in adverse effects that include vaso-vagal responses and focal seizures (31). Due to the risk of compounding vasogenic edema, using this approach to treat an entire multifocal CNS disorder that presides over separate cerebrovascular regions may not be feasible to complete in a single treatment session and may have to be divided over multiple periods (41).

Intranasal delivery is a developing administration approach that is not yet fully understood but thought to bypass the BBB by relying on migration along olfactory and trigeminal nerve tracts and into CSF flow tracts (42). Many studies have demonstrated higher CSF levels of chemotherapeutics, small molecular drugs, and nanoparticles using this innovative approach, relative to conventional intravenous routes. However, this strategy may be limited by clearance from the ciliated mucosal epithelium (43).

Implantable devices such as the Ommaya reservoir have successfully been used for delivering growth factors, analgesics and chemotherapy directly into CSF circulation. This approach has notable drawbacks that would preclude the delivery of cells due to clogging and pump failure (44). Collectively, limitations encountered by these routes may include invasiveness, low rates of engraftment, and low target region specificity. The common cell administration routes implemented in preclinical and clinical trials, each with their specific advantages and disadvantages, are summarized in Table 1.


Table 1. Administration routes for intracerebral cellular therapy.
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MRgFUS TECHNOLOGY AND CLINICAL APPLICATIONS

Choosing one of the aforementioned delivery routes is governed by specific preferences such as the required accuracy of targeting or minimizing the degree of invasiveness. The choice can also be dictated by characteristics of the CNS pathology, such as focality. A condition like PD for example has lesions typically occurring in one region compared to Multiple Sclerosis (MS) where lesions are in multiple regions. Engraftment rates of cells in some studies have not been encouraging. For example, one study investigating IV injection of MSCs into a traumatic brain injury (TBI) rat model yielded <4% of cells reaching arterial circulation (51). Therefore, a growing number of researchers have been investigating the use of focused ultrasound (FUS) under MRI guidance (MRgFUS) to pre-treat focal pathologic regions for enhancing cell delivery. MRgFUS is a non-invasive modality that is advantageous for its spatial specificity and minimal off-target effects. MRgFUS technology is gaining substantial interest for its ability to provide controlled, non-invasive, and targeted therapeutic ultrasound energy, which can be adjusted to create a variety of beneficial biological effects for treatments in the brain (52). These specific effects include destructive thermal ablation (53, 54), radiosensitization (55), immune activation (56, 57), BBB opening for therapeutic delivery (58, 59), and stem cell homing (60, 61).

The variation in induced effects is controlled by the mode of application, which can be continuous or pulsed (i.e., non-continuous), and further modified by varying the duration and intensity of the applied ultrasound energy. Thermal tissue effects predominate with continuous exposures, and temperatures can rise to 60°C in the focal region within seconds, leading to tissue destruction by the process of coagulative necrosis. With pulsed FUS (pFUS) exposures, mechanical tissue effects predominate, and temperature elevations are minimal (within the range 4–5°C) (62–64). Globally, focused ultrasound ablative therapies have been approved and implemented for thyroid nodules, bone metastases, uterine fibroids, and tumors of the liver, pancreas, kidney, prostate, and breast. With regards to intracranial applications, the FDA approved MRgFUS ablation for essential tremor in 2016, and recently tremor-dominant PD in 20181 These two milestones have provided the motivation for more preclinical and clinical studies to be proposed and developed. To date, up to 2000 patients in the US have undergone MRgFUS treatments for either the aforementioned FDA-approved indications or in new clinical studies for the treatment of neuropathic pain (NCT03111277), AD (NCT04118764), epilepsy (NCT02804230), obsessive compulsive disorder (NCT03156335), ALS (NCT03321487), and brain malignancies (NCT00147056).


FUS Mediated BBB Opening

Reliable BBB opening (BBBO) is achieved with the combination of MRgFUS and IV injection of ultrasound contrast agents (i.e., microbubbles, MBs) which are typically 1–10 micron lipid or albumin based spheres containing a bio-inert gas. Early pFUS studies without using MBs demonstrated that meaningful mechanical effects, such as those required for permeabilizing the BBB, could not be generated without the presence of tissue damage (65). A landmark study by Hynynen et al. found that incorporating MBs significantly improved the clinical feasibility of the technique. It allowed for finer control of BBB permeability and required lower intensities, lessening the risk of skull heating and damage (66). After injection, the MBs travel throughout the circulatory system and eventually reach the capillaries within the target volume of the FUS transducer.

Acoustic cavitation is one of the non-thermal pFUS based mechanisms for generating bioeffects. This occurs in the form of expansion of the MBs during the negative pressure part of the ultrasound cycle and contraction during the positive pressure part. Upon pFUS exposure, the MBs transmit these mechanical oscillations onto the endothelial cells, which can alter BBB permeability. Low pressure amplitudes, in which MB oscillations remain stable (i.e., non-inertial cavitation), are employed to induce transient BBB opening through a number of proposed paracellular and transcellular mechanisms. If the pressure amplitude becomes too high, the MBs undergo unstable oscillations (i.e., inertial cavitation) where they expand and eventually collapse. This is undesirable in BBBO where shock waves generated can damage cells of the microvasculature. Hence, monitoring for cavitation is crucial for this application of MRgFUS (67).

Most human MRgFUS treatments in the brain are performed using a hemispherical 1,024-element ultrasound transducer array that communicates with the MRI system (Figure 1). Each of the contiguous transducer elements is driven by an individual power source. Depending on the treatment target, specific individual elements will be activated, where the beams converge (i.e., at the “focus”), which is electronically steered in 3-dimensional space within the brain. Important to note is that the acoustic power applied to each element is typically incapable of inducing a deleterious biological effect. However, the additive power at the focus is sufficient to thermally ablate tissue, or conversely, generate the mechanical effects designed for opening the BBB. Real-time acoustic monitoring of cavitation determines optimal sonication parameters during the procedure. The transducer is fitted to the patient's head via a stereotactic frame affixed to the scalp under local anesthetic. The patient's head is coupled to the transducer via a flexible silicone membrane. The closed membrane contains degassed water for effective transmission of the ultrasound energy. The patient lies awake on the MRI table throughout the procedure and is able to respond to questions to ensure no adverse symptoms are being experienced.


[image: Figure 1]
FIGURE 1. Set-up of MRgFUS patient treatment. (A) A schematic representation of patient lying supine on MR table being fitted with FUS phased-array transducer array; (B), Close up of the 1,024 ultrasound element array for electronic steering of the ultrasound beam. (C) A schematic 2-dimensional representation of the multiple ultrasound beams focused non-invasively through the skull (bright green) to a single target. The image of the skull is obtained from a prior computed tomographic scan that is mechanically registered to the MR image. Information from the skull is used by the planning software to correct for aberrations to the beam paths and accurately position the focus at the desired target. Adapted from Fishman and Frenkel, Journal of Central Nervous System Disease 2017 (68). Reprinted with permission from SAGE Publishing.


Pre-procedural T1, T2 and T2* images are obtained from the MRI scanner and transferred to the MRgFUS graphic user interface (GUI). The target treatment volume is identified using an overlay on the MR images. The location of the region of treatment will determine which of the 1,024 ultrasound transducer elements will be activated during treatment. The beam is then steered electronically, automatically rastering (i.e., moving from point to point) through the treatment volume with user defined spacing (69).

Immediately prior to the beginning of treatment, a suspension of MBs is then injected intravenously. Before administering full sonication treatments, a “power-ramp” test is done at each region to determine the minimal power output that opens the BBB for that specific patient. Short sonications to the region are applied incrementing in power at 5% intervals until cavitation is detected with the use of an acoustic feedback controller via hydrophone measurement. The full sonications are then delivered at 50% power of the determined cavitation threshold (70). Real time MR thermometry is employed to ensure tissue temperatures that create irreversible change in surrounding tissues are not reached during BBBO (71). After sonication treatments are complete, gadolinium enhanced T1 imaging, which has been shown to correlate to the degree of BBBO and therapeutic delivery, is obtained for verification (72). Transient BBBO with MRgFUS was successfully verified and determined to be safe in patients with Glioblastoma (NCT03551249; NCT03616860), Alzheimer's Disease (AD) (NCT04118764), and more recently Amyotrophic Lateral Sclerosis (ALS) (NCT03321487). Trials for PD (NCT04370665) and HER2 amplified brain metastases (NCT03714243) are currently underway (73–75). Additional clinical trials exploring other direct effects of BBB opening (e.g., glial cell activation, amyloid beta plaque clearance, neurogenesis) for neurodegenerative diseases (NCT03739905) are planned (76). As effects of BBB-opening have been shown to last from 4–8 h, (67) therapeutic cells could then be administered intravenously or intra-arterially within this window.




MRgFUS-MEDIATED CELL DELIVERY


Preclinical Studies of MRgFUS-Mediated Cell Delivery

Successful MRgFUS assisted cell delivery was first demonstrated using a combined approach of intracarotid injection of dual GFP/Iron Oxide-labeled NSCs and MRgFUS targeted to the striatum and hippocampus. The goal of this study was to demonstrate the feasibility, reversibility, and safety of this approach over conventional methods (i.e., injection and hyperosmolar BBBO). Histological analysis showed limited damage and red blood cell extravasation in non-target areas, and 32 viable NSCs per square millimeter of sonicated brain tissue, with neuronal specific biomarkers present 4–24 h after treating (77). Another study using bone marrow MSCs administered IV with FUS treatments to the lateral hippocampal area, demonstrated a 2-fold increase in engraftment rate compared to IV injection alone. FUS treatments also show increased expression of the cell adhesion molecules (CAM), including ICAM and VCAM, which is thought to improve targeting of the cells (78).

In addition to stem cells, immune cells have also been investigated using MRgFUS BBBO. CAR NK-92 cells were administered IV in a murine model of HER2-amplifed brain metastasis. Interestingly, IV injection of the NK cells immediately before BBBO resulted in a 5-fold increase in the number of cells observed to be delivered compared to injecting cells after BBBO (79). A follow-up study investigated survival in this model using temporally different pFUS treatment protocols. A “front-loaded” group, which concentrated pFUS treatments in the 1st week of treatment, was found to have greater survival relative to controls, whereas the group that had more equally distributed treatments did not show improvement (80). This finding introduced more questions to be investigated, such as how treatment frequency affects therapeutic cell delivery, or if these treatments become inefficacious as intracranial tumor burden passes a certain threshold.

Investigations evaluating the potential of magnetic enhancement of MRgFUS for cellular delivery were also conducted. Dual labeled, fluorescent/super paramagnetic iron-oxide nanoparticle (SPION), human NPCs (hNPCs) were administered following MRgFUS BBBO. The procedural timeline for this study is shown in Figure 2. Three different magnets were then evaluated, positioned in the head region of the treated rats following the injections. Increasing magnet strength was found to be correlated with higher ratios of SPION labeled hNPCs to non-SPION labeled hNPCs observed in the treated brains (Figure 3) (81). This procedure, using MRgFUS and an external magnet, was previously demonstrated for brain delivery of magnetic nanoparticles on their own (82). Whether the addition of magnetic cell labeling and targeting to a pFUS approach provides a clinically significant improvement will have to be determined.


[image: Figure 2]
FIGURE 2. Typical timeline for an MRgFUS preclinical study investigating cellular delivery. Adapted from Shen et al. Cell Transplantation 2017 (81). Reprinted with permission from SAGE Publishing.



[image: Figure 3]
FIGURE 3. MRgFUS mediated delivery of dual labeled (fluorescence & SPION) NPCs in the rodent brain. (A,B) Representative screen captures from an MRgFUS system graphic user interface. (A) T2 weighted axial MRI image of a rat brain showing treatment target (arrow) overlay. (B) T1 contrast MRI image showing hyperintense signal from gadolinium extravasation at location of treatment (arrow), indicating successful BBBO. Signal coincides with treatment target in “A”. (C) Whole brain coronal section indicating successful BBBO, evidenced by Evans blue dye (arrows) that extravasated in the region of the focal zone. (D) H&E stained brightfield histological section demonstrating unaffected tissue in the region of MRgFUS treatment. (E) higher magnification region from “D” (inset). (F–I) Fluorescence microscopy images of fluorescently labeled NPCs in the brain. (F) Fluorescently labeled NPCs in the dorsal cortex. (G) higher magnification of inset in “F”. (H) Fluorescent signals detected from labeled human cytoplasmic antigen (SC121). (I) Higher magnification of fluorescently labeled NPCs. Co-localization of fluorescent signals in “H” and “I” provide evidence that labeled cells are NPCs (human). (J–L) Brightfield microscopy images of Prussian blue stained histological sections (for SPION) indicating the presence of NPCs. (J) Low magnification image. (K) Inset in “J.” (L) Inset in “K.” Individual cells (blue) are seen (arrows). Scale bars: A, B = 10 mm; C = 2 mm; D = 2 mm; E = 200 μm; F = 400 μm; G = 200 μm; H, I = 20 μm; J = 1 mm; K = 50 μm; L = 5 μm. Adapted from Shen et al. Cell Transplantation 2017 (81). Reprinted with permission from SAGE Publishing.


More recently, BBBO via low intensity ultrasound was evaluated in a brain-ischemia rat model, induced by middle-cerebral artery occlusion. Although this study was limited by using unfocused low intensity ultrasound and not pFUS, the results are noteworthy in that they demonstrated significant increases in IV-administered MSC engraftment and slight improvement in neurological outcomes, compared to IV injection of the MSCs alone. The authors acknowledged that using a focused beam would allow better spatial control of delivery and treatment (83).

The results described above provide important proof-of-concept validation using MRgFUS for enhancing cellular delivery, as well as first insights into the mechanisms involved in in this process. The general consensus is that physical/structural alterations generated (i.e., gaps), such as those facilitating smaller agent delivery, are less likely to be involved due to the relatively larger size of cells, which can be orders of magnitude greater. Other potential mechanisms involved are presented in the following section (“FUS effects on cell homing”). Preclinical studies of MRgFUS assisted cell delivery for other CNS pathologies are underway. Established animal models of MS (84) or AD (76) are considered to be good candidates for future investigations. The preclinical studies employing ultrasound for enhancing cellular delivery to the brain are summarized in Table 2.


Table 2. Preclinical studies investigating ultrasound for cellular delivery to the brain.
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FUS Effects on Cell Homing

Vascular extravasation of stem cells to sites of injury is analogous with endogenous immune cell behavior (leukocytes, monocytes, t-cells, dendritic cells) in that stem cells also follow a sequence of chemoattraction, margination, rolling, adhesion, and diapedesis. This is due to similar expression profiles of integrins, cytokine and chemokine receptors (e.g., VCAM-1, B1 integrins) (85, 86). Many preclinical studies have demonstrated in multiple organ tissues, including the CNS, that pretreatment with pulsed focused ultrasound (pFUS) non-destructively alters the vascular endothelial microenvironment, evidenced by an upregulation of chemokines, cytokines, trophic factors (CCTFs) and cell adhesion molecules (CAM). This pattern of pFUS mediated mechanical effects and biological changes permit significant increases of stem cell/immune cell homing and transmigration compared to simple vascular injection, i.e., referred to as enhanced homing, permeability & retention (EHPR) (87). In a murine skeletal muscle model, Burks et al. showed that pFUS exposures increased infiltration and presence of dual fluorescent/super paramagnetic iron oxide nanoparticles (SPION)-labeled macrophages, MSCs and endothelial progenitor cells (EPCs) relative to untreated controls. FUS exposures were shown to result an upregulation of cytokines (notably Il-1, TNF-a, IFN-y), growth factors (VEGF, SDF-1α) and cell adhesion molecules (ICAM-1 and VCAM-1) (88, 89). Similar outcomes were noted in a murine kidney model, where an 5-fold increase in bone marrow stromal cell count was noted 3 days post-treatment compared to the contralateral untreated kidney, aided by visual confirmation via T2* weighted MRI and histology (87).

In subsequent studies, the same group showed how pFUS mediated delivery of MSCs improved disease outcomes. This included improved survival in a model of cisplatin induced acute kidney injury (AKI) (90), and improvement in reperfusion and a reduction in fibrosis in a model of critical limb ischemia (Figure 4) (91). Most recently, this procedure was shown to also be successful for enhancing homing to the myocardium in the left ventricle in a rat model, indicating the potential of this approach for cardiac regeneration (92). It has been proposed that FUS induces Ca influx via mechanosensitive calcium channels (TRPC1), leading to activation of the NFkβ pathway and transient expression of TNFα. The increase in TNFα then drives COX2 canonical pathways that generate cell homing signals (93, 94).
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FIGURE 4. FUS mediated delivery of MSCs in murine model of CLI in skeletal muscle (A) Stacked box plots comparing proteomic responses of CLI muscle between FUS treatment and untreated controls. The chemokines, cytokines, trophic factors, and cell adhesion molecules listed are those have significantly higher levels than those in normal muscle after CLI alone (n = 6). (B) SPION labeled MSCs in control and FUS treated skeletal muscle in CLI mice. Significantly greater numbers of MSCs were observed in FUS treated animals, based on Prussian blue staining of cells (n = 5). (C) Temporal changes in normalized perfusion comparing control and FUS treated CLI mice. Results are based on laser Doppler perfusion imaging (LDPI) indicating reperfusion that occurred in FUS treated animals only (n = 7). (D) Representative LDPI images at week 5 in the study for each experimental group. Adapted from Tebebi et al. Sci Rep 2017 (91). Reprinted with permission from Nature Research.


The studies described above were carried out using pFUS treatments without the use of microbubbles. Instead, higher acoustic pressures were used, being approximately 5-fold greater than those used for BBB opening. These treatments also targeted the parenchyma as opposed to the vasculature. In previous studies, the mechanical effects generated by these treatments appeared as widening of intercellular spaces and were shown to enhance interstitial transport of a range of therapeutic formulations (e.g., nanoparticles, monoclonal antibodies, plasmid DNA) in skeletal muscle (63, 95), solid tumors (96), and the brain (97). The proposed ultrasound mechanism for creating these effects is the generation of unidirectional radiation forces, which if large enough can displace tissue locally in the region of the focal zone. Through repetitive pulsing, it is thought that this movement of tissue acts on the relatively weak structural elements in the tissue, being the interfaces between individual cells (95).

MRgFUS studies have also been conducted in the brain to investigate the generation of CCTFs and CAMs for the purpose of enhancing cell homing. Kovacs et al. mapped the proteomic and transcriptomic time course of MRgFUS mediated BBBO in a murine model. Within 5 min of exposure, expression of (TNF-α, IL1α/β, IL18, IFN-y) and CAM was observed, as well as stromal derived factor (SDF1-α), a significant chemokine utilized by lymphocytes and mesenchymal stem cells, within 2 h (61). These results observed in the brain were transient and consistent with those observed in earlier studies in the kidney and skeletal muscle and underlying mechanism of NFkβ activation, indicating that the effects could potentially be beneficial for stem cell homing (87, 88, 91, 98). The molecular effects in the brain were confirmed in a recent study where similar factors over the same time course were found to be upregulated by MRgFUS (60). Overall, MRgFUS effects for BBBO have been shown to be transient and safe, without producing neuronal apoptosis or inflammation (99). To date however, these specific effects were not shown to be associated with enhanced cell homing to the brain.




TRACKING CELLULAR ENGRAFTMENT

The ability to monitor activity of exogenous cells (migration to target region, viability, differentiation), as well as potential immunogenic or tumorigenic complications, is essential for evaluating the efficacy of CNS cellular therapies, in addition to monitoring engraftment response in the patient. Clinically relevant intracranial cell tracking modalities involve structural (MRI) and tracer-based (PET/SPECT) imaging, each of which have their own specific direct and indirect methods of cell tracking in vivo. Experimental studies evaluating cell labeling techniques for the purpose of tracking must verify that they do not negatively affect cell viability and/or key cellular functions (migration, division, differentiation, cytokine release). The duration and modality of monitoring will depend on a multitude of factors such as the therapeutic application (i.e., short-term immunomodulation vs. long-term cell replacement/regeneration).


Direct and Indirect Cell Labeling Techniques

Direct cell labeling involves cells that are treated with an agent before administration, allowing them to be detectable upon reaching a threshold concentration. Direct techniques places emphasis on nanoparticle fabrication, as their large surface area and other tunable characteristics allow for greater contrast or uptake of imaging agents (100). Despite relatively simple implementation, nanoparticle cell labeling may not be able to detect viability or distinguish the labeled cells from the local cells in the milieu. Furthermore, nanoparticles can either leak out, reducing engraftment resolution, or be taken up by macrophages that ingest dead labeled cells. In a clinical context, direct techniques may be suitable for short-term tracking purposes, such as verifying engraftment post-administration (101).

Indirect cell labeling requires viral or non-viral transfection of a gene transcript into the cell that encodes a reporter protein that generates a detectable signal based off of its interactions with an administered contrast/tracer agent (e.g., molecular trapping, enzymatic cleavage, or cell surface receptor interaction) (102). Since the reporter persists as long as the engrafted cells are alive, indirect techniques can distinguish cell viability, and grafted cells can be imaged repeatedly when the need arises for follow-up imaging. Since viral transfection of reporter genes carry a mutagenic risk, other genetic engineering methods such as non-viral vectors (e.g., cationic nanoparticles), or site-specific genome editing (i.e. CRISPR-cas9 delivery) could be potential viable alternatives.



MRI-Based Techniques

High soft-tissue resolution of MRI allows cellular grafts to be identified precisely within intracerebral regions. SPION-based cell tracking, which demarcates engrafted cells through changes in T2 relaxivity, is a common direct labeling method. The 1st generation of SPIONS (Feridex, Endorem), currently only available for preclinical studies in the US, was first reported in a brain trauma patient for tracking cell migration for a temporal lobe injection of autologous NSCs labeled with Feridex (103). Second generation agents (Ferumoxytol, Ferumoxtran) require cell transfection techniques (e.g., magnetoporation, magnetoelectroporation) due to less efficient uptake by cells (102). Accurate signal quantification from this iron-based labeling agent can be compromised by a number of factors, including resident macrophages engulfing SPION containing cell fragments, dilution of SPION concentration as the therapeutic cells divide, and not being able to be distinguish the cell signals from areas of hemorrhage or trauma (104). Advanced dynamic image processing techniques, such as pixel-to-pixel analysis, have demonstrated how labeling cells with SPIONs can enable monitoring cellular delivery in real-time (Figure 5A) (105).


[image: Figure 5]
FIGURE 5. Representative examples of image-based cell tracking methods in the brain. (A) T2* MR images of rat brains with experimentally induced inflammation and infused with SPION-labeled human glial precursor cells (hGP). At 30 min. post-infusion, greater numbers of targeted (eng.) cells are observed in the inflamed tissue compared to naïve cells (arrows, hypointense signal). The results are supported by pixel-by-pixel analysis, comparing pre- and post-infusion MR images, which can be quantitatively compared. Modified, with permission, from “Gorelik et al. Use of MR cell tracking to evaluate targeting of glial precursor cells to inflammatory tissue by exploiting the very late antigen-4 docking receptor. Radiology 2012; 265: 175-185” (105). (B) (left) 19F MRI and (right) 19F MRI & T2 weighted MR images of fluorine-19 labeled glial progenitor cells injected into a mouse brain striatum. “Hot spot” in each image is clearly identified, indicating the presence of the labeled cells. Figure adapted from Richard et al. Stem Cells Translational Medicine 2019. Reprinted under creative commons license (106). (C) SPECT signals (arrows) from 111-In labeled NSCs administered into control mice (lower) and those with a glioma model (upper), to which the cells have homed. In both panels, SPECT images are overlayed on CT scans. Figure adapted from Cheng et al. 2016 (107). This research was originally published in the Journal of Nuclear Medicine. (D) MPI imaging of SPION labeled MSCs in the left hemisphere (1 × 105 cells) and right hemisphere (5 × 104 cells) transplanted in a mouse brain. Lower panel shows MPI signals (upper panel) superimposed on T2* MR image (middle panel). Figure adapted from Bulte et al. Tomography 2015 (108). Reprinted under creative commons license.


19F MRI is another direct method which involves direct spin detection of the biologically safe isotope fluorine-19, enabling highly sensitive and quantitative “hot-spot” imaging as seen with PET/SPECT studies. One study demonstrated labeling of intracerebrally administered natural killer cells with fluorine-19, which importantly showed no cytotoxicity and change in NK cell therapeutic efficacy (109). In another study, 19F labeling of glial-progenitor cells transplanted into an ALS animal model was not found alter capacity for astrocyte differentiation (Figure 5B) (106). Indirect cell labeling for MRI has been explored preclinically, however to a lesser extent than with PET/SPECT. Overexpression of ferritin transporters can increase iron-based signaling of transplanted cells, however sensitivity in the setting of inflammation may be low (110). One group looked at transfecting a biotinylated cell surface receptor that can produce detectable MRI signal upon exposure to magnetic nanoparticle- or Gadolinium-labeled streptavidin molecules (111).



PET/SPECT-Based Techniques

Highly sensitive “hot spot” signaling in Positron Emission Tomography (PET) and Single-Photon Emission Computed Tomography (SPECT) imaging, ensures that visualized signals are coming from the cells that were delivered. The half-lives (HL) of radionuclide agents available for direct labeling should be taken into consideration when specifying the required duration of tracking of the delivered cells. Indium-Tropolone labeling of MSCs has been shown to have no effect on proliferation or differentiation (112), but this was not the case when using Indium-Oxine (113). Technitium-99, with a HL of 6 h, was used to label neural progenitor cells that carried gene delivery products to a mouse glioma model (114). Another SPECT study tracking NSC homing to glioblastoma tumors in mice used mesoporous silica nanoparticles conjugated with Indium-111 (HL: 67 h). The use of this agent formulation lowered the required dosage of the radionuclide and thus lessened chances of cellular damage (Figure 5C) (107). In PET imaging, fluorine-18 radioisotope (HL: 110 min) was used to track MSCs and multipotent adult progenitor cells (MAPCs) and were shown not affect the main cell characteristics (115). Bioluminescent and fluorescent imaging methods have also been used in rodent studies to track NSCs to study neurodegenerative disease, where results of these agents corroborated the results of the PET/SPECT imaging (116).



Magnetic Particle Imaging

Magnetic particle imaging (MPI) is a developing modality that involves applying external magnetic fields (i.e., MRI) to directly detect exogenously administered SPIONs (Figure 5D) (108). SPIONs in the context of MPI behave as tracer agents, producing “hot spot” signaling as seen with F-19 MRI or PET/SPECT. While still in its infancy, MPI technology potentially has additional applications in guiding hyperthermia therapy, making physiological measurements in cerebral and cardiac vasculature, and assisting with diagnosis of acute stroke (117). Intracerebrally injected MSCs labeled with 1st generation SPIO agents (Feridex) and MSCs labeled with 2nd generation agents (Ferumoxytol, Ferucarbotran) injected into mouse calvarial defects were tracked using MPI as initial proof-of concept investigations (108, 118). This technique has been shown, for example, to produce excellent correlation between the “hot spot” signal generated and the number of cells being imaged (108). Instrumentation suitable for human use is currently in development. MRgFUS cell delivery could potentially benefit from the use of a hybrid MRI/MPI scanner, where MRI would delineate areas of FUS exposure and MPI-cell tracking verify that the cells have reached their target region (119, 120).




POTENTIAL FOR CLINICAL TRANSLATION

CNS pathologies throughout the diagnostic spectrum may vary in their progression, effects on BBB integrity, and subsequent cellular and inflammatory responses. Clinical presentations may overlap and involve mass effect symptoms (headache/nausea), excitotoxicity (seizure, akathisia), neuropathy, focal deficits in cognition, motor, sensory, gait, coordination, possible behavioral changes, and at its worst, the inability to perform life-sustaining functions. For a given CNS condition, the selection and modification of the therapeutic cell type is informed by the symptoms presented and the desired mechanism of action (i.e., cell-mediated cytotoxicity, recruiting other cells, differentiation, replacement, immunomodulation, secretion, prodrug conversion). By employing the advantages of increased target specificity and cell homing and retention using pFUS, cellular therapy applications in the brain may obtain better clinical outcomes. The following section will outline potential benefits of employing MRgFUS delivery approaches for certain CNS disorders.


