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Skull Factors Affecting Outcomes
of Magnetic Resonance-Guided Focused Ultrasound
for Patients with Essential Tremor
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Purpose: Magnetic resonance-guided focused ultrasound (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
SDR above 0.4 and 0.45. We also described patterns of SDR and skull volume in Korean patients with ET who were eligible to be
screened for MRgFUS.

Materials and Methods: In screening 318 ET patients, we evaluated patterns of skull density and skull volume according to 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 outcomes of ET.

Results: 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 patients
had a higher SDR than female patients (p=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 to 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 not affected by SDR or skull volume.
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INTRODUCTION

Magnetic resonance-guided focused ultrasound (MRgFUS) is
a useful tool for treating patients with intractable essential
tremor (ET). Ultrasound is defined as mechanical waves with a
frequency higher than human audible sound (conventionally
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20000 Hz). It travels through all kinds of material from gases,
liquids, to solids. Mechanical waves can be reflected, refract-
ed, or attenuated by the medium.! The skull is an important
barrier for ultrasound traversing into the brain. The skull dis-
torts the ultrasound waves, absorbs energy leading to skull heat-
ing, and attenuates the ultrasound beam. Currently, a phased
array of up to 1024 ultrasound transducers helps correct skull
distortion and concentrate a hot spot.>* Nevertheless, the skull
is a wall that introduces ultrasonic power into brain targets.
Recently, skull density ratio (SDR) was proposed as one indi-
cation for MRgFUS eligibility by our team.* We suggested an
SDR of >0.45 and a skull volume <330 cm? as ideal conditions
for successful treatment with MRgFUS with a lower energy re-
quirement. Although low SDR (<0.4) and great skull volume
(=330 cm®) are not contraindications to MRgFUS, higher en-
ergy (sonication power, duration, and the number of sonica-
tions) may be required to achieve a therapeutic temperature
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above 54°C to make a permanent thermal lesion. We applied
this criterion for SDR (at least above 0.4) as optimal candi-
dates of a randomized control clinical trial for ET.>¢ In this pa-
per, we further describe patterns of SDR and skull volume
according to age and sex in patients who fulfilled MRgFUS eli-
gibility criteria by screening brain CT. We also analyzed the
influence of skull factors (SDR and skull volume) on treatment
parameters and outcomes of MRgFUS thalamotomy in ET.

MATERIALS AND METHODS

We have collected data since December 2013 for individuals
who have undergone screening tests of their skull characteris-
tic with brain CT for MRgFUS suitability. Typical CT scan ac-
quisition parameters were axial, helical acquisition, 1-mm
slice thickness with no slice spacing, 512x512 matrix, and bone
kernel. Skull volume in the treatment area and SDR were ob-
tained. SDR was defined as the ratio between the mean values
in Hounsfield units for marrow and cortical bone, which was
calculated as follows: 1) The planned locations of the target
and the transducer were marked on CT scans, and the surface
of the skull was subdivided into small sections. 2) For each
skull subsection, multiple parallel rays were created, and the
CT values along each ray were used to create local density pro-
files. 3) For each profile, the trabecular CT value (local mini-
mum CT value in the profile) and the cortex CT value (average
of inner and outer cortices) were computed. 4) The “local”
SDR was the average of the ratios between the trabecular and
cortex CT values of all of the profile samples.* All patients pro-
vided written informed consent before procedures, and this
study received full ethics approval from the Korean Ministry
of Food and Drug Safety and local institutional review board
(IRB institution: Yonsei University, IRB number 1-2013-0026).

There were 318 patients (231 male and 87 female) who ranged
in age from 29 to 86 years old [66.65+9.95, meantstandard de-
viation (SD)]. We described the patterns of skull density and
skull volume according to age and sex in all patients who un-
derwent a screening evaluation. The relationship between SDR
and skull volume was obtained with a cutoff value of SDR<0.4,
0.4<SDR<0.45, and SDR>0.45.

