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Introduction

FIGURE 9. A, photograph of the Leksell frame for HIFU treatment. B,
photograph of the Leksell ultrasound transducer (photograph courtesy of
Dan Leksell, Elekta Corp.).




Early Investigation of FUS
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Fry were able to identify a glioma and precisely lesion the desired target
(reproduced with permission from Focus Surgery, Inc., from Heimburger RF:
An encounter with stereotactic brain surgery. Neurosurgery 56:1367-1374,
2005 [22]).

FIGURE 6. A, schematic drawing of HIFU-mediated glioma treatment after
craniectomy, as described by Heimberger and Fry. US, ultrasound. B, pho-
tographs demonstrating how, using real-time imaging with b-mode ultra-
sound guidance (a device knotwn as the “candy machine”), Heimberger and

Jagannathan J, et. al. Neurosurg 2009



Current Status of MRgFUS Lesioing in the World

Essential tremor Phase Il

Parkinson's disease Phase |

Psychiatric disease Phase |

Pain syndrome Phase |
Epilepsy Phase |
Brain tumor Phase |

Tremor-dominant

Levodopa-induced
dyskinesia

Akinesia-dominant

Major depressive
disorder

Obsessive-compulsive
disorder

Neuropathic pain

Trigeminal neuropathic
pain

Secondary epilepsy due
to subcortical lesion

Generalized

Malignant

Benign

Unilateral Vim One phase Il trial published (NCTO1827904) other phase |l trials
currently being conducted (NCTQ1827904, NCT02289560) and
recruiting patients (NCT03253991)

Unilateral Vim Several trials published (NCT02252380™", NCT03300193'™,
NCT01772693')

Unilateral GPi Currently conducting trials and recruiting patients (NCT02347254,
NCT02003248, NCT02263885, NCT03319485)

Unilateral STN One phase | trial published (NCT02912871), currently conducting
trials (NCT02246374) and recruiting patients (NCT03454425)

Bilateral ALIC Case report published and recruiting patients (NCT03421574,
NCT02348417)

Bilateral ALIC One phase | trial published currently conducting trials
(NCT01986296) and recruiting patients (NCT03156335)

Central lateral One published™ and continuing to recruit patients
thalamic nucleus  (NCT03255395)

Bilateral medial ~ Currently recruiting patients (NCT03309813)
thalamic nucleus

Subcortical lesion  Currently recruiting patients (NCT02804230)

Anterior thalamic  Currently recruiting patients (NCT03417297)
nucleus

One study completed (NCT01698437) and now recruiting
patients (NCT01473485, CT00147056)

Centrally located ~ Now recruiting patients (NCT03028246)

Jung etal. JKMS (2019)



Brain MRgFUS at Yonsei Univ., Seoul, Korea

A Nov. 2011: Installation of mid-frequency device
A Sept. 2015: Installation of low-frequency device

A Oct. 2019: Installation of autofocusing apparatus

Thalamic VIM &
Geometr lcal Focus'




Chang WS, et al. Jf Neuro! Newrosurg Pgpchiatry 2015;86:257-264.

RESEARCH PAPER

Unilateral magnetic resonance guided focused
ultrasound thalamotomy for essentlal tremor:
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An International, Randomized, Controlled Trial of Focused

Ultrasound Thalamotomy for Essential Tremor
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2 year FU Results of MRgFUS Thalamotomy for ET

Hand tremor score ie Posture score
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A Prospective Trial of Magnetic
Resonance-Guided Focused Ultrasound

Score (mean + 95% CI)

Thalamotomy for Essential Tremor:
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O Results at the 2-Year Follow-up f
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4 years Qutcomes of ET MRgFUS at Yonsei Univ.

TABLE 1. Changes in each tremor score and the fixed effect of time

Baseline 6 Months 1 Year 2 Years 3 Years 4 Years Beta / P
Hand tremor score 17.4 + 3.8 5+ 3.3 5.3+ 34 6.9+ 5.9 7.5 £5.3 7.7+ 41 -1.04 0.013
Disability score 127+ 3.0 26+1.8 29+ 24 51+ 36 44433 47+ 3.0 -0.87 0.007
Postural score 2.7+ 11 0.4+ 09 0.3+ 09 0.7+14 0.7 14 0.8+ 15 -0.21 0.017

Action score 30+ 07 09+ 0.7 1+09 1.3+ 09 1.5+08 1.1+ 05 -0.21 0.006

“Linear mixed-model test.
Variables are expressed as mean + standard deviation.
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58.6% decrease 61.2% decrease

Park et al. Movement Disorders (2019)



4 years Outcomes of ET MRgFUS at Yonsel Univ.

Movement Disorders, 2019 RESEARCH ARTICLE

Four-Year Follow-Up Results of Magnetic Resonance-Guided
Focused Ultrasound Thalamotomy for Essential Tremor

Yong-Sook Park, MD, PhD," Na Young Jung, MD, PhD,? Young Cheol Na, MD, PhD® and Jin Woo Chang, MD, PhD**

'Dapartment of Neurosurgery, Chung-Ang University College of Medicine, Seoul, Korea
?Department of Neurosurgery, Brain Research Institute, Yonsei University College of Medicine, Seoul, Korea
3 Department of Neurosurgery, Catholic Kwandong University College of Medicine, International St Mary's Hospital, Incheon, Korea
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Comparison: ET Thalamic MRaFUS with DBS & RF lesion