Neurodegenerative Diseases

Neurodegenerative conditions are expected to become more prevalent in the years to come as life expectancy continues to increase. PD alone is projected to affect 14 million people world-wide by 2040 (121). Pharmacological therapies may only treat or temporarily delay severe symptoms (e.g., acetylcholinesterase inhibitors for AD, riluzole for ALS). New cell therapy strategies are under consideration for treating underlying pathology, through mechanisms such as functional cell replacement, enhancing immune system functions to clear aggregated proteins, or modifying microenvironments through growth factor delivery (4–7). Strategies for PD that employ cell replacement therapies are considered promising for restoring dopaminergic neurotransmission in order to functionally rescue the dopamine-depleted striatum (122). Functional recovery has been achieved in murine models of Huntington's Disease via MSCs overexpressing brain-derived neurotrophic growth factor (BDNF) injection (4). as well as in ALS models using glial cell derived neurotrophic factor (GDNF)-secreting NPCs via intracranial injection (123). Clinical investigations involving intra-putaminal injections of ESC-derived dopaminergic neurons are currently ongoing (124). MRgFUS can be used to accurately target pathological regions associated with this class of diseases (i.e., the striatum in PD, caudate nucleus in HD, motor cortex in ALS) in lieu of stereotactic injection and increase therapeutic cell homing. MRgFUS has been shown to be safe for repeated treatment; an obvious advantage over direct stereotactic injections (125).



Malignancies

MRgFUS cell therapies can potentially play a role in post-glioma resection consolidation therapy and treatment of brain metastases. Recurrence remains a significant issue in the management of glioblastoma (GBM), a devastating condition with a 12–18-month median survival (126). This may be due to residual tumor cells developing resistance to chemotherapeutics, one mechanism which involves efflux transporter upregulation of the BBB surrounding the glial tumor (127). iNSCs expressing tumoricidal molecules (128), and MSCs that release exosomes containing anti-cancer miRNA (129), both have been shown to reduce glioma growth rates and prolong median survival in mouse models. NSCs overexpressing cytosine deaminase, the enzyme converter of prodrug 5-FC to 5-FU, was demonstrated to be safe in a study of 15 patients with high-grade gliomas post-resection (130). FUS-mediated delivery of NK-92 cells for a HER2-amplified brain metastases rat model showed increased survival (80). Repeated MRgFUS BBBO treatments in GBM patients was deemed safe in a recent 2020 study (131). This highlights the potential that anti-cancer cell therapies delivered this way can be done using multiple treatments.



Autoimmune Diseases

Multiple Sclerosis involves autoimmune destruction of the white matter tracts throughout the CNS which follows an unpredictable spatiotemporal progression. Because of its multifocal nature, the therapeutic approach of a MRgFUS stem-cell delivery regiment may be beneficial for disease modifying therapies of MS or for treating acute flares, while other routes such as direct injection may be less optimal (132). Since the clinical management of an MS flare already involves MRI scanning to detect new lesions of immune hyperactivity, an MRgFUS procedure to deliver immunomodulatory MSCs or NSCs to these regions could be seamlessly integrated (133). By combining cell therapies with standard of care, which involve systemic high potency corticosteroids and a tapered course of oral corticosteroids, the high burden of these medications that confer adverse effects (i.e., Cushing's syndrome symptoms of weight gain, impaired wound healing, muscle breakdown) may be reduced (134). Multiple clinical trials examining MSC administration via intrathecal (46) or intravenous routes (135, 136) have demonstrated functional improvement. Intrathecal MSC administration was tested in 10 patients with medication refractory MS showed increased proportion of regulatory T-cells within 24 h and mean Expanded Disability Status Scale (EDSS) scores dropping from 6.7 to 5.9 at 3 months (137).



Acute CNS Pathologies

Overlapping cell signaling pathways and mechanisms that activate cell death and neuroprotective mechanisms exist between ischemic stroke and TBI (138). In ischemic stroke, prolonged hypoxia of a CNS region secondary to either thrombotic or embolic occlusion, or global hypoperfusion, leads to necrotic and apoptotic cell death and edema following protease-mediated breakdown of the BBB (127). TBI, while acute in onset, imparts a poor prognosis from its chronic sequelae, characterized by mitochondrial dysfunction, metabolic disturbances, glial cell over-activation, excitotoxicity, and vasospasm. Cell therapies for these conditions are aimed at preventing further neuronal death through promoting angiogenesis, downregulating inflammation, and increasing synaptic plasticity. Recent results from an open-label phase IIa trial of stereotactic injection of the SB623 line (genetically modified allogeneic MSCs expressing an intracellular domain of the notch signaling pathway, involved in neuronal differentiation), showed that 16 of 18 patients with a 6–60 month stroke history exhibited significant improvements in European Stroke Scale and NIH Stroke Scale scoring (139). Using an MRgFUS BBBO approach to pretreat the ischemic penumbral region or the mechanically impacted parenchyma before intravascular delivery of cells could potentially be beneficial. Currently, only one preclinical study examining this approach for either stroke or TBI has been conducted (83).




CONCLUSIONS

With significant improvements in FDA-approved cell manufacturing practices, rapidly accumulating clinical trial results supporting the safety of MRgFUS-mediated BBBO, and the report of studies demonstrating the potential of delivering chemotherapeutics, antibodies, drug-loaded-NPs across the BBB with this modality, it is foreseeable that neuro-interventionalists will be interested in the delivery of therapeutic cells using this method as the best next step (140). Before adapting this cell delivery approach for clinical trials, ongoing animal studies will need to continue to explore both practical and mechanistic questions that probe the process of MRgFUS assisted cell delivery. Although it has been shown that IA routes can be more effective than IV routes (141), experimental groups in future studies should include both methods of cell administration with MRgFUS to provide greater translational insight. The distribution and iteration of pFUS exposures, as well as many other sonication parameters, should be further explored and tailored to each CNS disease for safety and efficacy purposes. For instance, Alkins et al. showed that front-loading pFUS-mediated NK-92 cell treatments to the HER2 amplified brain tumor mouse, rather than distributing them over time, improved survival outcomes (80).

In conclusion, the question of whether an MRgFUS assisted cell delivery approach can significantly reduce neurological disease morbidity/mortality, and hospital costs (e.g., surgically re-intervening on patients with recurrent GBM), is being discussed as FUS technology undergoes widespread adoption. The continued investigation of MRgFUS technology for this specific therapeutic purpose will be aided by many more preclinical studies combining different cell types with tracking methods. Overall, the results from these studies are encouraging and provide motivation to further pursue this application and evaluate its feasibility for clinical translation (Figure 6).


[image: Figure 6]
FIGURE 6. Schematic representation of the anticipated preclinical and clinical stages involved for clinical translation in using MRgFUS for enhancing cellular therapy.


More recently, it was announced that MRgFUS ablation for tremor-dominant Parkinson's will receive Medicare coverage. Intracranial MRgFUS treatments can be carried out with any MRI with a modified table to house the hemispherical transducer array and currently, there are 800 systems in the US in operation (See footnote 1), and many more worldwide. As clinical trials exploring one-time stereotactic injections of stem cell therapies are ongoing and show promise, the aspects of repeatability and non-invasiveness of MRgFUS delivery will enable greater inclusion of patients who may be poor surgical candidates. The combination of cellular therapeutics and MRgFUS mediated delivery shows great potential for helping to usher in the next generation of treatment paradigms for CNS disorders.
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Objectives: Magnetic resonance-guided focused ultrasound (MRgFUS) is a non-invasive targeted tissue ablation technique that can be applied to the nervous system. Diffusion weighted imaging (DWI) can visualize and evaluate nervous system microstructure. Tractography algorithms can reconstruct fiber bundles which can be used for treatment navigation and diffusion tensor imaging (DTI) metrics permit the quantitative assessment of nerve microstructure in vivo. There is a need for imaging tools to aid in the visualization and quantitative assessment of treatment-related nerve changes in MRgFUS. We present a method of peripheral nerve tract reconstruction and use DTI metrics to evaluate the MRgFUS treatment effect.

Materials and Methods: MRgFUS was applied bilaterally to the sciatic nerves in 6 piglets (12 nerves total). T1-weighted and diffusion images were acquired before and after treatment. Tensor-based and constrained spherical deconvolution (CSD) tractography algorithms were used to reconstruct the nerves. DTI metrics of fractional anisotropy (FA), and mean (MD), axial (AD), and radial diffusivities (RD) were measured to assess acute (<1–2 h) treatment effects. Temperature was measured in vivo via MR thermometry. Histological data was collected for lesion assessment.

Results: The sciatic nerves were successfully reconstructed in all subjects. Tract disruption was observed after treatment using both CSD and tensor models. DTI metrics in the targeted nerve segments showed significantly decreased FA and increased MD, AD, and RD. Transducer output power was positively correlated with lesion volume and temperature and negatively correlated with MD, AD, and RD. No correlations were observed between FA and other measured parameters.

Conclusions: DWI and tractography are effective tools for visualizing peripheral nerve segments for targeting in non-invasive surgical methods and for assessing the microstructural changes that occur following MRgFUS treatment.

Keywords: magnetic resonance-guided focused ultrasound, high intensity focused ultrasound, diffusion weighted imaging, diffusion tensor imaging, tractography, peripheral nerves, neuromodulation


INTRODUCTION

Magnetic resonance-guided focused ultrasound (MRgFUS) is a technique to thermally ablate targeted tissue using MR imaging for navigation (1). It is non-invasive and does not involve ionizing radiation. Current clinically approved indications include essential tremor (2), prostate cancer (3), uterine fibroids (4), and bone metastases (5). There is great potential in extending the use of MRgFUS to the peripheral nervous system for treating conditions such as spasticity and chronic pain (6), which is supported by observations of FUS effects on nerve conduction (7). Ablation techniques, of which MRgFUS is a potential alternative, have been studied in peripheral nerve-related conditions including painful stump neuromas (8), peripheral nerve sheath tumors (9), inguinal neuralgia (10), and lumbar degenerative disease (11). Ablation has also been used for cancer pain relief (12, 13) and to treat tumors with proximity to neural structures (14). An understanding of the nerve involvement in these ablation procedures is of great concern whether the nerves are to be targeted directly or to be avoided.

Diffusion weighted imaging (DWI), an imaging technique sensitive to the movement of water in tissue, has the ability to image nerve fibers and measure their microstructural characteristics in vivo (15). Tractography algorithms permit the reconstruction of nervous system fiber connectivity based on patterns of restricted water diffusion (16). Modeling the movement of water with tensors, called diffusion tensor imaging (DTI), includes metrics for quantitative evaluation of nerve characteristics. Fractional anisotropy (FA) reflects the directionality of diffusion and has been used as a proxy for nerve integrity (16). Mean diffusivity (MD), an average of all three orthogonal tensor indices, describes the overall magnitude of diffusion and reflects the degree of water diffusion restriction within tissues regardless of fiber orientation (17). Radial diffusivity (RD), a measure of diffusion perpendicular to the primary diffusion direction, is associated with degree of myelination (18). Axial diffusivity (AD), a measure of diffusion parallel to the primary diffusion direction, is sensitive to axonal integrity (18). These DTI metrics can be used as quantitative tools to assess peripheral nerve pathology and measure microstructural changes following treatment.

Accurate imaging is imperative in non-invasive treatments such as MRgFUS as faulty targeting could exacerbate comorbidities or depress treatment outcomes. It is also important that the imaging characteristics are well-understood in order to properly assess treatment response and inform treatment parameters. Conventional MR sequences, such as T1- and T2-weighted imaging, are limited as they cannot selectively visualize peripheral nerves or quantify nerve integrity or injury. Peripheral nerves have been visualized using MR neurography (19) and selective excitation techniques (20), however these approaches do not provide quantitative assessment of nerve changes after treatment. Targeting by atlas or structural images only is also limited in the ability to account for subject variability and specificity in identifying tracts of interest (21). Tractography can remedy these limitations by enhancing navigation in treatments such as transcranial thalamotomy for essential tremor (22, 23) and deep brain stimulation (21, 24, 25), resulting in improved targeting accuracy and patient outcomes.

Early work in DTI suggests its potential to evaluate peripheral nerve injury and regeneration in vivo (26, 27). Diffusion imaging permits longitudinal assessment and, in the case of animal studies, obviates the need for large subject numbers to be sacrificed at multiple time points, providing insight into cellular changes in lieu of histological data. Imaging of peripheral nerves has associated technical challenges due to the complexity and variability of the peripheral nervous system and surrounding muscle tissue, which is also fibrous and thus carries an anisotropic diffusion signature. Previous work has shown the importance of employing appropriate diffusion processing and tractography techniques in order to achieve anatomically accurate results (24).

There is a paucity of MRgFUS lesioning studies focusing on peripheral nerves and a greater limitation on the use of DWI to guide treatment. This is primarily due to the technical limitations associated with the accurate anatomical identification of these nerves. In this study, we investigate the use of diffusion tractography for targeting the sciatic nerves of piglets in ablative MRgFUS and DTI metrics for assessing the microstructural changes following treatment. Histological lesion analysis provides insight into cellular changes after treatment and their correlations with imaging and treatment parameters.



MATERIALS AND METHODS


Animal Model

These experiments were approved by the Animal Care Committee and Laboratory Animal Services at the Hospital for Sick Children in Toronto, Ontario, Canada. This study conforms to the policies of the Canadian Council on Animal Care (CCAC).

Six male Yorkshire piglets (average weight 6.7 ± 1.3 kg, age 24 ± 4 days) were used. The animals were pre-anesthetized with ketamine solution [10 mg/kg] (Ketalean, CDMV Inc., Quebec, Canada) intramuscularly before being intubated and anesthesia maintained with 2.5% isoflurane and 2 L oxygen via MR-compatible ventilator. Hair was removed from both thighs of the animal via shaving and commercial depilatory cream to facilitate skin surface coupling with the MRgFUS system, aided by degassed ultrasound gel.

Once prepared, the animals were transported to the MR facilities for pre-treatment imaging on a standard clinical diagnostic table. Heart rate, peripheral capillary oxygen saturation, and body temperature were monitored throughout the experiment. A circulating water blanket was used to help maintain the piglet's core body temperature around 37°C. Upon completion of the experiment, the animals were euthanized while under anesthesia via intravenous injection of sodium pentobarbital [120 mg/kg] (Euthanyl, CDMV Inc., Quebec, Canada).



MR Imaging

DWI and T1-weighted images were acquired before and after treatment using a clinical Philips Achieva 3T MR scanner (Philips Healthcare, Best, Netherlands) and a 32-channel receive-only cardiac coil on a standard diagnostic table. For both imaging and treatment, the animals were placed in lateral decubitus position with thighs perpendicular to the long axis of the body and the leg of interest closest to the tabletop. Separate data sets were acquired for each leg with the lateromedial coverage extending from the outer skin surface to the contralateral spinal nerve roots. This position provided stability to limit potential movement of the animal and a clear path for the ultrasound beam to target the sciatic nerve.

Anatomical images were acquired with a three-dimensional T1 magnetization prepared rapid gradient echo (MPRAGE) sequence. Acquisition parameters included: repetition time (TR) 8.1 ms; echo time (TE) 3.7 ms; flip angle 8°; matrix 224 × 224; field of view (FOV) 224 × 224 mm; slice thickness 1 mm; slice number 70; voxel resolution 1 × 1 × 1 mm; number of signal averages (NSA) 4; SENSE reduction factor 2; acquisition time 14 min 35 s.

Diffusion images were collected with a SENSE-single shot spin-echo echo-planar-imaging (SE-EPI) sequence with a b-value of 800 s/mm2 and 128 diffusion encoding directions. Two additional baseline images with b = 0 s/mm2 were acquired, one each in forward and reverse phase-encode directions, for post-processing EPI-based susceptibility distortion corrections. Other diffusion scanning parameters include: TR 5845 ms; TE 106 ms; flip angle 90°; matrix 128 × 128; FOV 205 × 205 mm; slice thickness 1.6 mm; slice number 38; voxel resolution 1.6 × 1.6 × 1.6 mm; NSA 2; SENSE reduction factor 2; diffusion gradient pulse duration/time interval 15.7/52.9 ms; acquisition time 29 min 33 s.



Image Post-processing and Tractography

Post-processing was carried out with the FSL software library (Analysis Group, FMRIB, Oxford, UK: https://fsl.fmrib.ox.ac.uk/fsl/fslwiki) (28). Corrections were performed to remedy distortions caused by EPI and susceptibility-induced off-resonance fields using the two baseline images with opposing phase-encoding as implemented in FSL “topup” (29, 30). Susceptibility-corrected images were further processed to remove distortions associated with bulk motion and eddy currents in FSL “eddy” (31). Water diffusion was modeled from fully corrected data by fitting tensors to each image voxel (32). Tensors were used to calculate scalar maps of FA, MD, AD, and RD (33). Structural and diffusion images were linearly co-registered using FSL FLIRT and manual adjustment (34). Pre- and post-treatment images within each subject were co-registered with the same method. Image processing time required was ~40 min for each subject using a moderately powerful workstation with dedicated graphical processing unit.

Fiber tracking was performed with MRtrix (Brain Research Institute, Melbourne, Australia: http://www.brain.org.au/software) (35). The response function for a single fiber population was estimated using the default threshold of FA > 0.2 (36). This response function was then used with a basis of constrained spherical deconvolution (CSD) to estimate the fiber orientation distribution (FOD) (37). CSD has been shown to be an effective tractography method in regions of complex fiber orientations and crossing fibers (38). A deterministic tractography algorithm, “SD-Stream,” was used to generate tracks (35). Tracking seeds were delineated manually at the lumbar nerve roots based on structural T1 and FOD maps. Tracts were segmented by placing inclusion regions of interest (ROI) in terminating muscle regions.

DTI metric assessment was performed by manual placement of a 2 × 2 × 1 voxel (3.2 × 3.2 × 1.6 mm3) ROI on the sciatic nerve overlapped by the post-treatment lesion as identified by tractography and T1 data. Measurements of FA, AD, RD, and MD were pulled from co-registered pre- and post-treatment images using the same ROI mask. Visually distinct lesion zones were manually identified and measured on T1, aided by voxel intensity thresholding, as a region of hyperintensity (zone I) concentrically surrounded by hypointensity (zone II).



MRgFUS Treatment

Treatment was performed with a clinical MRgFUS system (Sonalleve V1, Profound Medical, Toronto, Canada). Animals were positioned on the treatment table housing the ultrasound transducer. The same lateral decubitus position was used in pre- and post-treatment imaging. Degassed ultrasound gel was applied to the skin surface with a 20 mm gel pad (Aquaflex, Parker Laboratories, New Jersey, USA) placed between the animal and treatment table to facilitate acoustic coupling with the transducer.

Imaging during treatment was accomplished using one element of the cardiac coil (16 channels) placed on top of the animal. Skin bubble images were acquired using a three-dimensional spoiled gradient echo (FFE) sequence to confirm that no air bubbles were present which may interfere with acoustic beam propagation. T1-weighted FFE images were acquired for immediate target identification and treatment cell placement using the Sonalleve planning software.

Cells were placed on the sciatic nerve, posterior to the proximal head of the adjacent femur, with guidance from pre-treatment tractography (Figure 1A). The sciatic nerves in these piglets are ~3 mm wide therefore treatment cell diameters of 4 and 8 mm were chosen to cover the whole nerve. Sonication times are fixed based on cell diameter leading to 20 and 27 s treatments for these respective cell sizes. The distance along the beam path from skin surface to treatment cell center was measured. A single sonication was used for each treatment in order to isolate the effect of a given cell size and transducer output power. All ultrasound treatments were delivered with a frequency of 1.2 MHz. Before each therapeutic exposure, one to two test sonications at reduced power of 10 W and 20 s were performed for calibration of beam focus location. Temperature was measured simultaneously with sonication via MR thermometry (Figure 1B). Specific treatment parameters for each nerve can be found in Table 1. Immediately following treatment in both legs, the animal was repositioned on the diagnostic table for post-treatment imaging (1–2 h after sonication). Identical scanning sequences were used as in pre-treatment imaging.


[image: Figure 1]
FIGURE 1. Pre-treatment planning images and in-treatment MR thermometry in axial, sagittal, and coronal view. (A) T1-weighted images are shown with the MRgFUS treatment cell placed on the sciatic nerve. (B) In vivo MR thermometry displaying heat deposition during treatment.



Table 1. MR-guided focused ultrasound treatment parameters.

[image: Table 1]



Histology

Animals were euthanized immediately after post-treatment imaging (<2 h following treatment). The treated area was identified by reflecting the biceps femoris muscle to expose the sciatic nerve and lesion on surrounding muscle tissue. The treated portion of the sciatic nerve and adjacent sections of biceps femoris and semitendinosus muscles were collected. Treated muscle specimens were sampled superficially, deep or mirror to the treated area. Nerve specimens were sampled longitudinally along the axis of the beam path. Internal control specimens of both nerve and muscle were sampled several centimeters away from treated areas, confirmed to free from temperature changes via MR thermometry maps and tissue damage via gross inspection. Samples were immersion fixed with 10% neutral buffered formalin and cooled in a 4°C refrigerator for 48 h before routine histological processing. The tissue was sectioned at a 5-micron thickness at 200-micron levels and stained with hematoxylin and eosin (H&E) and luxol fast blue (LFB). Control samples were exposed to the same conditions and processing as for treated samples except for MRgFUS ablation. Thus, any differences observed between treated and control tissue would be related to MRgFUS treatment. All specimens were evaluated by a neuropathologist who was blinded to the treatment conditions of each specimen.



Statistical Analysis

DTI metric comparisons from pre- and post-treatment lesion ROIs were carried out using paired, two-tailed t-tests. Significance was taken as P < 0.05. Pearson correlations were performed between maximum temperature, temperature change from baseline, lesion volumes (zones I and II), DTI metrics, and output power (absolute and normalized by skin-to-focus distance). Statistical analysis was performed using SPSS version 23 (IBM, Inc.).




RESULTS


Peripheral Nerve Imaging

On T1-weighted imaging, the sciatic nerve presented as a moderate hyperintensity associated with suppressed signal from nearby blood vessels. Surrounding fat and connective tissue of similar signal intensity to the nerve introduced uncertainty in assessing nerve position at all points in its caudal trajectory from the lumbar plexus. However, the sciatic nerves were successfully reconstructed via both single tensor and CSD tractography in all subjects (Figure 2). Tract models were observed extending from the vertebral roots, through the lumbar plexus, and terminating in the muscles of the leg posterior to the femur.


[image: Figure 2]
FIGURE 2. Tractography before and after MRgFUS treatment in sagittal view. Tracts are reconstructed using (A,B) constrained spherical deconvolution (CSD) and (C,D) diffusion tensor imaging (DTI) methods. Tracts are overlaid on T1-weighted images and colored by orientation: anterior-posterior (blue); superior-inferior (red); left-right (green). Arrowhead indicates treatment target.




MRgFUS Treatment Assessment

Tract abnormalities following MRgFUS treatment were observed in both single tensor and CSD reconstruction models (Figure 2). For the tensor model, tracts were discontinuous within the lesion in 8 of the 12 nerves imaged. DTI tracts that did extend into the lesion displayed narrowing and decreased fiber density. In the CSD model, tract continuity was maintained through the lesion in all cases with narrowing and decreased fiber density within the treatment area.

Lesions were identified on T1 images by regions of hyperintensity (zone I) surrounded by hypointensity (zone II) (Figure 3). Zone I ranged 20–531 mm3 with an average of volume of 207 mm3. Zone II ranged 81 to 1,270 mm3 with an average of 492 mm3. Total volume ranged 101–1,700 mm3 with an average of 699 mm3. Individual volume measurements and treatment parameters are listed in Table 1.


[image: Figure 3]
FIGURE 3. Post-treatment T1-weighted images in axial, sagittal, and coronal view. (A) The lesion on the sciatic nerve shows distinct zones of hyperintense necrotic core and surrounding hypointense edema. (B) Lesion voxels were segmented into central zone I (red) and surrounding zone II (blue).


Significant correlations were observed between output power and maximum lesion temperature (correlation coefficient r = 0.81, P = 0.001), temperature difference (r = 0.86, P = 0.0004), lesion zone I volume (r = 0.82, P = 0.001), zone II volume (r = 0.86, P = 0.0003), and total lesion volume (r = 0.88, P = 0.0001). Output energy was also correlated with maximum temperature (r = 0.64, P = 0.025), temperature difference (r = 0.64, P = 0.025).

DTI metrics measured over the sciatic nerve within the lesion immediately after treatment compared to the pre-treatment baseline revealed significantly decreased FA (P = 0.00008), and increased MD (P = 0.0008), AD (P = 0.01), and RD (P = 0.0001). Results are depicted graphically in Figure 4.


[image: Figure 4]
FIGURE 4. Diffusion tensor metric assessment of the treated sciatic nerve segment before and after MRgFUS. Results show significant changes in fractional anisotropy (FA) and mean (MD), axial (AD), and radial diffusivity (RD). **P < 0.01; ***P < 0.001.


Significant negative correlations were also observed for output power with diffusivity changes relative to baseline: MD (r = −0.77, P = 0.004), AD (r = −0.70, P = 0.011), and RD (r = −0.70, P = 0.011). No correlations were seen between power and FA.

Maximum temperature and temperature difference were well-correlated with total lesion volume (r = 0.81, P = 0.004 and r = 0.80, P = 0.005, respectively) and zone II volume (r = 0.88, P = 0.001 and r = 0.89, P = 0.001, respectively) and relatively weakly correlated with zone I volume (r = 0.65, P = 0.023 and r = 0.67, P = 0.017, respectively). Temperature difference correlated with MD (r = −0.68, P = 0.016) and AD (r = −0.67, P = 0.016) but not significantly with RD (r = −0.56, P = 0.058) or FA (r = 0.05, P = 0.87).

Output power normalized by skin-to-focus distance (measured as distance from skin surface to center of treatment cell) was weakly correlated with only maximum temperature (r = 0.58, P = 0.047) and temperature difference (r = 0.68, P = 0.015)—less significant than correlations with absolute output power. Selected correlations are shown graphically in Figure 5.


[image: Figure 5]
FIGURE 5. Relationships between single sonication MRgFUS output and treatment results. Correlations are shown between transducer output power and resulting maximum temperature, temperature change from baseline, percent change in fractional anisotropy (FA), mean (MD), axial (AD), and radial diffusivity (RD), and lesion volume (zone I, II, and total).




Histological Analysis

Gross examination of the dissected tissue revealed pallor of the surrounding muscles and red discoloration of the perineural tissue, further confirming accurate and sufficient delivery of the acoustic energy to the sciatic nerve. Control specimens appeared unremarkable (i.e., no signs tissue damage observed). Microscopic examination of the muscle specimens showed pathologic changes in all areas sampled, superficially, deep or mirror, indicating sensitivity to the acoustic energy regardless of location. All specimens showed changes in a zonal or gradient pattern. Figures 6A–D shows a representative zonal pattern where on one end, minimal endomysial edema was present while on the other end, extensive edema and myofiber dropout were present. Nerve specimens (Figures 6E–H) showed marked changes. On H&E, specimens showed extensive perineurial and endoneurial edema. LFB stain highlighted loss of myelin while H&E/LFB dual stain highlighted axonal loss. Control specimens for muscle and nerve were unremarkable histologically.


[image: Figure 6]
FIGURE 6. Histologic specimens taken of muscle (A–D) and sciatic nerve (E–H) following single sonication MRgFUS treatment. (A) Low magnification showing zonal changes within the muscle—severe, moderate, and mild. Within this muscle specimen, colored boxes indicate areas of high magnification shown in panels (B–D), each corresponding to these zonal changes. (B) High magnification of severe muscle involvement (blue) shows diffuse edema, myofiber vacuolation, and myofiber dropout. (C) High magnification of moderate muscle involvement (green) shows perimysial and endomysial edema, myofiber vacuolation, and myofiber necrosis. (D) High magnification of mild muscle involvement (black) shows mild myofiber atrophy and endomysial edema. (E) High magnification of involved nerve shows endoneurial edema, demyelination, and axonal fragmentation as highlighted by (F) LFB stain. (G) High magnification of control nerve H&E stain and (H) LFB stain. H&E, hematoxylin and eosin; LFB, luxol fast blue. Scale bar is 2,000 μm in (A) and 100 μm for (B–H).





