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ABSTRACT

Objective: This retrospective study aimed (1) to investigate the magnetic resonance imaging (MRI)
features influencing a nonperfused volume ratio (NPVr) >90% after high-intensity focussed ultrasound
(HIFU) ablation of adenomyosis, and (2) to assess the safety, which was defined in terms of adverse
events (AEs) and changes in anti-Mullerian hormone (AMH) concentrations, and clinical efficacy, which
was defined in terms of adenomyosis volume reduction and symptom improvement at 6 months’
follow-up.

Methods: Sixty-six women who underwent HIFU treatment were divided into groups A (NPVr >90%;
n=26) and B (NPVr <90%, n=40). Multivariate logistic regression analyses of MRI features were
conducted to identify the potential predictors of an NPVr >90%.

Results: Generalized estimating equation (GEE) analysis was used to model the prediction of an NPVr
>90% with four significant predictors from multivariate analyses: the thickness of the subcutaneous
fat layer, adenomyosis volume, T2 signal intensity (SI) ratio of adenomyosis to myometrium, and the
K" ratio of adenomyosis to myometrium. Clinical efficacy was significantly greater in group A than
in group B. The findings showed no serious AEs and no significant differences between AMH
concentrations before and 6 months after treatment.

Conclusions: The present retrospective study demonstrated that achievement of NPVr >90% as a
measure of clinical treatment success in MRI-guided HIFU treatment of adenomyosis using multivariate
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analyses and a prediction model is clinically possible without compromising the safety of patients.

Introduction

Adenomyosis, which is categorized as diffuse or focal accord-
ing to the extent of the lesion, is a common gynecological
condition with multiple symptoms that negatively affect the
health of women of reproductive age. The primary character-
istic of adenomyosis involves infiltration of the endothelial
tissue of the endothelium layer into the smooth muscle tissue
in the myometrium [1-4]. Although hysterectomy can be
performed for treatment of symptomatic adenomyosis, the
procedure requires general anesthesia and hospitalization
and has a long recovery period. Other preservative options,
which can be used depending on patient preference, symp-
tom severity, adenomyosis lesion characteristics and fertility,
include laparoscopic surgery, gonadotropin-releasing hor-
mone agonist (GnRHa) treatment, uterine artery embolization
and either magnetic resonance imaging (MRI)- or ultrasonog-
raphy (US)-guided high-intensity focussed ultrasound (HIFU).
HIFU, one of the most promising non-invasive ablation
techniques, uses ultrasound to thermally ablate adenomyotic
lesions. In addition, MRI does provide not only for superior
soft tissue contrast, three-dimensional imaging and real-time

temperature measurement but also facilitates patient selec-
tion and treatment planning and strategies, as well as moni-
tor the response of adenomyosis to therapies and evaluate
the outcome. In the last decade, several studies [5-17] have
documented the close relationship between the nonperfused
volume ratio (NPVr), which is the ratio of the adenomyosis
volume that was not enhanced in T1-weighted (T1W) perfu-
sion MR images acquired immediately after HIFU treatment
to the adenomyosis volume in T2-weighted (T2W) images
obtained before HIFU treatment, and mid- and long-term
improvement in patients with adenomyosis.

In terms of symptom improvement, the clinical effective-
ness of HIFU for the treatment of adenomyosis has been
reported to be associated with an NPVr >50% by Wang
et al. [6] and Zhou et al. [7], and >70% by Zhang et al. [10].
Recently, a new classification method based on MRI T1 perfu-
sion-based time-signal intensity (SI) curves for adenomyosis
tissue compared with those for the myometrium in screening
MRI was introduced [17] for predicting the treatment out-
come of HIFU ablation. In the preliminary findings through-
out the mid-term follow-up period, patients with NPVr >80%
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Table 1. Comparison of the baseline characteristics in patient groups with NPVr >90% and NPVr <90%.

Characteristics All patients (n = 66)

NPVr <90% (n = 40) NPVr >90% (n = 26) p value

12.1+£4.1 (3.0.0-20)
94.2+13.6 (40.0-118.0)
116.27 £60.98 (17.0-246.0)

Subcutaneous fat thickness (mm)
Distance® (mm)

Adenomyosis volume (ml)
Adenomyosis Location

Anterior 10

Posterior 32

Anterior-Posterior 24
Adenomyosis Types

Focal 42

Diffuse 24
Uterus position

Anteverted 38

Retroverted 28

92.6+16.0 (40.0-118.0)

12.4+4.8 (3.0-20.0) 11.5+2.9 (5.0-17.0) 377

96.7 £8.5 (80.0-117.0) 239

97.97 +54.04 (17.0-240.0) 144.42 £61.26 (42.0-246.0) .002*
.802
7 3
19 13
14 10
799
26 16
14 10
.202
26 12
14 14

“Distance from the posterior surface of the adenomyosis lesion to the skin. NPVr Nonperfused volume ratio.

*Statistically significant (one-way analysis of variance [ANOVAY]).

showed significantly greater adenomyosis volume reduction
and symptom improvement than those with NPVr <80%.
Furthermore, the Food and Drug Administration has set an
immediate NPVr target of up to 100% for MRI-guided HIFU
treatment in cases of uterine disease [18].

