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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: The aim of this study was to assess the feasibility of T2 relaxation time in predicting the
immediate technical outcome i.e., nonperfused volume ratio (NPVr) of magnetic resonance-guided
high-intensity focused ultrasound (MRgHIFU) treatment of symptomatic uterine fibroids and to com-
pare it with existing T2-weighted imaging methods (Funaki classification and scaled signal inten-
sity, SSI).
Materials and methods: 30 patients with 32 uterine fibroids underwent an MRI study including a
quantitative T2 relaxation time measurement prior to MRgHIFU treatment. T2 relaxation times were
measured with a multi-echo fast imaging-based technique with 16 echoes. The correlation between
pretreatment values of the uterine fibroids and treatment outcomes, that is nonperfused volume ratios
(NPVr), was assessed with nonparametric statistical measures. T2 relaxation time-based method was
compared to existing T2-weighted imaging-based methods using receiver-operating-characteristics
(ROC) curve analysis and Chi-square test.
Results: Nonparametric measures of association revealed a statistically significant negative correlation
between T2 relaxation time values and NPVr. The T2 relaxation time classification (T2 I, T2 II, and T2
III) resulted in the whole model p-value of 0.0019, whereas the Funaki classification resulted in a
p-value of 0.56. The T2 relaxation time classification (T2 I and T2 II) achieved a whole model of a
p-value of 0.0024, whereas the SSI classification had a p-value of 0.0749.
Conclusions: A longer T2 relaxation time of the fibroid prior to treatment correlated with a lower
NPVr. Based on our results, the T2 relaxation time classifications seem to outperform the Funaki classi-
fication and the SSI method.
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1. Introduction

Magnetic resonance-guided high-intensity focused ultra-
sound (MRgHIFU) treatment is based on the noninvasive
heating capability of high-intensity ultrasound causing
coagulative necrosis of the targeted lesions which is com-
bined with real-time magnetic resonance imaging (MRI) for
thermal mapping and anatomical monitoring during the
treatment. The MRgHIFU treatment has been demonstrated
to be a safe and effective treatment for symptomatic uterine
fibroids [1–4].

Histologically uterine fibroids consist of smooth muscle
cells and myofibroblasts which produce an extracellular
matrix (ECM) containing collagen as well as other com-
pounds [5]. Uterine fibroids have been shown to have intra-
and inter-fibroid differences reflecting the heterogeneity
within and between uterine fibroids [6–8]. For example, uter-
ine fibroids have been demonstrated to exhibit different col-
lagen contents and compositions, as well as different cellular
compositions between small and large uterine fibroids [7,8].

Variations within large uterine fibroids have also been
reported in which a spatial difference was detected in the
fibroid activity [6].

Certain MRI-related parameters have been shown to cor-
relate with histology of the uterine fibroids [9,10]. Thus, the
high signal intensity in T2-weighted images has been corre-
lated with high proliferative activity and high cellularity,
whereas a low signal intensity in T2-weighted images and a
shorter T2 relaxation time have been correlated with a high
fiber content of the tissue [9,10]. Poor technical MRgHIFU
treatment outcomes have been associated with extensive
cellularity and vascularity; these seem to be attributable to
heat dissipation due to perfusion and conduction [11]. For
these reasons, some kind of uterine fibroid characterization
prior to the MRgHIFU treatment is usually performed with
different techniques. Several MRI-related parameters have
been shown to predict the technical treatment outcome or
treatment efficiency parameters [12–18]. In particular, T2-
based methods have been used in uterine fibroid character-
ization, e.g., the relative T2-weighted signal intensity (Funaki
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classification [12]) and scaled signal intensity (SSI [18]). The
Funaki classification is based on T2-weighted images in
which the signal intensity of the uterine fibroid is compared
to signal intensities from myometrium and muscle: hypoin-
tense (Funaki I), intermediate (Funaki II), and hyperintense
(Funaki III). Even though the Funaki classification is widely
used in predicting the outcome of uterine fibroid HIFU treat-
ment, it only provides a semi-quantitative assessment of the
suitability of HIFU as a treatment option for this particular
fibroid. On the other hand, SSI is a semi-quantitative method
in which the signal intensity of uterine fibroid is compared
to the signal intensity of muscle and abdominal fat on a
scale of 0–100 which should provide a more accurate assess-
ment than can be obtained with the Funaki classification.
However, T2-weighted imaging is a qualitative method to
assess tissue pathology due to the influence of several fac-
tors, e.g., the coil receiver sensitivity and gain effects [19,20].
A quantitative imaging method would not depend on these
factors and could therefore provide a more reliable and com-
parable assessment of tissue structure and a more reliable
prediction of the technical outcome.

