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a comparison with the Funaki classification
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Antti Perheentupac and Roberto Blanco Sequeirosb

aDepartment of Medical Physics, Turku University Hospital, Turku, Finland; bDepartment of Radiology, Turku University Hospital, Turku,
Finland; cDepartment of Obstetrics and Gynecology, Turku University Hospital, Turku, Finland

ABSTRACT
Purpose: To investigate the feasibility of using an apparent diffusion coefficient (ADC) classification in
predicting the technical outcome of magnetic resonance imaging-guided high-intensity focused ultra-
sound (MRgHIFU) treatment of symptomatic uterine fibroids and to compare it to the Funaki
classification.
Materials and methods: Forty-two patients with forty-eight uterine fibroids underwent diffusion-
weighted imaging (DWI) before MRgHIFU treatment. The DW images were acquired with five different
b-values. Correlations between ADC values and treatment parameters were assessed. Optimal ADC cut-
off values were determined to predict technical outcomes, that is, nonperfused volume ratios (NPVr)
such that three classification groups were created (NPVr of <30%, 30–80%, or >80%). Results were
compared to the Funaki classification using receiver-operating-characteristic (ROC) curve analysis, with
statistical significance being tested with the Chi-square test.
Results: A statistically significant negative correlation (Spearman’s q ¼ –0.31, p-value < 0.05) was
detected between ADC values and NPV ratios. ROC curve analysis indicated that optimal ADC cutoff
values of 980� 10�6mm2/s (NPVr > 80%) and 1800� 10�6mm2/s (NPVr < 30%) made it possible to
classify fibroids into three groups: ADC I (NPVr > 80%), ADC II (NPVr 30–80%) and ADC III (NPVr <
30%). Analysis of the whole model area under the curve resulted in values of 0.79 for the ADC classifi-
cation (p-value ¼ 0.0007) and 0.62 for the Funaki classification (p-value ¼ 0.0527).
Conclusions: Lower ADC values prior to treatment correlate with higher NPV ratios. The ADC classifi-
cation seems to be able to predict the NPV ratio and may even outperform the Funaki classification.
Based on these results DWI and ADC maps should be included in the MRI screening protocol.
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1. Introduction

Magnetic resonance-guided high-intensity focused ultra-
sound (MRgHIFU) ablation therapy has been demonstrated
to be a safe and effective non-invasive treatment for symp-
tomatic uterine fibroids [1–4]. Immediately after the treat-
ment ablated tissue can be assessed from T1-weighted
contrast-enhanced images as non-enhancing regions also
known as the nonperfused volume (NPV) which can be used
to calculate the nonperfused volume ratio (NPVr), that is,
nonperfused fibroid volume/total fibroid volume. A higher
NPVr value, that is, technical outcome, has been shown to
correlate with a positive clinical treatment outcome [5,6].
However, due to differences in tissue densities and vascular-
ity, not all fibroids are suitable for MRgHIFU therapy [2–4].
Therefore, uterine fibroid characterization prior to the
MRgHIFU treatment is usually performed with different tech-
niques. Histopathologically poor MRgHIFU treatment out-
comes are often associated with high cellularity and

increased vascularity of uterine fibroid [7–9]. On the other
hand, several MRI-related factors have been shown to predict
the technical treatment outcome (i.e., NPVr) or treatment
efficiency parameters (i.e., heating and ablation efficiencies),
for example, the T2-weighted signal intensity (Funaki classifi-
cation) [10], fibroid perfusion parameters [11–14], and texture
parameters [15]. The Funaki classification is based on T2
weighted images in which the signal intensity of fibroid is
compared to myometrium and muscle signal intensities:
hypointense (Funaki I), intermediate (Funaki II), and hyperin-
tense (Funaki III). Even though the Funaki classification is
widely used in predicting the outcome of uterine fibroid
therapy, it only provides a qualitative assessment of the suit-
ability of a fibroid for HIFU therapy. On the other hand,
quantitative methods could be more reliable in predicting
the technical outcome. While dynamic contrast-enhanced
MRI can provide quantitative information about perfusion, it
also requires extensive expertise in image acquisition and
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post-processing and is therefore not routinely used in clin-
ical practice.