DISCUSSION

In this study, we have demonstrated the feasibility of using diffusion MR tractography to identify and visually reconstruct peripheral nerves and guide their ablative treatment with a clinical MRgFUS system. Further, we have shown the ability of DTI metrics to quantitatively assess the acute changes following treatment. MRgFUS informed by tractography is capable of producing thermal lesions focused on peripheral nerves with minimal damage to surrounding tissue. DTI metrics demonstrate significant microstructural changes to nervous tissue in the form of decreased FA and increased MD, AD, and RD, the latter three of which were found to negatively correlate with transducer output power. Histological analysis verified the damage to the nerves and sharp transition zones from lesions and adjacent untreated tissue.

Experiments of constriction injury in rabbit sciatic nerves have reported microstructural alterations consistent with decreased FA and increased MD and RD (39, 40). However, we observed increased AD while these authors cited significant (40) and non-significant (39) decreases in AD. In constriction injury, it appears that the chronic compression primarily restricts water motion parallel with the nerve and secondarily drives an inflammatory response of axonal swelling and loosening of the myelin sheath. In acute MRgFUS, the thermal ablation results in axonal fragmentation and the accumulation of cell debris which, along with the influx of inflammatory fluid and loosening myelin, contributes to a change toward isotropic diffusion within the nerve. RD, which is associated with degree of fiber myelination, experienced the largest change relative to pre-treatment baseline. Thus, we suspect the myelin disruption and widening of the periaxonal space as seen on histology to be the driving factor behind the results of increased diffusivity and decreased directionality. This is supported by a previous report (7) which identified axonotmesis, where the axons and myelin sheath are damaged but the gross structure (i.e., epineurium, perineurium, and endoneurium) remains intact, in rat sciatic nerves following FUS exposure. Our tractography results corroborate this further as fiber reconstruction with CSD within the lesion was still possible after treatment. Narrowing of reconstructed fibers and decreased fiber density within the lesion is indicative of some axonal damage and decreased diffusion directionality.

In addition to significant changes in DTI metrics at the group level, negative correlations were observed for MD, AD, and RD with transducer output power. That is, with increasing power more modest alterations to diffusivities were measured. Similar correlations were seen between temperature change from baseline and MD and AD with the RD correlation failing to reach statistical significance (P = 0.058). FA changes did not correlate with any other observable. We interpret these FA findings as a possible ceiling effect to the FA decrease in which the nervous tissue has become sufficiently disordered such that further acoustic energy will not further affect diffusion directionality within the nerve. Negative correlations between the diffusivities and both output power and temperature were unexpected, however. We hypothesize that the damage associated with higher sonication intensity and lesion temperature results in increasing damage and accumulation of cellular debris which acts to inhibit the increased motion of water within the nerve. RD exhibited greater relative change with power than both MD and AD. Thus, RD would be the most substantially affected in this regard as myelin disruption-associated RD changes are suspected to be the driving factor behind the diffusivity increases overall.

DWI has been used previously as a monitoring tool immediately after the MRgFUS treatment of bone in ex vivo lamb legs (41). Correlations were reported between applied energy, maximum temperature, and lesion volume, which was expected and is confirmed in the present study. Giles et al. also observed a positive correlation between apparent diffusion coefficient (ADC) and applied energy, maximum temperature, and lesion volume in muscle tissue adjacent to treated bone at time points ranging from <1–50 min after treatment. While this result differs from the anti-correlation currently presented, several important differences exist between studies: Giles et al. measure only ADC in muscle tissue adjacent to bone in room temperature ex vivo subjects at time points <50 min post-treatment. Conversely, we measured multiple DTI metrics in nervous tissue in vivo 1–2 h after sonication. The differences in acoustic energy attenuation between bone and soft tissue (42), thermal diffusion dynamics due to blood flow (43), and differing time points complicates direct comparison of the two studies. Further investigation is needed regarding the time evolution of MRgFUS lesions and microstructural dynamics of nerve and muscle tissue.

DTI metrics have been used longitudinally to evaluate sciatic nerve repair following peripheral nerve injury in varying levels of severity where nerve continuity is maintained (26, 27, 39) to complete disruption of axonal and surrounding connective tissue (44, 45). DTI has great potential in this regard as measurements are taken in vivo, precluding the need for large numbers of animals to be sacrificed at multiple time points. Due to limitations in data acquisition, these authors were able to reconstruct only small segments of the sciatic nerve and included spurious fibers. We present here robust tractography of the branches of the sciatic nerve from the dorsal root ganglion to their respective terminal muscle destinations, showing that accurate peripheral nerve tractography is achievable with appropriate acquisition parameters and post-processing techniques. Some of the above authors have used track length, normalized to a pre-surgical baseline, as a marker of nerve integrity. This can be problematic as the angle of nerve trajectory is a significant factor in fiber reconstruction and body position is not easily reproduced in repeated imaging sessions and between subjects. Nerve assessment via DTI metrics from a ROI, as we present here, may be a more robust method of evaluating nerve integrity.

The results of this study are consistent with previous experiments who reported similar observations of disrupted myelin and axon swelling in the sciatic nerves of pigs (19, 46) and rats (7) after treatment with FUS. These authors' observations are based on histology but are reinforced by our analysis of both histology and DTI metrics. This important validation of histological analysis by in vivo imaging obviates the need to sacrifice animals in order to assess the microstructural response to FUS treatment. DTI has been demonstrated previously as a useful adjunct to histological analysis (47, 48) and this study extends its application to MRgFUS.

We note that both Huisman et al. and Kaye et al. used large adult pigs (50–75 and 19–40 kg, respectively) with relatively large sciatic nerves (8–10 mm wide) (19, 46). Here we demonstrate the ability to image small animals (5–8 kg) and target small nerves (3–4 mm wide) with similar hardware. These smaller nerves reflect a similar size to potential human clinical MRgFUS targets such as the pudendal nerve (49) or posterior femoral cutaneous nerve (50), as noted by Huisman et al. (19).

Clinically, MRgFUS has potential as a non-invasive alternative to other ablation modalities, including radiofrequency ablation. Peripheral nerve ablation has been studied in a variety of cancerous (8, 9, 12, 13) and non-cancerous conditions (6, 10, 11). Ablation has also been used to treat tumors with close proximity to neural structures (14). For pain relief, a nerve conduction block may be indicated before ablative tract disruption is considered, as suggested by the findings of Foley et al. on FUS-related changes in nerve conduction (7). While conduction block can be successful in reducing pain, the effect can be limited in duration and nerve modulation or ablation may be further considered (51). Whether nerve conduction block or ablation is indicated, an in vivo imaging-based understanding of FUS-related nerve changes is important for characterizing treatments and predicting outcomes. This study demonstrates the utility of DWI to visualize and assess nerve changes in these treatments, thus bolstering the potential clinical utility of MRgFUS treatments.

We have demonstrated specificity on segmenting portions of the sciatic nerve based on vertebral origin and terminating muscle innervation (Supplementary Figure 1). The same seed ROIs at the nerve roots were used while disparate inclusion ROIs were placed at distal branches of the nerve. Similar techniques have been validated in the central nervous system for segmenting specific tract locations in thalamic nuclei by utilizing anatomically and functionally distinct cortical and subcortical regions in patients with essential tremor (25, 52). This demonstrates the potential to target specific portions of peripheral nerves in non-invasive treatments while avoiding branches of non-interest.



LIMITATIONS

This is an acute study and thus we are not able to determine the longitudinal effect of single-exposure MRgFUS treatment including effects at the lesion site and distal portions of the treated nerve. Previous studies have suggested that Wallerian-type degeneration may cause disruption in nearby white matter and along the length of the lesioned tract (53). Further studies incorporating multiple imaging time points are needed to understand the evolution of MRgFUS lesions and microstructural changes at both the primary injury site and distal tract segments. This study also uses ablative treatments of peripheral nerves, whereas lower intensity, non-ablative sonication may be indicated, as in the case of nerve conduction blocks (7). Future longitudinal studies may thus also incorporate lower power MRgFUS treatments to assess sub-lesional nerve changes and the inflection point between ablative and non-ablative therapies.

Technical challenges limit three-dimensional tractograms from being visualized directly on the MRgFUS targeting software. As such, specific fiber positions must be inferred in vivo relative to nearby anatomical structures and with reference to pre-treatment planning images. There exists the potential for targeting errors due to operator bias and positioning reproducibility. This problem is not limited to MRgFUS treatments but with surgical interventions incorporating the visualization of the central and peripheral nervous systems in general. Stereotactic frames in cranial applications can aid target registration but such devices are not generally available for peripheral nerve treatments. Further development in adequate forms of repeatable limb positioning and immobilization is needed for coupling tractography directly with non-invasive surgical approaches to minimize the effect of movement and maximize targeting accuracy.



CONCLUSIONS

This study demonstrates the potential of DWI and tractography for the in vivo targeting and assessment of changes following MRgFUS treatment of peripheral nerves. Significant changes in DTI metrics of FA, MD, AD, and RD were observed in the sciatic nerve following single exposure MRgFUS treatment. These DTI metric changes were correlated with sonication parameters. Robust visual reconstruction of the sciatic nerve via tractography was achieved. Diffusion imaging may thus be a valuable tool in optimizing peripheral nerve treatments with MRgFUS and evaluating the effects of treatment.
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Supplementary Figure 1. CSD tractography of the sciatic nerve segmented by fiber bundle vertebral origin and distal termination (individual tracts separated by color). Full reconstructed tracts visible from (A) axial, (B) sagittal, and (C) coronal view. (D) Axial views showing only tract segments within the visible slice centered on the MRgFUS lesion. (E) Lesion zones I (red) and II (blue) are highlighted. CSD, constrained spherical deconvolution; MRgFUS, magnetic resonance-guided focused ultrasound.
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The blood brain barrier (BBB) is an obstacle for the delivery of potential molecular therapies for neurodegenerative diseases such as Parkinson's disease (PD), Alzheimer's disease (AD), and amyotrophic lateral sclerosis (ALS). Although there has been a proliferation of potential disease modifying therapies for these progressive conditions, strategies to deliver these large agents remain limited. High intensity MRI guided focused ultrasound has already been FDA approved to lesion brain targets to treat movement disorders, while lower intensity pulsed ultrasound coupled with microbubbles commonly used as contrast agents can create transient safe opening of the BBB. Pre-clinical studies have successfully delivered growth factors, antibodies, genes, viral vectors, and nanoparticles in rodent models of AD and PD. Recent small clinical trials support the safety and feasibility of this strategy in these vulnerable patients. Further study is needed to establish safety as MRI guided BBB opening is used to enhance the delivery of newly developed molecular therapies.
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In spite of major gains in the understanding of the biology of neurodegenerative disease such as Alzheimer's disease (AD), Parkinson's disease (PD), amyotrophic lateral sclerosis (ALS), and Huntington's disease, they remain progressively disabling and deadly conditions. Although many agents have provided neuroprotection in cellular and animal models of these conditions, none has resulted in clinically meaningful modification of their progressively worsening natural course. The need for effective disease modifying therapy (DMT) is so dire that agents with likely marginal benefit such as the recently FDA approved aducanumab for AD generate great public interest (1).

Although the factors responsible for the widespread failures of promising agents to translate into clinically effective DMTs are complex, a role for poor brain bioavailability has been suggested (2). This is particularly true for the growing pharmacopeia of molecular therapies including growth factors, enzymes, monoclonal antibodies, and genetic material, all too large to cross the specialized endothelia that compose the blood-brain barrier (BBB). Unfortunately, the intensity of research progress in the development of molecular therapies has greatly outpaced the development of strategies for their delivery to brain.

Contemporary clinical trials of gene therapy for neurodegenerative disease continue to rely on invasive methods such intracerebral infusion (3, 4). The most well-explored strategy to allow large molecules to cross the BBB has been the creation of hybrid molecules that contain a domain the binds to brain endothelial membrane transport receptors such as the transferrin and insulin receptors (5). These “trojan horse” therapeutics have begun to enter clinical trials (6). There has been a resurgence in interest in intra-arterial infusion of hyperosmolar solutions of mannitol to open the BBB, a method initially developed in the 1980's (7, 8).

The newest strategy to enhance delivery of therapeutics from blood to brain is to use focused ultrasound (FUS). The specialized endothelia of the brain have continuous tight junctions that form the BBB, limiting the movement of large molecules from the bloodstream into brain. Studies by Hynynen, McDannold, and colleagues (9–12) initially demonstrated that FUS applied during the circulation of microbubble suspensions (FDA-approved ultrasound contrast agents) can create a transient and safe disruption of the BBB, which can be targeted to a specific brain region using MRI. This allows large therapeutics to enter the brain from the systemic circulation including antibodies, growth factors, nanoparticles, nucleic acids, viral vectors, and even cells (13–19). Using pulsed ultrasound at a much lower intensity than the continuous ultrasound used for brain tissue ablation, the microbubbles undergo oscillations of expansion and contraction that cause transient separation of endothelial tight junctions—the basis for the BBB (20, 21). The procedure can create transient (hours) opening of the BBB, sufficient to allow extravasation of large therapeutics without pathology or entry of blood components (22, 23).

Delivery of large therapeutics across the BBB with any strategy has been limited by the inefficiency of the transfer where accumulation of 1–2% of the total blood injectate in the brain is a true accomplishment (5). Within safe parameters, BBB opening may last only a few hours, and the amount of the therapeutic entering brain is usually much less. Studies of molecular therapies usually find that <0.1% of the injected agent can be detected in the sonicated region of brain after MRgFUS-mediated opening of the BBB (24).

The first application of this strategy was in brain tumor therapy where in preclinical models of brain metastatic breast cancer, FUS-mediated BBB opening substantially improved the efficacy of the antihuman epidermal growth factor 2 monoclonal antibody trastuzumab (24). Clinical trials of FUS opening to enhance chemotherapy of brain tumors are currently in progress (25).

For neurodegenerative diseases, studies using MRI guided FUS (MRgFUS) have enhanced delivery of several potential DMTs including genes in preclinical models of PD. The delivery of glial cell-derived neurotrophic factor (GDNF) and the related factor neurturin from the blood was improved in rodents with the use of this strategy (26, 27). Gene delivery of GDNF has been successful in restoring dopamine metabolism and reversing motor abnormalities in a toxin-induced rat model of PD (28). In an effort to improve the efficiency of delivery (a persistent problem with all blood to brain strategies), the plasmid was preloaded into the microbubbles to enhance its concentration in the region of FUS-mediated BBB opening.

Gene delivery for GDNF has also been successful with enhanced brain distribution using brain penetrant nanoparticles with FUS mediated BBB disruption (D) in the 6-OHDA rodent model of PD (29). Another strategy to improve efficiency of delivery of FUS mediated BBBD has been the use of viral vectors (19, 30). Gene delivery using an adeno associated viral (AAV) vector for GDNF was effective in ameliorating the sub-acute MPTP injection rodent model of PD (31). These studies demonstrate that FUS mediated BBBD can clearly be combined with other delivery methods in the goal of improving the efficiency of brain delivery while still minimizing invasiveness. In a highly novel approach, FUS enhanced the distribution of intranasally delivered BDNF. Although the mechanism of this enhancement is uncertain, this combination successfully improved mice exposed to MPTP (32). Similar mechanism may underlie FUS mediated improvement in distribution of therapeutics after convection-enhanced intracerebral injection, which is the current clinical standard for delivery of protein and gene therapy to the brain (33, 34).

More than 30 years after the initial clinical trials, cell-based therapy has yet to fulfill its promise as a DMT for neurodegenerative disease. As with gene therapy, clinical studies of stem cells for PD still rely on intraparenchymal injection (35, 36). In spite of their large size, rodent studies have demonstrated enhanced delivery of stem cells to brain from the blood, which may involve active mechanism such as chemoattraction and transcytosis across the brain endothelium (37). At this point, however, a beneficial effect of FUS enhanced stem cell delivery has yet to be demonstrated in an animal model of a neurodegenerative disease.

There is also a strong body of evidence from animal studies suggesting the potential benefit of BBBD in AD. These studies explored the possibility that BBBD could be a tool to accelerate the clearance of beta-amyloid from the brain—a major goal of many current AD experimental therapeutics. Studies in mouse models of AD have demonstrated both reduction in brain amyloid burden and behavioral improvement using BBBD coupled with either infused or endogenous anti-amyloid antibodies (18, 38). This reduction in amyloid burden and improved behavior occurred without evidence of brain hemorrhage, a known risk of FUS as well as a clear concern when considering the coexistence of amyloid angiopathy in AD with its significant risk of brain hemorrhage (39). One of the AD/amyloid animal studies demonstrated that moving the target of sonication through the brain (scanning FUS) could be a potential useful strategy for treatment of a large brain volume (40).

As with most antibodies, relatively little of an anti-amyloid antibody enters the brain from an IV injection [0.1% (41)]. However, these antibodies appear to have the capacity to accumulate in the AD brain, likely due to binding to brain amyloid (42). The mechanism by which anti-amyloid antibodies in the blood reduce brain amyloid burden without significant entry into brain remains controversial and how FUS potentiates amyloid clearance is under active investigation (43, 44). There is also concern that compromise of the BBB may also interfere with normal amyloid clearance from the brain (45).

FUS mediated BBB opening also appears to stimulate neurogenesis in the treated region, although once again the mechanism involved is uncertain (46, 47).

In spite of these promising pre-clinical rodent studies, the path to clinical trials of BBBD for neurodegenerative disease is not straightforward. All potential therapeutics utilized in the animal studies are experimental, without full FDA approval. A trial that combines a first of its kind study of an experimental delivery method such as FUS mediated BBBD with an experimental agent such as gene therapy would pose unknown risks to this fragile patient population that may be additive. This is particularly relevant to the combined use of BBBD for delivery of an anti-amyloid antibody where there is overlap in potential adverse effects and pathology. FUS mediated BBBD carries with it a risk of excessive disruption of the BBB resulting in brain edema and hemorrhage although neither pathology was observed in animal studies with transgenic AD mice or aged dogs with amyloid deposition (48). An increase in multiple inflammatory markers has been described in other animal studies of FUS mediated BBBD (49). Both brain edema and hemorrhage are also risk of treatment with monoclonal antibodies against amyloid for AD (50).

The possibility of additive and unknown risks with the combination of an experimental agent and an experimental delivery method influenced the design of the first clinical trial of FUS mediated BBBD in patients with AD. Supported by the pre-clinical studies, patient with mild to moderate AD underwent BBBD alone, without infusion of an anti-amyloid antibody (51). A frontal cortex location was chosen as the sonication target, reflecting the emphasis on safety in this first of kind study. Although a hippocampal target could be viewed as more clinically important, its deep location was felt to pose a greater risk if significant edema or bleeding were to occur. Patients who tolerated a relatively small volume of BBBD had the procedure repeated later targeting a larger volume. This study supported both the feasibility of opening the BBBD in AD patients (using gadolinium extravasation as an outcome measure) as well as its safety. No significant change in amyloid signal on PET scans or cognitive change was detected, although the study was not powered to assess these efficacy outcomes. There was no significant edema or bleeding among the five treated patients, although transient evidence of possible micro-hemorrhage was observed.

A subsequent study of six patients with AD targeting the hippocampus also supported the safety of FUS mediated BBBD (52). This group of patients also showed a modest reduction of amyloid related signal on 18 F-Florbetaben PET the after three rounds of BBBD over 6 months (53).

It should be noted that this is one of several setting where FUS mediated BBBD will need to be performed on a repeated basis. This will also increase an aspect of brain FUS that reduces patient satisfaction, that of complete shaving of the head, which contemporary neurosurgical procedures tend to avoid. With the recent FDA approval of aducanumab (Aduhelm), it is likely that this agent will be combined with FUS mediated BBBD in the near future. A recent study in an AD transgenic mouse has already assessed the combination of a murine aducanumab analog and BBBD using scanning FUS (54). As expected, FUS substantially increased the distribution and amount of this anti-amyloid antibody in the brain. It is encouraging that a potential safety outcome—brain microhemorrhages—were not increased in any of the treatment groups including combination treatment. Although the effect on clearance of amyloid from the brain varied with brain region (increased clearance with combination treatment of frontal cortex but not in the hippocampus), there was substantial improvement in performance on a spatial memory tasks only with combination treatment. Although the hypothesis is that this combined approach will be more effective than either modality alone for both removal of cerebral amyloid and clinical improvement, safety will remain the primary outcome measure in the initial studies.

A similar approach has been utilized in patients with PD dementia (55). Although PD has predominantly intracellular accumulation of pathologic forms of alpha synuclein, PD dementia is strongly associated with a combination of alpha synuclein and amyloid deposition (56). This recent study of five patients supports the safety of multiple repeated rounds of BBBD of a target region at the parieto-occipito-temporal junction. Although mild improvement in cognition was observed, no significant change in either amyloid or fluorodeoxy glucose by PET scan was observed.

The strategy of combining FUS mediated BBBD with an approved therapeutic is currently underway with a potential DMT for PD. There is a strong association between Gaucher's disease, a lysosomal storage disease caused by mutant forms of the enzyme glucocerebrosidase (GCase) with PD (57). Studies of the interaction of this enzyme with alpha synuclein have also supported GCase as a possible DMT for PD (58). A recombinant form of normal GCase has been an FDA approved therapy for Gaucher's disease for many years (59). As with all forms of enzyme replacement therapy, large molecular size prevents crossing the BBB with limited benefit for CNS forms of diseases associated with detective endogenous enzyme such as Gaucher's. A clinical trial where PD patients are infused intravenously with GCase at the same time as BBBD targeted to the basal ganglia is currently in progress (ClinicalTrials.gov identifier NCT04370665).

The safety of BBBD even in patients where a region with symptomatic neuronal dysfunction is directly targeted is supported by the first study of FUS mediated BBBD in patients with ALS (60). The four volunteers showed no worsening of their motor function after successful BBBD targeted to their motor cortex. The goal of this study as preparation to deliver molecular therapeutics to corticospinal neuronal cell bodies reflects a contemporary review of ALS which emphasizes both the physiologic importance of these “upper motorneurons” in motor symptoms as well as the “dying forward” nature of its pathogenesis that likely begins in the cell soma (61, 62).

These studies illustrate the potential of FUS mediated BBBD to enhance potential DMT for neurodegenerative disease. The initial clinical experience suggests that pulsed FUS coupled with microbubble infusion can result in safe, transient localized opening of the BBBD in patients with AD, PD, and ALS. Pre-clinical studies suggest that this form of BBBD may amplify the efficacy of circulating endogenous and exogenous molecules that are too large to cross the normal BBBD. As the safety of FUS mediated BBBD becomes more established, the opportunities for utilizing it to delivery experimental therapies show as gene therapies will develop. The combination of effective molecular agents and a safe strategy to enhance their delivery to brain such as FUS mediated BBB opening could accelerate the development of clinical useful disease modifying therapies for the million of patients suffering from progressive neurodegenerative diseases.
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Magnetic Resonance-guided high-intensity Focused Ultrasound (MRgFUS) of the thalamic ventral intermediate nucleus (Vim) for tremor has increasingly gained interest as a new non-invasive alternative to standard neurosurgery. Resting state functional connectivity (rs-FC) correlates of MRgFUS have not been extensively investigated yet. A region of interest (ROI)-to-ROI rs-FC MRI “connectomic” analysis focusing on brain regions relevant for tremor was conducted on 15 tremor-dominant patients with Parkinson's disease who underwent MRgFUS. We tested whether rs-FC between tremor-related areas was modulated by MRgFUS at 1 and 3 months post-operatively, and whether such changes correlated with individual clinical outcomes assessed by the MDS-UPDRS-III sub items for tremor. Significant increase in FC was detected within bilateral primary motor (M1) cortices, as well as between bilateral M1 and crossed primary somatosensory cortices, and also between pallidum and the dentate nucleus of the untreated hemisphere. Correlation between disease duration and FC increase at 3 months was found between the putamen of both cerebral hemispheres and the Lobe VI of both cerebellar hemispheres, as well as between the Lobe VI of untreated cerebellar hemisphere with bilateral supplementary motor area (SMA). Drop-points value of MDS-UPDRS at 3 months correlated with post-treatment decrease in FC, between the anterior cingulate cortex and bilateral SMA, as well as between the Lobe VI of treated cerebellar hemisphere and the interpositus nucleus of untreated cerebellum. Tremor improvement at 3 months, expressed as percentage of intra-subject MDS-UPDRS changes, correlated with FC decrease between bilateral occipital fusiform gyrus and crossed Lobe VI and Vermis VI. Good responders (≥50% of baseline tremor improvement) showed reduced FC between bilateral SMA, between the interpositus nucleus of untreated cerebellum and the Lobe VI of treated cerebellum, as well as between the untreated SMA and the contralateral putamen. Good responders were characterized at baseline by crossed hypoconnectivity between bilateral putamen and M1, as well as between the putamen of the treated hemisphere and the contralateral SMA. We conclude that MRgFUS can effectively modulate brain FC within the tremor network. Such changes are associated with clinical outcome. The shifting mode of integration among the constituents of this network is, therefore, susceptible to external redirection despite the chronic nature of PD.

Keywords: MRgFUS (magnetic resonance-guided focused ultrasound surgery), tremor, Parkinson's disease, ventral intermediate nucleus (VIM), fMRI, resting state functional connectivity


INTRODUCTION

Patients with Parkinson's disease (PD) have a marked heterogeneity in their clinical features in relation to age of onset, motor presentation/phenotype, neuropsychological profile, and the rate of progression (1, 2). A large body of scientific evidence seems to suggest the existence of four main phenotypes of Parkinson's disease. In addition to the early-onset and late-onset subtypes with rapid disease progression, “motor” subtypes are recognized, particularly the “postural instability and the gait difficulty-dominant,” as well as the “tremor-dominant” subtypes (2). Tremor-dominant PD (TD-PD) is classically characterized by the resting tremor of the limbs, with a common re-emergent component after holding sustained postures (3). Tremor affects the quality of life (4). Patients with TD-PD experience intense embarrassment and difficulties due to their tremor that limit social interactions and frequently interferes with their ability to perform the daily living activities and simple tasks both at home and at work (5). Tremor is primarily managed with medications, but both response to tremor and satisfaction with medical therapy are highly variable (5). Moreover, effective medications can be associated with adverse effects (6–8).

The search for increasingly effective therapies drives to a better understanding of the pathophysiology of the disorder and the possible targets for non-pharmacological treatments, such as surgical lesions or neuromodulation. The actual pathophysiology of this disabling phenomenon is still partially undetermined, and the proposed mechanisms are currently under debate. Altered interactions between the cerebello-thalamo-cortical circuitry and the basal ganglia are thought to contribute to parkinsonian tremor (9, 10). In addition, dopamine depletion in the globus pallidus has been historically associated with the severity of clinical tremor (9). These assumptions are echoed by the recent “finger-switch-dimmer” hypothesis (11), for which tremor in PD would be: (i) induced by pathological triggering from the dopamine-depleted basal ganglia; (ii) generated by changes in the oscillatory activity within related thalamic nuclei (i.e., from pallidal to cerebellar thalamic recipients); and (iii) modulated by the cerebellum. Efferent copies of tremorigenic thalamic activity would be transmitted to the cerebral sensorimotor cortex, then it will be fed back into the basal ganglia and also propagated to the subthalamic nucleus through thalamo-cortical, thalamo-striatal, cortico-striatal, and cortico-subthalamic pathways (12, 13). Therefore, PD tremor would be mediated by parallel and only apparently segregated trans-cortical and sub-cortical circuits converging to the thalamus (14).

Even though none of the above described “circuital perspectives” is likely to explain definitively how tremor is generated and propagated in TD-PD and similar disorders, such as essential tremor (15), tremorigenic disorders would appear to share a common dysfunctionally distributed tremor-network centered on the thalamus, specifically on the thalamic ventral intermediate nucleus (Vim) (16). Vim is the cerebellum-recipient nucleus of the thalamus and has traditionally been regarded as the preferred target for neuromodulation or lesional neurosurgery to obtain tremor relief (17, 18). Growing recent evidences have shown that effectiveness of interventional procedures for tremor may be related to the proximity between the actual Vim lesion and the white matter tracts extending through the Vim, namely the dentato-rubro-thalamic tract (DRTT) (19–31). Vim ablation would, therefore, interfere with the tremor-sustaining aberrant circuitry (32).