T2 relaxation time mapping is an MR imaging-based tech-
nique that can provide quantitative information about tissue
structures, e.g., its fiber content [9]. In this technique images
with several different echo times are obtained based on
which the T2 relaxation time maps can be calculated using a
mathematical model.

The aim of this study was to assess the feasibility of T2
relaxation time in predicting the immediate NPV ratios of
magnetic resonance-guided high-intensity focused ultra-
sound (MRgHIFU) treatment of symptomatic uterine fibroids
and comparing it to the existing T2-weighted imaging-based
methods (Funaki classification and scaled signal inten-
sity method).

2. Materials and methods

2.1. Patients

This prospective study was approved by the Ethics
Committee of the Hospital District (ETMK: 95/1801/2015 6/
16/2015). Written informed consent for the MRgHIFU proced-
ure and for using the data was obtained from all patients.

Patients were enrolled for the MRgHIFU treatment of uter-
ine fibroids between April 2017 and December 2018.
Inclusion and exclusion criteria for the MRgHIFU treatment
have been described in the previous report [17]. The patients
of this study had to meet the following inclusion criteria: (1)
patient had undergone T2 relaxation time mapping before
MRgHIFU treatment, (2) oxytocin was not used during
MRgHIFU treatment, and (3) MRgHIFU treatment could be
conducted without problems or interruptions that might
affect the end result. A total of 30 patients were included in
this study, and 16 patients were excluded due to the follow-
ing reasons: oxytocin was used during treatment (N¼ 13),
treatment could not be conducted properly due to a retro-
verted uterus (N¼ 1), interference of small bowels with the
ultrasound beam (N¼ 1), and interrupted treatment due to

the patient experiencing significant discomfort during sonica-
tions (N¼ 1), see CONSORT diagram (Figure 1).

2.2. Screening MRI

Fifteen patients had their 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 fifteen patients had their screening MRI performed in
their local hospital with different MRI scanners. The screening
MRI protocol in our hospital included T2-weighted, T1-
weighted, T2 relaxation time mapping, 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 classi-
fication: mean echo time 97ms (range: 75–138ms) and mean
repetition time 5189ms (range: 3500–10412ms). The inter-
ventional radiologist (GK) evaluated the patient’s suitability
from the screening MR images as described in a previous
report [17].

2.3. Funaki classification and scaled signal
intensity (SSI)

The average T2 signal intensity (SI) of uterine fibroid, abdom-
inal muscle, abdominal fat, and myometrium were obtained
from regions of interest (ROIs) which were drawn with Osirix
software (v.7.0, Pixmeo) on sagittal T2-weighted images.
From these signal intensities, the Funaki classification was
determined: Funaki I, hypointense (SI of the fibroid � SI of
the abdominal muscle); Funaki II, intermediate (SI of the
abdominal muscle< SI of the fibroid< SI of the myome-
trium); and Funaki III, hyperintense (SI of the fibroid� SI of
the myometrium). Relative T2 signal intensities (rT2) were
also calculated (average SI of fibroid/average SI of skeletal
muscle and average SI of fibroid/average SI of the myome-
trium) for correlation analysis.

Figure 1. A CONSORT flow diagram of the patient selection process in
this study.
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From these signal intensities, scaled signal intensity could
be calculated (Equation 1) on the scale of 0–100 in which
the average SI of fibroid is compared to the average SI of
the muscle and abdominal fat as described in a previous
study [18].