Diffusion-weighted imaging (DWI) is a widely exploited
MR imaging technique that can provide quantitative informa-
tion on tissue structures and processes, such as cellularity
and microcirculation [16–20]. The technique is based on
acquiring images with several different diffusion weightings,
that is, b-values, utilizing diffusion encoding gradients. From
these images, apparent diffusion coefficient (ADC) maps can
be calculated. ADC values in biological tissues reflect the
motion of water molecules in different compartments: intra-
cellular, extracellular, and the intravascular space (perfusion).
This leads to a non-mono-exponential behavior of the signal
intensity decay as a function of the b-value. ADC maps
obtained from low b-value images (0–200 s/mm2), are
believed to reflect the perfusion effects [17,18,21–23].

The choice of b-values used for ADC calculation has been
shown to influence the ADC value measured in uterine
fibroid tissue, which indicated that DWI in fibroids reflects
both diffusion and perfusion effects [23]. Previous investiga-
tors have also reported that DWI can be used to evaluate
ablated tissue during MRgHIFU treatment of uterine fibroids
[23–25]. As far as we are aware, no reports have been pub-
lished about the potential usefulness of ADC values to pre-
dict whether uterine fibroids are good candidates for
MRgHIFU therapy prior to the treatment. Previous studies
have revealed that b-values of 0, 100, 400, 600 and 800 s/
mm2 could detect both perfusion and diffusion effects in
uterine fibroids and therefore, same the b-values were used
in this study [23–25].

The aim of this study was to evaluate the correlation
between ADC values and NPV ratios and to assess the feasi-
bility of the ADC classification in predicting the technical
outcome of magnetic resonance-guided high-intensity
focused ultrasound treatment of symptomatic uterine fib-
roids and to compare it to the Funaki classification.

2. Materials and methods

2.1. Patients

This study was approved by the Ethics Committee of the
Hospital District (ETMK: 95/1801/2015 16.6.2015). Written
informed consent for the MRgHIFU procedure was obtained
from all patients.

A total of 64 patients were enrolled for the MRgHIFU
treatment of uterine fibroids between May 2016 and
December 2018. Inclusion criteria for the MRgHIFU treatment
were symptoms caused by fibroids, physical and mental
health appropriate for an MRI scan, uterine fibroid diameter
2.5–10 cm, and premenopausal status. Exclusion criteria for
the MRgHIFU treatment were major uterine anomalies, major
scarring of the lower abdomen, degenerated fibroid, and sus-
picion of malignancy. The enrolled patients for this study
had to meet the following inclusion criteria: (1) oxytocin was
not used during MRgHIFU treatment, (2) patient had under-
gone diffusion-weighted imaging before MRgHIFU treatment,
(3) there were no significant artifacts on the ADC map in
order to reliably measure the mean ADC value from the

uterine fibroid, (4) treatment efficiency parameters could be
identified for each treated fibroid, and (5) MRgHIFU treat-
ment had not been interrupted. A total of 42 patients were
enrolled for this study, and 22 patients were excluded from
the analysis due to the following reasons: oxytocin had been
used during MRgHIFU treatment (14 patients), DWI scan had
not been performed prior to MRgHIFU treatment (4 patients),
a large artifact on ADC map from the air inside the rectum
(1 patient), treatment parameters could not be identified for
each fibroid due to a cumulative heating effect (2 patients),
and interrupted treatment due to the patient experiencing
significant discomfort during sonications (1 patient), see
CONSORT diagram (Figure 1).

2.2. Screening MRI

Twenty-five patients had screening MRI performed with the
same MRI scanner (Ingenia 3.0 T, Philips Healthcare, Best, The
Netherlands) which has an integrated MRgHIFU system
(Sonalleve V2, Profound Medical Inc., Mississauga, Canada)
and seventeen patients had their screening MRI performed
in their local hospital with different MRI scanners. The
screening MRI protocol in our hospital involved T2-weighted,
T1-weighted, diffusion-weighted and contrast-enhanced T1-
weighted imaging (Table 1). The screening MRI protocol in
other hospitals usually included T2-weighted, T1-weighted
and contrast-enhanced T1-weighted imaging with slightly
varying sequence parameters. Sagittal T2-weighted images
were used for the determination of the Funaki classification:
mean echo time 97ms (range: 75–128ms) and mean repeti-
tion time 4973ms (range: 3510–10,412ms). From these
images, the interventional radiologist (GK) evaluated the
number, size, T2 signal intensity, that is, the Funaki classifica-
tion, enhancement in T1-weighted images and the depth of
uterine fibroid(s), the presence of abdominal scars, the pos-
ition of bowel loops, and the thickness of the subcutaneous
fat layer of the abdominal wall.

