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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.
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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).
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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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