RF DBS MRgFUS RF DBS MRgFUS
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Subjects with sucg#Ssful treat™ent Subjects with complications
RF (n = 17) DBS (n = 19) '\ MRgFUS (n = 23) RF (n = 17) DBS (n = 19) ﬁRgFus (n=2
1 month 17 (100%) 17 (89.5%) 21 (91.3%) 1 month 10 (58.8%) 1 (5.3%) 3 (13.0%)

12 months 12 (70.6%) 16 (84.2%) 18 (78.3%) 12 months 2(11.8%) 4 (21.1%) 1 (4.4%)

a \/ b \/

Fig. 1. Clinical outcomes. a Efficacy: there were no differences in terms of successful treatment (absence of or oc-
casional symptoms) between groups at both 1 and 12 months after surgery. b Complications: the radiofrequency
thalamotomy (RF) group showed a higher rate of complications. When modifiable complications from deep brain
stimulation (DBS) were excluded, there was no difference in the complication rate between the DBS and mag-
netic resonance-guided focused ultrasound surgery (MRgFUS) groups. Pre, before surgery.

Kim et al: Stereotact Funct Neurosurg (2017)



Comprehensive Neuropsychological Test for ET

6 Months follow up

K-MMSE

Attention

Digit span (forward)

Digit span (backward)

Digit span (forward -backward)
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28.73 (1.44)

6.67 (1.05)
4.20 (0.94)
2.47 (1.19)

28.47 (1.30)

6.47 (0.99)
4.07 (1.10)
2.40 (1.30)

0.305

0.490
0.729
0.839

Neurosurg Focus 44 (2)E8, 2018
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Verbal / Effects on cognition and quality of life with unilateral
magnetic resonance—guided focused ultrasound
thalamotomy for essential tremor
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Recognition

Frontal executive function
Contrasting program
Go-no-go test
COWAT:animal
COWAT:supermarket
Phonemic generative naming

Word stroop test

Color stroop test

20.40 (1.80)

19.93 (0.26)
19.33 (2.58)
15.73 (3.13)
14.80 (5.25)
22.87 (6.82)
111.53 (0.83)
83.80 (22.54)

21.53 (1.41)

20.00 (0.00)
18.73 (4.91)
15.13 (2.92)
15.73 (3.58)
23.33 (8.29)
111.80 (0.56)
82.33 (24.96)

0.011

0.317
0.655
0.398
0.378
0.798
0.046
0.459

as mean (standard deviation).

n of Mini Mental Status

of the Boston Naming Test;

Ire Test;

N.aYoungutg,m,ChmgKyusz,nD,WOnSeoku\mg,m,HymHo.hmg,ll).PhD,and ning Test:
Jin Woo Chang, MD, PhD '

| Word Association Test.

Degpartment of Newosurgery, Brain Research Institute, Yonsei University Colege of Medicine, Seoul, Republic of Korea

Jung et al: Neurosurg Focus (2018)



MRgFUS Pallidotomy e n g

Young Cheol Na, MD
Won Seok Chang, MD
Hyun Ho Jung, MD
Eun Jung Kweon, M3
Jin Woo Chang, MD,

Fhly

UNILATERAL MAGNETIC RESOMANCE-GUIDED
FOCUSED ULTRASOUND PALLIDOTOMY FOR
PARKINSOMN DISEASE

Unilareral pa"idum:ln_r has been acL::EJl:.-d as an effica-
cious treatment for Parkinson disease (PD) compared
with medical therapies.' Currently, magneric
resonance—guided focused  ultrasound (MRgFUS)
has been dev.-e]np:d a5 a :l'LiJL:il:l'La“y invasive nurgii_‘al
technique, generating precise thermal lesions in the
brain.** We report successful unilateral MRgFUS
Fa“i.duh‘:lu't_'r ina [:aliem with PD to control not -::-::]:,-
levodopa-induced dyskinesia bur alse cardinal motor
Sy proms.

This is a single observational study withour conrrols
{(._];!.\L"i IV l;""-'i.d.i:l::H:i:]. Deetails abour this :-ulud:,' are r-;"gi:\-
tered on Clinical Trials.gov (NCT02003248).

"
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Clinical/Scientific
Notes

Meurclogy B5 August 11, 2015

between anterior and posterior commissure, and
3—4 mm inferior to intercommissural line. While 2
lesions were made during thalamotomy,* we tried to
make 3 lesions cover the whole globus pallidus in-
terna. The maximum temperature achieved was
59°C and the maximum ablated tissue volume
was approximately 320 mm?® in total. During soni-
cations, the patient was examined to assess improve-
ments in  rigidicy,

along with speech and

[J t]tﬁh }J}IE[]-E.\:.

Results. UPDRS part I score was reduced from 5 to
3 (40% reduction) at 1 week, with values of 1, 1, and
1 at 1, 3, and 6 months, respectively. UPDRS pare 11
score was reduced from 21 o 5 (76% reduction) at
1 week, with values of 4, 4, and 9 ar 1, 3, and 6
months, respectively. UPDRS parnt Il score for

Lol

1 day after MRgFUS Lesioning

Na et al : Neurology (2015)

O ) hmrn




MRgFUS Pallidotomy enq O qj) hmr n

UPDRS Il on/off
Before on/off : 10/31
After 1wk on/off : 5/12
After Imon on/off: 6/12
After 3mons on/off : 5/13