In recent years, promising results have been published on the thalamotomy of the Vim using Magnetic Resonance-guided high-intensity focused ultrasound (MRgFUS). This is a non-invasive procedure performed under MRI guidance which allows to produce a small lesion (i.e., a focal area of coagulative necrosis induced by heat) at the level of selected target (i.e., the Vim) (33). This procedure represents an interesting therapeutic option for parkinsonian tremor that is not responsive to pharmacological therapy in cases where patients do not want to undergo or have contraindications to invasive procedures, such as deep brain stimulation. Subsequently, this technique is increasingly being employed as both safe and effective symptomatic treatment for medication-resistant, long-lasting, and disabling tremor in patients suffering from TD-PD.

To the best of our knowledge, there are only a few studies describing functional correlates of Vim ablation, and the potential mechanisms of connectivity reorganization over time after lesional procedures on Vim (mainly based on stereotactic radiosurgical thalamotomy) are yet to be recognized. To date, the literature on PD only includes at most 10 patients (34–42).

Here, we used resting state functional MRI (rs-fMRI) to longitudinally explore the dynamics of functional interactions between different nodes of the above-described “tremor-network” before and after the MRgFUS Vim ablation in a cohort of patients with TD-PD (“Main effect” of MRgFUS treatment). In particular, our goal was to evaluate if the changes in rs-fMRI interactions were transient and limited over time; for example, occurring only at 1 month after treatment mainly due to early postoperative alterations, or if they were still identifiable at 3 months after the complete postoperative oedema reabsorption.

In addition, we examined whether: (i) disease duration was related to changes in intra-subject FC between the areas that are forming part of the tremor-network (“treatment by disease duration interaction effect”); (ii) post-MRgFUS Vim lesion's volume at 24 h influenced the FC changes (“treatment by lesion volume interaction effect”); (iii) FC changes correlated with clinical improvement at 3 months after MRgFUS (“treatment by clinical improvement interaction effect”); (iv) FC changes differed between clinical outcomes (“treatment by outcome interaction effect”). Finally, (v) we attempted to retrospectively identify FC features at baseline that might be predictive of different clinical outcomes (“pretherapeutic functional profiles of outcomes”).



MATERIALS AND METHODS

We prospectively enrolled 60 consecutive patients with idiopathic TD-PD [according to clinical diagnostic criteria for Parkinson's disease of the Movement Disorder Society: (43)], with disabling tremor resistant to medication, who were evaluated at our institution from January 2019 to June 2020. All patients were carefully evaluated by a neurologist expert in movement disorders [RE; NGA; SB] and were considered good candidates for MRgFUS unilateral Vim thalamotomy. In particular, patients were examined in “off” (at least 12-h overnight withdrawal of antiparkinsonian therapy) and “on” conditions (90 min after a levodopa loading dose, approximately equal to 150% of the patients' usual morning dose) by the part-III items of the Movement Disorder Society Unified Parkinson's Disease Rating Scale [MDS-UPDRS: (44)].

Main inclusion criteria for MRgFUS were: (i) medication-refractory disabling tremor, defined as “disabling in the main activities of daily life despite of all available oral treatments” and confirmed by “acute levodopa challenge response”; (ii) age > 18 years; and (iii) contraindication for deep brain stimulation (DBS) or patients who refused DBS.

Exclusion criteria were as follows: (i) other neurodegenerative diseases than PD; (ii) history of prior stereotactic neurosurgery or DBS; (iii) standard contraindications for MR-imaging or for MRI contrast agent; (iv) patient/s unable to tolerate supine position for long time during treatment (4+ h) or claustrophobia; (v) significant cognitive impairment documented by neuropsychological evaluation (Mini-Mental State Examination ≤ 21); (vi) serious psychiatric pathologies, active drug/alcohol dependency, or prior abuse; (vii) risk factors for bleeding, unstable cardiac status, or medical conditions not allowing anticoagulant/antiplatelet therapy discontinuation; (viii) history of intracranial hemorrhage or stroke within the past 6 months; (ix) history of seizures within the past year; (x) presence of brain tumors; and (xi) a skull density ratio (SDR) (45) ≤ 0.34 as calculated from the head computed tomography screening scan.


Study Design and Outcome Definition

The rs-fMRI data were acquired at baseline (during the screening stage, not exceeding 4 months before MRgFUS treatment), as well as at 1 month (1-mo) and 3 months (3-mo) postoperatively. Clinical assessment was usually performed on the same day of each MRI examination or, at most, the day before or after. For this study, the final clinical outcome was defined by the score variation of the tremor improvement at 3 months (3-mo) post-treatment, regarding the body side contralateral to the thalamotomy, and calculated as absolute drop value (score at 3-mo minus score at baseline of the sub-items 3.15.a, 3.16.a, 3.17.a, and 3.17.c of the MDS-UPDRS scale in the off-state) (39), and also, as percentage of intra-subject value (% = baseline minus 3-mo/baseline score x 100) (20). We adopted a clinical and an rs-MRI evaluation in an off-drug condition because we were interested in the MRgFUS thalamotomy effect on FC without any pharmacological influence. Considering a quartile ranking on the degree of effectiveness (46), improvements of ≥50% compared to baseline were considered as therapeutic, while those <50% as sub-therapeutic, further defining two outcome subgroups (good vs. poor responders, GR vs. PR).



MRI Data Acquisition and Processing

Transcranial MRgFUS Vim-thalamotomy was performed by the ExAblate 4000 system (InSightec, Haifa, Israel) installed on a 1.5T MR scanner. Screening and follow-up of fMRI data were acquired on a 3T scanner equipped with a 32-channel coil (Achieva TX, Philips Healthcare BV, Best, NL). High resolution volumetric turbo field echo T1-weighted (TR = 8,200 ms; TE = 3,700 ms; flip angle = 8°; voxel = 1 × 1 × 1 mm) and T2-weighted (TR = 2,500 ms; TE = 2,800 ms; flip angle = 90°; voxel = 0.8 × 0.8 × 0.8 mm) images were acquired. The rs-fMRI acquisition consisted of a repeated gradient-echo planar imaging sequence (TR = 3,000 ms, TE = 30 ms, α = 80°, 2.5 mm isotropic voxel size, matrix size = 90 x 95) providing 47 ascending interleaved images per volume, parallel to the anterior commissure-posterior commissure (AC–PC) line and covering the whole brain.

Importantly, the patient habitual pharmacological treatment for tremor was discontinued at least 12 h before the MRI scanning session.

The rs-fMRI data preprocessing and analysis were performed using the Statistical Parametric Mapping (SPM12, http://www.fil.ion.ucl.ac.uk/spm), and the CONN toolbox (release 19.c) (47) running on MATLAB R2019b (MathWorks, Natick, MA, USA). Scans of patients with right thalamotomy were preliminary flipped so that treatments were all conventionally considered on the left hemisphere. Therefore, we could define a treated side (TS) for the whole study sample, corresponding to the left cerebral hemisphere with contralateral (right) cerebellum, as well as the untreated side (unTS), corresponding to the right cerebral hemisphere with contralateral (left) cerebellum. Functional images were realigned, unwrapped, and slice-time corrected. Gray-matter (GM), white-matter (WM), and cerebrospinal fluid (CSF) were automatically segmented, and the functional data were normalized to the Montreal Neurological Institute (MNI) template. Data were spatially smoothed with a Gaussian kernel set at 6 mm full width at half maximum. The first five principal components from WM and CSF signals, the six motion realignment parameters, and their first-order derivatives, as well as the outlier volumes were detected using the ART-based scrubbing method (48) as implemented in CONN, and were regressed out of the signal. Subjects with excessive head motion in one of the 3 follow-up scans (i.e., ≥50% of volumes detected as outliers) were excluded from further analysis. Accepted data were then band-pass filtered (0.008 to 0.1 Hz) and were linearly detrended.

Resting-state functional connectivity was tested with region-to-region (“connectomic”) analysis. Most region-of-interest (ROI) masks were already in the probabilistic Harvard-Oxford (49) and AAL (50) atlases included in the CONN toolbox. We chose ROIs potential relevance for tremor pathogenesis according to existing literature [in particular see (36)]: precentral (PreCG) and postcentral (PostCG) gyrus; supplementary motor area (SMA); paracingulate gyrus (PaCiG); and median anterior cingulate (mAC), covering the most caudal part of pre-supplementary motor area, as well as the cingulate motor areas; inferior and middle frontal gyrus, encompassing the ventral and dorsal premotor cortex (vPMC and dPMC); superior parietal lobe (SPL); temporal-occipital fusiform cortex (TOFusG); and occipital fusiform gyrus (OFusG) [in particular see (36)]; putamen; pallidum; and all cerebellar lobules (Lob), including vermian subdivisions (Ver). Additional ROI in the thalamus (Th) was initially defined based on patient's lesions and then imported in CONN toolbox; in details, individual MRgFUS thalamic lesions were semi-automatically outlined on the 24-h post-treatment volumetric T2-w images (or, when not available, post-contrast T1-w images) using the ITK-Snap software. Only voxels that were rated by two independent expert observers [MS; GD], as belonging to zones I and II of a particular lesion, were included in the final lesion mask, while the surrounding vasogenic oedema (zone III) (33) was excluded. Lesion masks were normalized to MNI in SPM, and then, were averaged across subjects to create a group thalamic ROI, encompassing all the post-operative Vim (TS Th-Vim). The flipped contralateral ROI was set as the unTS Th-Vim. Moreover, segmented thalamic lesion masks were used to extract individual lesion volumes for further correlation analysis. The masks for deep cerebellar nuclei, dentate nucleus (DN), and interpositus nucleus (IN), were taken from the SPM neuroanatomy toolbox (51) and were imported in the CONN toolbox. All ROIs were thresholded to contain only voxels that were inside each ROI with a probability threshold above 60% (52). Notably, when extracting ROI-level BOLD signal, we opted to use the unsmoothed images to further avoid signal contamination from neighboring voxels of other proximal regions, which was especially important in using cerebellar ROIs that are very close to each other (53).

The ROI-to-ROI analyses consisted of the following steps. Each subject's first-level Fisher-Z transformed connectivity matrices (expressing pairwise correlations between the BOLD time series of each pair of ROIs) were subjected to a second-level within-group and within-subject analysis of variance, testing for FC differences across the three-time points (main contrast analysis, corresponding to the “main effect of treatment”: baseline vs. 1-mo vs. 3-mo). In this first analysis, the age and duration of disease were considered as a covariate of no interest to minimize their potential influences. Next, the disease duration, the 24-h individual lesion volume (mm3), the individual absolute drop points, as well as the % value of tremor improvement at 3-mo were separately fed into a regression model against the main contrast (baseline vs. 1-mo vs. 3-mo) to assess their impact on FC changes (respectively: “treatment by disease duration,” “treatment by lesion volume,” and “treatment by clinical improvement”–interaction effects). Then, a between-subject analysis comparing good vs. poor responders (GR vs. PR) was performed both across the three time points (“treatment by outcome interaction effect”), and only at baseline (“pretherapeutic functional profiles of outcomes”). All results were corrected at cluster-level by parametric multivariate statistics (cluster-level inferences, functional network connectivity-FNC) (54); with connection threshold set at p < 0.1 uncorrected, and cluster threshold set at p < 0.05 false discovery rate (FDR) corrected (multi-voxel pattern analysis omnibus test). Statistics outside the CONN toolbox were performed using the OriginPro 2015 (Origin Lab Corporation, Northampton, MA, USA).




RESULTS


Final Sample Definition

Of the initial 60 patients with TD-PD, 20 subjects were found to be eligible for MRgFUS and were admitted to the fMRI longitudinal study. All patients successfully completed the MRgFUS Vim ablation. Four patients did not complete the rs-fMRI follow-up. One patient who completed the rs-fMRI follow-up was excluded from the group-analysis because of excessive head movement, thus, leaving 15 TD-PD in the final study sample. The demographics of the patients, including age, gender, disease duration, side of thalamotomy, and the 1-mo and 3-mo post-treatment tremor improvement for the treated body side relative to baseline, as well as 24-h lesion volumes, are summarized in Table 1.


Table 1. Demographic and clinical data of patients with Parkinson's disease with information on 1-mo and 3-mo post-treatment tremor improvement for the treated body side relative to baseline, as well as 24-h lesion volumes.
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By the 3-mo follow-up of neurological examination, the group of patients were divided based on tremor improvement in: PD-GR (n = 8), who differed significantly from PD-PR (n = 7) (t = 5.5, p < 0.001; 69.12 vs. 29.57%). The age, disease duration, and 24-h lesion volumes did not significantly differ between the (Good Responder) GR and the (Poor Responder) PR (see Table 2).


Table 2. Demographic and clinical data of GR- and PR- patients.
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Main Effect of MRgFUS Treatment

A significant FC increase at 1-mo and 3-mo (as compared to baseline) was detected between: TS PreCG and unTS PreCG; TS PreCG and TS PostCG; unTS PreCG and TS PostCG; and unTS pallidum and unTS DN (Figure 1). No significant FC differences in any pair of connections were detected between post-treatment conditions (i.e., 1-mo vs. 3-mo).


[image: Figure 1]
FIGURE 1. “Main effect” of MRgFUS treatment. The 3D brain rendering and circle connectome graph illustrate statistically significant results. Statistics between each pair of regions of interest (ROI) are detailed within the table and by the corresponding bar plot; IC, Interconnectivity.




Treatment by Disease Duration Interaction Effect

Significant correlations between disease duration and FC increase at 3-mo (as compared to baseline and 1-mo) were found between: unTS putamen and both TS, unTS Lob VI; TS putamen and both TS, unTS Lob VI; and both TS, unTS SMA and unTS Lob VI (Figure 2).


[image: Figure 2]
FIGURE 2. “Treatment by disease duration” interaction effect. 3D brain rendering and circle connectome graph illustrate statistical significant results of functional connectivity (FC) changes. Statistics between each pairs of ROI are detailed within the table and by the corresponding bar plot; IC, interconnectivity.




Treatment by Lesion Volume Interaction Effect

No significant interaction effects were found between 24-h lesion volumes and post-treatment FC changes.



Treatment by Clinical Improvement Interaction Effect

Significant correlations between the tremor improvement at 3-mo (expressed as drop score value) and the FC decrease in post-treatment (at 1-mo and 3-mo as compared to baseline) were found between mAC with TS, unTS SMA; and TS Lob VI and unTS IN (Figure 3A). Significant correlations between the tremor improvement at 3-mo (expressed as % intra-subject value) and the FC decrease in post-treatment (at 1-mo and 3-mo as compared to baseline) were found between: TS OFusG and unTS Lob VI, Ver VI; and unTS OFusG and unTS Lob VI, Ver VI (Figure 3B). When comparing post-treatment conditions (1-mo vs. 3-mo), no significant correlations were found between the measures of tremor improvement and the changes in FC.


[image: Figure 3]
FIGURE 3. “Treatment by clinical improvement” interaction effect. (A) shows significant correlations between FC changes and tremor improvement at 3-mo, expressed as 3 months “absolute drop points” of MDS-UPDRS sub-items for tremor (3.15.a, 3.16.a, 3.17.a, and 3.17.c). (B) shows significant correlations between FC changes and tremor improvement at 3-mo, expressed as intra-subject “percentage of improvement.” The 3D brain rendering and circle connectome graph illustrate statistically significant results. Statistics between each pair of ROI are detailed within the table and by the corresponding bar plot; IC, Interconnectivity.




Treatment by Outcome Interaction Effect

Good Responder-Parkinson's Disease (GR-PD) showed a significantly reduced post-treatment FC (as compared to PR-PD) between: unTS and TS SMA; unTS IN and TS Lob VI. Conversely, they showed significantly increased FC between unTS SMA and TS putamen (Figure 4). The poor responders (PR) did not exhibit post-treatment FC changes in any pair of the ROIs connections.


[image: Figure 4]
FIGURE 4. “Treatment by outcome” interaction effect. Within-subject longitudinal changes of FC selectively associated with the clinical outcome (good vs. poor response to treatment) are shown. The 3D brain rendering and circle connectomic graph illustrate statistically significant results. Statistics between each pair of ROI are detailed within the table and by the corresponding bar plot; IC, Interconnectivity.




Pretherapeutic FC Profiles of Outcomes

At baseline, the GR-PD showed significant hypoconnectivity (as compared to PR-PD) between: TS putamen and both TS and unTS PreCG; TS putamen and unTS SMA; and unTS putamen and both TS and unTS PreCG (Figure 5).


[image: Figure 5]
FIGURE 5. “Pretherapeutic functional profiles of outcomes.” Retrospectively identified baseline FC features associated with different clinical outcome (good vs. poor response to treatment). The 3D brain rendering and circle connectomic graph illustrate statistically significant results. Statistics between each pair of ROI are detailed within the table and by the corresponding bar plot; IC, Interconnectivity.





DISCUSSION

The Magnetic Resonance-guided high-intensity Focused Ultrasound (MRgFUS) is a new non-invasive neurosurgical procedure for improving parkinsonian tremor (55–57). It has been demonstrated to be safe and effective, at least not inferior to unilateral DBS (58), thus, providing clinicians with the choice for different options for a more appropriate intervention based on the features of the individual patients. The procedure is fully executed in the MRI setting, which allows real-time monitoring of the location and size of the lesion. Moreover, clinical effect, as well as any potential adverse event, can be promptly assessed. This aspect differentiates the MRgFUS from surgical lesional thalamotomy or radiotherapy. However, as the MRgFUS is a relatively recent technique, follow-up data and randomized clinical trials are quite limited (56).

There is only one report investigating the impact of MRgFUS Vim thalamotomy on the neuronal activity in a whole-brain level (42). In particular, the authors measured fractional amplitude of low-frequency fluctuations (fALFF) on nine medication-refractory of patients with TD-PD, finding significant changes in visual areas at 12 months after the treatment compared to baseline (42). On a different note, in our study, we assessed the effect on the brain FC of unilateral MRgFUS thalamotomy according to the commonly accepted pathogenic structure functional hypothesis of tremor, which is based on the cerebello-thalamo-cortical circuitries converging on the Vim. We conducted a hypothesis-driven ROI-to-ROI rs-fMRI analysis, exclusively focusing on tremor-related brain areas, to accomplish a “single network”-based description (59) of medium-term effects (i.e., at 1 and 3 months postoperatively) of the MRgFUS treatment. Therefore, this is the first study to explore the rs-FC changes after the MRgFUS selective thalamotomy adopting a “classic” ROI-based approach. Previous studies have investigated longitudinal MRgFUS modulation of both the topological brain networks properties and the effective connectivity by employing graph analysis (34) or spectral dynamic causal modeling (35) only in an ET population. Of note, all the previous works included have no more than 10 patients in their study sample, while we could achieve a larger sample of 15 TD-PD subjects.

We would like to emphasize that the investigation of the FC changes after MRgFUS for tremor offers a unique opportunity to identify the neural correlates of this symptom quite univocally, by dissociating it from the overall disease phenotype on a lesional (iatrogenic) basis. Although the MRgFUS effects are immediate, an extended time for the clinical follow-up has been arranged to observe the enduring FC changes associated with the sustained tremor relief, rather than with transient clinical effects that were potentially induced by vasogenic oedema surrounding the lesion (33).

We found that the rs-FC, between tremor-related brain areas, was effectively modulated by MRgFUS. Selective Vim lesion had remote effects, modifying the balance of FC between ROIs far from the site of the lesion. Therefore, we believe that the “whole” tremor-network should be considered as the ultimate target of MRgFUS thalamotomy in PD (59).

The FC increase between TS and unTS PreCG; TS PreCG and unTS PostCG; and unTS PreCG and TS PostCG was one of the main effects of the treatment. It may reflect interhemispheric reorganization within bilateral primary motor (M1) cortices, as well as between bilateral M1 with crossed primary somatosensory (S1) cortices, with a probable enhanced synchronicity in homotopic brain regions underlying coherent sensorimotor behavior. The importance of integrating and cooperating bilateral sensorimotor systems for appropriate motor performance has been highlighted in healthy subjects (60), as well as in post-stroke patients (61). However, the interhemispheric coordination in PD is still under investigation, with little shreds of evidence showing an inverse relationship between the degree of motor impairment and the functional coordination in sensorimotor regions (62), along with optimal interhemispheric neural synchronization of motor cortices after DBS (63). We found that tremor suppression after MRgFUS in patients with TD-PD was paralleled by a greater synchronization of intra-cortical sensorimotor functions. A remodulation of pathological cortico-strial and/or cortico-thalamic interactions caused by Vim ablation could explain this phenomenon. We could suppose that the MRgFUS thalamotomy was able to shift the system toward a more segregated functional state (64).

Another main effect of thalamotomy in PD was the increased FC between TS DN and unTS pallidum. Interactions between the cerebellum and the basal ganglia have been traditionally interpreted as indirectly occurring, via discrete multi-synaptic loops, primarily at the level of the cerebral cortex (65). However, recent research in primates using viral tracers has demonstrated bidirectional, disynaptic, and subcortical communication between the basal ganglia and the DN via the thalamus (66, 67). Our finding of an enhanced FC between an output stage of cerebellar processing (i.e., the DN), with an in-line station of basal ganglia processing (i.e., the pallidum), supports the existence of direct and reciprocal influences between these subcortical structures. Indeed, basal ganglia and cerebellum work synergistically to produce an efficient motor functioning, being both implicated in reinforcement learning, motor planning, and action understanding, as well as in sensorimotor prediction and control (68). Notwithstanding, the altered activity in cerebellar pathways has only recently been recognized as potentially important in PD tremorigenesis (69). The currently prevailing views emphasize that the cerebellar node of the tremor circuit (i.e., “the dimmer”) drives the tremor by manipulating its amplitude (11). Ma et al. (70) reported a higher dentato-cerebellar FC in TD-PD, interpreted as a compensatory mechanism overcoming the basal ganglia impairment, but ultimately favoring the tremor onset. By contrast, Liu et al. (71) found lower FC between the DN and the posterior cerebellum in TD-PD. Our finding of an increased dentate-pallidal FC, associated with a tremor relapse improvement after Vim thalamotomy, might suggest a pre-surgical thalamic interference between these two structures with increasing connectivity after treatment, according to Liu's hypothesis. Vim interference could result in their functional uncoupling, in terms of delay, asynchrony, or excessive local synchrony, causing a tremor-prone instability.

We also showed that the thalamotomy-induced FC increased between bilateral Lob VI of cerebellum with bilateral putamen and SMA. These effects correlated with a longer disease duration and were delayed, occurring only at 3-mo after the procedure. They were also distributed, involving both hemispheres regardless of treatment side. The Lob VI is associated with primary sensorimotor body representation in the cerebellum (72), has strong functional connections with premotor cortex (i.e. the SMA) (73), and plays a role in the temporal control of action sequences, as well as in sensorimotor processing of errors prediction (74). Functional impairment of the SMA is associated with the pathophysiology of PD, as it is directly implicated in motor planning (75). The SMA and the putamen are mutually connected and constitute the “readiness potential” of self-initiated actions, which is typically less prominent in PD (76). The post-treatment increase in functional synchrony between the SMA, putamen, and Lob VI would indicate a gain of function in this multicomponent cognitive-motor system, composed of discrete processes, occurring simultaneously, and aimed at effective motor performance.

The central role played by the altered patterns of FC, involving the SMA, putamen, and Lob VI, also emerged from other findings.

First, the clinical improvement on the treated body-side (expressed as 3-mo drop points at the MDS-UPDRS tremor sub items) was associated with decreased FC between bilateral SMA and mAC. The mAC is part of the so-called “cingulate motor areas” (77), which, in turn, belongs to the wider “supplementary motor complex” of the medial prefrontal cortex. Similar to the proximal pre-SMA, these areas contribute to second-order aspects of motor function (78–80).We couldn't topographically disentangle the involvement of the different cingulate motor areas along their rostro-caudal axis (77) due to inherent methodological limitations. This would have allowed a more accurate definition of the role of the mAC in the PD tremor. We can only suppose that Vim ablation induced functional reorganization within the supplementary motor complex, particularly between the anterior cingulate and the bilateral SMA, and that this effect, among others, best reflected the patient's clinical improvement. Speculatively, we could assume the presence of a previous aberrant functional recruitment among premotor areas of both the medial hemispheric was potentially related to tremor. However, we cannot definitively determine whether this mechanism was pathological in nature, or rather represented a maladaptive chronic process (8, 81).

Second, MRgFUS resulted in a significant increase of FC between unTS SMA and TS putamen only in good responders, who were also retrospectively characterized at baseline by reduced FC between these two areas–unlike poor responders who were not.

This pre-treatment hypoconnectivity pattern could be considered a potential FC predictor of MRgFUS response. Since the two prognostic sub-groups were not clinically different at baseline, such FC feature did not correspond to more severe symptoms. We could therefore hypothesize that either clinical and corresponding functional phenotypes matched quite inaccurately in our sample, or the observed functional feature reflected a greater susceptibility to thalamotomy efficacy. This latter hypothesis may rely on a greater predisposition to pathological functional decoupling between the SMA and the putamen. Perhaps, this predisposition may also occur on a structural basis, which needs to be addressed in future works. We should, however, emphasize that the proposed “decoupled” functional status of the SMA-putamen connection is an indirect inference of our “ablative iatrogenic study model.” In fact, the tremor relief after the FC increase between these two nodes does not necessarily demonstrate restoration of a specific circuit but could, eventually, simply implicate iatrogenic interference within a complex maladaptive loop on which the other remote masked amplifying mechanisms can chronically act upon. Hence, we cannot definitively determine whether the interaction between the two nodes works; causing, sharing, or simply mediating tremor mechanisms.

Nonetheless, our result underlines the importance of the “putamen-SMA” connection in the pathogenesis of TD-PD. Previous observations were quite inconsistent as to whether PD is characterized by stronger or by weaker putamen-SMA FC, compared with healthy subjects. For example, Wu et al. (82) reported a reduced FC, whereas Kwak et al. (83) and Yu et al. (84) reported an enhanced FC. Furthermore, none of these studies specifically accounted for tremor. The present findings support a critical role of putamen-SMA interaction in TD-PD by showing that a better response to treatment paralleled the reorganization of their connectivity, which consisted of an increased cross-functional coupling. In this context, the concomitant post-treatment decrease in inter-hemispheric connectivity between the SMA on both sides should be interpreted as a complementary regulation, perhaps, even reflecting reallocation of functional resources.

Third, good responders retrospectively exhibited limited pre-treatment connectivity between TS, unTS putamen, with both ipsilateral and contralateral PreCG. These results further corroborate the evidence that patterns of altered connectivity in the cortico-striatal loop in TD-PD primarily involves M1 (85, 86), the most critical area in motor execution. Notably, our results are in accordance with previous studies showing a reduced rs-FC between M1 and putamen in PD (87, 88). One might assume that such FC feature might correlate with the clinical picture of tremor before treatment. However, this feature did not correspond to more severe symptoms in our sample, since good and poor responders did not differ in tremor severity at baseline (see Table 2). We could, therefore, hypothesize that the clinical and the corresponding functional phenotypes do not always match accurately.