Considering the importance of high post-treatment NPVr in
achieving good treatment outcomes, the aim of this retro-
spective study was two-fold: (1) to investigate the MRI features
influencing an immediate NPVr >90% after HIFU ablation of
adenomyosis, which was a measure of clinical treatment
success, and (2) to assess the safety, in terms of adverse events
(AEs) and changes in anti-Mullerian hormone (AMH) concentra-
tions, and clinical efficacy, defined as adenomyosis volume
reduction and the symptom severity score improvement at 6
months’ follow-up, associated with an NPVr >90%.

Materials and methods
Ethics statement and patient characteristics

This retrospective study was approved by the institutional
review board and was performed in accordance with the
1964 Helsinki declaration. Written informed consent was
obtained from each patient prior to initiation of any study-
related procedures. Premenopausal women who were aged
18 years or older, diagnosed with symptomatic adenomyosis,
showed tolerance to MRI contrast agents, communicated
clearly with a physician during HIFU treatment, and agreed
to undergo MRI examinations before and at 6 months after
HIFU treatment were included in this study.

Of the 130 Vietnamese women screened for MRI-guided
HIFU treatment in this study, 66 (40.6+6.6years; range,
30-56years; median body mass index [BMI] of 19.5 + 1.5 kg/m?
[17.9-24.1 kg/m?]) with symptomatic adenomyosis who under-
went HIFU treatment over a 22-month period beginning in
June 2015 were reviewed and divided into two groups: group
A included patients with an NPV ratio >90% (n=26) and
group B included patients with an NPVr <90% (n=40).
Baseline characteristics of the study population are summar-
ised in Table 1. Based on the findings of previous studies
[6,7,10], patients in group B were further subdivided into three
groups: subgroup | included patients with an NPVr <50%
(n=13); subgroup Il included patients with an NPVr >50%

and <70% (n=9); and subgroup lll included patients with an
NPVr >70% and <90% (n=18).

The most frequent reasons for exclusion of participants
(n=64; 49.2%) were (i) MRI findings such as adenomyosis
located deep in the pelvis (n=18; 28.1%), ovarian tumour
(n=16; 25%), endometriosis (n=15; 7.8%), pelvic inflamma-
tion (n=5; 7.8%), systematic disease (n=2; 3.1%), cancer dis-
ease (n=1; 1.6%), and (i) preference for alternative
treatment options for personal reasons (n=17; 26.6%).

MRI protocols

The HIFU treatments were conducted using a clinical HIFU
system (Sonalleve; Profound Medical Inc., Canada) integrated
with a 1.5T MR scanner (Ingenia; Philips, The Netherlands).

The patients underwent routine screening with dynamic
contrast-enhanced (DCE) perfusion MRI after initiation of
intravenous administration of Gd-DO3A-butrol (0.1 mmol/kg
of body weight; Gadovist; Bayer Schering Pharma, Germany).
T2W 3D turbo spin echo images were acquired for screen-
ing, treatment planning, and 6 months’ follow-up assess-
ments. A fat-saturated T1W fast field echo sequence for
assessment of adenomyosis characteristics was acquired
immediately after HIFU treatment and at 6 months’ follow-
up. The RF-spoiled gradient-recalled echo planar imaging
sequence was used for monitoring MR thermometry in three
coronal slices perpendicular to the beam axis centred at the
focus, and one sagittal slice aligned along the beam propa-
gation direction along with two additional slices positioned
to monitor potential excessive near-field (e.g., over the thick
abdominal muscle covering the whole beam path) and far-
field (e.g. in front of the sciatic nerve and large intestine) tis-
sue heating. The details regarding MRI protocols have been
described elsewhere [17].

MRI features of adenomyosis

The following baseline characteristics features were assessed
on T2W MR images: uterus position (anteverted or
retroverted); adenomyosis position (anterior, posterior,
or anterior-posterior); adenomyosis type (focal or diffuse);
adenomyosis volume; distance from the posterior surface of
the adenomyosis lesion to the skin; and thickness of the



Table 2. Independent factors associated with an NPVr >90%: Multivariate analysis.
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Variable Estimate 95% Cl p value Tolerance VIF
MRI features

Baseline characteristics features

Uterus position 1.028 -0.275 to 2.331 122 0.820 1.220
Adenomyosis location -0.088 -1.674 to 1.498 914 0.194 5.168
Adenomyosis types 0.235 0.077 to 20.695 .869 0.181 5510
Adenomyosis volume -0.018 -0.028 to -0.008 .001* 0.871 1.149
Subcutaneous fat thickness 0.181 0.042 to 0.320 011% 0.821 1.218
Distance® -0.033 -0.080 to 0.015 177 0.723 1.383
T2 features

Foci® -0.029 -0.123 to 0.065 .546 0.968 1.033
SI of adenomyosis -0.006 -0.018 to 0.007 383 0.971 1.030
Sl ratio of adenomyosis to myometrium 2.451 1.241 to 3.662 .001* 0.995 1.005
Quantitative T1-perfusion features

K" of adenomyosis 0.003 -0.016 to 0.022 756 0.281 3.561
Kep of adenomyosis 0.023 -0.151 to 0.197 798 0.115 8.701
V. of adenomyosis -0.164 -0.407 to 0.078 184 0.845 1.184
V,, of adenomyosis -0.078 -0.736 to 0.580 817 0.356 2.810
K™ ratio of adenomyosis to myometrium 3.398 1.426 to 5.369 .001* 0.738 1.355
Kep ratio of adenomyosis to myometrium 2.328 -4.666 to 9.323 514 0.173 5.785
V. ratio of adenomyosis to myometrium NA NA NA 0.061 16.327
V,, ratio of adenomyosis to myometrium -0.985 -4.405 to 2.434 572 0.428 2337

“Distance from the posterior surface of the adenomyosis lesion to the skin.
PNumber of foci inside the adenomyosis.