The T2 signal intensity (SI) of uterine fibroid(s), abdominal
muscle, and myometrium were obtained from regions of
interest (ROIs) and relative T2 signal intensities (rT2) were cal-
culated (average SI of fibroid/average SI of skeletal muscle

Figure 1. A CONSORT flow diagram of patient selection process in this study.
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and average SI of fibroid/average SI of myometrium). The
ROIs were drawn with Osirix software (v.7.0, Pixmeo) on
sagittal T2-weighted images on fibroid, myometrium, and
abdominal muscle. From these signal intensities, the Funaki
classification was determined: Funaki I, hypointense (compar-
able to that of skeletal muscle); Funaki II, intermediate (lower
than that of the myometrium but higher than that of the
skeletal muscle); and Funaki III, hyperintense (equal to or
higher than that of the myometrium).

2.3. Diffusion-weighted imaging

Diffusion-weighted imaging was performed during screening
MRI using a torso coil with 32 channels (8 patients) or prior
MRgHIFU treatment with a HIFU coil system which consists
of two coils with a total of 5 channels (34 patients).

In order to avoid breathing artifacts and susceptibility arti-
facts of metal objects (HIFU transducer and coil element on
the treatment window), two saturation slabs were used in
the DWI scan and they were placed on the abdominal and
dorsal fat. The DW images were acquired with b-values of 0,
100, 400, 600 and 800 s/mm2. The ADC maps were recon-
structed from the DW images for quantitative analysis with
different combinations of b-values: (1) all b-values, (2) the
lowest two b-values to emphasize the perfusion effects (0
and 100 s/mm2), and the highest b-values to capture the dif-
fusion effects (400, 600 and 800 s/mm2), using the MRI scan-
ner software (Philips).

ROIs were drawn with Osirix software (v.7.0, Pixmeo) in
the three middle slices of the fibroid to include most of the
fibroid while avoiding the partial volume effect of large
5mm voxels caused by tissue borders. This was achieved by
placing the ROI border a few millimeters inside the fibroid.
The ROI size was therefore dependent on the size of the
fibroid. The ROIs were then copied to all ADC maps in the
same three sequential slices, and averaged quantitative ADC
values were obtained from each ADC map.

2.4. MRgHIFU system and treatment procedure

All treatment procedures were performed using an extracor-
poreal, clinical tabletop MRgHIFU system (Sonalleve V2,
Profound Medical Inc., Mississauga, Canada) equipped with a
direct skin cooling device in combination with a 3.0 T clinical
MR scanner (Ingenia, Philips, Best, the Netherlands).

The patient preparation, procedure and medication were
performed as previously described [19]. The radiologist (GK)
planned the treatment by positioning the ellipsoid treatment

cells (axial diameters: 4, 8, 12, 14 and 16mm) into the tar-
geted fibroid one by one exploiting the one-layer strategy
[12]. The cell size was chosen to be as large as possible with
respect to the fibroid volume. Therapy sonication was deter-
mined using low power (50–70W) test sonication. The avail-
able therapy sonication power range was 140–300W. The
optimal cell type was chosen so that as large an ablation as
possible could be achieved by one sonication. The sonication
time was determined by the cell type. A regular cell had a
predetermined sonication time and the feedback cell
stopped the sonication when thermal dose-volume achieved
the cell volume or when maximum time is reached. During
the sonication, heating of the targeted area and possible
undesired heating of surrounding tissue were monitored
with real-time MR thermometry by using the proton reson-
ance frequency shift technique (Table 1) in six slices (near
field: one coronal slice, target: three coronal slices and one
sagittal slice, and far-field: one coronal slice). The tempera-
ture maps were overlaid on the magnitude images which
enabled monitoring of the anatomy and movement during
the sonications. From the temperature maps, thermal dose
maps were calculated by the system according to the
Sapareto–Dewey equation (in units of cumulative equivalent
minutes at 43 �C [CEM43]) [20]. The contour lines of the area
of a lethal thermal dose (i.e., �240 CEM43) were automatic-
ally displayed by the system on each thermal map slice.
From the 240 CEM43 contour lines the system automatically
estimated the lethal thermal dose-volume [21].