Part IV (A-23,24,25)
Before : 3-3-2

After 1wk :1-0-0

After Imon :1-1-1

After 3mons : 1-0-0

Total UDysRS score
Before : 47

After 1wk : 22

After Imon : 26

After 3mons : 18

1 Month after MRgFUS (off and on medication)



Results R UPDRS part W/

Jung et al : J Neurosurg, 2018

UPDRS Part IV

18
16
14
12
10
8
6
4
2 @ @
0
Pre-op 1 week 1 month 3 months 6 months 1 year
=4¢—Casel 17 4 5 4 4 4
=i—Case3 10 4 5 4 6 4
== Cased 10 5 5 4 3 4
=>¢=Caseb 11 4 3 5 5 6
== Caseb 12 3 5 8 9 10
=0-—Case8 7 3 4 2 2
enfise\ean 11.2 3.8 4.5 4.5 4.8

C Mean 55.4% reduction




Surgeries for Psychiatric lliness

Yonsei experience

Molecular Psychiatry (2014), 1-7 @

Bilateral Anterior Cingulotomy for © 2014 Macmillan Publishers Limited  All rights reserved 1359-4184/14

Refractory Obsessive-Compulsive www.nature.com/mp
Disord ;

ORIGINAL ARTICLE

Bilateral thermal capsulotomy with MR-guided focused
ultrasound for patients with treatment-refractory
obsessive-compulsive disorder: a proof-of-concept study

HH Jung‘, S) Kim? D Roh?, JG Changz, WS Chang‘, EJ Kweon', C-H Kim? and JW Chang'

Hyun Ho Jung
Sang Sup Chu|

Departments of 2N{
Institute, Yonsei Un|

Brief report

Long-te
obsessivg o o P _
Despite optimal phamacotherapy and cognitive-behavioral treatments, a proportion of patients with obsessive-compulsive
disorder (OCD) remain refractory to treatment. Neurosurgical ablative or nondestructive stimulation procedures to treat these
refractory patients have been investigated. However, despite the potential benefits of these surgical procedures, patients show
significant surgery-related complications. This preliminary study investigated the use of bilateral thermal capsulotomy for patients
with treatment-refractory OCD using magnetic resonance-guided focused ultrasound (MRgFUS) as a novel, minimally invasive, non-
cranium-opening surgical technigue. Between February and May 2013, four patients with medically refractory OCD were treated
with MRgFUS to ablate the anterior limb of the internal capsule. Patients underwent comprehensive neuropsychological
evaluations and imaging at baseline, 1 week, 1 month and 6 months following treatment. Qutcomes were measured with the Yale-
Brown Obsessive-Compulsive Scale (Y-BOCS), the Hamilton Rating Scale for Depression (HAM-D) and the Hamilton Rating Scale for
Anxiety (HAM-A), and treatment-related adverse events were evaluated. The results showed gradual improvements in Y-BOCS
scores (a mean improvement of 33%) over the 6-month follow-up period, and all patients showed almost immediate and sustained
improvements in depression (a mean reduction of 61.1%) and anxiety (a mean reduction of 69.4%). No patients demonstrated any
side effects (physical or neuropsychological) in relation to the procedure. In addition, there were no significant differences found in

Combi|
B ! . the comprehensive neuropsychological test scores between the baseline and 6-month time points. This study demonstrates that
Ventral capsule/ventral striatum deep braln bilateral thermal capsulotomy with MRgFUS can be used without inducing side effects to treat patients with medically refractory

Stimulatior] f()r refractory OCD. If larger trials validate the safety, effectiveness and long-term durability of this new approach, this procedure could
. . . . . considerably change the clinical management of treatment-refractory OCD.

obsessive-compulsive disorder with major

depression: Do combined procedures have a

long-term benefit?'

Daeyoung

Molecular Psychiatry advance online publication, 25 November 2014; doi10.1038/mp.2014.154

Won Seok Chang®, Daeyoung Roh®, Chan-Hyung Kim™* and Jin Woo Chang®*
ADepartment of Neurosurgery, Brain Research Institute, Yonsei University College of Medicine, Seoul, Korea
“Dvpﬂr‘nm’m of Psvchiatry, Yonsei University College of Medicine, Seoul, Korea




World 1 st Patient of MRgFUS for OCD

(00 Song M/25)