NPVr: nonperfused volume ratio; SI: signal intensity; Cl: confidence interval; Ktrans: volume transfer constant; Kep: reverse reflux rate constant; Ve: volume frac-
tion of extravascular extracellular space; Vp: volume fraction of plasma; VIF: variance inflation factor.

*Statistically significant (multivariate logistic regression).

subcutaneous fat layer. In addition, the SI of the adenomyo-
sis, the Sl ratio of the adenomyosis to the myometrium, and
the number of foci inside the adenomyosis were determined
as T2 MRI features.

The following quantitative perfusion MRI features were
assessed using the MR Permeability tool on the IntelliSpace
Portal software (version 6.0, Philips): volume transfer constant,
K'™"; reverse reflux rate constant, Kep,; volume fraction of extra-
vascular extracellular space, V,; and volume fraction of plasma,
V. To quantify the time-Sl curves on T1W perfusion MRI, which
were derived from DCE-MRI data, the ratio of each quantitative
perfusion parameter was defined as the ratio of the Sl of the
adenomyosis to that of the myometrium.

Regions of interest were manually placed over the center
of the adenomyosis lesion without any overlap of the poorly
defined borderlines between the endometrium and myome-
trium, and over the normal myometrium while avoiding the
surrounding structures from both the T1IW perfusion MR and
screening T2W images.

AEs and therapeutic efficacy

Any complications and AEs during HIFU treatment and the
follow-up period were recorded and classified according to
the Society of Interventional Radiology (SIR) guidelines [19].
AMH is an effective indicator of ovarian reserve. Given the
concern that an NPVr >90% could negatively affect ovarian
function, AMH serum concentrations were assessed in a sin-
gle run via enzyme-linked immune analysis with an AMH
Gen Il enzyme-linked immunosorbent assay kit (Beckman
Coulter Inc., Brea, CA) before treatment and before treatment
and at 6 months after treatment [20].

The clinical efficacy of MRI-guided HIFU ablation of adeno-
myosis was based on the symptom severity score (SSS)
index, which was assessed using a questionnaire described
by Spies et al. [21] and the adenomyosis volume reduction

ratio, which was calculated using the following formula:

Reduction ratio =
adenomyosis volume at baseline— adenomyosis volume at 6 months
adenomyosis volume at baseline

where adenomyosis volume was calculated assuming the
volume (v) of a prolate ellipsoid with the equation
v=1/6 mxaxb xc where a, b, and c are diameters meas-
ured in orthogonal planes on T2W images at baseline before
treatment and at 6 months after treatment.

Statistical analysis

Continuous variables were expressed as mean values + stan-
dard deviation and range. Comparisons of baseline features,
adenomyosis and HIFU procedure characteristics, and thera-
peutic responses in groups A and B were performed using
the appropriate statistical test (chi-squared test, Fisher's exact
test, Mann-Whitney U test, one-way analysis of variance
[ANOVA] test, or Wilcoxon test). Post-hoc analysis between
subgroups was performed with the Bonferroni correction
method to adjust for multiple comparisons.

Multivariate logistic regression analyses were carried out with
MRI features of adenomyosis (e.g., baseline, T2-MRI and quanti-
tative perfusion MRI features) to identify the potential predictors
of an NPVr >90% as seen in Table 2. Using all the significant
screening MRI features acquired from the multivariate analyses,
a generalized estimating equation (GEE) was created to predict
the treatment outcome with an immediate NPVr >90% [22].

The cut-off values, sensitivity, specificity and area under
the curve (AUQ) for the prediction of achieving the treatment
intent (i.e, NPVr >90%) were determined on the basis of
receiver operating characteristic (ROC) curve analysis. The
Youden index method was used to define the optimal cut-
off value as the value whose sensitivity and specificity are
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Figure 1. A 39-year-old woman with a 138 ml adenomyosis was treated with magnetic resonance imaging (MRI)-guided high-intensity focussed ultrasound (HIFU)
ablation. (A) A sagittal T2-weighted (T2W) MR image of the adenomyosis prior to HIFU treatment. (B) A quantitative perfusion MR image was analyzed by drawing
a region of interest (ROI) within the area of the adenomyosis lesion and the myometrium on one of the perfusion MR images. (C) The generated K" map. (D) A
contrast-enhanced T1-weighted (CE-T1W) MR image obtained immediately after MRI-guided HIFU treatment.

the closest to the value of the area under the ROC curve and
the absolute value of the difference between the sensitivity
and specificity values is minimum [23].