Immediately after the treatment, contrast-enhanced T1-
weighted images were acquired by injecting the contrast
agent (DOTAREM, Guerbet, Aulnay-Sous-Bois, France,
0.1mmol/kg) to evaluate the NPV.

2.5. Treatment outcome and efficiency parameters

The NPV and uterine fibroid volumes were computed from
T1-weighted CE and T2-weighted images, respectively, using
manual segmentation on the image analysis software (AW-
server 3.2, GE Healthcare). Finally, the NPVr recognized as a
good predictor of HIFU clinical outcome was calculated as
the NPV/fibroid volume [5,6].

Both heating and ablation efficiencies of MRgHIFU were
investigated for each fibroid. Heating efficiency was defined
as the total volume of 240 CEM43 contours divided by the
total volume of treatment cells (%), and ablation efficiency
was defined as the nonperfused volume divided by the total
volume of treatment cells (%), similarly as in previous studies
[13,15,22]. Available treatment cell sizes were 4, 8, 12, 14 and

Table 1. MR imaging parameters.

Parameter T2W TSE T2W TSE T1W TFE DWI CE-T1W TFE MR thermometry FFE-EPI

Imaging plane Sagittal Axial Sagittal Axial Sagittal Coronal/Sagittal
Repetition time (ms) 4844 3845 5.2 3733 5.2 37
Echo time (ms) 95 80 2.6 83 2.6 19.5
Flip angle (�) 90 90 7 90 7 19
Number of slices 42 45 133 30 133 6
Section thickness (mm) 3 4 3 5 3 7
Matrix size (mm) 344� 267 272� 241 172� 298 124� 96 172� 298 192� 143
Field of view (mm) 240� 240 300� 300 255� 448 375� 290 255� 448 400� 300

CE: contrast-enhanced; DWI: diffusion-weighted imaging; EPI: echo planar imaging; FFE: fast field echo; TFE: turbo field echo; TSE: turbo spin echo.
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16mm, corresponding to estimated ablation volumes of 0.08,
0.67, 2.26, 3.59 and 5.36mL, respectively. Prematurely termi-
nated sonications (<10 s) were excluded from the calcula-
tions in order to avoid an overestimation of the total
treatment cell volume [23]. The overlap between treatment
cells was considered negligible.

Another way to define heating efficiency could be to util-
ize the total volume of 240 CEM43 contours divided by the
total delivered acoustic energy at the focus (mL/J) per treat-
ment. When calculated this way, heating efficiency is not
dependent on the cell type, the therapy power used, or the
patient’s anatomy. In order to determine the total delivered
acoustic energy at the focus, and attenuation correction was
estimated by determining the ultrasound attenuation for
each layer: HIFU system oil bath, HIFU system direct skin
cooling device (water), gel pad, subcutaneous fat layer, the
muscle layer, visceral fat layer, bladder layer (urine) and
fibroid. Each layer thickness was measured from five different
pathways of the ultrasound beam: center, superior, inferior,
right and left, until focus was reached by using treatment
planning 3D T2-weighted images. Each layer thickness was
averaged for calculating the total attenuation:

atotalðdBÞ ¼
X

i

ai:�di:f (1)

where ai is the attenuation coefficient [dB/m/MHz] of the
medium (i), di is the averaged layer thickness of the medium
(i) and f is the used ultrasound frequency (1.2 or 1.4MHz).
The attenuation coefficients were oil: 7.528 dB/m/MHz
(Profound Medical Inc.), water: 0.22 dB/m/MHz [24], gel pad
5.791 dB/m/MHz (Profound Medical Inc.), fat: 60 dB/m/MHz
[24], muscle: 57 dB/m/MHz [24], urine: 0.47 dB/m/MHz [25]
and fibroid: 90 dB/m/MHz [26].

Delivered acoustic energy (EA) was then calculated for
each sonication using total attenuation (atotal) as follows:

EA ¼ PA � t � 10 � atotal
10ð Þ (2)

where PA is the acoustic power and t is the sonication time.
Finally, volumes of 240 CEM43 contours and delivered acoustic
energies at the focus were summed up over all sonications in
order to determine heating efficiency (mL/J) for each fibroid.