Among 318 patients who had screening evaluations, 50 pa-
tients were treated with MRgFUS for ET. These patients were
consecutively enrolled in a randomized controlled trial for
treatment with MRgFUS thalamotomy in our institute (Clinical-
Trials.gov number: NCT01827904). Eligibility criteria for un-
dergoing MRgFUS thalamotomy were described previously.*”
When it comes to SDR, inclusion criteria were 0.45+0.05 or
greater. There were 42 males and 8 females. The age range of
the patients was from 45 to 80 years old (66.65+9.95). We ana-
lyzed if SDR and skull volume had an effect on the treatment
parameters (the number of sonications and maximum tem-
perature) and ET outcomes. Estimation of the severity of ET
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and disability due to ET were previously described.® In short,
tremor severity and task performance were measured as “hand
tremor score” of the contralateral hand to the thalamotomy.
The scale was assessed by adding the scores of category of the
Clinical Rating Scale for Tremor (CRST) Part A of the treated
hand (resting, postural, and action tremor; 0-4 scale on each
item) and those of the CRST Part B of the treated hand (hand-
writing, drawing of two Archimedes’ spirals and a straight line,
and pouring; 0-4 scale on each item). “Postural” and “Action”
tremors of CRST Part A were separately encoded to display the
motoric aspects of the tremor. “Disability” related to the trem-
or was measured with the CRST Part C, which comprised seven
items with a 0-4 scale on each item. The outcome scores were
obtained from the final follow-up visit compared to the baseline
scores. Follow-up period was ranged from 1 month to 60 (17.8+
19.8) months. The effects on treatment parameters and ET
outcomes were divided by SDR>0.4 and 20.45 to see if the cut-
off value of SDR20.4 had a significant influence on outcomes.

Statistical methods

R language version 3.3.3 (R Foundation for Statistical Comput-
ing, Vienna, Austria) and T&F program version 2.5 (YooJin
BioSoft, Seoul, Korea) were used for all statistical analyses. Con-
tinuous variables are expressed as mean+SD, and differences
between groups were analyzed using Student’s t-test. For cate-
gorical variables, data are expressed as numbers and percent-
ages, N (%), and the chi-squared test was used to compare
proportions. The Pearson correlation coefficient was computed
between SDR and skull volume with and without adjustment
for age and sex. Linear regression analysis was performed to an-
alyze the effect of SDR and skull volume on continuous respons-
es with adjustment for age and sex.

RESULTS

The mean SDR of the 318 patients screened was 0.45+0.11
(mean+SD), which ranged from 0.11 to 0.73. The mean skull
volume was 315.74+40.95 cm?® and ranged from 224 to 469. SDR
was influenced by sex, not by age. Male patients showed a sig-
nificantly higher value of SDR (p=0.016, Fig. 1). Skull volume,
however, was influenced by age (p<0.001), but not by sex. Skull
volume decreased with age (Fig. 2). The SDR and skull volume
had a negative linear relationship (skull volume=360.977-
101.509xSDR). This was maintained when the SDR cutoff value
>0.4 [skull volume=370.702-119.365xSDR (p=0.001)] or >0.45
[skull volume=359.811-99.975xSDR (p=0.031)] (Fig. 3).

When SDR was divided into three groups, 166 patients
(52.2%) had an SDR of 0.45 or more, whereas 101 (31.8%) be-
longed to the group with an SDR of less than 0.4. Age or sex
did not show a significant difference among the three groups
(p>0.05). Skull volume was significantly smaller in the group
with a SDR>0.45 (Table 1).
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Fig. 1. Relationship for skull density ratio (SDR) in all screening patients with essential tremor. (A) Linear regression line between age and SDR (p>0.05).
(B) Comparison of mean differences in SDR between male and female groups. Male patients show significantly higher SDR (p<0.05).
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Fig. 2. Relationship for skull volume in all screening patients with essential tremor (n=318). (A) Linear regression line between skull volume and age
(p<0.001). (B) Comparison of mean differences in skull volume in the male and female patients. No difference is present.

Fifty patients with ET were treated with MRgFUS. Mean
SDR was 0.51 and ranged from 0.26 to 0.72. Mean skull vol-
ume was 305.6 cm®, with a range from 236 to 453. The mean
sonication number was 15.12, with a range from 5 to 27. The
maximal temperature was 58.7°C and ranged from 54 to 66
(Table 2). After a mean of 17.8 months of follow up, hand trem-
or score improved from 12.12+0.51 to 5.88+0.52; action tremor
score of the treated hand improved from 2.96+0.1 to 0.86+0.11;
postural score improved from 2.54+0.15 to 0.46+0.13; and dis-
ability score improved from 12.52+0.52 to 3.64+0.47. The im-
provements were all statistically significant p<0.001 (Table 3).