A two-sided p values less than .05 (p < .05) was defined as
the level of significance. Statistical analysis was performed
using SPSS software (version 24.0, 64-bit edition, IBM Corp.,
Armonk, NY).

Results

Characteristics of MRI-guided HIFU treatment of
adenomyosis

Of the 66 patients, 54 had adenomyosis alone, whereas the
remaining 12 were diagnosed with adenomyosis and coexist-
ent intramural fibroids, which were less than 3cm in diam-
eter. The latter cases were not excluded from our data
analysis because the size and location of the coexisting intra-
mural fibroids were assumed to have little or no effect on
the symptoms of adenomyosis or the treatment outcomes
[5]. There were no significant intergroup differences in base-
line characteristics except adenomyosis volume, which was
larger in group A (p=.002).

To ensure that the volume of adenomyotic tissue was
heated sufficiently, but not excessively, several low-power
(<60W) initial HIFU test sonications were performed to
determine a suitable initial therapeutic power level for each

treatment cell size at the target location, and the power level
was adjusted based on the results of the previous sonicated
treatment cells. The mean acoustic sonication power in
groups A and B was 143.8+223W (90-170W) and
171.2+41.1W (90-240 W; p =.003), respectively, and the cor-
responding mean treatment duration measured from the first
sonication to the last sonication was 115.3+£32.3min
(68.0-165.0min) and  108.1+352min  (32.0-164.0 min;
p=.408), respectively. The mean treatment speed was
1.15£0.30 ml/min (0.32-1.61 ml/min) and 0.56+0.35 ml/min
(0.06-1.43 ml/min) in groups A and B, respectively (p <.001).

The mean NPVr for groups A and B was 93.7+3.4%
(90.5-100%) and 60.1+24.7% (10.4-89.6%), respectively. In
a subgroup analysis of patients with an NPVr <90%, the
mean NPVr was as follows: 30.4+13.5% (10.4-47.6%) in
subgroup I; 56.5+4.2% (50.4-62.7%) in subgroup II; and
83.4+3.0% (80.0-89.6%) in subgroup lll. In group A, the
NPVr was 100% in four patients and at least 90% but less

than 100% in 22 patients. Furthermore, in group A, the
mean NPVr was 93.5+3.2% (90.5-100.0%; n=16) for
patients with  focal adenomyosis and 93.9+3.8%

(90.5-100.0%; n=10) for patients with diffuse adenomyosis,
whereas that in group B was 57.2+252% (10.4-89.6%;
n=26) for patients with focal adenomyosis and
65.6+23.8% (17.8-88.2%; n=14) for patients with diffuse
adenomyosis.
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Figure 2. A 38-year-old woman with a 116 ml adenomyosis was treated with magnetic resonance imaging (MRI)-guided high-intensity focussed ultrasound (HIFU)
ablation. (A) A sagittal T2-weighted (T2W) MR image of the adenomyosis prior to HIFU treatment. (B) A quantitative perfusion MR image was analyzed by drawing

a region of interest (ROI) within the area of the adenomyosis lesion and the myometrium on one of the perfusion MR images. (C) The generated K

2" map (lower

left, left section). (D) A contrast-enhanced T1-weighted (CE-T1W) MR image obtained immediately after MRI-guided HIFU treatment.

The NPVr was significantly higher in group A than in
group B (p<.001) and significantly different among the
three subgroups of group B (p <.001 between subgroups |
and Il; p<.001 between subgroups | and Ill; and p <.001
between subgroups Il and Ill). However, there was no
statistically significant difference in the immediate treatment
outcome between patients with focal adenomyosis and
those with diffuse adenomyosis in groups A (p=.765) and
B (p=.309).

Figure 1 and Figure 2 show examples of a pre-HIFU T2W
MR image, pre-HIFU quantitative perfusion MR image, pre-
HIFU K™ map, and immediately post-HIFU CE-TTW MR
image with NPVr >90% and <90%, respectively.

Analysis of MRI features influencing an NPVr >90%

Multivariate logistic regression analyses were performed to
identify independent variables (Table 2) that significantly and
independently influenced achievement of an immediate NPVr
>90% after HIFU ablation. The V. ratio of the adenomyosis to
myometrium was excluded from the logistic regression ana-
lysis due to the multicollinearity phenomenon (Table 2),
which is based on assessments of the variance inflation factor
(VIF) to determine how much the variance of an estimated
regression coefficient increases when predictors are corre-
lated; if the VIF exceeds 10, it can be assumed that the
regression coefficients are poorly estimated due to

multicollinearity [24]. As shown in Table 2, the results of the
multivariate logistic regression test showed four statistically
significant factors (p <.05): the thickness of the subcutaneous
fat layer, adenomyosis volume, T2 Sl ratio of adenomyosis to
myometrium, and K™" ratio of adenomyosis to myometrium.

Prediction model: GEE analysis

GEE analysis was used to model the prediction of an NPVr
>90% with the four statistically significant predictors deter-
mined from multivariate analyses,
—0130-0.03x1-0.025x2+0.839x3+4.862x4

Y =3 @ 0.130-0.03x1—0.025x2+0.839x3+4.862x4

where x1=thickness of the subcutaneous fat layer (milli-
meters), x2=adenomyosis volume (ml), x3=T2 SI ratio of
adenomyosis to myometrium, and x4 =K""* ratio of adeno-
myosis to myometrium.