Fourth, we found that tremor improvement was also associated with post-treatment decrease of FC between the unTS Lob VI/Ver VI of cerebellum and the bilateral OFusG. These FC changes were correlated with clinical improvement of tremor. In line with Xiong et al. (42) we observed the involvement of the second-order, functionally highly-specialized, visual area in the pathogenesis of tremor in PD. Also, such contribution was already evidenced in ET (37, 40, 41, 89). Our finding of a reduced interaction between specific subareas of the occipital lobe and the cerebellar hemisphere supports the evidence that the remote influence between structurally segregated regions with distinct functional profiles may exist even in the absence of direct anatomical projections, through indirect polysynaptic pathways of connection (41, 90). Although the precise function of the OFusG has not been fully revealed yet, it has been implicated in high-level visual processing, such as categorical recognition of visual stimuli (91, 92), and in those processes characterized by high recurrence of perceptual ambiguity (93). It is noteworthy that the PD motor performance is prone to deterioration with increasing ambiguous visual stimuli. This may be due to the peculiar dysfunction of cerebellar forward models used to mitigate the effect of sensory uncertainty on motor performance (94), which would make patients with PD particularly sensitive to visual feedback (95). Therefore, a compensatory pre-treatment increase of FC between the OFusG and the Lob VI/Ver VI of cerebellum–areas that are preferentially activated in the visual guidance of complex limb movement (96)–could be plausible. Conversely, the fact that the greater tremor relief paralleled the reduced FC between these areas would suggest an adaptive and reversible nature of this functional coupling.

Finally, a reduction in good responders between TS Lob VI and unTS IN was observed, following MRgFUS. This effect correlated with clinical improvement (expressed as absolute value of drop in MDS-UPDRS III sum score for contralateral tremor sub items). This finding supports the hypothesis that the tremor in PD would be associated with an increased activity within the cerebellum (97). The IN is part of the olivo-cortico-nuclear kinematic microcircuit, which is responsible for appropriate timing signals for movement coordination during ongoing motor performance. It also participates in the development of internal models for dynamic motor regulation in response to the external environment (98). The finding of the reduced FC between Lob VI and IN in patients who relieved more would suggest possible remodulation of intra-cerebellar functional resources associated with effective treatment.


Limitations

Some limitations need to be mentioned. First, the small sample size (n = 15) may have limited statistical power to identify a less robust effect. This could eventually explain the absence of results in poor responders. Otherwise, it could suggest that ineffective treatments did not determine appreciable FC changes, as well as that characteristic pre-therapeutic profiles might not be recognizable in poor responders. We look forward to multi-center studies sharing data from advanced imaging techniques, which would allow for a wider patient recruitment and longer follow-up with, consequently, more robust results.

Second, although patients were always examined in a pharmacological washout, we cannot rule out the prolonged effect of chronic therapy on brain FC (99). It would be advisable for future studies to explore potential FC changes induced by Vim thalamotomy in PD, while controlling for “off” and “on” states. We are currently proceeding toward this purpose.

Third, the interhemispheric connections via the corpus callosum explain quite exhaustively the “crossed” pattern of many of our results between cerebral hemispheres. However, the presence of “uncrossed” functional interactions between supratentorial structures and cerebellum might be not immediately justifiable. We suggest that they may be explained either anatomically–by the presence of the non-decussating cerebellar pathways (100)–or functionally–by the intrinsic nature of endogenous BOLD signal fluctuations, which reflect the spontaneous correlation between distant brain regions as long as they are, somehow, functionally related (101).

Fourth, the rs-FC is a correlational technique, expressing temporal synchrony among BOLD fluctuations at rest between different couple of ROIs. Our analysis is solely correlational. Therefore, we did not provide information about the directed causal influences among involved brain regions (the so-called “effective connectivity”), nor could rule out moderation-mediation effects due to third parts (the so-called “partial correlation” analysis). We can interpret our network-based description of FC changes following MRgFUS only in terms of re-modulation and spatial re-allocation of functional resources. Moreover, we cannot definitively determine if these effects were reactive rather than causative, nor if they corresponded to the restoration of a “normal old function” or to a “treatment specific signature” superimposed on maladaptive adjustments of a chronically disrupted system.

Last, we found no association between the 24-h MRgFUS lesion volume and clinically relevant post-treatment FC changes. Previous radiological studies on MRgFUS (mainly based on morphological data) suffer from some inconsistency, with most authors reporting fewer symptom recurrences with larger lesions (46, 102–106), while others were focusing more on lesion location (20, 107) or topography (27, 108–110), rather than the lesion volume. Indeed, we observed some heterogeneity in the size and shape of Vim lesions in our sample, whereas lesion volumes did not differ significantly between GR and PR. Therefore, the absence of a correlation between FC changes and the lesion volumes did not particularly surprise us. Future studies on larger samples of patients need to investigate potential interference of lesion volume on FC, which may not have emerged in our study.



Conclusions

We demonstrated for the first time with a ROI-to-ROI connectomic approach how MRgFUS VIM thalamotomy modulates rs-FC of the tremor network in patients with TD-PD. We showed that treatment-mediated changes of FC between specific sub-regions of this diffuse network correlated with the tremor clinical improvement. Taken together, our results demonstrated a shifting mode of cooperation among the constituents of the tremor network that is susceptible to external redirection despite the chronic nature of disease. Finally, we identified the pre-surgical FC interactions that are potentially associated with greater tremor improvement after thalamotomy, suggesting their possible “predictive” use. Future studies in larger samples of PD subjects are mandatory to validate the utility of rs-FC as a quantifiable biomarker of tremor improvement after MRgFUS.
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BOLD, Blood oxygenation level dependent; CSF, cerebrospinal fluid; dPMC, dorsal premotor cortex; DN, dentate nucleus; DRTT, dentato-rubro-thalamic tract; FC, functional connectivity; FDR, false discovery rate; GM, gray matter; GR, good responder; IN, interpositus nucleus; Lob, lobule; mAC, median anterior cingulate; MDS-UPDRS, Movement Disorder Society Unified Parkinson's Disease Rating Scale; MNI, Montreal Neurological Institute; MRgFUS, Magnetic Resonance-guided high-intensity Focused Ultrasound; OFusG, occipital fusiform gyrus; PaCiG, paracingulate gyrus; PR, poor responder; PreCG, precentral gyrus; PostCG, postcentral gyrus; ROI, region-of-interest; rs-fMRI, Resting state functional MRI; T, tesla; SDR, skull density ratio; SPL, superior parietal lobe; SMA, supplementary motor area; SPM, the Statistical Parametric Mapping; STN, the subthalamic nucleus; TD-PD, tremor-dominant Parkinson's disease; Th, thalamus; TOFusG, temporal-occipital fusiform cortex; TS, treated side; unTS, untreated side; Ver, cerebellum–vermis subdivisions; Vim, thalamic ventral intermediate nucleus; vPMC, ventral premotor cortex; WM, white matter.
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Objective: MR-guided focused ultrasound (MRgFUS) is increasingly being used to treat patients with essential tremor (ET) and Parkinson's disease (PD) with thalamotomy and pallidotomy, respectively. Pallidotomy is performed off-center within the cranium compared to thalamotomy and may present challenges to therapeutic lesioning due to this location. However, the impact of target location on treatment efficiency and ability to create therapeutic lesions has not been studied. This study aimed to compare the physical efficiency of MRgFUS thalamotomy and pallidotomy.

Methods: Treatment characteristics were compared between patients treated with thalamotomy (n = 20) or pallidotomy (n = 20), matched by skull density ratios (SDR). Aspects of treatment efficiency were compared between these groups. Demographic and comparative statistics were conducted to assess these differences. Acoustic field simulations were performed to compare and validate the simulated temperature profile for VIM and GPi ablation.

Results: Lower SDR values were associated with greater energy requirement for thalamotomy (R2 = 0.197, p = 0.049) and pallidotomy (R2 = 0.342, p = 0.007). The impact of low SDR on efficiency reduction was greater for pallidotomy, approaching significance (p = 0.061). A nearly two-fold increase in energy was needed to reach 50°C in pallidotomy (10.9kJ) than in thalamotomy (5.7kJ), (p = 0.002). Despite lower energy requirement, the maximum average temperature reached was higher in thalamotomy (56.7°C) than in pallidotomy (55.0°C), (p = 0.017). Mean incident angle of acoustic beams was lesser in thalamotomy (12.7°) than in pallidotomy (18.6°), (p < 0.001). For all patients, a lesser mean incident angle correlated with a higher maximum average temperature reached (R2 = 0.124, p = 0.026), and less energy needed to reach 50°C (R2=0.134, p = 0.020). Greater skull thickness was associated with a higher maximum energy for a single sonication for thalamotomy (R2 = 0.206, p = 0.045) and pallidotomy (R2 = 0.403, p = 0.003). An acoustic and temperature field simulation validated similar findings for thalamotomy and pallidotomy in a single patient.

Conclusion: The centrally located VIM offers a more efficient location for therapeutic lesioning compared to GPi pallidotomy in SDR matched cohort of patients. The impact on therapeutic lesioning with lower SDR may be greater for pallidotomy patients. As newer off-center targets are investigated, these findings can inform patient selection and treatment requirements for lesion production.

Keywords: focused ultrasound (MRgFUS), thalamotomy pallidotomy, movement disorders, stereotactic ablation, skull density ratio


INTRODUCTION

Magnetic resonance imaging-guided focused ultrasound (MRgFUS) is a promising, non-invasive technology that is being increasingly applied to treat various neurological disorders, including essential tremor and Parkinson's disease (1). However, all focused ultrasound neurological applications must overcome the physical limitations of the human skull, which historically required a craniectomy to enable ultrasound beams to reach the target (2–4). In 2002, Clement and Hynynen introduced an approach utilizing computer tomography data of the subject's calvarium to focus individual ultrasound beams through the intact skull (5). This transcranial technique works by registering CT data with MR imaging to predict the phase aberration and beam attenuation occurring at the calvarial-soft tissue interface, which is then corrected for by steering of individual transducer elements (6).

However, the efficiency of transcranial ablation using a hemispherical array of transducers is known to vary by target location, with a small treatment envelope being present in the center of the brain. In this envelope, the incident angles of individual transducer elements at the calvarium are optimal for current mid-frequency systems (7). As one targets locations farther from the brain's center, the incident angles increase, resulting in more beam deformity and overall lower treatment efficiency (7, 8). The efficiency of acoustic penetration through the intact cranium also varies by the skull density ratio (SDR). SDR is the median ratio at element points of cancellous to cortical bone in the calvarium, and ranges from 0 to 1, with a cutoff of around 0.4 considered to be more efficacious and used in the United States (9, 10). Unfortunately, in a review of 163 patients presenting to a single emergency room, 37 percent have an SDR below 0.4 and so are ineligible for treatment (10). Though it is known that a treatment envelope exists, that targets at the center of the brain are easier to lesion, the magnitude of variation in treatment efficiency between different locations within the treatment envelope and beyond, with different SDRs, has not been well delineated (11). This variation could have implications for new targets and for patients with low SDRs.

We therefore elected to compare the physical efficiency of MRgFUS ablation of the near-center thalamic ventral intermediate (VIM) nucleus for treatment of essential tremor (ET) to that of ablation of the more laterally and anteriorly located globus pallidus internus (GPi) for dyskinesias or motor fluctuations of Parkinson's disease (PD). Data were collected from individual cases performed at our institution, and partnering institutions, and matched by patients' skull density ratio (SDR), as SDR is the most significant determinant of treatment efficiency (9, 10). Acoustic and thermal simulations were performed to compare temperature profiles of each lesion target.



METHODS


Patient Selection

To compare treatment characteristics, 20 patients treated with MRgFUS unilateral VIM thalamotomy for ET and 20 patients treated with unilateral GPi pallidotomy for PD were selected in pairs with matching SDRs, defined as values within 0.02 of each other. All 20 of 20 PD patients with available data were included, and 20 ET patients with similar SDRs were manually selected from a larger repository of treated patients. Patients were treated using the ExAblate 4,000 mid-frequency (670 kHz) head transducer system (InSightec, Haifa, Israel). All thalamotomies and 13 of the pallidotomies were performed in an identical fashion with the same neurosurgeon (H.M.E.), with low-level sonications to start for correction and alignment of the focal spot, followed by a relatively rapid rises in power to achieve ablative temperatures. The remaining pallidotomies were performed at partnering institutions. Parkinson's disease patients were treated in a prospective, open-label, multicenter trial of unilateral MRgFUS ablation of globus pallidus interna (NCT02263885). Institutional review board (IRB) approval was obtained at respective institutions and anonymized data were available in accordance with a prior data sharing agreement (NCT03100474). ET patients were all treated at the University of Maryland, Baltimore, and their data were entered into a prospectively maintained IRB-approved database (NCT01827904; NCT02289560). All data were anonymized.



Data Collection

Data on patient disease, age, and sex were collected. SDR, mean skull thickness, and skull surface are data were downloaded from respective ultrasound systems. To evaluate aspects of treatment efficiency, the incident angles of acoustic beams (θ) on the outer table of the skull emitted by ultrasound elements, the number of sonications for treatment, the sonication time (minutes), the maximum average temperature reached (°C, Tmax), the maximum energy for a single sonication (kilojoules, kJ), and the energy required to reach a temperature of 50 °C (kJ) were recorded (Figure 1). These were compared between thalamotomy and pallidotomy. Given that the treatment efficiency and not clinical efficacy was the objective of this study, and the fact that clinical outcomes for the two treatment populations would not be congruent, we did not collect or compare clinical outcomes. However, the clinical outcomes for the PD cohort has been published and this data is available (12).


[image: Figure 1]
FIGURE 1. Incident angle (θ) measures the degree from normal, orthogonal, at which acoustic beams (arrow) emitted by ultrasound elements reach the outer table of the skull. With a smaller incident angle, a greater proportion of the beam's energy traverses the skull (skull art reused with permission from Patrick J. Lynch and C. Carl Jaffe, MD).




Statistical Analysis

Demographic and comparative statistics were conducted to assess differences between the treatment groups and to develop regression models to assess relationships between different parameters (independent samples t-test, Mann–Whitney U test, and Pearson's χ2 coefficient) (13). Energy to reach 50°C was calculated using logarithmic fit curves of input energy compared to temperature rise to account for differences in treatment approaches between patients and operators. A univariate linear regression model of SDR and energy required to reach 50°C was developed for each treatment group and compared, and additional linear regression models were developed. A benchmark of 50°C was used as all treatments reached or exceeded this temperature. Normal distributions were assumed for variables, however not for skull thickness (10, 14). The alpha level was set to 0.05. All statistical tests were computed with IBM SPSS Statistics software, version 23.0 (Armonk, NY, IBM Corp).



Acoustic and Temperature Field Simulation

To better understand the differences of lesion formation between MRgFUS thalamotomy and pallidotomy, acoustic field simulations were performed to evaluate the resulting acoustic profile. The acoustic fields within the head were simulated using a 3-D finite differences algorithm, which aims to solve the full Westervelt equation, a method to estimate temperature rise through heterogenous tissues (15). The acoustic properties of the skull were modeled based on CT images of one treated ET patient (16). Temperature simulation was estimated using the inhomogeneous Pennes equation of heat conduction (17). By solving the bio-heat equation with the calculated acoustic intensity field as the input, peak tissue temperature distribution was calculated. Both acoustic and temperature simulations were done at a resolution of 1 × 1 × 3 millimeters, to match the resolution of MR thermometry images obtained during treatment. The resulting simulated temperature profile for VIM and GPi ablation was compared on the same patient, particularly, the VIM temperature profile was compared with the MR thermometry data acquired during the treatment.




RESULTS

Data on 40 patients were collected and analyzed (Table 1). Patients treated with thalamotomy (n = 20) were older than patients treated with pallidotomy (n = 20) (p < 0.001). The proportions of patients in each treatment group did not differ by sex (p = 0.490). The mean SDR for thalamotomy was 0.54 (SD: 0.071) and for pallidotomy was 0.55 (SD: 0.067), (t-test, p = 0.584). The mean of absolute differences in SDR between treatment groups was 0.013 (SD: 0.0092). The mean skull thickness, an average of thickness calculated at every element point across the skull area treated, was 6.1 mm (SD: 1.1) for thalamotomy and 6.4 mm (SD: 1.1) for pallidotomy. The distribution of skull thickness between these groups was not different (Mann-Whitney U test, p = 0.327). There was no difference in mean skull surface area between thalamotomy, 340.3 cm2 (SD: 30.2), and pallidotomy, 336.7 cm2 (SD: 22.9), (t-test, p = 0.678).


Table 1. Demographics, skull parameters, and treatment characteristics of magnetic resonance-guided focused ultrasound unilateral thalamotomy and pallidotomy.
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The mean incident angle of acoustic beams was less in thalamotomy (12.7°, SD: 1.1) than in pallidotomy (18.6°, SD: 1.5), (t-test, p < 0.001). The mean number of elements of 1,024 maximum elements that emitted beams with incident angles <25 degrees, previously shown to be an optimal incident angle, was greater for thalamotomy (982.4, SD: 21.9) than for pallidotomy (791.7, SD: 89.0) (t-test, p < 0.001) (Figure 2) (1, 18).


[image: Figure 2]
FIGURE 2. The mean number of elements that emitted beams with incident angles <25 degrees was greater for thalamotomy of the ventral intermediate nucleus (VIM) than for pallidotomy of the globus pallidus internus (GPi).


Treatment groups did not differ in the mean number of sonications (p = 0.233) or the mean sonication time (p = 0.679). The mean maximum average temperatures reached was higher in the thalamotomy group (56.7°C, SD: 2.2) than in the pallidotomy (55.0°C, SD: 2.1), (t-test, p = 0.017). Mean maximum energy for a single sonication was higher in pallidotomy (16.6 kJ, SD: 7.8) than in thalamotomy (12.4 kJ, SD: 6.3), approaching significance (t-test, p = 0.069). The mean energy needed to reach 50 °C was nearly two-fold higher in pallidotomy (10.9 kJ, SD: 6.5) than in thalamotomy (5.7 kJ, SD: 2.8), (t-test, p = 0.002).

Univariate linear regression models were developed to determine the relationships between mean incident angle and treatment characteristics, and SDR and treatment characteristics. For all patients, a lesser mean incident angle was associated with a higher maximum average temperature reached (slope = −0.250, R2 = 0.124, p = 0.026), and less energy needed to reach 50 °C (slope = 0.632, R2 = 0.134, p = 0.020) (Figures 3A,B). A lower SDR was correlated with more energy needed to reach 50 °C, more strongly for thalamotomy (slope = −17.8, R2 = 0.197, p = 0.049) than for pallidotomy (slope = −56.3, R2 = 0.342, p = 0.007). The slope of this relationship was steeper for pallidotomy, approaching significance on comparison between thalamotomy and pallidotomy (p = 0.061) (Figure 3C).


[image: Figure 3]
FIGURE 3. Univariate regression models were developed. A lesser mean incident angle was associated with a higher maximum average temperature reached (A), and less energy needed to reach 50 °C (B). A lower SDR was correlated with more energy needed to reach 50 °C, for thalamotomy and for pallidotomy, nearly to a greater degree for pallidotomy (C). Greater skull thickness was associated with greater energy for a single sonication (D).


A greater skull thickness was associated with more energy needed to reach 50°C among all patients, however analysis by treatment revealed this held true for pallidotomy, not for thalamotomy, (slope = 3.3, R2 = 0.324, p = 0.009). Additionally, a greater skull thickness was associated with a higher maximum energy for a single sonication for thalamotomy (slope = 2.7, R2 = 0.206, p = 0.045) and pallidotomy (slope = 4.4, R2 = 0.403, p = 0.003), but the slopes of these relationships did not differ (p = 0.345) (Figure 3D). Skull thickness was not associated with maximum average temperature reached. Skull surface area was not associated with any measure of treatment efficiency. In a multiple regression model, incident angle (slope = 0.688, p = 0.002), SDR (slope = −29.4, p = 0.004), and skull thickness (slope = 2.4, p < 0.001) correlated with energy needed to reach 50 °C (F(3, 36) = 12.719, p < 0.001, R2 = 0.515). Age and sex did not correlate with each other, or with SDR, incident angle, maximum average temperature reached, or energy needed to reach 50 °C.

Simulated temperature maps for both VIM (Figure 4B) and GPi (Figure 4C) ablation on a single ET patient with the same sonication duration and power were rendered. The estimated peak temperature was 59.8 °C and 57.8 °C at the VIM and GPi targets, respectively. On the VIM target, the simulated peak temperature was quite close to the peak temperature (59.8 °C) recorded by MR thermometry (Figure 4A) during the treatment under the same conditions.


[image: Figure 4]
FIGURE 4. An MR thermometry image acquired during the treatment of ET with focused ultrasound thalamotomy showing 58°C was achieved as the maximum temperature on this patient (A). An example of temperature simulation results is shown when targeting VIM (B) and GPi (C) on the same patient. The temperature fields were registered to the post 1-day T2-weighted images. The globus pallidus internus lies antero-lateral compared to the ventral intermediate nucleus.




DISCUSSION

Our results demonstrate that MRgFUS ablation of the GPi is less efficient than ablation of the thalamic VIM nucleus in patient populations with matched skull density ratios. The energy required to reach 50 °C during pallidotomy was nearly twice that of thalamotomy. This is likely due to the greater incident angles of individual ultrasound elements when targeting the more antero-laterally located GPi, which in turn results in decreased transmission and greater reflection of acoustic energy at the skull outer table (Figure 4) (1, 18, 19). This reduced transmission of acoustic energy also likely explains the lower maximum average temperature achieved during GPi ablation although, in this present cohort of patients, definitive evidence of successful lesioning was always observed and confirmed on post-operative MRI.

Similar to prior studies, SDR and skull thickness significantly influenced treatment efficiency at both targets in our cohort, SDR more so than skull thickness (9, 10, 19). However, there was a strong trend toward a greater influence of lower SDR on pallidotomy efficiency. Greater skull thickness also uniquely reduced efficiency in pallidotomy patients. This again may be due to the location of the GPi in relation to the cranium. While prior authors have demonstrated that VIM ablation may still be successfully performed in low-SDR candidates, our results suggest that operators should be more cautious when proceeding with pallidotomy in this patient population (10, 20). Yet, it is important to note that although lower SDRs have been correlated with a greater energy requirements for MRgFUS ablation, they have not been shown to impact clinical outcomes (10, 21). Further investigation regarding the feasibility of MRgFUS pallidotomy in low SDR patients is warranted. Future innovations in treatment algorithms could focus on selectively turning off elements with extreme beam angles to increase or modify treatment efficiency, especially in patients with low SDR. Other therapeutic strategies in low SDR patients may rely on either repeated prolonged exposures of the intended target to lower than ideal temperatures to accomplish ablative lesioning or alternatively steeper ramp up of temperatures during treatment since repeated sonications with smaller energy increments may result in reduction in skull efficiency (22).

An acoustic and temperature field simulation demonstrated a higher peak temperature for thalamotomy than pallidotomy in the same ET patient, an internal control. The close estimated peak temperature by simulation compared with the treatment data indicated the accuracy of the simulation model. The simulated thermal profiles also closely resemble those observed in ET and PD treatment cases (22, 23). GPi lesions assume an elongated, ellipsoid shape extending in the inferolateral to superomedial direction due to the off-center target location which results a larger mean incident angle and therefore, an uneven energy distribution (22). These same factors result in an overall reduced peak acoustic intensity generated at the GPi compared to VIM, with resulting lower achievable peak ablation temperatures. In contradistinction, the near-center location of the VIM results in spherical lesions as well as, on average, a higher peak temperature under the same sonication conditions.

Although it was beyond the scope of the current study, there was no evidence to suggest that the lower treatment efficiency of pallidotomy impacted the ability to generate a lesion at the GPi in our cohort. Specifically, all Parkinson's patients included in the current investigation underwent successful GPi ablation with evidence of the expected T2 hyperintense, diffusion restricting lesion on post-procedure MRI (12). One potential explanation for how GPi ablation was achieved despite the significantly reduced treatment efficiency was our prior observation that pallidotomy may be accomplished using repetitive lower maximum average temperature sonications (22). Consequently, the peak temperature achieved in GPi ablation may be less important than the accumulative thermal dose delivered at this target. Moreover, GPi ablations were performed in the setting of a trial, with a cut-off SDR value of 0.4 (12). Therefore, although our data predicts that GPi of the patients with SDR <0.4 may be much more difficult to lesion compared to VIM, this is a speculation since we did not have any patients lower than 0.4 SDR in the trial.

In one attempt to perform MRgFUS lesioning of the hippocampus for mesial temporal lobe epilepsy, adequate temperatures could not be reached, likely secondary to the peripherality of the target (24). There are multiple efforts aimed at improving the treatment envelope in MRgFUS systems, as more lateral and peripheral targets are investigated for epilepsy, tumor ablation, and psychiatric diseases (24–27). Cadaveric phantom models treated with MRgFUS thermal ablation provide a method to test new target sites, and corresponding treatment requirements (28). In patients who undergo a craniotomy for initial treatment of a tumor, cranial prostheses optimized for acoustic penetration can be implanted instead of native bone to facilitate future MRgFUS treatment (29). Additionally, a cadaveric simulation study tested a patient-specific conformal array that uses concave ultrasound elements and pulsed ultrasound to improve energy delivery to peripheral targets (30). Furthermore, for targets near the skull base, a blocking algorithm to selectively exclude ultrasound elements can prevent heating of the skull and neurovascular damage (31, 32). Lastly, optimization of transcranial focusing, such as with echo-focusing, may further expand the treatment envelope and improve the treatment efficiency for MRgFUS, even in low SDR patients (33, 34).

This study has several important limitations, including its retrospective design and smaller cohort size; the latter was due to the limited number of pallidotomy patients with data available for analysis. Also, SDRs are specific between individuals, and were unable to be matched exactly between cohort groups, which may have influenced our results. Our data was not granular enough to determine the effect of local SDR on treatment efficiency, so we used average SDR as prior studies have done. Although most of our patients were treated at a single institution, differences in treatment practices between institutions can be difficult to parse out when grouping individuals treated for the same disease. Similarly, treatment practices and strategies can vary between teams affecting treatment duration. Finally, we did not include any patients with lower SDRs (i.e. <0.4), which would pose a significantly greater challenge for successful MRgFUS lesioning due to reduced treatment efficiency. Future studies should focus on this cohort of patients to understand the true impact of larger incident angles while treating off-center locations.



CONCLUSION

MRgFUS thalamotomy of the VIM for essential tremor has higher treatment efficiency characteristics than pallidotomy of the GPi for Parkinson's disease. This is likely due to the central location of the VIM. As new off-center targets within the skull are investigated for MRgFUS thermal ablation and treatments are considered in low SDR subjects, these findings can inform appropriate patient selection and physical treatment requirements (35).
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Introduction: MRgFUS thalamotomy has gained popularity as an FDA approved, non-invasive treatment for patients with Essential Tremor and tremor predominant Parkinson's Disease. We present our initial clinical experience with 160 consecutive cases of MRgFUS thalamotomy and describe the clinical outcomes with long term follow-up.

Methods: A retrospective chart review of all patients who underwent MRgFUS thalamotomy at our institution was performed. CRST Part A tremor scores were obtained pre-operatively and at each follow-up visit along with an assessment of side effects (SE). All patients had a post-operative MRI within 24 h to determine the location, size, and extent of the MRgFUS lesion.

Results: One hundred and sixty unilateral MRgFUS Thalamotomies (Left, n = 128; Right, n = 32) were performed for medically refractory essential Tremor (n = 150) or tremor predominant Parkinson's disease (n = 10). Mean age at surgery was 75 Years (range: 48-93) and the mean skull density ratio (SDR) was 0.48 (range: 0.32-0.75; median: 0.46). In ET patients, both rest and postural tremor was abolished acutely and remained so at follow-up whereas intention tremor was reduced acutely by 93% below baseline, 87% at 3 months, 83.0% at 1-year, and 78% at 2 years. On post-operative day 1, the most common SE's included imbalance (57%), sensory disturbances (25%), and dysmetria (11%). All adverse events were rated as mild on the Clavien-Dindo Scale and improved over time. At 2-years follow-up, imbalance was seen in 18%, sensory disturbance in 10% and dysmetria in 8% patients. Mean clinical follow-up for all patients was 14 months (range: 1-48 months).

Conclusion: MRgFUS thalamotomy is a safe and effective procedure for long term improvement of unilateral tremor symptoms, with the most common side-effects being imbalance and sensory disturbance.