2.6. Classification

Technical success of the treatment is usually measured by
NPVr which is an objective and quantitative measure.
Furthermore, the NPVr has been shown to correlate with the
clinical treatment outcome [5,6]. Clinical success is commonly
defined as at least a 10-point reduction in the symptom sever-
ity score (SSS) after the treatment [27]. An NPVr of more than
80% has been shown to result in clinical success in more than
80% of patients [6]. Correspondingly, the odds of clinical suc-
cess have been shown to be 2.8 in those with an NPV of 30%
or greater compared with those with an NPV of less than 30%
[5]. Because of this rather robust correlation between the tech-
nical and clinical success as well as the objective nature of
NPVr, the classification created in this study was based on
NPVr rather than on SSS. The NPVr thresholds were chosen as

follows; an NPVr of more than 80% indicative of a good treat-
ment outcome, an NPVr between 30% and 80% representing a
moderate treatment outcome, and an NPVr less than 30% sig-
nifying a poor treatment outcome.

2.7. Statistical analysis

Statistical analysis was performed using JMP Pro statistical
software version 13.1.0 (SAS Institute Inc.). A p-value less
than 0.05 was considered statistically significant.

The normal distribution of each dataset was analyzed
with the Shapiro–Wilk W test. Normally distributed numerical
data are presented as mean± standard deviation and data
with skewed distribution are presented as the median [inter-
quartile range (IQR)]. The correlation between normally dis-
tributed parameters was analyzed by Pearson product-
moment correlation and nonnormally distributed parameters
were analyzed by Spearman’s rank correlation analysis.
Receiver-operating-characteristic (ROC) curve analyses were
performed to determine optimal cutoff values. The whole
models were examined using ROC curve analysis, and statis-
tical significance was tested with the Chi-square test. Group
means of normally distributed datasets were compared using
Tukey–Kramer honestly significant difference (HSD) test for
all pairs and nonnormally distributed datasets were com-
pared using the Steel–Dwass method for all pairs.

3. Results

3.1. MRgHIFU treatment

Forty-two patients with forty-eight fibroids were treated
without any significant adverse events. In all cases, nonper-
fused regions were detected after treatment, resulting in a
median NPVr of 63.1% [40.3–82.7%]. An overview of the
study population and MRgHIFU treatment parameters are
shown in Table 2.

3.2. Diffusion-weighted imaging

The ADC maps were reconstructed with different combina-
tions of b-values.

The median ADC value 1103� 10�6mm2/s [943–1188
� 10�6mm2/s] with all b-values and 977� 10�6mm2/s
[848–1055� 10�6mm2/s] with the highest b-values were similar.

Table 2. Summary of study population and MRgHIFU treatment parameters.

Characteristics Value

Total number of patients 42
Total number of fibroids 48
Median age (years) 41 [37–43]
Median fibroid volume (mL) 72.1 [17.0–138.3]
Median total energy (kJ) per fibroid 112.7 [59.9–225.2]
Median total energy at the focus (kJ) per fibroid 28.8 [16.7–42.3]
Median total 240 CEM43 thermal dose volume (mL) 28.7 [6.5–60.3]
Median total treatment cell volume (mL) 28.9 [8.7–62.1]
Median NPV (mL) 25.2 [9.3–82.2]
Median NPV ratio (%) 63.1 [40.3–82.7]

NPV: nonperfused volume.
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However, the mean ADC value of 2576±812� 10�6mm2/s with
the lowest b-values was considerably higher.

3.3. Relationships between pretreatment MRI
parameters and treatment efficiency parameters

Of the five pretreatment parameters, only ADC with the lowest
b-values showed a significant correlation with heating efficiency
(%) and only rT2(myoma/muscle) exhibited a significant correl-
ation with the heating efficiency (mL/J). None of the pretreat-
ment parameters correlated with the ablation efficiency. Four
pretreatment parameters correlated significantly with the NPVr:
ADC with all and the highest b-values, rT2(myoma/muscle) and
rT2(myoma/myometrium). All p-values and Spearman’s rank
correlation coefficients (q) are shown in Table 3.