In the ROC analysis performed in this study, a cut-off
value of 0.349 to predict the achievement of treatment
intent in terms of an NPVr >90% vyielded a sensitivity value
of 0.885, specificity of 0.8 and an AUC of 0.889 (Figure 3).

Adverse events

No serious AEs (SAEs) were reported. Four patients in group
A and two patients in group B had a superficial skin burn
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(first degree) that recovered within 12 h without intervention.
Seventeen patients reported pain during and after HIFU
treatment: back pain (n=3), leg pain (n=3), pelvic pain
(n=6) and buttock pain (n=4), all of which resolved within
3-7 days. Vaginal discharge appeared in 16 patients in both
groups and then disappeared after 14-21 days. Numbness of
the leg automatically resolved after 14-30days. Self-limiting
nausea occurred in four patients and resolved within 1 h.

Foley catheterization-related cystitis symptoms recovered
after treatment with the antibiotics amoxicillin-clavulanic
acid (1 gram; 2 per day for 7 days). All these were regarded
as minor complications according to the SIR guidelines
(Table 3).

The AMH concentrations before and 6 months after treat-
ment were respectively 1.98+1.15 (0.57-4.61) and 1.98+1.15
(0.57-4.61; p=.327) in group A and 1.65+0.94 (0.09-4.11)

o ROC Curve
0.8
_é‘ 0.6
2
iz
=
d‘; 0.4
02 Source of the curve AUC
GEE prediction model 0.889
0.0 T T T T
0.0 0.2 0.4 06 08 1.0

1 - Specificity

Figure 3. The receiver operating characteristic (ROC) curves of the prediction
model in predicting the treatment outcome of high-intensity focussed ultra-
sound (HIFU) ablation with an immediate nonperfused volume ratio
(NPVr) > 90%. Sensitivity, specificity and area under the curve were 0.885, 0.8
and 0.889, respectively.

and 1.65+0.95 (0.09-4.11; p=.160) in group B (Figure 4). In
the subgroup analysis of patients with NPVr <90%, the AMH
concentrations before and 6 months after treatment were
respectively 1.49+0.74 (0.18-2.63) and 1.49+0.74 (0.18-2.63;
n=13; p>.05) in subgroup I, 1.00+0.88 (0.09-2.47) and
0.99+0.88 (0.09-2.47; n=9; p>.05) in subgroup Il, and
2.10+£0.93 (0.57-4.11) and 2.10£0.93 (0.57-4.11; n=18;
p > .05) in subgroup lll (Figure 5). Furthermore, in group A,
the AMH concentrations before and 6 months after treatment
were respectively 2.05+1.26 (0.071-4.61) and 2.05+1.26
(0.071-4.61; p > .05) for patients with focal adenomyosis and
1.89+1.02 (0.57-3.61) and 1.89+1.02 (0.57-3.61; p>.05) for
patients with diffuse adenomyosis, whereas those in group B
were respectively 1.54+0.82 (0.09-3.40) and 1.54+0.82
(0.09-3.40; p>.05) for patients with focal adenomyosis and
1.86+1.15 (0.15-4.11) and 1.86+1.15 (0.15-4.11; p > .05) for
patients with diffuse adenomyosis.

Clinical outcomes 6 months after treatment

The adenomyosis volume reduction ratio 6 months after
treatment was 0.34+0.07 (0.17-0.53; n=26) in group A and
0.17 £0.09 (0.0-0.35; n=40; p<.001) in group B (Figure 6,
Table 4). In the subgroup analysis of patients with NPVr
<90%, the volume reduction ratio was 0.09+0.06 (0.0-0.23;
n=13) in subgroup I, 0.12+0.05 (0.02-0.18; n=9) in sub-
group Il, and 0.25+0.05 (0.13-0.35; n=18) in subgroup llI
(Figure 7). Furthermore, in group A, the volume reduction
ratio was 0.34+0.07 (0.25-0.53; n=16) for patients with focal
adenomyosis and 0.33+£0.08 (0.17-0.43; n=10) for patients
with diffuse adenomyosis, whereas that in group B was
0.17+£0.10 (0.0-0.35; n=26) for patients with focal
adenomyosis and 0.18+0.08 (0.0-0.27; n=14) for patients
with diffuse adenomyosis.

With respect to symptom improvement, the tSSS in

groups A and B had respectively decreased from
68.14+ 1593 (43.7-90.6) and 68.28+18.29 (28.1-100) at
baseline to 11.06+6.92 (0.0-25.0) and 41.88+21.60

(6.3-75.0) at 6months post-treatment, corresponding to
improvement ratios of 0.84+0.10 (0.59-1.0) and 0.38+0.30
(0.0-0.83; p<.001), respectively (Figure 6, Table 4). In add-
ition, the mean tSSS improvement ratio was 0.11+0.10
(0.0-0.27; n=13) in subgroup |, 0.14+0.1 (0.0-0.31; n=9) in

Table 3. Complications and adverse events (AEs) after HIFU ablation in patient groups with NPVr >90% and NPVr <90%.