SSI ¼ ðSI of the fibroid�SI of the abdominal muscleÞ
ðSI of the abdominal fat � SI of the abdominal muscleÞ

(1)

2.4. T2 relaxation time mapping

T2 relaxation mapping sequence and fitting software of the
scanner (Philips) were validated using a set of aqueous para-
magnetic relaxation phantoms as described previously [21].
Four solutions were prepared in sterilized polypropylene cen-
trifuge tubes (50ml) by dissolving copper sulfate pentahy-
drate (CuSO4 � 5H2O, purity �98%, Sigma-Aldrich) in double
distilled water to concentrations of 26.905mM, 19.359mM,
13.341mM, and 4.482mM, resulting in T2 relaxation times of
50ms, 69ms, 99ms, and 275ms, respectively. T2 relaxation
times of the phantoms were measured with both coil setups
using a multi-echo, turbo spin-echo (TSE), echo-planar imag-
ing (EPI) based technique by acquiring images with 16 echo
times (TE 12–192ms) and T2 relaxation times were calculated
using scanner software.

T2 relaxation time mapping was acquired either as a part
of the routine clinical screening protocol using a torso coil
with 32 channels (four patients) or immediately prior to the
MRgHIFU treatment with a HIFU coil system which consisted
of two separate coils with a total of five channels (26
patients). The T2 images were acquired with 16 echo times
of 12–192ms. The T2 relaxation time maps were recon-
structed using MRI scanner software (Philips).

ROIs were drawn with Carestream Vue PACS (v.
12.2.0.1007, Philips) in the three middle slices of the fibroid.
The ROI border was placed a few millimeters inside the
fibroid to avoid any partial volume effect. The ROI size was
therefore dependent on the size of the fibroid. The averaged
quantitative T2 relaxation time values were obtained for
each fibroid.

2.5. 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 [22]. 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. The available therapy sonication
acoustic power range was 140–300W. 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 resonance frequency
shift technique.

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.

2.6. T2 relaxation time classification

In order to compare the T2 relaxation time classification to
the Funaki classification, the T2 relaxation time classification
needed to be divided into three groups. The technical suc-
cess of the treatment outcome was usually measured by
NPVr which is an objective and quantitative measure.
Furthermore, the NPVr has been shown to correlate with the
clinical treatment outcome [11,23]. Clinical success is com-
monly defined as at least a 10-point reduction in the symp-
tom severity score (SSS) after the treatment [24]. An NPVr of
more than 80% has been shown to result in clinical success
in more than 80% of patients [23]. Correspondingly, the
odds of clinical success 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% [11]. Because of this rather robust cor-
relation between the technical 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% representing a good treatment outcome, an NPVr
between 30% and 80% representing a moderate treatment
outcome, and an NPVr less than 30% representing a poor
treatment outcome.

In order to compare the T2 relaxation time classification
to the SSI classification, the T2 relaxation time classification
needed to be divided into two groups. An NPVr of 45% was
used to determine an optimal cut-off value for the T2 classifi-
cation similarly to in a previous study investigating the SSI
classification [18].

Table 1. MRI sequence parameters for screening and MRgHIFU therapy.

Parameter T2W TSE T2W TSE T1W TFE T2 relaxation time mapping CE-T1W TFE

Imaging plane Sagittal Axial Sagittal Axial Sagittal
Repetition time (ms) 4844 3845 5.2 2800 5.2
Echo time (ms) 95 80 2.6 12–192 2.6
Flip angle (�) 90 90 7 90 7
Number of slices 42 45 133 12 133
Section thickness (mm) 3 4 3 5 3
Matrix size (mm) 344� 267 272� 241 172� 298 152� 119 172� 298
Field of view (mm) 240� 240 300� 300 255� 448 230� 183 255� 448

CE: contrast-enhanced; EPI: echo planar imaging; FFE: fast field echo; TFE: Turbo Field Echo; TSE: Turbo Spin Echo.
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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
distributed parameters was analyzed by Pearson product-
moment correlation and non-normally 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 Chi-square test. Group
means of normally distributed datasets were compared using
Tukey-Kramer honestly significant difference (HSD) test for all
pairs and non-normally distributed datasets were compared
using the Steel-Dwass method for all pairs.