Treatment date: 02 -March-2013

6 months after MRgFUS



2 Year Follow Up Outcomes
- MRgFUS for OCD -

Table 1. Demographic and Clinical Characteristics at Baseline+

Pt + Sex/Ages c ) Psychiatric Tliness/Treatment Cis - e -
No.o (¥° Primary OCD symptoms+ Comorbiditye duration (yr)* Current Medications+ Previously Failed Medications+
. . e, . Major depressive . Escitalopram 40 mg, Valproic acid 250 mg# Fluoxetme 60 mg Paroxetine 60 mg
24 ! 3y
1o Mizd4e Contamination fear/ washing/ counting® disorder< H5e Alprazolam 0.25 mg« Clomipramine 100 mg, Risperidons 3 mg+
- - q q Fluoxetme 80 mg, Sertralme 200 mg
20 M29¢  Contamination fear/ washinge Ob:);s;i‘"‘ “ﬂf’:}“‘c 17/11¢ gﬂ“”_‘%‘]’lf;{?[fg; Fem Al Quetiapine 300 mg Asipiprazole 15 mg
per ty Spr & Escitalopram 40 mg, Clomipramine 150 mg+
: : : Escitalopram 20 mg, Sertraline 300 mg
- L . - Sertraline 200 mg, Clomipramine 100 mg+ : . -
30 Mo Aggressive obsession/ washing Major depressive 13/8¢ Aripiprazole 15 mg, Risperidone 10 mg+ Fluoxetine 80 mg, Venlafaxine XR 150 mg
counting+ disorder< Olanzanine 5 mze Quetiapine 800 mg, Risperidone 4 mg
P s Aripiprazole 15 me. Palliperidone 9 mgo
Maior denressive Clomipramine 125 mg, Paroxetme 40 mg
42 Fi44e Pathologic doubt/ checking+ "aor depr 24/19¢ Fluoxetine 80 mg, Olanzapine 10 mg+ Fluoxetme 80 mg, Escitalopram 30 mg
disorders L - .
Aripiprazole 15 mg, Olanzapine 20 mg «
i . - . - Fluoxetme 80 mg Clomipramine 100 mg
-
50 F/3Te Contamination fear/ washinge Minor depressione 10/80 Fluvoxamine 150 mg, Venlafaxine XR 75 mge' ¢y 00w orine 300 mg. Venlafaxine XR 112.5
Chlorpromazine 50mg, Clonazepam 0.5 mg+ o
mg. Aripiprazole 10 mg#
Fluoxetine 180 mg, Sertralme 100 mg+'
6o M34e Sexual obsession' pathologic doubt/ Nomee 15/13¢ Risperidone 7 mg, Aripiprazole 10 mg+ Sertraline 300 mg Fluoxetne, 80 mg
checking/ reassurance seeking+ ' Alprazolam 0.75 mg, Clonazepam (0.5 mg+ Clomipramine 125 mg, Olanzapine 10 mg+
Propranolol 40 mg, Trihexine 4 mg+~
g{zscctisgf ;;ﬁ;sz%if_iﬁ?}r or Escitalopram 70 mg, Risperidone 3 mg+ Fluoxetme 80 mg, Paroxetine 60 mg
. ;e ; ) Schizotypal personality : Lorazepam 1 mg, Clonazepam 1 mg+ Sertraline 300 mg Venlafaxme XR 150 mg
Te M/3Te thought & image/ obsesston for : 16/8¢ Z . : g = _
. . = P - traitse Alprazolam 0.25 mg, Benztropine 2 mg+ Clomipramine 150 mg, Haloperidol 10 mg
mistake/ repeating/ checking/ ordering . y R
countinge Propranolol 60 mg, Diazepam 4 mg+ Risperidone dmg, , ¢
Contamination fear/ obsession of Escitalopram 30 mg, Sertraline 100 mg+ Clomipramine 100 mg, Escitalopram 60 mg
ER F26¢ certain number/ washing/ counting/ None~ 13/10# Risperidone 4 mg, Imipramine 50 mg+ Venlafaxine XR 225 mg. Risperidone 4 mg
checking+ Clonazepam 0.5 mg, Trhexime 2 mgs Aripiprazole 15 mg+
Aggressive obsession, obsession of . . .
e S . ; . Fluoxetme 80 mg, Escitalopram 30 mg
9s Fr40e r%spon_mbi_ht}a-:-_:rnt;mmatt!_o n Nonee 22/200 iil;zt_aloprafn:l 0 mgéfluoxetme g[]ngdd Clomipramine 125 mg, Sertralme 200 mg
irass';sii;g undoing/ repeating ipiprazole 5 mg. Clonazepam (.5 mg Olanzapine 20 mg, Bronanserin 4 mg ¢
100 Fi420 Contamination fear/ mistake/ washing/ Nomes 11/10¢ Sertraline 300 mg, Escitalopram 10mg- Clomipramine 100 mg Fhlioxetine 80 mg
: checking+ ; Clomipramine 100 mg, Risperidone 4 mg+ Ziprasidone 100 mg, Sertraline 200 mg, +
i iv ine 2 i 2 i ne 2
1Le F23e Contamination fear/ washinge Major depressive 0/60 Sertraline 200 mg, Escitalopram 20 mg+ Paroxetine 60 mg, Sertralme 200 mg

disorder«

Risperidone 4 mg, Procyclidine 5 mg+

Risperidone 3 mg, Clomipramime 100 mg+

The table shows the individual’s sex, age, primary obsessive-compulsive symptoms, comorbidity, illness duration, and current medications at baseline. Pt. denotes patient, No. number, M male, OCDf

obsessive-compulsive disorder, vr year.

Kimetal: J Psychiat & Neurosci (2018)



2 Year Follow Up Outcomes

- MRgFUS for OCD -

Table 1: Classification of treatment response for obsessive—compulsive, depressive and anxiety symptoms

Treatment response Definition

Obsessive-compulsive

Responder ¥-BOCS reduction = 35% relative to the baseline score + CGI-1 1 (very much improved) or 2 (much improved)
Partial responder Y-BOCS reduction 25%—-35% + CGI-l = 3 (minimally improved)
Remission Y-BOCS < 12 + CGI-S 1 (normal, not at all ill) or 2 (borderline mentally ill) = 1 week
Depressive
Responder HAM-A reduction = 50% relative to the baseline score
Remission HAM-A <7
Anxiety
Responder HAM-D reduction = 50% relative to the baseline score
Remission HAM-D <7

CGl-l = Clinical Global Impression-Improvement; CGI-S = Clinical Global Impression—Severity; HAM-A = Hamilton Rating Scale for Anxiety; HAM-D = Hamiltien Rating Scale
for Depression; Y-BOCS = Yale—-Brown Obsessive Compulsive Scale.

Kimetal: J Psychiat & Neurosci (2018)



2 Year Follow Up Outcomes

- MRgFUS for OCD -

A Y-BOCS B HAM-D

Y-BOCS

At 24 months, 6 (54.5%) patients were
responders, 2 (18.1%) were partial responders
and 1 (9.1%) had achieved full remission.