SIR class Description Complications and AEs Total NPVr <90% NPVr >90% p value
A No therapy, no consequences Skin burn grade 1 6 4 (10%) 2 (7.6%) 1
Buttock pain 4 3 (7.5%) 1 (3.8%) 1
Back pain 3 2 (5%) 1 (3.8%) 1
Nausea 4 2 (5%) 2 (7.6%) .644
Vaginal discharge 14 7 (17.5%) 7 (26.9%) 375
Pelvic pain 6 4 (10%) 2 (7.6%) 1
Leg pain 3 2 (5%) 1 (3.8%) 1
Numbness 1 1 (2.5%) 0 (0%) 1
B Nominal therapy, observation, no consequences Cystitis 1 1 (2.5%) 0 (0%) 1
C Required therapy, minor hospitalization (<48 h) 0 0 0 NA
D Major therapy, unplanned increase in level of care, 0 0 0 NA
prolonged hospitalization (>48 h)
E Permanent adverse sequelae 0 0 0 NA
F Death 0 0 0 NA

NA: not available. HIFU: high-intensity focussed ultrasound; NPVr: nonperfused volume ratio; SIR: Society of Interventional Radiology.
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Figure 4. The box plot presents the serum anti-Mullerian hormone (AMH) con-
centrations before and 6 months after magnetic resonance imaging (MRI)-
guided high-intensity focused ultrasound (HIFU) treatment in patients with a
nonperfused volume ratio (NPVr) of >90% and <90%. Data are presented as
box-and-whisker plots.
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Figure 5. The box plot presents the serum anti-Mullerian hormone (AMH) con-
centrations before and 6months after magnetic resonance imaging (MRI)-
guided high-intensity focused ultrasound (HIFU) treatment in patients with a

nonperfused volume ratio (NPVr) of <50%, >50% and <70%, >70% and
<90% and >90%. Data are presented as box-and-whisker plots.

subgroup I, and 0.68+0.11 (0.5-0.83; n=18) in subgroup llI
(Figure 7). Moreover, in group A, the mean tSSS improve-
ment ratio was 0.85+0.09 (0.64-1.0; n=16) for patients with
focal adenomyosis and 0.81+0.12 (0.59-0.96; n=10) for
patients with diffuse adenomyosis, whereas that in group B
was 0.36+0.32 (0.0-0.83; n=26) for patients with focal
adenomyosis and 0.41+0.28 (0.0-0.79; n=14) for patients
with diffuse adenomyosis.
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Figure 6. The box plot demonstrates the 6-month fibroid volume reduction
ratios and transformed symptom severe score (tSSS) improvement ratios among
different groups as a function of a nonperfused volume ratio (NPVr) of >90%
and <90%. p <.001 is regarded as highly statistically significant.

Adenomyosis volume reduction and symptom improve-
ment were significantly higher in group A than in group B
(p<.001) and significantly different among subgroups of
group B (p <.001 between subgroups | and lll; and p <.001
between subgroups Il and Ill). However, there was no signifi-
cant difference between subgroups | and Il (p>.05).
Moreover, there were no statistically significant differences in
the adenomyosis volume reduction ratio and tSSS improve-
ment between patients with focal adenomyosis and those
with diffuse adenomyosis in groups A and B (p >.05).

Discussion

Adenomyomectomy has been considered as the first-line
approach to treat adenomyosis. The procedure aims to
achieve thorough excision of the adenomyosis lesion
through the margin of tumour and myometrium out of the
uterus in order to provide symptom relief and avoid rapid
recurrence [25,26]. Furthermore, the current achievements in
HIFU treatment for adenomyosis have also demonstrated
that symptom relief and the resultant improvement in the
patient’s quality of life are related to the amount of
adenomyosis tissue being ablated or devascularized
[5,7-10,12,13,17]. However, on the basis of our literature
search, no studies have focussed on using the immediate
NPVr >90% as a measure of clinical treatment success and
an indicator of the extent of HIFU ablation that should be
performed without compromising the safety of patients with
adenomyosis, which is one of the most critical aspects of
HIFU treatment.

Multivariate analysis of the baseline features in our study
suggested that the thickness of the subcutaneous fat layer
and the adenomyosis volume might be valuable predictors
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Table 4. Adenomyosis volume and symptom changes in patient groups with NPVr >90% and NPVr <90%.

Treatment outcome All patients (n = 66) NPVr <90% (n = 40) NPVr >90% (n = 26) p value
Adenomyosis volume
Baseline .002*
Mean = SD 116.27 + 60.98 97.97 £54.04 14442 +61.26
Range 17.0-246.0 17.0-240.0 42.0-246.0
6 months 224
Mean + SD 86.79 £45.41 81.29+47.77 95.26 £40.95
Range 16.0-222.0 16.0-222.0 24.0-168.0
Reduction ratio .0001*
Mean + SD 0.23+£0.12 0.17£0.09 0.34+0.07
Range 0.0-0.53 0.0-0.35 0.17-0.53
Transformed symptom severity score
Baseline 976
Mean + SD 68.23+17.27 68.28 +£18.29 68.14+15.93
Range 28.1-100.0 28.1-100.0 43.7-90.6
6 months .0001*
Mean + SD 29.73+£22.99 41.88+21.60 11.06 £ 6.92
Range 0.0-75.0 6.3-75.0 0.0-25.0
Improvement ratio .0001*
Mean +SD 0.56+0.33 0.38+0.30 0.84+0.10
Range 0.0-1.0 0.0-0.83 0.59-1.0