3. Results

3.1. MRgHIFU treatment

A total of 30 patients with 32 uterine fibroids were treated
without any significant adverse events. In all cases, nonper-
fused regions were detected after treatment, resulting in a
mean NPVr of 57 ± 29%. An overview of the study population
and the MRgHIFU treatment parameters is shown in Table 2.

3.2. T2 relaxation time mapping

T2 relaxation time phantoms were measured with the HIFU
coil and the torso coil setup. Validation measurement results
for each relaxation time phantom are presented in Table 3.
The median T2 relaxation time value of all fibroids was
66ms [58–85ms].

3.3. Correlations between pretreatment and treatment
outcome parameters

T2 relaxation time, rT2(fibroid/muscle), rT2(fibroid/myome-
trium) and SSI all displayed statistically significant negative
correlations with NPVr, resulting in the following correlation
coefficients and p-values: �0.54 (p-value 0.001�), �0.37 (p-
value 0.035�), �0.47 (p-value 0.007�), and �0.37 (0.035�),
respectively.

3.4. Classifications

The analysis of the ROC curve indicated an optimal T2 cutoff
value of 57.6ms for NPVr> 80%, and 78.3ms for NPVr< 30%,
resulting in the following T2 relaxation time classification: T2
I (NPVr> 80%), T2 II (NPVr 30–80%), and T2 III (NPVr< 30%)
which could be compared to the Funaki classification.
Examples of the pretreatment T2 relaxation time maps and
the corresponding screening T2-weighted images for each
classification group are presented in Figure 2.

Groups within the classifications were compared with the
Steel-Dwass method for all pairs which indicated that there
was no statistical difference between Funaki classification
groups, whereas there were statistically significant differen-
ces between the T2 relaxation time classification groups
(Figure 3). ROC curve analysis by NPVr was performed for T2
relaxation time and Funaki classifications (Figure 4).

The T2 relaxation time classification resulted in an area
under the curve (AUC) values of 0.69 (T2 I), 0.69 (T2 II), and
0.84 (T2 III), resulting in a whole model p-value of 0.0019,
whereas the AUCs for the Funaki classification was 0.57
(Funaki I), 0.40 (Funaki II), and 0.66 (Funaki III), resulting in a
whole model p-value of 0.56. The fibroid volumes and treat-
ment parameters displayed no statistically significant differ-
ences between the T2 relaxation time and Funaki
classification groups except for the total energy between T2
relaxation time groups I and III (p-value 0.021�). A summary
of the fibroid characteristics and MRgHIFU treatment param-
eters for each T2 relaxation time and the Funaki classification
groups is presented in Table 4.

The analysis of the ROC curve revealed an optimal T2 cut-
off value of 68.0ms for NPVr> 45%, resulting in the follow-
ing T2 relaxation time classifications: T2 I (NPVr> 45%), and
T2 II (NPV � 45%), which could be compared to the SSI clas-
sification. Examples of the pretreatment T2 relaxation time
maps and the corresponding screening T2-weighted images
for each classification group are presented in Figure 5.

Group means within the classifications were compared
with Tukey-Kramer honestly significant difference (HSD) test
for all pairs, which indicated that there was no statistical dif-
ference in SSI classification group means, whereas there

Table 2. Summary of the study population and MRgHIFU treat-
ment parameters.

Characteristics Value

Total number of patients 30
Total number of fibroids 32
Mean age (y) 40 ± 5
Median fibroid volume (mL) 81 [27–138]
Median total energy (kJ) per fibroid 32 [23–51]
Median total treatment cell volume (mL) 34 [17–59]
Median NPV (mL) 37 [11–71]
Mean NPV ratio (%) 57 ± 30

NPV: Nonperfused volume.

Table 3. T2 relaxation time validation measurement results for each relaxation time phantom with both coil setups.