HAM -D
At 24 months, 7 (63.6%) patients were
responders and 6 (54.5%) were in remission.

HAM -A

At 24 months, 8 (72.7%) patients were
responders and 7 (63.6%) were in remission.

Kimetal: J Psychiat & Neurosci (2018)



2 Year Follow Up Outcomes

- MRgFUS for OCD -
Adverse effects:

The most common adverse event during the procedure was
headache & dizziness.

No significant physical adverse events (such as fatigue, urinary
incontinence or seizure) or behavioural changes (such as hypomania,
personality changes, emotional blunting, indifference or carelessness),
which were reported in previous RF or Gamma capsulotomy studies.

We observed no significant changes in weight during the 24  -month
follow -up period.

( Weight mean + SD Kg; 66.3 £ 11.5 kg at baseline, 67.2 £ 11.7 kg at 6 months,
66.0 + 10.6 kg at 12 months, and 66.2 + 11.8 kg at 24 months ;
F100=0.3, P = 0.812 )

Kimetal: J Psychiat & Neurosci (2018)



Bilateral ALIC MRgFUS for Depression

A Inclusion Criteria of  Major Depressive Disorder

1.
2.

3.

Men and women, between 20 and 65 years, inclusive

Diagnosed with nonpsychotic major depressive disorder, single or recurrent episode by
DSM-IV-TR Diagnosis of Diagnostic and Statistical Manual of Mental Disorder fourth
edition(DSM-1V) MDD as confirmed from clinical history and examination by psychiatrist.

Subjects who are able and willing to give consent and able to attend all study visits

A Proof of Refractoriness

1.

Depression refractory to adequate trials of medication (Persistence of the  major depressive
episode to a minimum of 3 adequate depression treatments from at least 3 different

treatment categories - SSRIs, TCAs, other antidepressants, lithium addition, irreversible
MAO inhibitor, etc

Documented resistance to ECT (at least 6 sessions or <6 treatments if there is clear evidence
of inability to tolerate more, or refused, or withdrew consent after ECT was recommended

A Proof of Chronicity

1.
2.

More than 5 years after the first episode of MDD

Current episode of >24 mo duration &/or recurrent illness with at least a total of 4
lifetime episodes.

A Proof of Severity

1.
2.

HAMD-16 score > 20

Global Assessment of Function Score <50




Treatment of major depressive disorder via magnetic resonance—guided focused

ultrasound surgery

Minsoo Kim, MD, Chan-Hyung Kim, MD, PhD, Hyun Ho Jung, MD, PhD, Se Joo Kim, a

MD, PhD, Jin Woo Chang, MD, PhD

Pll: S0006-3223(17)31578-0
DOI: 10.1016/j.biopsych.2017.05.008
Reference: BPS 13202
SDR
Disease
Sex/fage R . . Baseline Baseline Baseline
Ptno. | = ean duration Current medication HAM-D BDI GAF
(year)
STD Bone
1 F/536 19 0.41 paroxetine 30mg, etizelam 0.5mg 26 26 40
mirtazapine 13mg, lamotrigine 300mg, aripiprazole 3mg, clotiaze
2 M/B2 11 0.61 0.68 pam 10mg, clonazepam 0.23mg, diazepam 1mg, 23 22 45
propranclol 40mg
3 M,48 13 0.47 054 venlafaxine 150mg, Iljch|urr1_ 600mg, alprazolam 1mg, 30 15 49
clomipramine 20mg
4 F/a1 - 0.50 0.60 venlafaxine 150mg, sertraline 200mg, quetiapine 300mg, trazodo a5 Ap 15
ne 30mg, propranclol 40mg

HAM-D, Hamilton Depression Scale; BDI, Beck Depression inventory; GAF, Global Assessment of Functioning




Bilateral Thermal Lesioning of ALIC MRgFUS for Depression

HAM -D BDI

—&¢— Patient 1 ——Patient 2 =& Patient 3 Patient 1 Patient 2 Patient 3

== Patient 4 esis\|ean Patient 4 mean
30 >0 75.7% i t at
83.0% improvementat 4 7% Improvement &
25 . . 12month time point
12month time point
20 30
15 20
10
5 10
0 0
BASELINE 1WEEK 1MONTH 6MONTH 12MONTH BASELINE 1WEEK 1MONTH 6MONTH 12MONTH
GAF
All four patients were responded to treatment.
—&—Patient 1 —l—Patient 2 —A—Patient 3
(HAM-D total score reduced more than 50% at
== Patient 4 ess=|\ean : :
Significant functional the last time point)
100 improvement
80 _ ;
o All four patients reached HAM-D (O at the last
time point (Remission)
40
20
0

BASELINE IMONTH 6MONTH 12MONTH ) )
Chang et al: Bipolar Disorders: accepted



Side Effects of RF/GKS Capsulotomy

( Areview of the literature)

TABLE 5. Details of adverse events by paper*

Paper Topic & Authors

Adverse Events

AC

Sheehan et al_, 2013

Mo adverse events noted.

D'Astous et al_, 2013

Reoperations (2; small lesion size). Temporary: asymptomatic hemorrhage (3). frontal syndrome (5), urinary incontinence (1),
pneumonia (1), UTI (1), DVT (3). Long-term: hemiplegia {1—periop hemorrhage), cognitive deficit (1).

Kondziolka et al., 2011

Patient 2 noted some impulsivity & perseveration. Neuropsychological test resuits were normal.