SD: standard deviation; NPVr: nonperfused volume ratio.
*Statistically significant (one-way analysis of variance [ANOVAY]).
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Figure 7. The scatter plot demonstrates tSSS improvement ratios and adeno-
myosis volume reduction ratios at 6 months for each patient among different
groups and subgroups as a nonperfused volume ratio (NPVr) of <50%, >50%
and <70%, >70% and <90% and >90%.

of HIFU ablation with an NPVr >90% (p <.05, Table 2). The
beam of focussed ultrasound energy penetrates through sev-
eral tissue layers, including the skin, subcutaneous fat tissue,
muscle and other soft tissues, and causes localized high tem-
peratures (>55°C) at the target location. Because of the
acoustic properties of adipose tissue, an increase in depos-
ited energy can inevitably lead to elevated temperatures in
the subcutaneous tissue (e.g. fat burn) and the associated
defocusing of ultrasound might result in insufficient HIFU
energy delivery to the target location. Previous studies by
Zhang et al. [10] and Gong et al. [14] reported that the

abdominal subcutaneous fat thickness was one of the signifi-
cant parameters negatively correlated with the NPVr because
of the absorption and distortion of sonication energy by adi-
pose tissue. In a study by Mikami et al [27], based on early
experience, the HIFU procedure was technically successful in
32 of 48 patients with a symptomatic uterine fibroid. The
mean thickness of subcutaneous and ventral visceral fat tis-
sue in the technical success group was less than 20 mm.
However, of the seven patients in the technical failure group,
the mean thickness of the subcutaneous and ventral visceral
fat tissue was larger than 20mm. In our study, the mean
subcutaneous fat thickness of Vietnamese patient popula-
tions was less than 13mm in both groups. Thus, patients
with thicker subcutaneous fat might have a higher risk of
subcutaneous fat burn and a lower chance of achieving high
NPVr. With regard to adenomyosis volume, Gong et al. [14]
reported that the adenomyosis volume was positively corre-
lated with the NPVr, suggesting that the NPVr will be higher
in patients with larger adenomyosis lesions. This could be
explained by the combination of direct HIFU damage and
cumulative heating effect phenomenon due to high energy
deposition per sonication that might result in thrombotic
occlusion of the blood supply within the adenomyosis [28].
The findings in our study are in agreement with the results
of previous HIFU studies [10,14,27].

The T2W MR images suggested that various imaging fea-
tures of adenomyosis lesions, including the degree of vascu-
larity, water content of the smooth muscle, ectopic glands,
haemorrhage and fibrous content might have different
effects on HIFU energy deposition [4,14,29]. In a clinical study
by Kim et al. [30], the SI of adenomyosis on T2W MRI was
classified as ‘dark’ (if the SI of the adenomyosis was lower
than that of the rectus abdominis muscle), ‘low’ (if the SI of
the adenomyosis was between that of the rectus abdominis
muscle and the normal myometrium), or ‘heterogeneous’
(if the SI of the adenomyosis was equal to that of the myo-
metrium). The results of their study demonstrated that an
adenomyosis with dark or low SI was associated with better



results than that with heterogenous SI. In our study, among
the T2 MRI group features, the Sl ratio of the adenomyosis
to the myometrium was the only significant feature for pre-
dicting an NPVr >90% (p <.001), suggesting that the SI of
the adenomyosis relative to that of the myometrium in T2W
imaging might play an important role in predicting an
NPVr >90%.

The K™ is one of the most important parameters in the
quantitative perfusion data extracted from DCE-MRI and pre-
dominantly reflects blood perfusion and vascular permeabil-
ity, which critically cause inevitable heat diffusion out of the
target lesion in HIFU ablation of adenomyosis. Kim et al. [31]
showed the ability of baseline DCE-MRI to predict the abla-
tion efficacy of HIFU treatment of symptomatic uterine fib-
roids under various parameter settings and found that a
high K™ value in baseline DCE-MRI might be a significant
predictor of poor treatment results. In addition, a recent
study by Keserci et al. [17] suggests that HIFU treatment has
minimal effects on the normal myometrium due to low
tissue density of the myometrium and its high moisture con-
tent [32]. In our study, the multivariate analysis of quantita-
tive perfusion MR features showed that the K™ ratio of the
adenomyosis to the myometrium was another significant fea-
ture for predicting an NPVr >90%. This finding indicates that
an adenomyosis with significantly higher K™" values in
comparison with the normal myometrium shows higher per-
fusion and rapid blood flow, which may lead to clinical ineffi-
ciency in HIFU therapy. Our findings concur with Pennes’
model and the results of previous studies [17,31,33-35].