Keywords: focused ultrasound (FUS), thalamotomy, tremor, essential tremor (ET), Parkinson's disease (PD)


INTRODUCTION

Magnetic Resonance Image guided Focused Ultrasound (MRgFUS) thalamotomy has emerged as a novel treatment option for medically refractory tremor. The ability to ablate the intracranial target non-invasively, during an awake outpatient procedure, has made MRgFUS a reasonable treatment option for patients who are not suitable for or choose not to undergo an invasive surgical procedure. Since publication of the landmark randomized controlled trial (RCT) demonstrating the safety and efficacy of MRgFUS thalamotomy in unilateral Essential Tremor (ET) (1), reports from several centers have documented sustained benefit from the procedure at long term follow-up (2–5). Recent publications have attempted to identify key factors that may improve clinical outcomes following MRgFUS thalamotomy (4, 6–9). Skull Density Ratio (SDR), lesion location and lesion volume have all been reported as important factors that determine tremor outcomes and the adverse event profile (7, 10, 11). SDR has also been reported as a key factor in achieving therapeutic temperature at target site (8). Despite several publications reporting outcomes following MRgFUS, the current literature is limited by small sample size, heterogeneity in institutional protocols and studies involving multiple surgeons (2–4, 6).

In this retrospective observational study, we report our institution's experience with MRgFUS thalamotomy performed by the senior author (G.R.C) over a period of 4 years. We believe this represents a “real-world” clinical experience in a large number of patients undergoing this procedure and identifies areas for future advances in the field.



METHODS

After obtaining institutional review board approval, a retrospective chart review of all patients who underwent unilateral Magnetic Resonance Image guided Focused Ultrasound (MRgFUS) thalamotomy for medically refractory Essential tremor (ET) or tremor predominant Parkinson's disease from March 2016 to January 2021 was performed.


Disease Characteristics

A detailed chart review was performed to extract demographics (age, gender), disease characteristics (family history, duration, tremor severity), treatment parameters [lesion location, sonication parameters (i.e., mean maximum temperature, mean maximum power, mean maximum energy, number of sonications), skull density ratio] and follow-up information (tremor scores in treated extremity, adverse events). Tremor scores in the treated extremity were documented using CRST Part A which rates tremor severity from 0 to 4, with 0 being no tremor and 4 being severe tremor (12). Tremor scores were documented at baseline, post-operative day 1, 3 months, 1 year, and later at annual follow-up. A systematic questionnaire for adverse events was documented at the same post-operative follow-up intervals.



Surgical Procedure

Details of the surgical procedure have been published elsewhere (13). Briefly, on the day of the procedure, the patient's head was shaved, and a modified stereotactic frame was affixed low on the patient's skull after infiltration with local anesthetic. A flexible rubber gasket was placed over the frame posts and the patient's head firmly fixed to the MRI table. The space between the patient's head and the FUS transducer was then filled with circulating, degassed water and heavily T2-weighted images were obtained in sagittal, coronal, and axial planes. Standard stereotactic coordinates were used to locate the Ventral Intermediate Nucleus (Vim) of thalamus: 11 mm from the lateral wall of third ventricle, ¼ distance of the anterior commissure-posterior commissure (AC-PC) distance in front of PC and 1-2 mm above the intercommissural plane. Minor corrections to this initial target were made to adjust for individual patient anatomy. A baseline neurological examination was performed to assess speech, motor and sensory function, coordination and the magnitude of tremor with posture and intentional tasks (spiral, line drawing, and drinking from a bottle). Test sonications using lower temperatures were then performed to verify target alignment and determine the optimal lesion location. Once confirmed, higher temperature sonications were performed sequentially to ablate the Vim. Serial neurological examinations were performed after each sonication to assess for tremor improvement and side effects. No major change in methodology of FUS thalamotomy was undertaken except for altering the initial targeting to 1.5-2 mm above the intercommissural plane instead of at the intercommissural plane after the first few cases.



Outcome Assessment

Change in tremor scores were documented as percentage improvement from baseline and adverse events were recorded at each follow-up interval. An immediate MRI was obtained within 24 h post-operatively. Thin cut (2 mm) axial and coronal T2 slices were used for image analysis in this study (Figure 1). The center of the lesion was estimated on axial T2 images at the AC-PC plane and lesion volumes were then calculated by measuring the maximal distance from the center of the lesion along axial, coronal and sagittal axes. Wintermark zones 1 and 2 which represent coagulative necrosis and cytotoxic edema, respectively, and have been shown to correlate with permanent lesion were used for analysis of lesion volume (14). Wintermark zone 3 which represents vasogenic edema and is apparent on 24-h and 1-week MRI scans but resolves later was not used for calculation of lesion volume. In order to analyze the impact of SDR on tremor outcomes, the overall cohort was divided into two groups based on SDR. SDR <0.45 was called “low SDR” group and SDR ≥ 0.45 was called “high SDR” group. With only 10 patients treated for tremor predominant PD, only the subset of patients with a diagnosis of ET were included in the analysis of tremor outcomes. The entire cohort was however analyzed for the adverse events analysis.


[image: Figure 1]
FIGURE 1. Immediate (24 h post-op) T2-weighted axial (left) and coronal (right) MRI scans demonstrating the size, shape, and location of a typical left Vim FUS thalamotomy. Note the edema extending around the lesion into the surrounding thalamus and the internal capsule.




Statistical Analysis

Continuous variables are reported as mean ± standard deviation (range) and categorical variables as frequency (%). Comparison of tremor scores at each follow-up was performed using paired t-test. Comparison of percentage improvement in tremor scores in low SDR and high SDR groups was also performed using paired t-test.




RESULTS


Demographics

A total of 160 cases were included in the study (Table 1). Treatment was aborted in one case due to a technical failure and inability to raise temperature, and one patient did not return after day 1 follow up, hence 158 patients were available for analysis of tremor outcomes. The mean patient age was 75 (range 55-93 years) and 68% were male. The overwhelming majority of patients had a diagnosis of ET (n = 150) whereas the rest had tremor predominant Parkinson's disease (n = 10). A positive family history was present in 68.75% patients and the mean duration of disease was 27.5 years. The mean SDR of entire cohort was 0.48 (median: 0.46; range 0.32-0.75).


Table 1. Demographics and clinical data of included patients (n = 160).
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Tremor Scores

Left sided thalamotomy was most commonly performed (80%). The mean tremor score at baseline in ET patients was rest: 0.23 ± 0.55; posture: 2.72 ± 0.81; intention: 3.39 ± 0.60. The mean tremor score at baseline in tremor predominant PD was rest: 3.5 ± 0.52; posture: 2.8 ± 0.78; intention: 1.5 ± 1.18. Immediately following treatment, tremor scores in ET patients reduced sharply such that both rest and postural tremor scores declined to zero and remained so at long term follow-up. In addition, intention tremor was completely abolished in 107 patients on the first post-operative day. Intention tremor scores on post-operative day 1 (n = 148) were 0.29 ± 0.48, 0.50 ± 0.95 at 3 months (n = 110), 0.66 ± 1.08 at 1 year (n = 101), 0.87 ± 0.90 at 2 years (n = 49), 1.25 ± 0.57 at 3 years (n = 8) and 1 ± 0.63 at 4 years (n = 6) follow-up. At 1-year follow-up, nine patients had lost > 50% of their treatment benefit and at 2 years follow-up, five additional patients developed recurrence of tremor. In patients with tremor predominant PD, tremor scores also declined to zero and remained so till 3-months follow-up. At 1 year follow up (n = 4), mean rest tremor scores in PD patients were 0.75 and at 2 years (n = 2) it was 1.00.



High SDR vs. Low SDR Group

In comparing ET patients based on SDR, the percentage improvement in tremor scores was slightly higher in high SDR group at each follow-up interval [93% on day 1, 87% at 3 months, 81.5% at 1 year and 79% at 2 years as compared to 90% on day 1, 82% at 3 months, 78.5% at 1 year and 76% at 2-years] but this finding was statistically non-significant (Figure 2). The high SDR group had on average larger lesions than the low SDR group [310.5 vs. 262.0 mm3], lower mean maximum energy [17242.0 vs. 26253.5 J], lower mean maximum power [936.0 vs. 1048.5 Watts] and higher mean maximum temperature [61.0vs. 57.5°C]. At 1-year follow-up, there were five patients in each group who had lost treatment benefit and were back to baseline tremor scores.


[image: Figure 2]
FIGURE 2. Change in tremor scores following MRgFUS thalamotomy in Essential Tremor patients.




Adverse Events

Adverse events following treatment were common (Table 2). On post-operative day 1 (n = 160), the most common adverse events were gait imbalance (56.8%) followed by sensory deficits (25%), dysarthria (18.75%), dysmetria (11.25%), motor weakness (8.75%), headache (3.12%), dysgeusia (0.62%), and others (2.5%). The majority of adverse events were transient (Figure 3) such that at 3-months follow up (n = 116), gait imbalance was seen in 25.8% patients, sensory deficits in 24.15%, dysarthria in 7.75%, dysmetria in 10.34%, motor weakness in 5.17%, and dysgeusia in 7.75% cases. At 1 year follow up (n = 105), most common adverse events were sensory deficits (16.2%) followed by gait imbalance (14.28%), dysmetria (6.66%), dysarthria (5.71%), motor weakness (2.85%), and dysgeusia (2.85%). The similar trend continued at 2 years follow-up (n = 51) where the most common adverse events were gait imbalance (17.5%), sensory deficits (10.0%), dysmetria (8.0%), dysgeusia (4.0%), and motor weakness (2.0%).


Table 2. Adverse events.
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FIGURE 3. Evolution of adverse events following MRgFUS thalamotomy.





DISCUSSION

In this retrospective study of 160 patients undergoing unilateral MRgFUS thalamotomy for severe, intractable essential tremor, we have demonstrated marked improvement in tremor scores of the treated arm in >90% of patients. This improvement was sustained at long-term follow-up as highlighted by sustained ~80% improvement in tremor scores at 2-years follow-up. Although adverse events were common, the majority were transient and had resolved or improved substantially at long-term follow-up. We also demonstrated that patients with SDR <0.45, i.e., “low SDR” group had comparable improvements in tremor scores as the patients with SDR ≥ 0.45. Another reassuring finding in our study is the sustained improvement in tremor scores at long-term follow-up. Notably, our long-term tremor outcomes are slightly better than what is currently reported in the literature (3, 4, 15).

SDR has been found to correlate with the ability to achieve therapeutic temperatures at target site and current recommendations suggest an SDR ≥ 0.45 for successful ablation (16). Many centers feel this recommendation is somewhat arbitrary and offer MRgFUS to patients with an SDR <0.45. A recently published trial in a Japanese population demonstrated positive outcomes in a population with lower average SDR than other studies (2). This study highlighted that patients with lower SDR had lower maximum temperature than the high SDR group, but the temperature achieved was still sufficient to provide clinical benefit. Two additional studies have also concluded that SDR does not affect clinical outcome despite being correlated with a lower maximum temperature at target site (16, 17). Our results align with the previously reported studies and highlight that percentage improvement in tremor scores at long-term follow-up was comparable between the two groups.

Due to the proximity of MRgFUS lesion to key adjacent thalamic nuclei and the internal capsule, adverse events following MRgFUS thalamotomy are frequent with the incidence of adverse events ranging from 10 to 60% (18). In our experience, the most commonly encountered adverse events were gait imbalance and sensory deficits which is consistent with earlier studies. Notably, all the adverse events following MRgFUS thalamotomy in our study were mild and classified as Clavien-Dindo Grade I (19). Previous studies like ours have identified several key factors related to the occurrence of complications. Lesion location, volume and extent have all been identified as important factors determining the occurrence of complications (7, 11). In a previously published study, we demonstrated that patients with any adverse event had significantly larger lesion (300 vs. 229mm3) and had more inferior and lateral lesion margins (11). Extension of the lesion laterally into the internal capsule can lead to contralateral weakness or dysarthria. Posterior extension can lead to sensory deficits in the face or fingers. Inferior extension can lead to imbalance and dysmetria (11, 13). Lesion location and volume are important considerations for both enduring therapeutic benefit and the occurrence of complications. Our lesions were consistently located on our specified target but were significantly larger than previously reported at other centers. Some studies have suggested a particular lesion volume threshold to achieve maximum tremor benefit while avoiding complications (7). A thalamic lesion volume of at least 40 mm3 is necessary to achieve tremor benefit (20). However, larger lesion volumes have been suggested to achieve better tremor control (21). Notably, larger lesions volumes have also been found to be associated with higher risk of adverse events (7, 11). Other studies have suggested using a tractography based approach to localize the optimal target which can optimize clinical outcomes although these techniques were not used in any of our cases (22). Despite our larger average treatment volume, our complication rates were consistent with all previously reported studies. Moreover, every patient was questioned for adverse events in a standardized fashion at each follow-up interview to more accurately reflect the incidence of complications in our series. Nevertheless, future efforts should explore detailed post-operative MRI lesional analysis to help determine the optimal lesion location and volume to maximize long term therapeutic outcomes and minimize complications. Advances in MRI tractography and imaging may optimize targeting of Vim in the future as well.


Limitations

The major limitations of this study are due to its' retrospective nature and the fact that post-operative evaluations were performed by an unblinded observer which could have led to a risk of positive reporting bias. Since the goal of the study was to present a “real-world” clinical experience hence standardized tremor scales were not utilized during routine follow-up evaluations. Moreover, the small number of PD patients in our series limited our ability to perform meaningful tremor outcomes analysis in this subset of patients.




CONCLUSION

MRgFUS thalamotomy is a safe and effective procedure for unilateral tremor symptoms. Adverse events following the procedure are common but generally mild and transient in the majority of cases. Future work should explore the optimal MRgFUS lesion location, volume and extent in order to maximize long term tremor control and minimize complications.
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Background: The subthalamic nucleus (STN) is an effective neurosurgical target to improve motor symptoms in Parkinson's Disease (PD) patients. MR-guided Focused Ultrasound (MRgFUS) subthalamotomy is being explored as a therapeutic alternative to Deep Brain Stimulation (DBS) of the STN. The hyperdirect pathway provides a direct connection between the cortex and the STN and is likely to play a key role in the therapeutic effects of MRgFUS intervention in PD patients.

Objective: This study aims to investigate the topography and somatotopy of hyperdirect pathway projections from the primary motor cortex (M1).

Methods: We used advanced multi-fiber tractography and high-resolution diffusion MRI data acquired on five subjects of the Human Connectome Project (HCP) to reconstruct hyperdirect pathway projections from M1. Two neuroanatomy experts reviewed the anatomical accuracy of the tracts. We extracted the fascicles arising from the trunk, arm, hand, face and tongue area from the reconstructed pathways. We assessed the variability among subjects based on the fractional anisotropy (FA) and mean diffusivity (MD) of the fibers. We evaluated the spatial arrangement of the different fascicles using the Dice Similarity Coefficient (DSC) of spatial overlap and the centroids of the bundles.

Results: We successfully reconstructed hyperdirect pathway projections from M1 in all five subjects. The tracts were in agreement with the expected anatomy. We identified hyperdirect pathway fascicles projecting from the trunk, arm, hand, face and tongue area in all subjects. Tract-derived measurements showed low variability among subjects, and similar distributions of FA and MD values among the fascicles projecting from different M1 areas. We found an anterolateral somatotopic arrangement of the fascicles in the corona radiata, and an average overlap of 0.63 in the internal capsule and 0.65 in the zona incerta.

Conclusion: Multi-fiber tractography combined with high-resolution diffusion MRI data enables the identification of the somatotopic organization of the hyperdirect pathway. Our preliminary results suggest that the subdivisions of the hyperdirect pathway projecting from the trunk, arm, hand, face, and tongue motor area are intermixed at the level of the zona incerta and posterior limb of the internal capsule, with a predominantly overlapping topographical organization in both regions. Subject-specific knowledge of the hyperdirect pathway somatotopy could help optimize target definition in MRgFUS intervention.

Keywords: somatotopy, diffusion MRI, tractography, stereotactic surgery, neuroanatomy


INTRODUCTION

The hyperdirect cortico-subthalamic pathway is a set of white matter fibers sending direct inputs from the cortex to the subthalamic nucleus (STN) (1, 2). Hyperdirect pathway projections are sought to play a key role in the clinical outcomes of Deep Brain Stimulation (DBS) of the STN in Parkinson's disease (PD) patients (3–5). Several studies have demonstrated that direct stimulation of hyperdirect pathway fibers is involved in DBS therapeutic effects (4, 6–10). In particular, hyperdirect pathway projections from motor and premotor cortical areas are sought to be a major neural substrate modulated by STN DBS in addition to the STN itself (11). Recently, Magnetic Resonance guided Focused Ultrasound (MRgFUS) subthalamotomy has shown potential for improving motor symptoms and dyskinesias in PD patients (12–14). In that context, patient-specific knowledge of the topography of hyperdirect pathway fibers could help optimize target definition during planning of DBS and MRgFUS intervention. The anatomy of the hyperdirect pathway has been investigated in non-human primates (2, 15, 16). Animal experiments using anterograde tracers in monkeys have shown that the STN receives somatotopically organized projections from the primary motor cortex, and that these projections are arranged from medial to lateral in the order of hindlimb, forelimb and orofacial part (2, 3, 16). In rats, retrograde and anterograde tracing studies indicate that a subset of projections from the motor cortex innervate the STN and the striatum (17–19). In addition, anterograde tracing studies have shown that projections from the motor cortex are topographically organized with the rostral part of the lateral motor cortex projecting to the lateral portion of the rostral two-thirds of STN and the caudal part projecting to the ventral aspect of the middle third of STN (20).

Still, such neural tract-tracing techniques cannot be used to study brain connectivity on human subjects. User-defined holographic reconstructions of hyperdirect pathway fibers from structural MRI scans and histological data have been proposed to provide novel anatomical priors for human connectomic analysis (21). However, the reconstructed hyperdirect pathway fibers were defined based on scientific studies generated in the macaque brain, thus the approach presents the same limitations as other studies mapping results of non-human primates into human subjects (22). Diffusion MRI tractography enables the non-invasive exploration of white matter fibers at the individual patient scale. Recent advances in neuroimaging techniques have enabled identification of the trajectory of the hyperdirect pathway in vivo in individual subjects using single tensor deterministic tractography (10, 23–28), single tensor probabilistic tractography (29), multi-fiber probabilistic tractography (8, 10, 26, 27, 30–37) and generalized q-sampling imaging (38). Still, the internal organization of the hyperdirect pathway in the human brain remains unexplored. In this study, we seek to reconstruct hyperdirect pathways fibers projecting from the primary motor cortex using multi-fiber deterministic tractography and to investigate the internal organization of hyperdirect fascicles projecting from the trunk, arm, hand, face, and tongue area. We used MRI datasets from the Human Connectome Project as they offer the highest quality diffusion MRI data currently available to investigate brain connectivity. To the best of our knowledge, this is the first study of the somatotopy of the hyperdirect pathway in the human brain.



MATERIALS AND METHODS


MRI Data Acquisition

We used high-resolution structural and diffusion MRI data from five healthy subjects (100307, 100408, 101915, 103414, 106016) of the Washington University, University of Minnesota, and Oxford University Human Connectome Project (WU- Minn HCP) consortium (39). The WU-Minn HCP scans were acquired on young healthy subjects (age 21–35) and represent the best neuroimaging data available for investigating the topography of the white matter in the human brain. The subjects were scanned on a customized Siemens 3.0 Tesla Skyra scanner using a 32-channel head coil and a customized gradient. The structural MRI data included T1-weighted and T2-weighted volumes acquired with the following parameters: T1-weighted: TE = 2.14 ms, TR = 2,400 ms, voxel size = 0.7 mm; T2-weighted: TE = 565 ms, TR = 3,200 ms, voxel size = 0.7 mm. The diffusion-weighted images were acquired using a single-shot 2D spin-echo multiband Echo Planar Imaging sequence with 90 gradient directions, 3 b-values (b1 = 1,000 s/mm2, b2 = 2,000 s/mm2, b3 = 3,000 s/mm2), 1.25 mm slice thickness and 1.25 mm image resolution (40, 41). The diffusion-weighted images used in this study had been processed for intensity normalization, eddy-current, patient-motion and EPI distortion correction and co-registered to the anatomical scans (42–44).



MRI Data Analysis Workflow

Our data analysis workflow consisted of three steps: first, the segmentation of anatomical regions of interest, second the tractography reconstruction of hyperdirect pathway fibers, and third the analysis of the somatotopic organization of the hyperdirect pathway.


Segmentation of the Regions of Interest

We defined three sets of anatomical regions of interest (ROIs) in the primary motor cortex (M1), internal capsule (IC) and subthalamic nucleus (STN) using the 3D Slicer open-source platform for medical research (45). In the first set of ROIs, we outlined the precentral gyrus in a volume-rendered image of the T1-weighted scan. In the second set of ROIs, we generated a fractional anisotropy (FA) map and a diffusion-encoded color (DEC) map from the diffusion-weighted images using the SlicerDMRI extension of 3D Slicer (46, 47). We manually segmented the posterior limb of the IC in axial cross-sections of the FA map overlaid on the DEC map using the Segment Editor module of 3D Slicer. In the third set of ROIs, as the contours of the STN were not directly visible in the T1-weighted images, we used the automated atlas-based segmentation approach of the pyDBS software implemented in 3D Slicer (48). The method uses a 3D histological and deformable atlas of the basal ganglia that comprises 3D meshes of 80 structures identified on histological stainings from a post-mortem specimen (49). We deformed the Yeb atlas using a global-to-local registration approach to generate 3D meshes of the STN from the T1-weighted images (50). The meshes were subsequently voxelized in 3D Slicer to create isotropic ROIs with 0.3 mm voxel size.



Tractography Reconstruction

We applied a combination of diffusion MRI analysis tools that arose from the specific experience of our team. We used a multi-fiber ball-and-stick modeling to estimate the orientation of white matter fibers at each voxel from the diffusion-weighted MRI data. The ball-and-stick model is a multi-compartment approach constrained to include an isotropic “ball” compartment and multiple anisotropic “sticks” compartments (51). The model was fitted to the diffusion-weighted MRI data using a Bayesian estimation procedure to robustly estimate fiber orientations and volume fractions, as well as their total count (52). Parameter settings included the continuous exponential approach for multi-shell data and a maximum of three fiber compartments per voxel.

To reconstruct the hyperdirect pathway fibers using the ROIs described above, we used a multi-fiber streamline tractography algorithm with a model-based interpolation framework (53, 54) from the Quantitative Imaging Toolkit (QIT) (55). The ball-and-stick models were interpolated during bundle tracking using a data-adaptative kernel regression framework with a spatial bandwidth of 1.0 mm, model selection parameter λ = 0.9999, and up to three fiber compartments (54). Fiber tracking was performed using a step size of 0.5 mm, and 25 seeds per voxel in a one-voxel neighborhood surrounding the M1 and STN ROIs. Hyperdirect pathway fibers were retained only if they intersected the M1, IC and STN ROIs. Tracts were terminated upon reaching the STN or M1 ROIs, when the angle changed more than 55 degrees, or when a compartment's volume fraction dropped below 0.05. We stopped the fibers at the STN surface as the image resolution was not sufficient to follow the tracts inside the nucleus. Thus, by design this aspect of the hyperdirect pathway termination is not covered in this study.




Evaluation by Neuroanatomy Experts

Two expert neuroanatomists (J.Y. and C.F.) with over 30 years of experience performed qualitative evaluation of the anatomical accuracy of the hyperdirect pathway. For each subject, the tractography reconstructions were loaded in 3D Slicer along with the structural MRI scans, diffusion-weighted MRI scans, and 3D models of the subthalamic nucleus. The anatomical accuracy of the tracts was evaluated based on the similarity between the tractography reconstructions and known neuroanatomy using three criteria: the topographical localization of each tract; the start and end region of the fascicles, and the specific shape of the bundles. The experts assigned a score ranging from 5 (excellent) to 1 (poor) averaged on the criteria used for the review of each tract.



Somatotopic Organization

To investigate the internal organization of the reconstructed pathways, we defined five primary motor cortex ROIs in a 3D volume-rendered image of the T1-weighted scan. The ROIs were placed in the trunk, arm, hand, face, and tongue motor homunculus in the precentral gyrus of each hemisphere using the Markups module of 3D Slicer. First, we identified the “hand-knob” sign in the precentral gyrus to place the hand motor ROI (56). Second, we positioned the arm ROI medial to the hand ROI. Third, the trunk ROI was placed medial to the arm ROI and close to the midline of the brain. Fourth, we placed the face ROI lateral to the hand ROI in the lower portion of the precentral gyrus in the section of the top of the lateral ventricles (57). Fifth, the tongue ROI was positioned in the most lateral portion of the precentral gyrus in the section just above the Sylvian fissure (57). We used the SlicerDMRI extension of 3D Slicer to extract the fascicles arising from the trunk, arm, hand, face, and tongue ROIs from the reconstructed hyperdirect pathway.



Tract-Derived Measurements

To assess the variability among subjects, we calculated the fractional anisotropy (FA) and mean diffusivity (MD) of the envelope of the trunk, arm, hand, face and tongue hyperdirect pathway fascicles. We computed the envelope of the fascicles by converting the streamlines into voxel wise binary label maps with label = 1 when a tract was detected in a voxel and label = 0 when no tract was detected. The envelope, FA volume, and MD volume for each fascicle were calculated using the SlicerDMRI extension of 3D Slicer. In addition, to investigate the segregation of hyperdirect pathway fascicles, we segmented the contour of each fascicle in two axial slices at the level of the internal capsule and zona incerta superior to the subthalamic nucleus, and we computed the centroid of each contour.



Quantitative Analysis

We performed a statistical analysis of the scores given by the neuroanatomy experts and the tract-derived measurements. We evaluated the degree of agreement between the experts using the intraclass correlation coefficient (ICC) and we computed the internal consistency of the scores using Cronbach's alpha reliability analysis (58). To evaluate the variability among subjects, we computed the average, maximum and standard deviation of FA and MD values for the fascicles associated with the trunk, arm, hand, face, and tongue M1 areas. Finally, to investigate the segregation of hyperdirect pathway fibers, we computed the Dice Similarity Coefficient (DSC) of overlap between the contours of the trunk, arm, hand, face, and tongue fascicles segmented in the axial slices at the level of the internal capsule and zona incerta. We compared the relative anterior-posterior orientation of the centroids of the contours to assess the spatial arrangement of the fascicles.




RESULTS

We successfully reconstructed hyperdirect cortico-subthalamic fibers connecting the primary motor cortex to the ipsilateral STN in all five subjects. The hyperdirect pathway fibers presented a fan shape configuration with fibers arising from the whole extend of the precentral gyrus, converging into the corona radiata, descending through the posterior limb of the internal capsule, and terminating in a compact stem entering the subthalamic nucleus. Figure 1 shows the 3D tractography reconstruction in a single subject. The use of an advanced fiber models enables the partial identification of complex fibers crossings of the hyperdirect pathway with the superior longitudinal fasciculus (Figure 1C).


[image: Figure 1]
FIGURE 1. Hyperdirect pathway in subject 100307. The figure shows the tractography reconstruction of hyperdirect pathway fibers projecting from the primary motor cortex to the subthalamic nucleus. The tracts (white) are displayed on a diffusion encoded color map overlaid on a T1-weighted image with 3D models of the subthalamic nucleus (orange) for anatomical reference. (A) Anterior 3D view of the hyperdirect pathway. (B) Superior 3D view of hyperdirect pathway fibers descending from the primary motor cortex. (C) Anterior 3D view of the crossings of hyperdirect pathway fibers with the superior longitudinal fasciculus. The arrow points at the intersection of lateral projections of the hyperdirect pathway with a cross-section of the superior longitudinal fasciculus (green).


The evaluation of the hyperdirect pathway fibers by two neuroanatomical experts demonstrated that the tractography reconstructions were in agreement with the expected anatomy with an average score of 3.7 ± 0.92. The ICC score was 0.44 and the Cronbach's alpha score was 0.91 with 95% confidence interval of [0.67, 0.98] which showed a good level of agreement between the experts.

We identified fascicles projecting from trunk, arm, hand, face, and tongue M1 area in all subjects. Figure 2 shows the somatotopic organization of hyperdirect pathway fibers in a single subject. The spatial arrangement of hyperdirect pathway fascicles was anterolateral in the corona radiata and predominantly overlapping at the level of the internal capsule and zona incerta. Tract-derived measurements showed low variability among subjects, and similar distributions of FA and MD values among the tracts projecting from the different motor regions (Figure 3).