3.4. ADC and Funaki classifications

Based on the observed correlations only the ADC with all b-
values was chosen for the classification analysis. The analysis

of the ROC curve indicated optimal ADC cutoff values of
980� 10�6mm2/s (NPVr> 80%) and 1800� 10�6mm2/s
(NPVr< 30%), resulting in the following ADC classification:
ADC I (NPVr> 80%), ADC II (NPVr 30–80%), and ADC III
(NPVr< 30%). An example of pretreatment ADC maps, corre-
sponding to the posttreatment T1-weighted contrast-
enhanced images as well as screening T2-weighted images
for each classification group are presented in Figure 2. Group
means within the classifications were compared with all pairs
Tukey–Kramer HSD test which revealed that there were no
statistical differences between the Funaki classification group
means, whereas there were statistically significant differences
between the ADC classification group means (Figure 3). Over
30% of fibroids had a different ADC classification group than
obtained from the Funaki classification (Figure 4). The means
of fibroid volumes and treatment parameters displayed no
statistically significant differences between the ADC or
Funaki classification groups. A summary of the fibroid charac-
teristics and MRgHIFU treatment parameters in each ADC
and Funaki classification groups is presented in Table 4.

Table 3. Correlation coefficients (q) and p-values between pretreatment and treatment efficiency parameters.

Pretreatment parameter
Heating efficiency (%) Heating efficiency (mL/J) Ablation efficiency (%) NPVr (%)

Statistical parameter q p-Value q p-Value q p-Value q p-Value

ADC all b-values �0.19 0.192 �0.18 0.216 �0.01 0.945 �0.31 0.034�
ADC lowest b-values �0.32 0.029� �0.05 0.734 �0.002 0.988 �0.23 0.119
ADC highest b-values �0.27 0.064 �0.12 0.407 �0.08 0.580 �0.37 0.010�
rT2 (fibroid/muscle) �0.25 0.083 �0.33 0.022� �0.17 0.254 �0.34 0.020�
rT2 (fibroid/myometrium) �0.18 0.221 �0.14 0.364 �0.20 0.180 �0.46 0.001�
�Statistically significant (p< .05); ADC: apparent diffusion coefficient; NPVr: nonperfused volume ratio; q: Spearman’s rank correlation coefficient.

Figure 2. Example pretreatment axial ADC maps, corresponding posttreatment axial T1-weighted contrastenhanced images illustrating the NPVr for each classifica-
tion group, and screening MRI sagittal T2-weighted images illustrating Funaki classification: (a) ADC I: mean ADC value of 586� 10�6 mm2/s, (b) NPV ratio of 92%,
and (c) Funaki II, (d) ADC II: mean ADC value of 1234� 10�6 mm2/s, (e) NPV ratio of 52%, and (f) Funaki I, and (g) ADC III mean ADC value of 2053� 10�6 mm2/s,
(h) NPV ratio of 10% and (i) Funaki III.

INTERNATIONAL JOURNAL OF HYPERTHERMIA 89



ROC curve analysis by NPVr was performed for the ADC
and Funaki classifications (Figure 5). The ADC classification
resulted in the whole model area under the curve (AUC)
value of 0.79 (p-value ¼ 0.0007), whereas the AUC for the
Funaki classification was 0.62 (p-value ¼ 0.0527).

Linear regression analysis of the total volume of 240
CEM43 contours and the total delivered acoustic energy at
the focus for each classification group showed statistically
significant regression effect for ADC I, ADC II, Funaki I and
Funaki II classification groups (Figure 6).

Figure 3. Box–Whisker plots presenting NPV ratios for (a) ADC classification and (b) Funaki classification groups, and group means within the classifications were
compared with all pairs Tukey–Kramer HSD test. �p-value < 0.05).

Figure 4. Scatter plot illustrating fibroids distribution between ADC and Funaki classification groups.

Table 4. Summary of fibroid characteristics and MRgHIFU treatment parameters in each ADC and Funaki classification group presented as median [interquar-
tile range].