When the relationship between SDR or skull volume and
the therapeutic parameters were analyzed, the sonication
number was not related with either variable (Table 4), and the
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maximal temperature was positively related to SDR (p<0.001)
(Table 5). Tremor outcome, severity, and disability were not
significantly affected by SDR or skull volume (Table 6). When
the patients were divided by SDR20.4 and SDR>0.45, the re-
sults were similar to the whole group: The maximal tempera-
ture was positively related to SDR, but not with skull volume
in either group. The sonication number was not related to ei-
ther variable. The outcomes of tremor were also not influ-
enced by SDR even with SDR>0.45 (Table 7).

DISCUSSION

Our study had a larger number of male than female patients,
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Fig. 3. The relationship between skull density ratio (SDR) and skull volume. The SDR and skull volume exhibited a negative linear relationship. (A) Skull
volume=360.977-101.509xSDR for correlation of SDR and skull volume in SDR=0.4. (B) Skull volume=370.702-119.365xSDR (p=0.001) for SDR>0.45. (C)
Skull volume=359.811-99.975xSDR (p=0.031). They all showed a significant relationship.

Table 1. Baseline Characteristics of the Screening Patients

Variable SDR<0.4 0.4<SDR<0.45 SDR>0.45 pvalue
Sample No. (n, %) 318(100) 101(31.8) 51(16) 166 (52.2)
Sex (n, %) 0.133
Female 87(27.4) 35(40.2) 13(14.9) 39(44.8)
Male 231 (72.6) 66 (28.6) 38(16.5) 127 (54.9)
Age (yr) 66.65+9.95 66.79+10.95 65.33+8.74 66.96+9.67 0.584
Skull volume (cm?) 315.74+40.95 327.00+42.37 322.47£33.18 306.82+40.35 <0.001
SDR 0.45+0.11 - - - -

SDR, skull density ratio.

Values are presented as meanstandard deviation or n (%) unless otherwise indicated.

Table 2. Characteristics of Magnetic Resonance-Guided Focused Ultra-
sound Treated Patients and Therapeutic Parameters

Table 3. Tremor Outcome Scores and Comparison of Mean Differences
between Baseline and Follow Up

Variable Value Paired variables Baseline  Follow-up Difference pvalue
Sample number 50 Hand tremor score  12.12+0.51 5.88+0.52 6.24+0.45  <0.001
Sex (female:male) 8:42 Action score 2.96+0.10  0.86%0.11 2.10£0.12  <0.001
Age (yr) 64.52+9.11 (45-80) Postural score 254+0.15  0.46%+0.13 2.08+£0.16  <0.001
Skull density ratio 0.51£0.08 (0.26-0.72) Disability score 12.52+052  3.64+0.47 8.88+0.53  <0.001

305.63144.62 (236-453)
Sonication number 15.12+3.88 (5-27)
Maximal temperature (°C) 58.76+2.89 (54-66)

Values are presented as mean®standard deviation (range) unless otherwise
indicated.

Skull volume (cm?)

both in the screening group and in the treatment group. How-
ever, in the screening group, female patients showed a signifi-
cantly lower SDR and larger skull volume, compared to male
patients. The hormonal effect, which can more often cause
osteoporosis in female bone, may explain the reason for lower
SDR in female patients.?

After the initial report of SDR* by our team, we tried to select
MRgFUS candidates only above SDR>0.4. This would be also
a contributing factor for male dominance in the treated group.
We are assuming the SDR in Asian populations is lower than
in Western populations. This would be another barrier for
finding the optimal MRgFUS thalamotomy candidates for pa-
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tients with ET.