[image: Figure 2]
FIGURE 2. Somatotopic organization of hyperdirect pathway fibers projecting from the primary motor cortex trunk, arm, hand, face, and tongue area. The tracts are displayed on axial and coronal T1-weighted images. (A) 3D anterior view of hyperdirect pathway fibers with 3D models of the subthalamic nucleus (orange). (B) 3D anterior view of hyperdirect pathway fibers with axial T1-weighted images at the level of the coronal radiata, internal capsule and zona incerta. (C–E) Intersection of hyperdirect pathway fibers with an axial T1-weighted image at the level of the corona radiata (C), posterior limb of the internal capsule (D), and zona incerta (E). The three axial slices in (B) correspond to the axial images displayed in (C–E). The fibers are colored according to the motor regions: trunk (blue), arm (dark purple), hand (dark pink), face (light purple), tongue (light pink).



[image: Figure 3]
FIGURE 3. Tract-derived measurements across subjects. The figure shows box plots of the fractional anisotropy (FA) (top) and mean diffusivity (MD) (bottom) of hyperdirect pathway fascicles projecting from the trunk, arm, hand, face, and tongue motor area for all subjects. The lines in each box correspond to the median (green), interquartile range (blue), minimum and maximum (black) values of the tract-derived measurements.


Table 1 summarizes the Dice Similarity Coefficient (DSC) of spatial of overlap values between the trunk, arm, hand, face and tongue fascicles in the internal capsule and zona incerta. Overall, the tracts in the internal capsule showed an average overlap of 0.63 with a maximum average overlap of 0.83 for the fascicles projecting from the arm and hand area, and a minimum average overlap of 0.47 for the fascicles projecting from the trunk and tongue area. In the zona incerta, the tracts showed an average overlap of 0.65 with a maximum average overlap of 0.81 for the fascicles projecting from the arm and hand area, and a minimum average overlap of 0.50 for the fascicles projecting from the hand and tongue area. The analysis of the position of the centroid of the tracts in the internal capsule showed that the most anterior position was occupied by tracts projecting from the tongue (30%) and face (30%) area, while the most posterior position was occupied by tracts projecting from trunk (70%) and tongue (20%) area. In the zona incerta, the most anterior position was occupied by tracts projecting from the hand (40%) and face (40%) area; the most posterior position was occupied by tracts projecting from the tongue (50%) and trunk (30%) area.


Table 1. Dice Similarity Coefficient of overlap of hyperdirect pathway fascicles in the internal capsule and zona incerta.

[image: Table 1]



DISCUSSION

Our exploratory study investigated the somatotopic organization of hyperdirect pathway projections from the primary motor cortex to the subthalamic nucleus (STN) on healthy subjects of the Human Connectome Project. We have shown that multi-fiber tractography and high-resolution multi-shell diffusion-weighted MRI data enable the identification of white matter fascicles connecting the trunk, arm, face, hand, and tongue primary motor cortex area to the subthalamic nucleus. We demonstrated that the use of an advanced fiber model enables the identification of lateral projections of the hyperdirect pathway from the face and tongue motor area, as well as some complex fibers crossings with the superior longitudinal fasciculus. The evaluation of the anatomical accuracy by neuroanatomy experts demonstrated that the topography of the reconstructed tracts was in agreement with known neuroanatomy. The analysis of tract-derived measurements demonstrated a low level of variability among subjects. We found an anterolateral somatotopic arrangement in the most superior section of the hyperdirect pathway. In the internal capsule, hyperdirect pathway fibers projecting from different motor areas showed an average overlap of 0.63, with the most anterior position occupied by tongue and face fibers and the most posterior position occupied by trunk and tongue tracts. In the zona incerta, the average overlap was 0.65 with the most anterior position occupied by hand and face fibers and the most posterior position occupied by tongue and trunk fibers. Our preliminary tractography results suggest that the subdivisions of the hyperdirect pathway are intermingled in the zona incerta and posterior limb of the internal capsule, with a predominantly overlapping topographical organization in both regions. Tract-tracing experiments in monkeys have previously reported anatomical overlap of projections from the frontal cortex in subcortical structures: Selemon et al. observed topographical overlap and interdigitation of corticostriatal projections in the ventromedial striatum (59); in the pedunculopontine nucleus, Matsumara et al. have shown that the somatotopic representations of projections from motor-related areas are intermingled rather than segregated (60).

Our tractography findings in the hyperdirect pathway are consistent with observations from two previous experimental studies on the structure and function of the STN in the human brain. In 2002, an anatomical study using calbindin labeling demonstrated that the subdivisions of the STN are separated by functional gradients, not by sharp boundaries (61). In 2007, a DBS study on PD patients suggested that the STN serves as a nexus for the integration of motor, cognitive and emotional components of behavior and that these functional modalities are not processed in a segregated manner (62). These two studies on the lack of anatomical and functional segregation of components of the STN are in agreement with our observations on the overlap of hyperdirect pathway fibers projecting from different cortical regions. Furthermore, a cytoarchitectural study of STN neurons in the human brain has shown that the dendrites of STN neurons extend up to 1,200 μm to neighboring territories, which suggests a convergence of inputs from different cortical areas on individual neurons of the nucleus (63). This convergence has been used in the model of focused selection and inhibition of competing motor programs by the basal ganglia (64). In this model, when voluntary movement is generated, the motor cortex uses the hyperdirect pathway to send a short-latency signal to the whole STN, which causes a fast and widespread excitation of the globus pallidus pars interna (GPi) and substantia nigra pars reticulata (SNpr) resulting in an inhibition of competing motor mechanisms that would interfere with the desired movement (64). Simultaneously, the motor cortex creates a focused excitation of the striatum through the direct pathway, which causes a focused inhibition of specific GPi and SNpr neurons, followed by a focused excitation of neurons in the thalamus and cortex allowing the desired movement to proceed (64). The convergence of inputs from different cortical areas suggests that the STN might not be topographically organized to preserve the somatotopy of the motor cortex (62), which is in agreement with our findings on the topography of corticosubthalamic fibers.

To the best of our knowledge, this is the first study of the somatotopy of the hyperdirect pathway in the human brain. Tractography studies have investigated the somatotopy of the pyramidal pathway using single-tensor deterministic tractography (65–69), single-tensor probabilistic tractography (70–73), and two-tensor probabilistic tractography (74). These studies have reported a segregation of corticospinal tract fibers (65–74) and an overlap of corticobulbar tract fibers (74). While the pyramidal tract is adjacent to the hyperdirect pathway, the two white matter bundles are anatomically different. Pyramidal projections from the primary motor cortex are composed of corticospinal projections to the spine and corticobulbar projections to motor nuclei of cranial nerves, whereas hyperdirect pathway projections from the primary motor cortex terminate in the subthalamic nucleus. In addition, the hyperdirect pathway and the pyramidal pathway have opposite roles in DBS outcomes: direct stimulation of the hyperdirect pathway is involved in DBS therapeutic effects (4, 6–10), whereas the spread of current to the pyramidal tract can trigger pyramidal tract side effect (75). These anatomical and functional differences are a potential explanation of the differences between the somatotopy we observed in our study and the somatotopies reported in pyramidal tract studies.

The somatotopic organization of the STN has been described in healthy monkeys using invasive neural tracing techniques. These studies have shown that the primary motor cortex projects to the whole extend of the STN (1, 16), and neural tracers have revealed a somatotopic arrangement with lower-limb cells located medially to upper-limb cells, and the face area located in the most lateral zone of the nucleus (1, 76, 77). Several groups have investigated the somatotopic organization of the STN in Parkinson's disease patients using microelectrode recordings (MERs) to identify movement related cells (MRCs) during DBS surgery (78–82). In these studies, most MRCs were detected in the dorsolateral portion of the STN. Rodriguez-Oroz et al. identified a somatotopic distribution similar to the distribution in healthy monkeys, with cells associated in the lower limb located in the upper dorsal third and centromedian portion, and cells associated with the upper limb located in the dorsal two-thirds and lateral region of the STN (78). Abosch et al. found movement-related neurons located throughout the STN, including the ventral portion of the nucleus despite a rostrodorsal clustering of the cells, and reported an absence of clear somatotopic relationship of limb representation (79). Theodosopoulos et al. reported arm-related cells located laterally and at the rostral and caudal poles of the STN, and leg-related cells located medially and centrally (80). Romanelli et al. found that lower extremity–related cells were located medial and ventral to upper extremity–related cells (81). Sasaki et al. showed that cells responding to the upper limbs were more commonly observed in the lateral, anterior, and superior regions of the STN, and that cells associated with the distal joints were located above those associated with the proximal joints, in both upper and lower limbs (82). While somatotopic findings in Parkinson's disease patients may not be generalized to healthy subjects, these electrophysiology results in the STN contrast with our tractography findings. Although we did not investigate the somatotopy of the fibers inside the STN due to the presence of multiple fiber crossings that pose technical limitations to tractography algorithms, our results in the zona incerta immediately superior to the STN show a predominant overlap of hyperdirect fascicles projecting from different motor regions without any clear segregation of the fibers. These discrepancies between MERs findings and tractography results might arise from the difference in scale between the two techniques: the 10 μm diameter of the tip of a microelectrode enables single neuronal response recordings whereas the 1.25 mm voxel size of a diffusion-weighted MRI dataset contains over 100,000 axons. In addition, hyperdirect pathway fibers projecting from large regions of the primary motor cortex homunculus are compacted into a relatively small space at the level of the internal capsule and zona incerta. The use of smaller voxel size may help further establish whether homunculus organization observed in the primary motor cortex is maintained as hyperdirect pathway fibers descend to subcortical areas, as suggested by electrophysiology studies of the STN, or whether intermingling of fibers occurs.

Our study presents several limitations. First, we used a small number of subjects as our goal was to explore the feasibility of identifying the somatotopic organization of the hyperdirect pathway using multi-fiber tractography and the highest quality neuroimaging data available. We showed that white matter bundles projecting from the trunk, arm, hand, face and tongue motor areas could be consistently identified in all subjects. Future work using a larger cohort will enable us to investigate the anatomical variability of hyperdirect pathway projections from the primary motor cortex. Second, we used voxelized tracts to evaluate the variability of tract-derived measurements across subjects. Converting streamlines into a voxel grid can introduce small inaccuracies due to partial volume effects. Third, while we used an advanced multi-fiber model and high-resolution diffusion-weighed data, our tractography results include false-negative tracts in the hand and face fascicles as seen in Figure 2A. These false-negative tracts are likely due to complex fiber crossings with the dorsal superior longitudinal fasciculus which interconnects the frontal and parietal lobe (83). While our multi-fiber model enabled the resolution of some of the crossings of hyperdirect fibers with the superior longitudinal fasciculus, the large extent of the pathway still poses technical challenges to fiber tracking. We conducted our analysis using HCP diffusion MRI data which are the best neuroimaging data currently available to study the connectivity of the human brain. The 1.25 mm-voxels of the diffusion-weighted images nevertheless contain a large number of axons belonging to different white matter bundles. Future work with a higher number of compartments will enable us to refine the tractography reconstruction of complex fiber crossings of the hyperdirect pathway with the superior longitudinal fasciculus. Further developments also include the exploration of other advanced tractography methods such as multi-fiber unscented Kalman Filter tractography (47). Finally, a comparison of histological data with our tractography findings would help investigate the topography of hyperdirect pathway fibers in the internal capsule and in the zona incerta.

Diffusion MRI tractography provides a non-invasive window on the architecture of the human brain white matter. While tractography reconstructions enable 3D visualization of the location and trajectory of white matter pathways, the technique still presents limitations for neurosurgical decision-making (84). As mathematical models of diffusion and fiber tracking algorithms are continuously refined by the medical image computing research community, diffusion MRI tractography has the potential to become part of the apparatus of brain mapping tools to help understand the clinical effects of electrical stimulation and focused ultrasound lesioning in motor disorders patients. Tractography reconstructions of the pyramidal tract, medial lemniscus and dentatorubrothalamic tract have provided innovative tractography-based approaches for targeting the ventral intermediate nucleus during MRgFUS intervention in Essential Tremor patients (85–89). Recent studies using tractography reconstructions of the hyperdirect pathway on motor disorder patients have revealed the potential of the technique to assist with Deep Brain Stimulation intervention in Parkinson's Disease patients (8, 25–28, 34, 35, 37, 38). The HCP diffusion MRI scans represent the state-of-the-art data for characterizing structural human brain connectivity. As transcranial focused ultrasound subthalamotomy is being investigated for unilateral treatment of motor symptoms and dyskinesias in Parkinson's Disease patients (12–14), our study aimed at investigating tractography reconstructions of the hyperdirect pathway that could become available to assist with target definition during MRgFUS intervention in the near future.



CONCLUSION

Our study shows that advanced multi-fiber tractography techniques combined with high-resolution diffusion MRI data enable 3D reconstruction of the whole extent of hyperdirect projections from the primary motor cortex to the STN and the identification of cortico-subthalamic fascicles arising from the trunk, arm, hand, face, and tongue area. Our preliminary tractography results suggest that the subdivisions of the hyperdirect pathway are intermingled in the zona incerta and posterior limb of the internal capsule, with a predominantly overlapping topographical organization in both regions. Diffusion MRI tractography is a clinical research tool that holds promise for identifying the location and trajectory of white matter pathways during stereotactic surgery. Knowledge of the somatotopic organization of the hyperdirect pathway at the individual patient scale could provide clinically relevant information for planning stereotactic surgery of the STN, and contribute to advancing the understanding of the therapeutic mechanisms of action of MRgFUS and DBS. White matter maps of the hyperdirect pathway in healthy subjects could help evaluate potential alterations of the somatotopy of different body parts in Parkinson's disease patients, and thus expand our understanding of the pathophysiology of the disease.
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Objective: Transcranial ultrasound stimulation (TUS) is a new form of non-invasive brain stimulation. Low-intensity TUS is considered highly safe. We aimed to investigate the effect of low-intensity TUS on hand reaction responses and cortical excitability in healthy adults.

Methods: This study used a crossover, randomized, and double-blind design. A total of 20 healthy participants were recruited for the study. All the participants received TUS and sham stimulation on separate days in random order. The finger tapping test (tapping score by using a tablet) and motor evoked potential (MEP) were assessed before and after stimulation, and discomfort levels were assessed using a visual analog scale (VAS) score.

Results: No significant differences in tapping score or MEP amplitude between the two experimental conditions were registered before stimulation. After stimulation, tapping scores were increased regardless of the specific treatment, and the real stimulation condition receiving TUS (90.4 ± 11.0 points) outperformed the sham stimulation condition (86.1 ± 8.4 points) (p = 0.002). The MEP latency of real TUS (21.85 ± 1.33 ms) was shorter than that of sham TUS (22.42 ± 1.43 ms) (p < 0.001). MEP amplitude of real TUS (132.18 ± 23.28 μV) was higher than that of sham TUS (114.74 ± 25.5 μV, p = 0.005). There was no significant difference in the discomfort score between the two conditions (p = 0.163).

Conclusion: Transcranial ultrasound stimulation (TUS) can decrease the hand reaction response time and latency of the MEP, enhance the excitability of the motor cortex, and improve hand motor function in healthy individuals without obvious discomfort.

KEYWORDS
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Introduction

Neuromodulation techniques, which can change central excitability and induce neuroplasticity, have been successfully used for rehabilitation after central neural system injury or function disorder (1, 2). Transcranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) have been widely studied in the past (3, 4). Transcranial Ultrasound stimulation (TUS), which can pass through the skull and influence central nervous function mechanically, has become a research focus for research in recent years (5). As a novel neuromodulation technique, TUS has the advantages of being non-invasive and providing high spatial resolution and greater penetration depth. Preliminary studies suggest that TUS can locally regulate sensory induction and cortical function (6).

Ultrasound can be classified into high, medium, or low intensities according to the power applied. High-intensity ultrasound (>200 W/cm2) mainly inhibits neuronal activity through nerve ablation, while medium-intensity ultrasound (100–200 W/cm2) is normally used to disrupt the blood-brain barrier non-invasively. Low-intensity ultrasound (<100 W/cm2), on the other hand, does not involve a significant accumulation of thermal energy, which may cause DNA fragmentation, coagulative necrosis, and cell death (7, 8), relying instead on a direct mechanical effect (9).

Previous studies mostly focused on animal experiments-very few studies discussed the effect of TUS on the human cortex (10, 11). The animal studies reported both excitation and inhibition effects of low-intensity TUS on the central neural system (12, 13). One human study reported intervention in the right prefrontal gyrus in healthy individuals and found an inhibitory effect on the cortex but a positive effect on mood (14). The therapeutic effect of TUS on the cortex may be related to parameters, such as focused or non-focused, intensity, frequency, and stimulation location (15, 16). Focused TUS and non-focused TUS can lead to a differential stimulation effect according to the volume of the brain tissue impacted (17). Frequency and intensity may cause different physiological effects (8). In humans, TUS delivered to the M1 region at 0.50 MHz, 6.16 W/cm2 inhibited neuronal excitability (11). Diagnostic imaging ultrasound (unfocused TUS) stimulation with a frequency of 2.32 MHz and intensity of 34.96 W/cm2 increased neuronal excitability (10). Using multiple Focused TUS transducers to stimulate the primary sensory cortex elicited various tactile sensations in the absence of any external sensory stimuli (18). Sanguinetti reported a focused TUS study with a randomized, placebo-controlled, double-blind design, in which participants received 30 s of 500 kHz focused TUS or a placebo control. They found that focused TUS can be used to modulate mood and emotional regulation networks in the prefrontal cortex when targeting the right inferior frontal gyrus in healthy human volunteers (14).

In this study, we used the tapping action and motor evoked potentials (MEPs) (19) to investigate the effect of low-intensity TUS on hand motor function and cortical excitability in healthy adults.



Materials and methods


Participants

According to the data collected from our preliminary experiment, a total of 20 healthy individuals were recruited for the study voluntarily (Table 1) [mean age (32.8 ± 13.4), the age range: 21–59, women: 12, men: 8]. The inclusion criteria were: (1) being between 20 and 60 years of age, and (2) being right-handed. The exclusion criteria were: (1) having poor cooperation due to cognitive or hearing impairment, and (2) having a history of hand trauma. All participants were informed about the study design and objectives and signed informed consent. The study was approved by the Ethics Committee of Yue Dong Hospital of the Third Affiliated Hospital of Sun Yat-sen University (project 8, 2021).


TABLE 1 General information on subjects and stimulation methods.
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Study design

A double-blind randomized crossover control design was used in this study. Random numbers were generated and recorded by a designated person who did not participate in any other operation or assessment. Each participant received real TUS and sham TUS with an interval of more than 24 h between each intervention to avoid potential residual effects, and the stimulation sequence was determined at random. The evaluator did not participate in the stimulation procedure (Figure 1).


[image: Figure 1]
FIGURE 1
 Flow diagram of the study. The tapping test and motor evoked potentials (MEPs) were recorded before and after stimulation, and discomfort levels were assessed using a visual analog scale (VAS) score.




Experimental conditions

Transcranial ultrasound stimulation (TUS) stimulation (UE860A, Beijing Ruao Medical Technology Co., LTD., China) was provided once to each participant for a total duration of 10 min using a power of 1.2 W/cm2 and a frequency of 0.8 MHz, stimulation duration was 1 s and rest 2 s on-off ratio of 1:2 (20–22). The center of the probe (diameter = 20 mm) was placed on the “hotspot” determined by TMS as explained in the next section (2.4 evaluation). Participants were seated comfortably, and the surrounding environment was kept comfortable and quiet throughout the treatment session. For the sham stimulations, the ultrasound probe was placed in reverse. The TUS instrument was still in “turn on” state and all the other conditions were kept identical.



Evaluation

The tapping score and MEP parameters of each participant were measured before and after the stimulation session, and the discomfort of the subjects during the stimulation was assessed. A tapping test based on the Quiq 2.0 APP software was used to quantify hand motor response (23). During the test, participants were required to tap on the moving point displayed on the screen of a tablet as quickly and as accurately as possible within 30 s. One point was awarded for each on-target tap and two points when the participant tapped in the inner circle. Three tests were performed before and after stimulation, and the average value was recorded in each case.

The TMS instrument and supporting MEP monitoring module (Wuhan Yiruide Medical Equipment New Technology Co., LTD., China) were used for measuring MEPs. The recording and reference electrodes were placed on the muscle belly and the tendon of the right abductor pollicis brevis, respectively, and the ground electrode was placed on the left wrist. The location for the stimulation was determined using the EEG 10-20 system, and the C3 position was marked on the head. Stimulation was provided around the C3 position range at 70% intensity using the 8-shaped coil. The coil was then moved until the best location to record the MEP was found (“hotspot”), the intensity was reduced, and the handle was positioned at a 45° angle to the middle line of the body. The resting motor threshold (rMT) was set at an intensity capable of inducing MEPs higher than 50 μV in at least five out of ten trials (19). The latency and amplitude of the hand MEPs before and after stimulation were recorded using a 120% rMT intensity. Ten independent measurements were recorded before and after stimulation, and the average value was considered for the analysis (24–26). The interval of each MEP measurement was 5–10 s.

A visual analog scale (VAS) was used to evaluate the degree of discomfort during the session, with zero considered as very comfortable and ten as extremely uncomfortable.



Statistical analysis

We used G Power Statistics (3.1.9.2 version) to calculate the sample size of this study according to the results of pre-experiment. To achieve 80% power and 5% statistical significance, a sample size of 20 cases was required for this study. The SPSS 23.0 statistical software (IBM corporation, USA) was used for data analysis. Shapiro–Wilk test was used to confirm if the data were normally distributed. Levene statistic method to test if the variance was equal. Tapping score, MEP latency, and MEP amplitude were expressed as mean ± standard deviation. Two-factor repeated measurement ANOVA was used to test the main effect and interaction of conditions (real and sham) and time points (before and after stimulation). Paired t-test was used as a post pairwise comparison to determine differences between the two conditions. Also, paired t-test was used to determine the differences between before and after stimulation. VAS was presented as median (P25, P75), Wilcoxon signed ranks test was used to compare the difference between the two conditions. p < 0.05 was considered statistically significant.




Results


Tapping score

A significant interaction effect was found between the condition and time point (F = 16.156, p < 0.001). Significantly main effect was found on condition (F = 8.120, p = 0.010) and time point (F = 59.323, p < 0.001). Before stimulation, there was no significant difference in tapping score between the real TUS condition (82.2 ± 10.75 points) and sham TUS conditions (82.5 ± 10.8 points, t = −0.758, p = 0.458). Moreover, the tapping score after real TUS (90.4 ± 11.02 points) was significantly higher than that obtained after the sham TUS (86.1 ± 8.4 points, t = 3.556, p = 0.002) (Figure 2). Tapping score became significantly higher after stimulation compared to before stimulation in both real TUS conditions (t = 11.2, p < 0.001) and sham TUS (t = 3.153, p = 0.005).
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FIGURE 2
 The results of the tapping score under both stimulation conditions. *p < 0.05, **p < 0.01.




Motor evoked potential latency

A significant interaction effect was found between the condition and time point (F = 29.188, p < 0.001). No significantly main effect were found on condition (F = 1.314, p = 0.266) and time point (F = 0.869, p = 0.363). There was no significant difference in MEP latency before the stimulation between the real TUS condition (22.33 ± 1.32 ms) and sham TUS conditions (22.09 ± 1.30 ms, t = 1.295, p = 0.211). Moreover, the MEP latency after real TUS (21.85 ± 1.33 ms) was significantly shorter than those obtained after the sham TUS (22.42 ± 1.43 ms, t = −4.119, p < 0.001, Figure 3). MEPs became significantly shorter after stimulation compared to before stimulation in real TUS conditions (t = −7.889, p < 0.001), however they were longer under the sham TUS (t = 2.184, p = 0.042, Figure 3).


[image: Figure 3]
FIGURE 3
 The latency of motor evoked potentials (MEPs) under both stimulation conditions. *p < 0.05, **p < 0.01.




Motor evoked potential amplitude

Significant interaction effect was found between the condition and time point (F = 15.822, p < 0.001). No significant main effect were found on condition (F = 2.312, p = 0.145) and time point (F = 1.336, p = 0.262). Before stimulation, there was no significant difference in MEP amplitude between the real TUS condition (115.02 ± 21.7 μV) and the sham TUS condition (122.1 ± 24.23 μV, t = −2.012, p = 0.059). Moreover, the MEP amplitude after real TUS (132 ± 23.28 μV) was significantly higher than that obtained after the sham TUS (114.74 ± 25.5 μV, t = 3.193, p = 0.005, Figure 4). MEP amplitude significantly increased after stimulation compared to before stimulation in real TUS condition (t = 5.140, p < 0.001), however, there were no significant changes in MEP amplitude after stimulation on sham TUS condition (t = 1.111, p = 0.280, Figure 4).
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FIGURE 4
 The amplitude of the motor evoked potentials (MEPs) under both stimulation conditions. *p < 0.05, **p < 0.01.




Comparison of discomfort

There were no significant differences between the discomfort scores associated with real TUS 5(5,5) and sham TUS 5(5,5) stimulation conditions (z = 1.414, p = 0.157).




Discussion

Transcranial ultrasound stimulation (TUS) is a novel neuromodulation technique that has not yet been widely adopted in clinical practice (8, 13). In this study, TUS was used to stimulate the motor area of the brain in healthy adults, and it could enhance hand responsiveness, shorten the transmission time of MEPs, and enhance motor cortex excitability, indicating that low-frequency and low-intensity TUS has a positive effect on central excitability and hand function.

Some previous studies reported that TUS can regulate neuronal activity (8). The short-term neuronal activity involves inhibition or activation, while in the long term it may involve the reorganization of neural circuits (neuroplasticity), which could potentially improve brain function (7). A previous study has shown that transcranial-focused ultrasound increased cortical blood flow in the activated area of the motor cortex (27). Most researchers consider that the non-thermal effects of ultrasound play a role in the regulation of neuronal activity, including the opening of mechanically-gated ion channels and changes in membrane permeability caused by cavitation effects (13, 28). Due to the plasticity of the human cortex, low-intensity TUS can increase the excitability of the target brain circuit within a short time, suggesting that endogenous motor cortex activity can be enhanced by regulating excitability (29).

Our tapping score measurement included a comprehensive evaluation of speed and accuracy like the score calculation of archery. The results indicated that TUS could shorten the reaction time and improve the reaction ability of the hand by direct stimulation of the brain. Ichijo et al. found that low-intensity TUS improved the ability of mice affected by stroke to walk on a wire rope and navigate a maze. Few previous studies have focused on the effects of TUS on human behavior (30).

The results of this study show that the MEP latency was shortened, and the amplitude of the MEP was increased after TUS stimulation, suggesting that low-intensity TUS could enhance the excitability of the motor cortex. When TMS is applied to the primary motor cortex, corticospinal neurons are activated, and an MEP is generated in the target muscle (31). MEP latency reflects the conduction capacity of the corticospinal tract, and MEP amplitude can be used to determine changes in cortical excitability. In agreement with our results, Gibson et al. used diagnostic TUS applied to the cortical area for 2 min and found that the MEP amplitude was increased after stimulation (10). Using self-made ultrasound equipment, Legon et al. also showed that focused TUS (0.5 MHz, 6.16 W/cm2) can regulate central excitability (11). However, in their case, the MEP amplitude decreased after stimulation, suggesting inhibition of the motor cortex. These result differences may be related to the specific parameter setting of TUS. In the present study, we used non-focused ultrasound, while Legon et al. employed transcranial-focused ultrasound; also, the intensity we used was lower than that used in Legon's study. Nevertheless, both results provide evidence that TUS can regulate the excitability of the human motor cortex.

In the present study, VAS was used as a tool to monitor the discomfort of subjects, reflecting their subjective feelings about the treatment. Because the low-intensity TUS we used is commercially available and does not have any thermal effects, we expected the participants to not experience any noticeable sensation during the treatment session, and indeed there were no significant differences in the VAS scores between the two conditions. Liu et al. suggested based on animal experiments that the heat generated by low-intensity TUS is extremely weak, far below the temperature threshold capable of causing biological effects (32). This means that the local temperature in the target area may remain almost unchanged, and there is no danger of thermal damage to normal tissues (33). As a non-invasive form of brain stimulation, low-intensity TUS does not involve the opening of the blood–brain barrier, nor does it produce morphological changes in the brain (7), and therefore, it can be considered safe. During the course of our study, a single participant experienced mild dizziness after TUS treatment, which disappeared spontaneously within 5 min.