HIFU coil Torso coil

Phantom T2 relaxation time Difference to phantom T2 relaxation time Difference to phantom

50ms 51.039ms þ2.1% 50.038ms þ0.1%
69ms 69.552ms þ0.8% 68.051ms �1.4%
99ms 100.575ms þ1.6% 98.073ms �0.9%
275ms 293.717ms þ6.8% 285.210ms þ3.7%
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were statistically significant differences between T2 relaxation
time classification group means (Figure 6).

ROC curve analysis by NPVr was performed for T2 relax-
ation time and SSI classifications (Figure 7). The T2 relax-
ation time classification resulted in an area under the curve
(AUC) value of 0.79, resulting in a whole model of p-value
of 0.0024, whereas the AUC for the SSI classification was

0.71, resulting in a whole model p-value of 0.0749. The
fibroid volumes and treatment parameters displayed no
statistically significant differences between the T2 relaxation
time and SSI classification groups. A summary of the fibroid
characteristics and MRgHIFU treatment parameters in each
T2 relaxation time and SSI classification group is presented
in Table 5.

Figure 2. Example pretreatment axial T2 relaxation time maps and the corresponding screening MRI axial T2-weighted images illustrating the Funaki classification:
(a) T2 I: T2 value of 48ms, (b) Funaki II, (c) T2 II: T2 value of 66ms, (d) Funaki I, (e) T2 III: T2 value of 89ms, and (f) Funaki II.
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4. Discussion

Uterine fibroids have been recognized to display histo-
pathological heterogeneity within and between fibroids
which can be evident as differences in cellularities, fiber
and collagen contents, and proliferative activity [6–10].
These histopathological differences are reflected in the

different healing properties of the tissues which lead to var-
ied MRgHIFU treatment results [11]. Therefore, several MRI-
based prediction methods have been devised to help in
the MRgHIFU treatment selection process of the patients
[12–18]. The most commonly used methods are based on
T2-weighted imaging [12,18]. However, T2-weighted imag-
ing is a qualitative method in which the signal intensity

Figure 3. Box–Whisker plots presenting NPV ratios for (a) Funaki classification and (b) T2 relaxation time classification groups, and group means within the classifi-
cations were compared with the Steel-Dwass method for all pairs (�p-value < 0.05).

Figure 4. ROC curve analysis by NPVr was performed for (a) Funaki classification and (b) T2 relaxation time classification (red line group I, green line group II, and
blue line group III).

Table 4. Summary of fibroid characteristics and MRgHIFU treatment parameters in each T2 relaxation time and Funaki classification group presented as median
[interquartile range] or mean ± standard deviation.

T2 relaxation time Funaki

I II III I II III

Total number of fibroids 8 12 12 7 22 3
Fibroid volume (mL) 52 [18–98] 61 [21–136] 94 [60–283] 103 [17–141] 72 [29–117] 190 [21–255]
Total energy (kJ) 22 [8–30] 30 [18–53] 42 [29–52] 22 [10–37] 31 [23–52] 43 [46–51]
NPVr (%) 84 [44–90] 72 [50–90] 32 [11–56] 66 [40–92] 62 [37–81] 57 [10–58]
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and image contrast are influenced by several imaging fac-
tors [19,20]. Therefore, a quantitative imaging method could
be more reliable in predicting the MRgHIFU treatment

outcome which has been demonstrated in the previous
studies with diffusion-weighted imaging [17]. T2 relaxation
time mapping is an MRI technique that can provide

Figure 5. Example pretreatment axial T2 relaxation time maps and corresponding screening MRI axial T2-weighted images illustrating SSI classification: (a) T2 I: T2
value of 63ms, (b) SSI II, (c) T2 II: T2 value of 89ms, and (d) SSI II.

Figure 6. Box–Whisker plots presenting NPV ratios for (a) SSI classification and (b) T2 relaxation time classification groups, and group means within the classifica-
tions when compared with all pairs Tukey–Kramer HSD test (�p-value < 0.05).
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quantitative information about the tissue properties of uter-
ine fibroids [9,25].