The present work introduces a GEE model for predicting
an NPVr >90% with four statistically significant MRI parame-
ters obtained from multivariate analyses: the thickness of the
subcutaneous fat layer, adenomyosis volume, T2 SI ratio of
adenomyosis to myometrium, and the K™" ratio of the
adenomyosis to the myometrium. The determination of an
optimal cut-off value to discriminate patients with low and
high chances of achieving an NPVr <90% will have a critical
impact on the treatment outcome. The primary findings from
the ROC curve analysis in our study confirm that the GEE
prediction model can predict the possibility of an NPVr
>90%, as a measure of clinical treatment success, in MRI-
guided HIFU treatment of adenomyosis and suggest a cut-off
value based on the Youden index (Figure 3) [23].

In the present study, the incidence of mainly SIR class A
(no medical intervention required) or class B (require nominal
therapy but show no clinical consequence) HIFU-related AEs
or complications during HIFU treatment in both groups A
and B (Table 3) was consistent with the findings reported in
previous studies [59,11,16,17]. The encountered AEs were
mainly related to either the temperature increase in the
near-field of the acoustic beam path due to the increase in
deposited energy or far-field heat absorption by distant bony
structures. They typically occurred during treatment and
recovered shortly thereafter. There were no significant inter-
group differences in the incidences of each type of complica-
tion (p > .05).

One of the major concerns regarding HIFU ablation of
adenomyosis with an immediate NPVr >90% is the
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possibility of a negative impact on the ovarian reserve.
Despite this potential concern, we found that there was no
statistically significant change in AMH concentrations before
and 6 months after HIFU treatment in (i) patients in group A;
(i) patients in group B; (iii) patients in all subgroups; (iv)
between patients with focal adenomyosis and those with dif-
fuse adenomyosis in group A; and (v) between patients with
focal adenomyosis and those with diffuse adenomyosis in
group B. These findings suggest that HIFU ablation even
with an NPVr >90% did not damage the ovary and its blood
flow, which is in agreement with the findings of previous
studies [36,37].

With regard to clinical efficacy, our study demonstrated
that the adenomyosis volume reduction and improvement in
symptoms were significantly greater in group A than in
group B (Table 4). These findings are in agreement with
those of earlier studies [5,9,11,17]. In the subgroup analysis
of patients with NPVr <90% (n=40), the adenomyosis vol-
ume reduction and improvement in symptoms were signifi-
cantly different not only between subgroup | (n=13) and
subgroup Il (n=18, p<.001) but also between subgroup Il
(n=9) and subgroup Il (n=18, p<.001). However, there
was no statistically significant difference between subgroup |
(n=13) and subgroup Il (n=9, p>.05), indicating that
patients with an NPVr <70% are less likely to benefit from
HIFU treatment. Based on our findings in this study, even
though patients with an NPVr >70% and <90% would more
likely benefit from this treatment, adenomyosis volume
reduction and symptom improvement were significantly
higher in patients with an NPVr >90% than in subgroup llI
of group B (p <.001). This was in agreement with the previ-
ously reported outcomes of HIFU treatment for adenomyo-
sis [6,7,10,17].

The primary limitation of this study was its single-center
retrospective nature and the 6-month follow-up period
because of the follow-up protocol in our institution. Another
drawback was the considerable overlap in the patient popu-
lation (i.e., 31 of 66), which reported in this and one of our
previous studies [17]. However, the aim of our previous study
[17] was to evaluate the role of MR T1 perfusion-based
time-SI curves of adenomyosis and the myometrium in clas-
sification of adenomyosis for predicting treatment outcomes
of HIFU treatment, defined by the immediate NPVr, whereas,
in this study, we investigated the MRI features influencing an
immediate NPVr >90% after HIFU ablation of adenomyosis.
Thus, it is not likely that a considerable overlap in the patient
population affected our results. Furthermore, a recent retro-
spective study [38] demonstrated that the achievement of
NPVr >90% in MRI-guided HIFU treatment of uterine fibroids
using multivariate analyses and GEE prediction model.
Despite the similar study design and prediction model
between our previous [38] and present studies, it is worth to
note that uterine fibroids and adenomyosis, two common
gynecological benign tumours, have different histopathologic
characteristics that generate different baseline, cellular and
vascular features. In addition, in contrast with previous study
[38], the present study assessed quantitative perfusion MRI
features for investigating the potential predictors of the NPV
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ratio of at least 90%. Lastly, prospective studies with larger
patient populations and longer follow-up periods are essen-
tial to confirm the validity of (i) the MRI features influencing
an NPVr >90% in HIFU ablation of adenomyosis, (ii) the pre-
diction model introduced in this retrospective study, and
(iii) the safety and clinical efficacy of this approach.

Conclusions

The preliminary findings of this retrospective study indicate
that gynaecologists and interventional radiologists should
evaluate the significant MRI features we have identified for
achieving an NPVr >90% in HIFU treatment of adenomyosis
and consider using the prediction model introduced in this
study. Moreover, the findings for clinical efficacy at the
6-month follow-up examination demonstrated that an NPVr
>90% produced better prognosis without SAEs in patients
with adenomyosis and had a negligible impact on the ovar-
ian reserve.

Ethics approval and consent to participate

The relevant institutional review board (IRB) approved this
study on 22 May 2015 and written informed consent was
obtained from each patient prior to initiation of high inten-
sity focussed ultrasound-related procedures.

Availability of data and materials

The datasets used and/or analyzed during the current study
are not publicly available due the terms of consent to which
the participants agreed but are available from the corre-
sponding author on reasonable request.
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