Our study has several limitations. First, we focused exclusively on the effect of a single TUS stimulus, even though it has a statistically significant difference in MEP latency between the real and sham conditions after stimulation, the changes in mean value were small. Further research is needed to determine the potential effects of a different stimulus schedule on excitability. Second, we observed the regulatory effect of TUS on the brains of healthy adults, and it is not clear whether the same changes would also occur in pathological conditions. Third, this study was restricted to the effects of TUS on hand motor function and central regulation, but the relevance of this effect to behavioral training remains unclear. Finally, the assessment method employed in this study is relatively limited, and therefore, it would be necessary to conduct further research on the impact of TUS on neural networks through methods involving neuroimaging in the future.

In conclusion, low-intensity TUS can improve hand motor function in healthy adults by shortening the latency of MEP and enhancing the excitability of the motor cortex.



Data availability statement

The data that support the findings of this study are available from the corresponding author upon reasonable request.



Ethics statement

The studies involving human participants were reviewed and approved by the Ethics Committee of Yue dong Hospital of the Third Affiliated Hospital of Sun Yat-sen University. The patients/participants provided their written informed consent to participate in this study.



Author contributions

Z-MT and F-BH: conceptualization. M-FZ and Z-MT: methodology. W-ZC: assessment. M-FZ: TUS operator and writing—original draft preparation. Z-YP: formal analysis and investigation. Z-MT: writing—review and editing and funding acquisition. All authors contributed to the study conception and design. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (Grant Number: 81401872).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Lefaucheur JP, André-Obadia N, Antal A, Ayache SS, Baeken C, Benninger DH, et al. Evidence-based guidelines on the therapeutic use of repetitive transcranial magnetic stimulation (rTMS). Clin Neurophysiol. (2014) 125:2150–206. doi: 10.1016/j.clinph.2014.05.021

 2. Wagner T, Valero-Cabre A, Pascual-Leone A. Noninvasive human brain stimulation. Annu Rev Biomed Eng. (2007) 9:527–65. doi: 10.1146/annurev.bioeng.9.061206.133100

 3. Lefaucheur JP, Aleman A, Baeken C, Benninger DH, Brunelin J, Di Lazzaro V, et al. Evidence-based guidelines on the therapeutic use of repetitive transcranial magnetic stimulation (rTMS): an update (2014-2018). Clin Neurophysiol. (2020) 131:474–528. doi: 10.1016/j.clinph.2019.11.002

 4. Bolognini N, Souza Carneiro MI, Russo C, Vallar G. Transcranial direct current stimulation in stroke rehabilitation: ready to move to randomized clinical trials and clinical practice? The issue of safety guidelines. Eur J Neurol. (2017) 24:e78. doi: 10.1111/ene.13396

 5. Folloni D, Verhagen L, Mars RB, Fouragnan E, Constans C, Aubry JF, et al. Manipulation of subcortical and deep cortical activity in the primate brain using transcranial focused ultrasound stimulation. Neuron. (2019) 101:1109–16.e1105. doi: 10.1016/j.neuron.2019.01.019

 6. Legon W, Sato TF, Opitz A, Mueller J, Barbour A, Williams A, et al. Transcranial focused ultrasound modulates the activity of primary somatosensory cortex in humans. Nat Neurosci. (2014) 17:322–9. doi: 10.1038/nn.3620

 7. Beisteiner R, Lozano AM. Transcranial ultrasound innovations ready for broad clinical application. Adv Sci. (2020) 7:2002026. doi: 10.1002/advs.202002026

 8. Kim T, Park C, Chhatbar PY, Feld J, Mac Grory B, Nam CS, et al. Effect of low intensity transcranial ultrasound stimulation on neuromodulation in animals and humans: an updated systematic review. Front Neurosci. (2021) 15:620863. doi: 10.3389/fnins.2021.620863

 9. Wang P, Zhang J, Yu J, Smith C, Feng W. Brain modulatory effects by low-intensity transcranial ultrasound stimulation (TUS): a systematic review on both animal and human studies. Front Neurosci. (2019) 13:696. doi: 10.3389/fnins.2019.00696

 10. Gibson BC, Sanguinetti JL, Badran BW, Yu AB, Klein EP, Abbott CC, et al. Increased excitability induced in the primary motor cortex by transcranial ultrasound stimulation. Front Neurol. (2018) 9:1007. doi: 10.3389/fneur.2018.01007

 11. Legon W, Bansal P, Tyshynsky R, Ai L, Mueller JK. Transcranial focused ultrasound neuromodulation of the human primary motor cortex. Sci Rep. (2018) 8:10007. doi: 10.1038/s41598-018-28320-1

 12. Fini M, Tyler WJ. Transcranial focused ultrasound: a new tool for non-invasive neuromodulation. Int Rev Psychiatry. (2017) 29:168–177. doi: 10.1080/09540261.2017.1302924

 13. Blackmore J, Shrivastava S, Sallet J, Butler CR, Cleveland RO. Ultrasound neuromodulation: a review of results, mechanisms and safety. Ultrasound Med Biol. (2019) 45:1509–36. doi: 10.1016/j.ultrasmedbio.2018.12.015

 14. Sanguinetti JL, Hameroff S, Smith EE, Sato T, Daft CMW, Tyler WJ, et al. Transcranial focused ultrasound to the right prefrontal cortex improves mood and alters functional connectivity in humans. Front Hum Neurosci. (2020) 14:52. doi: 10.3389/fnhum.2020.00052

 15. Yoon K, Lee W, Lee JE, Xu L, Croce P, Foley L, et al. Effects of sonication parameters on transcranial focused ultrasound brain stimulation in an ovine model. PLoS ONE. (2019) 14:e0224311. doi: 10.1371/journal.pone.0224311

 16. Kim HC, Lee W, Kunes J, Yoon K, Lee JE, Foley L, et al. Transcranial focused ultrasound modulates cortical and thalamic motor activity in awake sheep. Sci Rep. (2021) 11:19274. doi: 10.1038/s41598-021-98920-x

 17. di Biase L, Falato E, Di Lazzaro V. Transcranial focused ultrasound (tFUS) and transcranial unfocused ultrasound (tUS) neuromodulation: from theoretical principles to stimulation practices. Front Neurol. (2019) 10:549. doi: 10.3389/fneur.2019.00549

 18. Lee W, Chung YA, Jung Y, Song IU, Yoo SS. Simultaneous acoustic stimulation of human primary and secondary somatosensory cortices using transcranial focused ultrasound. BMC Neurosci. (2016) 17:68. doi: 10.1186/s12868-016-0303-6

 19. Tang ZM, Xuan CY, Li X, Dou ZL, Lan YJ, Wen HM. Effect of different pulse numbers of transcranial magnetic stimulation on motor cortex excitability: single-blind, randomized cross-over design. CNS Neurosci Ther. (2019) 25:1277–81. doi: 10.1111/cns.13248

 20. Hao G, Ting C, Xiaojuan X. Effects of transcranial ultrasonic-neuromuscular stimulation therapy combined with edaravone on mood disorders in patients with acute cerebral infarction (Chinese). Neural Injury Funct Reconst. (2020) 15:116–7. doi: 10.16780/j.cnki.sjssgncj.2020.02.015

 21. Rui H, Lili W. Effects of transcranial ultrasonic-neuromuscular stimulation on negative cognitive bias, neurological function and neurotransmitter levels in PSD patients (Chinese). Huaxia Med. (2022) 35:71–5. doi: 10.19296/j.cnki.1008-2409.2022-01-016

 22. Huihui W, Yana L, Ying X, Xiaoli L, Yutao J. Effects of motor imagery combined with transcranial ultrasound neuromuscular electrical stimulation on upper limb and daily living ability in patients with stroke (Chinese). J Mod Med Health. (2020) 36:1642–4. doi: 10.3969/j.issn.1009-5519.2020.11.012

 23. Masaharu, T,. Reaction Time Test Gamee [EB/OL]. Available online at: https://apps.apple.com/cn/app/reaction-time-test-gam/id1141314478?l=en (accessed June 28, 2021).

 24. Takamatsu Y, Koganemaru S, Watanabe T, Shibata S, Yukawa Y, Minakuchi M, et al. Transcranial static magnetic stimulation over the motor cortex can facilitate the contralateral cortical excitability in human. Sci Rep. (2021) 11:5370. doi: 10.1038/s41598-021-84823-4

 25. Davila-Perez P, Pascual-Leone A, Cudeiro J. Effects of transcranial static magnetic stimulation on motor cortex evaluated by different tms waveforms and current directions. Neuroscience. (2019) 413:22–30. doi: 10.1016/j.neuroscience.2019.05.065

 26. Sun ZG, Pi YL, Zhang J, Wang M, Zou J, Wu W. Effect of acupuncture at ST36 on motor cortical excitation and inhibition. Brain Behav. (2019) 9:e01370. doi: 10.1002/brb3.1370

 27. Ai L, Bansal P, Mueller JK, Legon W. Effects of transcranial focused ultrasound on human primary motor cortex using 7T fMRI: a pilot study. BMC Neurosci. (2018) 19:56. doi: 10.1186/s12868-018-0456-6

 28. Darrow DP. Focused ultrasound for neuromodulation. Neurotherapeutics. (2019) 16:88–99. doi: 10.1007/s13311-018-00691-3

 29. Yu K, Liu C, Niu X, He B. Transcranial focused ultrasound neuromodulation of voluntary movement-related cortical activity in humans. IEEE Trans Biomed Eng. (2021) 68:1923–31. doi: 10.1109/TBME.2020.3030892

 30. Ichijo S, Shindo T, Eguchi K, Monma Y, Nakata T, Morisue Y, et al. Low-intensity pulsed ultrasound therapy promotes recovery from stroke by enhancing angio-neurogenesis in mice in vivo. Sci Rep. (2021) 11:4958. doi: 10.1038/s41598-021-84473-6

 31. Ni Z, Udupa K, Hallett M, Chen R. Effects of deep brain stimulation on the primary motor cortex: insights from transcranial magnetic stimulation studies. Clin Neurophysiol. (2019) 130:558–67. doi: 10.1016/j.clinph.2018.10.020

 32. Liu L, Du J, Zheng T, Hu S, Dong Y, Du D, et al. Protective effect of low-intensity transcranial ultrasound stimulation after differing delay following an acute ischemic stroke. Brain Res Bull. (2019) 146:22–7. doi: 10.1016/j.brainresbull.2018.12.004

 33. Xie P, Zhou S, Wang X, Wang Y, Yuan Y. Effect of pulsed transcranial ultrasound stimulation at different number of tone-burst on cortico-muscular coupling. BMC Neurosci. (2018) 19:60. doi: 10.1186/s12868-018-0462-8







[image: image]


OPS/images/fneur-13-743649/fneur-13-743649-g001.gif





OPS/images/fneur-13-743649/fneur-13-743649-g002.gif
Change in tremor scores folowing MRGFUS.
thalamotomy

[P





OPS/images/fneur-13-743649/fneur-13-743649-g003.gif
IR ERRE]

Motor Weakness

—_—

s 85583

Sensory Deficts

R

on—





OPS/images/fneur-13-743649/fneur-13-743649-t001.jpg
Age (years)

Percentage males (%)

Essential tremor

Tremor-dorminant Parkinson's

Family history of tremor

Mean duration from diagnosis (years)
Laterality of Thalamotomy

Left

Right

FTM intention tremor at follow up (ET)

Preop Baseiine (1 = 149)
Day 1 (n = 148)

3 months (0 = 110)

1 year follow-up (n = 101)
2 year follow-up (1 = 49)
Treatment parameters
Skull density ratio

Lesion volume

75.0 4 7.50 (48-93)
68.0% (1 = 109)
98.75% (n = 160)
6.25% (1= 10)
68.75% (1= 110)
27.5 % 18.0 (2-70)

80.0% (0 = 128)
200% (1= 32)

Significant difference from preop
baseline (p < 0.0001)

3.39 % 0.60 (2-4)
029 +0.48 (0 - 2) (92.6%)
050 +0.95 (0 - 4) (87.2%)
0.66 = 1.08 (0 - 4) (83.1%)
087 % 0.90 (0-8) (78.0%)

0.48  0.08 (0.32-0.75)
335.45 + 174.4 mm-3





OPS/images/fneur-12-808810/fneur-12-808810-g003.gif





OPS/images/fneur-12-808810/fneur-12-808810-g004.gif





OPS/images/fneur-12-808810/fneur-12-808810-t001.jpg
Demographics
Patients (n)

Mean age, years (SD)

Sex ratio (M:F)

Skull parameters, mean

Skull density ratio (SD)

Skull thickness, mm (SD)

Skull surface area, cm? (SD)

Treatment characteristics, mean
Incident angle, 6, (SD)

Elements with incident angles <25° (SD)
Sonications (SD)

Sonication time, min, (SD)

Maximum average temperature, °C, (SD)
Maximum energy, kJ (SD)

Energy, kJ, to 50°C (SD)

mm, millmeters; min, minutes; SD, standard deviation; kJ, kicjoules; M, male; F; female; R, right; L, left

Thalamotomy

20
70.4(8.4)
155

0.54 (0.071)
6.1(1.1)
340.3(30.2)

127 (1.1)
982.4 219)
18.0(7.3)
110.4 (63.5)
56.7(2.2)
12.4(63)
5728

p-value: independent samples t-test. Mann-Whitney U test, or Pearson’s x2 coefficient.

Mann-Whitney U test, reflects comparison of populations, not means.

Pallidotomy

20
56.3(11.2)
137

055 (0.067)
6.4(1.1)
336.7 (22.9)

18.6(1.5)

7917 89.0)
15.8(3.0)

104.9 (26.1)
550 (2.1)
16.6(7.8)
10.9(65)

n/a
<0.001
0.490

0.584
0.327%
0.678

<0.001
<0.001
0.233
0.679
0.017
0.069
0.002





OPS/images/fneur-13-743649/crossmark.jpg
©

2

i

|





OPS/images/fneur-12-808810/fneur-12-808810-g001.gif





OPS/images/fneur-12-808810/fneur-12-808810-g002.gif
g 8 8

o

etont angie )





OPS/images/fneur-12-669449/fneur-12-669449-g004.gif
NSC 10 FoVimeusa

PR
il

Clisurgery g
l B R Torraes MSCdom  PHUSSC
o D1 Owie Omie O

POFUS nopEUS BFUS TX pRUS3X

5rus 9o

290

"
i
i

;






OPS/images/fneur-12-669449/fneur-12-669449-g005.gif
ot

19F MRI 19F MRI/MRI Overlay

Orthotopic tumor

No tumor (control)

. ‘I 24

MPI

MR






OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fneur-12-669449/fneur-12-669449-g006.gif
pracoical Studes
elvery & Trocking

., o
e

s e ool

e s

—- @

,m.....(.. o e o)






OPS/images/fneur-12-669449/crossmark.jpg
©

2

i

|





OPS/images/fneur-13-926027/fneur-13-926027-g001.gif
Sham TUS
‘Tapping Test [—| MEP MEP || Tapping Test [—{ VAS

Real TUS.

Tapping Test

CIGNON






OPS/images/fneur-12-669449/fneur-12-669449-g001.gif





OPS/images/fneur-13-926027/fneur-13-926027-g002.gif





OPS/images/fneur-12-669449/fneur-12-669449-g002.gif
N T
!

Miobusble _lject  Adin
‘ofection Gadolinkum of cals

(MR, PET, SPECT...)






OPS/images/fneur-13-926027/fneur-13-926027-g003.gif
26

0

Pre-stimulation

Sham





OPS/images/fneur-12-669449/fneur-12-669449-g003.gif





OPS/images/fneur-13-791092/fneur-13-791092-g002.gif





OPS/images/fneur-12-654711/fneur-12-654711-t004.jpg
Outcome variables Standard mean difference between No. of participants p-value Heterogeneity (12)

pre & postoperative score (95% CI) (studies)

Total CRST score (at 3 months) ~1.93 (-2.32t0 —1.54) 208 (9) <0.001* Moderate (33%)
Total CRST score (at 12 months) —2.12 (-2.57 10 ~1.67) 63(5) 0.002* Low (0%)

Hand score (at 3 months) —2.36 (~3.56 to ~1.15) 102 (4) 0.03* Moderate (67%)
Hand score (at 12 months) —2.35(-2.83to —1.86) 204 (8) 0.02* Moderate (57%)
CRST Part C score (at 8 months) —2.66 (~3.53t0 ~1.79) 104 (5) 008 Moderate (62%)
CRST Part C score (at 12 months) —2.57 (-3.33 to —1.80) 202 (7) 0.01* Moderate (64%)
QUEST score (at 3 months) —1.49 (~2.9310 ~0.04) 79) 0.13 Moderate (51%)
QUEST score (at 6 months) ~2.20 (~8.40 to —1.00) 58(4) 007 Moderate (57%)

Cl, confidence interval; NA, not applicable.
*Significant. Bold denote significant values.
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Sensory  Ataxia/gait

disturbance
ABCAB C

Atlas based targeting

Lipsman et al. (24) 2 1 NAO O NA

Elias et al. (25) 154 4105 0

Chang et al. (26) 00011 0

Gallay et al. (27) 00055 1

Elias et al. (47) 27 17 10 82 17
(Treatment group)

Elasetal. (47)(Sham 13 8 8 14 7
Crossover)

Chang et al. (48) NANA 1 NANA

Halpern et al. (49) NA NA 12 NA NA

Zaroor et al. (28)" 4
Schregimann etal. (29) 0
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v o
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Jung et al. (33) 000 1 1
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Boutet et al. (36) 12 5 NA 62 20
Park etal. (37) 110 1 1
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Kiishna et al. (44) (Post NA NA 56 NA NA
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Gallay et al. (45) 1117 5
Paff et al. (51) 00 o0 1 1
Fukatomeetal.(46) 1 1 1 1 1
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DTl based targeting

Chazen et al. (31) NANA NA NA NA
Krishna et al. (35) 01 0 4 3
Pineda-Pardoetal.(39) 4 4 4 7 7
Yang et al. (50) 000 0 0
Miler et al. (43) NANA NA NA NA

Buch etal. (52) NA NA NA NA NA
Total 4 5 4 11 10
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00 o
NA NA NA
NANA  NA
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Studies reporting zero complications are marked as “0.” Studies in which no complication deta was reported for respective time period are marked as “NA.”
A, immediate (during treatment to within 48h); B, short term (48 h—3 months); C, long term (persisting for more than 3 months). Period in brackets denotes time until when the complication persisted.
#Complications not mentioned separately for ET patients.
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DsC Tr- Tr- Tr- Tr- A- A- ATo H-F HTo F-To
A H F To H F

Ic Mean 0.8 0.74 0.63 0.47 0.83 0.7 0.49 068 048 0.49

Std 007 0.03 0.09 0.21 0.08 0.13 0.18 0.14 0.12 0.18

2 Mean 0.76 0.71 0.67 0.54 0.81 0.7 0.68 068 050 057

Std  0.09 0.09 0.13 0.21 0.09 0.14 0.20  0.10 0.21 0.20

The table shows the mean and standerd deviation (stc) of the Dice Similerity Coefficient
(DSC) of spatiel overlap of the fascicles projecting from the trunk (T, arm (A), hand (H),
face (F), and tongue (To) motor area displayedin Figure 2. Results show that the fascicles
predominantly overlap with & minimum DSC average of 0.47 in the internal capsule (IC)

and 0.50 in the zona incerta (Z)).





OPS/images/fneur-12-654711/fneur-12-654711-t006.jpg
Outcome variables

Immediate
Sensory

Motor

Ataxia

Speech & Swallowing
Short-term

Sensory

Motor

Ataxia

Speech and swallowing
Long-term

Sensory

Motor

Ataxia

Speech and swallowing

Cl, confidence interval.

Pooled proportion
(95% CI)

20% (12-31%)
10% (7-14%)

50% (44-56%)
7% (6-11%)

169% (11-23%)
6% (4-9%)
29% (22-38%)
4% (3-7%)

13% (7-23%)
5% (3-7%)
31% (24-38%)
5% (3-8%)

*Significant. Bold denote significant values.

No. of participants
(studies)

386 (18)
336 (18)
386 (18)
336 (18)

386 (18)
386 (18)
386 (18)
386 (18)

368 (16)
391 (17)
378 (16)
391 (17)

Heterogeneity (?)

High (72%)
Low (11%)
High (79%)
Moderate (33%)

Moderate (43%)
Low (0%)
Moderate (49%)
Low (0%)

High (76%)
Low (0%)
High (67%)
Low (0%)

p-value after subgroup analysis
(standard vs. DTI based targeting)

0.46
0.20
0.03*
0.47

0.93
0.46
0.95
0.96

0.88
0.86
0.09
0.77
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Adverse events 1-day

post-op
(n =160)
Motor weakness 14
(8.75%)
Face 5
(8.12%)
Limb 7
(437%)
Face and limb 2
(1.25%)
Dysarthria 30
(18.75%)
Sensory deficits 40
(Paresthesia/Numbness) ~ (25.0%)
Orofacial 27
(16.87%)
Orofacial and finger 10
(6.25%)
Fingers 3
(1.87%)
Gait imbalance ot
(66.87%)
Dysgeusia 1
(0.62%)
Dysmetria 18
(11.25%)
Headache 5
(8.12%)
Others 4
(hypotension/ (2.5%)

lightheadedness,
somnolence, new
onset LE tremor)

3-months
post-op
(n=116)

6
6.17%)

6
617%)

9
(7.75%)
28
(24.15%)
20
(17.25%)
5
(4.30%)
3
(2.5%)
30
(25.8%)
9
(7.75%)
12
(10.34%)

1-year
post-op
(n=105)

3
(2.85%)

(6.71%)
17
(162%)
11
(10.5%)

6
(6.71%)

15
(14.28%)
3
(2.85%)
7
(6.66%)

2-years
post-op
(n=51)

1
(2.0%)

(2.0%)
5
(100%)
1
(2.0%)
3
(6.0%)
1
(2.0%)
9
(17.5%)
2
(4.0%)
4
8.0%)
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Animal # Target Treatment cell Sonication Input power (W) Energy(J) ~ Maximum  Temperature  Zonel Zone ll Total

leg  diameter (mm) time (s) temperature (°C) difference (°C) volume (mm?) volume (mm?) volume (mm?)
1 Left 8 27 70 1,890 576 18.2 a1 140 181
1 Right 8 27 50 1,350 587 19.3 53 110 163
2 Left 8 27 110 2970 822 457 131 564 695
2 Right 8 27 0 2430 662 207 £ 340 433
3 Left 8 27 60 1,620 532 202 59 211 270
3 Right 4 20 80 1,600 56.4 26.4 20 81 101
4 Left 4 20 % 1,800 66.9 356 130 410 540
4 Right 8 27 100 2,700 642 336 274 290 564
5 Left 4 20 100 2,000 65.8 324 326 729 1,085
5 Right 4 20 110 2,200 776 446 392 948 1,340
6 Left 4 20 120 2,400 749 393 531 809 1,340
6 Right 4 20 130 2,600 112.7 773 430 1270 1,700
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Study design and highlights

1A administration and MRgFUS increased NSC engraftment into rat striatum and hippocampus. Safety and
reversibilty of the treatments were also demonstrated.

IV administration and MRGFUS improved delivery of NK92 cells in rat breast cancer brain metastasis modl. More
cells were delivered when administered prior to MRgFUS compared to afterward.

Follow-up study in this model demonstrated that enhanced cellular delivery translates to improved survival. Front
loading treatments compared to even temporal distribution also improved outcomes.

IV administration and MRGFUS improved delivery of dual labeled NPCs in rat brain. Magnetic targeting of SPION
labeled cells with external magnet improved retention of cells compared to non-labeled cels.

IV administration and FUS pretreatment in rat brain resulted in a 2-fold increase in MSC transplantation in the
lateral hippocampus. Improved delivery was apparently associated with increased expression of CAMs.

Low intensity, non-FUS improved MSC engraftment 2-fold in rat brain ischemia model. Enhanced engraftment
was associated with improved neurological outcomes.
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Jung et al. (33) 2 2 2 2 1 1 2 0 12
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*Score per criterion: 0, not reported; 1, reported but inadequate; 2, reported and adequate. Ideal global score for non-comparative study is 16.
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Subjects Age Gender Stimulation

methods
First Second
stimulus stimulus
1 20 M Sham Real TUS
TUS
2 21 M Real TUS Sham
TUS
3 21 M Real TUS Sham
TUS
4 2 M Sham Real TUS
TUS
5 2 w Real TUS Sham
TUS
6 29 M Real TUS Sham
TUS
7 43 w Sham Real TUS
TUS
8 29 w Real TUS Sham
TUS
9 2 M Sham Real TUS
TUS
10 46 w Real TUS Sham
TUS
1 3 M Real TUS Sham
TUS
12 2 w Sham Real TUS
TUS
13 51 w Real TUS ShamTUS
1 58 M Sham Real TUS
TUS
15 2 w Real TUS Sham
TUS
16 39 w Real TUS Sham
TUS
17 59 w Real TUS Sham
TUS
18 9 w Sham Real TUS
TUS
19 2 w Sham Real TUS
TUS
20 2 w Real TUS Sham
TUS

M, Men; W, Women.
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Age(yrs) Sex  Disease Tx side 24h Tremor score for Drop points (-) Percentage (%)  Drop points (-)  Percentage (%)

duration (yrs) treated body side improvement improvement
Lesion vol (mm?) At baseline* 1-mo-baseline At1-mo 3-mo-baseline At3-mo
PD 1 60 M 3 L 241 5 -3 60 -3 60
PD2 71 M 19 R 280 5 -3 60 -4 80
PD3 ] M 12 R 159 7 -3 43 -6 86
PD4 77 M 10 L 456 7 -3 43 -6 86
PDS 55 M 8 L 318 9 -6 67 -6 67
PD6 63 M 4 R 337 6 -4 67 -3 50
PD7 58 M 3 R 17 7 -5 71 -4 57
PD8 61 F 5 R 230 7 -2 67 -2 67

Mean 64 6.8 272 72 -31 46 -33 50.6
(£SD; range)  (+7; 53-77) (6;1-19) (£92.5; 117-456) (19;,5-11) (2.5 () 8-0] (£28;0-73) [£1.7;() 6-0] (+24.3,0-86)

*Scores are referrod to tremor sub-items (3.16.a, 3.16.2, 3.17., and 3.17.6) of the MDS-UPDRS motor part in off-drug. Yrs, years; Tx, treated; vol, volume; M, male; F, female; L, left; R right; 1-mo, 1 month after MRGFUS; 8-mo, 3
months after MRGFUS.
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Age (ysn)

Sex (male/fernale)
Disease duration (yrs)
TX side (UR)

24h

(lesion vol mm®)
Tremor score for
treated body side
(baseline)

Drop points ()

1 mo-baseline
Percentage (%)
improvement (1 mo)
Drop points ()
3mo - baseline
Percentage (%)
improvement

@ mo)

GR-PD

6413 +£7.34
il
8.00 + 5.55
3/5

267.25
106.64

6.63+1.30

~3.63 % 1.30

59.76 + 10.99

—4.2541.58

69.13 + 13.59

PR-PD

64.43 £7.34
6/1
5.57 £6.08
2/5

27729+
81.48

8.00+231

—2.57 £2.70

30.43 +

23.71

2294 1.38

2957 &
13.82

GR-PD vs.
PR-PD (unpaired
t-test)

t=0.0771
P =0.9397

t=0.8097
P =0.4333
t=0.2023
P=0.8428

t=1.4462
P=0.1718

t=09844
P =0.3429
t=13.1448
P =0.0077
t=25443
P =0.0245
t = 55800
P =0.0001

All values are expressed as Mean + SD. significant results are highlighted in bold.
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Main effect of MRgFUS treatment
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