Gouvea etal_, 2010

Worsening scores on tests of executive function but no negative impact on life.

Csigd et al., 2010

Temporary: incontinence (2), periorbital tumescence (2), depressive state (1), anxiety (1), somnolence (1). Long-term:
increased appetite—/-kg weight gain in 12 mos (2). Improvement of scores in majority of neuropsychological tests.

Lopes et al., 2009

Multiple neurological, psychiatric, & general medical adverse effects according to the SAFTEE scale listed for patients dur-
ing entire length of FU. Most events short-lived. Long-term: significant weight gain (1), tinnitus (1), facial paresthesia (1).
Temporary: migraines (1), throat swelling (1). No formal neuropsychological testing noted.

Rick et al_, 2008

All patients: attempted suicide (6), actual suicide (1)—first suicide attempt in 4 of 7 patients. Weight gain: preop weight 68 kg;
postop weight 76 kg at 1-yr FU. Long-term mean weight was 8.1 kg (22). WCST scores ranged from 41 preop to 31 postop
(7).

RF- Long-term: sexual disinhibition (1), brain edema (apathy, incontinence, seizures) (1), radiation necrosis (apathy, memory
problems) (1).

GKS: Long-term: severe sexual dysfunction (1), urinary incontinence (1).

Liuetal, 2008

Intracerebral hematoma requiring ventricular drainage (1). Long-term: personality change—apathy/abulia (2). Temporary:
urinary incontinence for 3-5 days (3), transient postop cognitive changes for up to 10 days (9).

Oliver et al_, 2003

Temporary: hallucinations (1), seizures (1). Long-term: behavior change (1). No change in neuropsychological test results.

Christensen et al_, 2002

Temporary: lethargy (2). No formal neuropsychological testing.

J Neurosurg Volume 122 « May 2015



Target Accuracy of MRgFUS ?

Safety and accuracy of incisionless transcranial
MR-guided focused ultrasound functional neurosurgery:
single-center experience with 253 targets in 180
treatments

Marc N. Gallay, MD, David Moser, BSc, and Daniel Jeanmonod, MD
Sonimodul Center for Ultrasound Functional Neurosurgery, Solothurn, Switzerland

OBJECTIVE Since the first clinical application of the incisionless magnetic resonance—guided focused ultrasound
(MRgFUS) technology only small series of patients have been reported, and thus only extrapolations of the procedure-
related risks could be offered. In this study, the authors analyze side-effects and targeting accuracy in 180 consecutive
treatments with MRgFUS for chronic therapy-resistant idiopathic Parkinson's disease (PD), essential tremaor (ET), cer-
ebellar tremor (CT), and neuropathic pain (NF), all performed in their dedicated center.

METHODS A fotal of 180 treatments with MRgFUS for chronic therapy-resistant idiopathic PD, ET, CT, and NP were
prospectively assessed for side-effects and targeting accuracy. Monitoring for later side-effects was continued for at
least 3 months after the procedure in all but 1 case (0.6%); in that single case, the patient was lost to follow-up after an
uneventful early postoperative course. The surgical targets were the pallidothalamic tract (pallidothalamic tractotomy, n =
105), the cerebellothalamic fract (cerebellothalamic tractotomy, n = 50), the cenfral lateral nucleus (central lateral thala-

maotomv n = 841 the cenfrum medianum (centrum medianum thalametomy n = 121 and the alobus nallidus (pallidotomy
RESULTS The mean MoCA score was slightly improved 2 days postoperatively (p = 0.002) and remained stable at
1-year follow-up (p = 0.03). The mean MMSE score was also slightly improved 2 days postoperatively and at 1-year
follow-up, but the improvement was not statistically significant (p = 0.06 and p = 0.2, respectively). The mean (+ SD)
accuracy was 0.32 £ 0.29 mm, 0.29 £ 0.28 mm, and 0.44 = 0.39 mm for the mediolateral, anteroposterior, and dorso-
ventral dimensions, respectively. The mean JD accuracy was U./3 £ 0.3Y mm. As 1o side-effects, 14 events over 16U
treatments were documented. 1 hey were classiied Into procedure-related (n = 4, 2.2%), effect on neighboring structures
(n=3, 1.7%), and disease-related (n = 7, 3.9%). There was no bleeding.

I I I U S R 1A LR A 1R A L ST B I AT P e s 4§ SR L1 1 S Ly L A s
side-effect profile than techniques requinng cerebral penetration. In the absence of penetration brain shift, this technique
avoids the placement of a thermolesion away from the chosen target, thus suppressing the need for reversible therapeutic
energy application. With the use of proper physiopathology-based targets, definitive therapeutic effects can be coupled with
sparing of sensory, mofor, and paralimbic/multimodal thalamocartical functions. Clinical efficacy, not analyzed in this investi-
gation, will ulfimately rest in proper target selection and optimized thermolesional coverage of the target.

hitps:fithejns.org/doifabs/10.3171/201712.JNS172054

KEYWORDS safety; accuracy, Parkinson's disease; essential fremor; chronic neuropathic/neurogenic pain;
pallidothalamic tractotomy; cerebellathalamic tractotomy; central lateral thalamc
stereotactic functional neurosurgery; MRgFUS

J Neurosurg May 25, 2018



Best Surgical Method for MD or Psychiatric Disorders ?