Parameter

ADC Funaki

I II III I II III

Total number of fibroids 15 31 2 12 32 4
Fibroid volume (mL) 24 [12–103] 89 [21–209] 168 [80–255] 75 [16–138] 62 [16–118] 135 [36–239]
Total energy (kJ) 94 [41–173] 124 [68–251] 263 [247–279] 115 [47–276] 112 [66–362] 224 [62–271]
Total energy at the focus (kJ) 22 [10–34] 27 [18–53] 39 [34–43] 22 [10–37] 28 [17–46] 39 [12–49]
Total 240 CEM43 thermal dose volume (mL) 20 [7–56] 33 [7–62] 8 [3–13] 27 [6–89] 32 [7–59] 9 [3–34]
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4. Discussion

T2-weighted SI of uterine fibroids and the Funaki classifica-
tion are widely used predictors of the therapeutic efficacy of
MRgHIFU treatment [2,10,28]. It has been recognized that fib-
roids with a high T2-weighted signal tend to display high
cellularity relative to their fibrous content (i.e., increased
water component), edema and/or degeneration, all of which
predict poor tissue heating [7–9,29]. However, due to the
relatively weak correlations and large overlap in NPV ratios
between groups (also observed by Funaki et al. [10]), T2-
based images may not be the optimal predictor of treatment
outcome. High blood perfusion has also been shown to pre-
dict poor treatment efficacy, due to the rapid heat dissipa-
tion [11–14,30]. Quantitative dynamic contrast-enhanced MRI
provides information about perfusion. However, the evalu-
ation requires additional analysis and some expertise to
obtain quantitative maps and is therefore not routinely used.
Diffusion-weighted imaging (DWI) is a widely used MR imag-
ing technique, and ADC post-processing can be done

automatically by the MRI scanner software making ADC infor-
mation easily available for the radiologist. DWI can provide
information about tissue structure, cellularity, and microcircu-
lation [18], a previous study [31] indicated that DWI of uter-
ine fibroids could provide information about both diffusion
and perfusion effects, which are crucial determinants of the
HIFU treatment outcome. Previous studies [11,13–15] with
MRI parameters have revealed correlations with treatment
efficiency parameters but they are difficult to apply in clinical
use because there are no clear guidelines for the prediction
of the treatment outcome by inspection of the treatment
efficiency values. Classification with the NPVr could be a
more informative as well as a more straightforward way to
apply quantitative information into clinical use because NPVr
correlates with clinical success [5,6].

The results of the current study indicate that median ADC
value 1103� 10�6mm2/s [943–1188� 10�6mm2/s] with all b-
values was higher than median ADC value 977� 10�6mm2/s
[848–1055� 10�6mm2/s] with the highest b-values as
expected. However, the difference was not statistically

Figure 5. ROC curve analysis by NPVr was performed for (a) ADC classification and (b) Funaki classification, where area under curve values were for each classifica-
tion group: ADC I 0.72, ADC II 0.67, ADC III 0.97, Funaki I 0.57, Funaki II 0.45, and Funaki III 0.84.

Figure 6. Linear regression analysis of the total volume of 240 CEM43 contours and the total delivered acoustic energy at the focus for a) ADC classification groups
(ADC I: R2¼ 0.71 and p-value < 0.0001�, ADC II: R2¼ 0.71 and p-value < 0.0001� and ADC III: R2¼ 0.24 and p-value ¼ 0.32) and (b) Funaki classification groups
(Funaki I: R2¼ 0.85 and p-value < 0.0001�, Funaki II: R2¼ 0.71 and p-value < 0.0001� and Funaki III: R2¼ 0.40 and p-value ¼ 0.08).
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significant. This might be due to the fact that the highest b-
values used in this study do not emphasize diffusion effects
sufficiently and, perhaps even higher b-values should have
been used. The mean ADC value (2576± 812� 10�6mm2/s)
with the lowest b-values, on the other hand, were signifi-
cantly higher than the other mean ADC values. These results
suggest that there is a non-mono-exponential dependence
between the signal decay and the b-value. This may support
the hypothesis that DWI can reflect both diffusion and perfu-
sion effects in uterine fibroids as described in a previous
study [31].