As previously reported, maximal temperature was affected
by SDR.? The high SDR can easily offer the maximal tempera-
ture to make a permanent lesion in the thalamus. However,
this did not indicate an improved treatment outcome. The
group with the ideal value of SDR>0.45 and the group with
SDR>0.4 showed a similar positive relationship with maximal
temperature and an insignificant influence on outcomes. This
finding indicated that SDR only offers an applicability of the
procedure; it does not justify the successful outcome unless
the lesion is not in the sweet spot of the Vim thalamus. There
is a recent report about skull bone marrow injury after this
procedure.’ In the study, the authors retrospectively reviewed
30 patients to detect skull bone marrow signal change after
MRgFUS after one indexing case of a skull lesion. All patients
had SDR>0.4 and 7 of them had skull lesions, and it was related
to maximal energy. To obtain proper tissue temperature, suf-
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ficient energy should penetrate the skull properly.

We initially suggested SDR to be above 0.4 to find the best
candidates for MRgFUS.* Additionally, we recently recognized
another important skull issue, specifically the incidence beam
angle, for the successful treatment with MRgFUS." This sug-
gests that SDR alone is not a perfect factor to find optimal
candidates for MRgFUS. Most importantly, by improving tech-
niques to prevent the abnormal cavitation signals during MRg-
FUS, the procedure became much easier to overcome low SDR-
related issues. We recently discovered that patients with low

Table 4. Results of Univariable Linear Regression Analysis Using Sonica-
tion as a Response

Predictor Coef(95%Cls)  St.Coef(95%Cls) P
(sonication) value
SDR -11.236 (-23.373-0.901)  -0.253(-0.527-0.020) 0.076
Skull volume (cm®)  0.004 (-0.020-0.029) 0.050 (-0.233-0.333) 0.730
Age 0.041(-0.079-0.161)  0.097 (-0.185-0.378) 0.504
Sex 1.185(-1.764-4.133) 0.113(-0.168-0.394) 0.435

SDR, skull density ratio; Coef, coefficient of linear regression; St. Coef, stan-
dardized coefficient of linear regression; Cls, confidence intervals.

Table 5. Results of Univariable Linear Regression Analysis Using Maximal
Temperature as Responses

Predictor
(maximal Coef (95% Cls) St. Coef (95% Cls) pvalue
temperature)
SDR 19.759 (12.457-27.060) 0.608 (0.383-0.832)  <0.001
Skull volume (cm®) -0.014 (-0.031-0.004) -0.212(-0.488-0.065)  0.140
Age 0.010(-0.078-0.098)  0.032(-0.251-0.314)  0.827
Sex 0.458(-1.713-2.629)  0.060(-0.223-0.342)  0.681

SDR, skull density ratio; Coef, coefficient of linear regression; St. Coef, stan-
dardized coefficient of linear regression; Cls, confidence intervals.

Focused Ultrasound Surgery for Essential Tremor

SDR also can be treated with MRgFUS, even if the technique
faces some technical difficulties, such as longer treatment time
or higher energy. In considering our results as long as we could
obtain the therapeutic maximal temperature, SDR alone seems
not to be related to MRgFUS treatment outcomes in ET patients.

As we recently demonstrated, various skull factors, such as
volume, shape, thickness of marrow, as well as the portion of
the cortical bone, also can affect the outcomes of MRgFUS
because of the characteristics of the ultrasound." Jung, et al."’
demonstrated that if the incidence beam angle of the target is
above 25 degrees, the procedure may fail to make an effective
thermal lesion. Thus, we need to be aware of the various skull
parameters for predicting the creation of successful thermal
lesions with MRgFUS.

As time goes by many kinds of procedures for ET shows wan-
ing efficacy. In this study, the treatment group included pa-
tients with a short follow-up duration. To clarify the factors af-
fecting tremor outcome, more studies are needed.

In conclusion, SDR varied widely and was not affected by
age. However, the male patient group had a higher SDR than
the female patient group. Skull volume was significantly
smaller in cases of higher SDR. The SDR was negatively relat-
ed to skull volume. SDR and skull volume are still important
for eligibility to obtain successful application of MRgFUS from
ET patients; however, SDR seems not to affect the clinical out-
comes of patients treated with MRgFUS for ET.
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Postural score -0.168 (-4.452-4.117) 0.259 -0.161 (-5.257-4.935) 0.325
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