Proper selection of surgical candidates

MRgFUS Lesioning

Safety & efficacy


https://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi-5aTymIrVAhVGNbwKHd7KALgQjRwIBw&url=https://www.elekta.com/radiosurgery/leksell-gamma-knife-perfexion/&psig=AFQjCNHyCa8hLAc9KdxUWj-j0sfB23O8yw&ust=1500170535752589

Factors Related with Successful
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Factors Related with Successful MRgFUS

A Energy absorption, reflection, attenuation
A barrier for ultrasonic energy transmission

A Rjtkk cdmrhsx q°

shns

at skull,

mc SRjtkk unkHi

Considerable factors for trans -cranial ultrasonic energy transmission

JNS

J Newrosueg 124 411416, 2016

Factors associated with successful magnetic
resonance—guided focused ultrasound treatment:
efficiency of acoustic energy delivery through the skull

Won Seok Chang, MD." Hyun Ho Jung, MD,' Eyal Zadicario, MSc,? Itay Rachmilevitch, BSc ?
Tal Tlusty, BSc,? Shuki Vitek, PhD,? and Jin Woo Chang, MD, PhD'

Vepartment of Neurosurgery, Bramn Research Instiute, Yonses Uneversity College of Medicne, Seoul, Korea, and “nSightec
Lad, Tirat Camed, lscael

Chang et al. J Neurosurg (2016)



Factors Related with Successful MRgFUS

SDR> 0.4
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Factors Related with Successful MRgFUS

A total of 318 ET patients (Male : Female = 87 : 231) Mean age: 66.65 + 9.95 years

Skull Factors Affecting Outcomes
of Magnetic Resonance-Guided Focused Ultrasound
for Patients with Essential Tremor

Kyung Won Chang', Yong-Sook Park®, and Jin Woo Chang

Department of Neurosurgery, Brain Research Institute, "onsei University College of Medicine,
*Chung-Ang University College of Medicine, Seoul, Korea.

Purpose: Magnetic resonance-guided focused ulirasound (MRgFUS) thalamotomy has become a standard treatment for medi-
cally intractable essential tremor (ET). Skull density ratio (SDR) and skull volume in patients with ET are currently considered
useful indicators of the successful application of MRgFUS. We compared the clinical outcomes of MRgFUS thalamotomy with
SDHR above (1.4 and 0.45. We also described patterns of SDR and skull volume in Korean patients with ET who were eligible to be
screened for MEgFUS,

Materials and Methods: In screening 318 ET patients, we evaluated patterns of skull density and skull volume according o age
and sex. Fifty patients with ET were treated with MRgFUS. We investigated the effects of SDR and skull volume on treatment pa-
rameters and the oulcomes of ET

Resulis: The mean SDR of the 318 ET patients was 0.45+0.11, and that for skull volume was 315.74+40.95 cm®. The male patienis
had a higher SDR than female patients (jp=0.047). Skull volume significantly decreased with aging. SDR and skull volume exhibit-
ed a linear negative relationship. Among therapeutic parameters, maximal temperature was positively related o SDR, while soni-
cation number was not related to either SDR or skull volume. Tremor outcome was also not related to SDR or skull volume.
Conclusion: SDR varied widely from 0.11 to 0.73, and men had a higher SDR. Therapeutic parameters and clinical outcomes
were nol affected by SDR or skull volume.

Key Words: Essential tremor, magnetic resonance-guided focused ultrasound, MBgFUS, skull density ratio, skull volumse

iaie 431 (1£.90) 00 (£5.0) 10D (7L1.4)
Age 66.8 + 10.9 66.6 + 9.5 0.86
Skull volume (cm ®) 327 + 42.4 310.5 + 39.2 <0.001



Other Factors Related with Successful MRgFUS ?
INS e

ET PD

The efficacy and limits of magnetic resonance-guided
focused ultrasound pallidotomy for Parkinson’s disease:
a Phase I clinical trial

Na Young Jung, MD,' Chang Kyu Park, MD,* Minsoo Kim, MD,' Phil Hyu Lee, MD, PhD,2
Young Ho Sohn, MD, PhD,? and Jin Woo Chang, MD, PhD*

Departments of 'Neurosurgery and Neurclogy, Brain Research Insitule, Yonset University College of Medicine, Seoul, and
*Department of Neurosurgery, Kyung Hee Unnversity College of Mediane, Seoul, Republic of Korea

# Incidence angle of ultrasonic ray
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Non -embalmed Cadaver Skull Experiment

Measurement Protocol

Distance between holes in
placement frame is 1cm

D4 is the center

A3, for instance, models a
target 3cm right and 1cm
anterior from center
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Motoric
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Jung et al.. J Korean Neurosurg Soc : 2019



Incidence Angle with Mid-Freguencx Device
. |skulexperiment |Cimicalresuts

Number of participants 5 cadaver skulls 46 patients

- Mean age of 51.4years (21 -75 years)

Clinical Article

J Korean Neurozurg Soc 2019 May 30. [Epub ahead of Print] ~
https://doi.org/10.3340/jkns.2018.0226 pISSN 2005-3711 eISSN 1598-7876

Factors Related to Successful Energy Transmission of
Focused Ultrasound through a Skull : A Study in Human
D4:cen Cadavers and Ilts Comparison with Clinical Experiences

Na Young Jung, M.D_, Ph.D.,' Itay Rachmilevitch, B.Sc.,? Ohad Sibiger, B.Sc.,? Talia Amar, B.Sc.,” Eyal Zadicario, Ph.D.,}
A 1
) Jin Woo Chang, M.D., Ph.D.
A3: late

Department of Neurosurgery,” Brain Research Institute, Yonsei University College of Medicine, Seoul, Korea

InSightec Ltd,* Tirat Carmel, Israel _gl(-:o
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Considering that incidence beam angles within 25 degrees are efficient for transmission through the skull, as the

target location moves further from the center, fewer cumulative elements can be used for successful sonication

Jung et al.. J Korean Neurosurg Soc : 2019



Optimal Lesion Volume ?