T2-weighted signal ratios, ADC values obtained with all b-
values, and ADC values acquired with only the highest b-val-
ues correlated with NPV ratios, which suggests that these
could be good predictors of treatment outcomes. However,
ADC values with the lowest b-values correlated only with
heating efficiency (%). This can be attributable to the small
sample size and the small number of lowest b-values. A
greater number of lowest b-values could provide more accur-
ate ADC values. This may warrant further investigations
because ADC with the lowest b-values could provide perfu-
sion information without the need for a contrast agent or
the rather challenging analysis of quantitative dynamic con-
trast-enhanced imaging data. A new definition of heating
efficiency (the total volume of 240 CEM43 contours divided
by the total delivered acoustic energy at the focus) intro-
duced in this study could hypothetically represent a more
accurate definition for heating efficiency because it is not
dependent on user-chosen treatment parameters or the
anatomy of the patient. However, in our study, this param-
eter correlated only with rT2(fibroid/muscle). This is most
likely due to this study’s small sample size. Nevertheless, it
may warrant further investigations due to the theoretically
more accurate heating efficiency values compared to the cur-
rently used definition.

The ADC classification was divided into three groups: ADC
I (NPVr> 80%), ADC II (NPVr 30–80%), and ADC III
(NPVr< 30%) based on ROC curve analysis, which resulted in
ADC cutoff values of 980� 10�6mm2/s and
1800� 10�6mm2/s. The ROC curve analysis for the ADC-
based classification and the T2-based classification [10] by
NPV ratios showed that the ADC classification has higher
sensitivity, specificity, and AUC values for each group. The
classifications were then tested with the Chi-square test
which revealed that only the ADC classification was a statis-
tically significant predictor of the NPVr. This result supports
our hypothesis that a quantitative method could be more
reliable in predicting the treatment outcome.

Linear regression analysis of the total volume of 240
CEM43 contours and the total delivered acoustic energy at
the focus for ADC and Funaki classification revealed statistic-
ally significant regression effect for ADC I, ADC II, Funaki I
and Funaki II classification groups which may indicate that
fibroids in different classification groups have different heat-
ing efficiencies (mL/J), for example, ADC I type fibroids have
better heating efficiency than ADC II type fibroids. However,
this warrants further investigations due to the small sample
size in ADC III and Funaki III classification groups.

One of the limitations of this study is the small number of
Funaki type III and ADC type III fibroids. This is mostly attrib-
utable to the fact that Funaki type III fibroids are usually
excluded in the selection process and are not treated with
MRgHIFU and the number of subjects could not be increased
due to the use of oxytocin infusion during MRgHIFU treat-
ment which has been shown to increase the treatment effi-
ciency [32] and decrease the blood flow to the fibroid [33].
Oxytocin infusion during the treatment would therefore
interfere with our interpretation of the results and patients
treated after the completion of this study cannot be included
any longer. Second, seventeen patients had their screening
MRI performed with different MRI scanners with slightly dif-
ferent sequence parameters which may have affected the
determination of the Funaki classification. Third, previous
studies have shown that fibroid volume correlates with NPVr
[6,34] which may be an additional factor affecting the ADC
classification and the interpretation of the results. However,
there were no statistically significant differences in median
fibroid volumes between the classification groups which sug-
gests that fibroid volume was not a significant factor in this
study. Fourth, the total sample size was small, and the ADC
classification could be further refined with a larger amount
of data which would make it more sensitive and specific in
predicting the NPVr. However, even with this small data set,
the ADC classification was better in predicting the NPVr than
its Funaki counterpart, suggesting that the ADC classification
can be useful in patient selection for MRgHIFU treatment of
uterine fibroids. Similar to our results, a recently published
study indicated that a DWI based quantitative method could
be more sensitive in discriminating different fibroid types
than the Funaki classification prior to MRgHIFU therapy [35].
However, attention should be paid to diffusion-weighted
imaging parameters when ADC value thresholds are used,
because DWI sequence parameters, for example, repetition
time, echo time, and choice of b-values can exert an impact
on the calculated ADC values [36]. On the other hand, ADC
values do not depend on the MR field strength under fixed
imaging parameters [37–40].

In conclusion, lower ADC values correlate with higher NPV
ratios. The ADC classification appears to be able to predict
the NPV ratio prior to the MRgHIFU treatment and may even
outperform the Funaki classification. The ADC classification
could offer a novel, more reliable way of predicting the treat-
ment outcome: ADC I for good treatment outcome
(ADC< 980� 10�6mm2/s), and ADC II for moderate treat-
ment outcome (ADC 980–1800� 10�6mm2/s), and ADC III for
poor treatment outcome (ADC> 1800� 10�6mm2/s).
Therefore, DWI with ADC maps should be included in the
MRI screening protocol in the MRgHIFU treatment of uter-
ine fibroids.
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