REVIEW

Functional lesional neurosurgery for tremor: back to

the future?

Sebastian R Schreglmann,1'2 Joachim K Krauss,” Jin Woo Chang,* Ernst Martin, >
Beat Werner,” Ronald Bauer,® Stefan Hagele-Link," Kailash P Bhatia,’ Georg Ké‘:’ugi1

24-72h 1 Month 6 Months 12 Months (+)
Radiofrequency g, 100%
75% ° - 5%
50% 50%
25% 25%
; i o
Yolume Peak lesion size (100%) Lesion shrinkage Lesion shnnt:ﬁz‘:)cappmx. 0% stable
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Histology with some perilesional cedema macrophage infiltration and reactive Dense fibrillary gliosis
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INNP (2017)



Volume of ET MRgFUS thalatomy: Yonsei series

Lesion size on T1 weighted MRIs (mm?)
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Optimal Lesion Volume ?

MRgFUS Pallidotomy: Yonsei Series

Immediate  1Week 1Month 3Months 6Months 1Year

-

Jung et al : J Neurosurg, 2018



Optimal Lesion Volume: rr ?

Lesionvolume (mm?)
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Optimal Lesion Volume: rr ?

J Neurosurg 74:579-584, 1991

Sequential magnetic resonance imaging following
stereotactic radiofrequency ventralis lateralis
thalamotomy

Frank H. TomLinson, ML.B.,B.S., F.R.A.C.S,, CLirFOorD R. JAck, JrR.,, M.D., AND
Patrick J. KeLLy, M.D.

Departments of Neurologic Surgery and Neuroradiology, Maye Clinic, Rochester, Minnesota

Sequential MRI :

T2-weighted & inversion recovery images
(A): at 7 days

(B) : at 95 days

(C) : at 267 days




Technical Factors Related with Successful MRgFUS

Clinical Outcomes of MRgFUS Thalamotomy for ET (n=255)

% (percentage) Improvement
It 1s an important formula that we made to represent tremor outcome after treatment, defined as percentage

of CRST sub-score at baseline minus CRST sub-score at 12 months divided by CRST sub-score at baseline

% Impmvement _ CRST |contralateral baseline]—CRST [cnntrazlateruf,lz months FU] X 100
CRST [contralateral.baseline]

RB (Risk-Benefit) score
It 1s an important formula that we made to represent relationship between risk and benefit, defined as below.

AE_severity

RB Score =1- 3

Adverse Event

1. Mild : minor inconvenience, not affecting daily routine activities
2. Moderate : bothersome, interferes with routine daily activities

3. Severe : incapacitating, cannot perform activities of daily living

Adverse events were rated on a 4-point scale ( 0=no adverse event; 1=mild; 2=moderate; 3=severe )

Kim et al: Paper in Preparation



Technical Factors Related with Successful MRgFUS
Clinical Outcomes of MRgFUS Thalamotomy for ET (n=255)
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Inability to make Effective = MRgFUS Lesioning

SDR Issue

SDR 0.11, Volume 314 cm3




Current MRgFUS Lesioning Technology

A In the approach of computing phase correction values based
of CT scans.

A The algorithm relies on theoretical predictions (trans -skull)
and thus is limited to achieve a focusing quality.

.............................

Effective Focu‘éing



Auto-Focusing Echo Imaging Technique

A The key AF technique is accurate measurement of the ultrasound
echo, by each of the 1024 transducer elements separately, can be
used to compute the phase delay per element.

A Correcting skull aberrations @

I Bubbles provide for

A Events singular in time transducer
A Events singular in space

A Relative phase information
I Transmit

A Short and strong pulses

A Create individual events within focal
i Receive

A Measure echo in each element of the

A Parallel measurement in all 1024 elements of the transducer



Auto-Focusing Echo Imaging Technique

Table 2: Schedule of all clinical investigation specific tests and procedures

Visit 1 Visit 2 Visit 3 Visit 4
o g = E
Activity -g = E -
£ E - =
@ = =
=
Informed Consent x
Medical History X
Physical & Neurological Exam X X X X
ECG 4
MEI with contrast 3 e x
CT x
CRS5T 3 X
ExAblate Neuro Treatment x
Adverse Event Check x x ]
Medication check X x x X

Approved by Korean FDA



Summary of MRgFUS Lesioning

Comparison of Surgical Techniques ?

Gamma Knife RF Thermal

Radiosurgery Lesioning
Surgical Risk
(hemorrhage/ Infection, etc) X > O
General Anesthesia X O 0O -
Hardware complications X O X -
Cost Medial high low -
Invasiveness less High High -
Hospital Stay 0~1d 7 d <7d -
Adverse Radiation effect O X X -



Blood -Brain Barrier (BBB)

A BBB excludes ~100% large-molecule neurotherapeutics and
more than 98% of all small -molecule drugs

Therapeutic molecules and antibodies do not cross the BBB in adequate
amounts

Typical passage size usually <1 nm

Entrance into the brain requires molecules to be: (1) lipid soluble, (2)
less than 400 Daltons, (3) not substrates of active efflux transporters
(AET)




FUS mediated non -invasive BBB Modulation

. preclinical study of efficacy and safety issues