The T2 relaxation time validation measurement results of
this study indicate that T2 relaxation time maps can be reli-
ably measured from uterine fibroids using a multi-echo fast
imaging-based sequence and calculated with the scanner
software (Philips) regardless of the coil setup. The median T2
relaxation time of uterine fibroids in this study was 66ms
[58–85ms] which was a similar value as reported in previous
studies [9,25].

T2 relaxation times, T2-weighted signal intensity ratios
and SSI all displayed statistically significant negative correla-
tions with NPVr which demonstrates that these could be
good predictors of MRgHIFU treatment outcomes. In support
of our findings, a statistically significant negative correlation
has been reported in previous studies between T2-weighted
signal intensity ratios and NPV ratios as well as the correl-
ation between SSI and NPV [17,18]. These results indicate
that a higher T2-weighted signal intensity and a longer T2
relaxation time of the uterine fibroid prior to treatment pre-
dict a poorer technical outcome of MRgHIFU treatment.

In order to compare T2 relaxation time to the Funaki clas-
sification, the T2 relaxation time classification was divided
into three groups: T2 I (NPVr > 80%), T2 II (NPVr 30–80%),
and T2 III (NPVr < 30%) and based on the ROC curve ana-
lysis, the optimal cutoff values of T2 relaxation time were
estimated as 57.6ms for NPVr> 80%, and 78.3ms for
NPVr< 30%. The T2 relaxation time-based classification and

the Funaki classification were compared with the ROC curve
analysis which demonstrated that the T2 relaxation time clas-
sification had higher sensitivity, specificity, and AUC values
for each group in comparison to the corresponding Funaki
classification groups. The statistical significance of both clas-
sifications was tested with the Chi-square test which revealed
that only the T2 relaxation time classification was a statistic-
ally significant predictor of the NPVr. This result supports our
hypothesis that a quantitative method could be more reli-
able in predicting the treatment outcome. This has been also
reported in a previous study using another quantitative
method [17]. The total treatment energy between T2 relax-
ation time groups I and III revealed a statistically significant
difference which could indicate that a longer T2 relaxation
time of uterine fibroid requires higher energy to be delivered
during the treatment which could be due to differences in
tissue characteristics of the uterine fibroids. The high perfu-
sion of uterine fibroids has been correlated with a poor abla-
tion efficiency which is caused by heat dissipation [26].

The T2 relaxation time was also compared to the SSI clas-
sification and therefore the T2 relaxation time classification
was divided into two groups: T2 I (NPVr> 45%), and T2 II
(NPV �45%) and based on the ROC curve analysis, the opti-
mal cutoff value of T2 relaxation time was 68.0ms for
NPVr> 45%. The T2 relaxation time-based classification and
the SSI classification were compared with a ROC curve ana-
lysis which revealed that the T2 relaxation time classification
had higher sensitivity, specificity and AUC values for each
group as compared to the SSI classification groups. Statistical
significance of both classifications were tested with the Chi-
square test which indicated that the T2 relaxation time classi-
fication was the only statistically significant predictor of the
NPVr. This result also supports our working hypothesis.

Our results have demonstrated that quantitative T2 relax-
ation time mapping could provide a more reliable prediction
of the MRgHIFU treatment outcome than currently used
methods. This method could therefore be generalizable to
other vendors’ HIFU systems and also applicable to other

Figure 7. ROC curve analysis by NPVr was performed for (a) SSI classification and (b) T2 relaxation time classification.

Table 5. Summary of fibroid characteristics and MRgHIFU treatment parame-
ters in each T2 relaxation time and SSI classification group presented as
median [interquartile range] or mean ± standard deviation.

T2 relaxation time SSI

Parameter I II I II

Total number of fibroids 18 14 22 10
Fibroid volume (mL) 68 [20–123] 91 [39–264] 72 [20–148] 91 [39–137]
Total energy (kJ) 24 [15–38] 42 [27–52] 28 [17–42] 42 [24–67]
NPVr (%) 70 ± 22 40 ± 30 63 ± 28 44 ± 30
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clinicians’ routines. However, further studies with a larger
sample size will be required to confirm these results.

One of the limitations of this study is the small number of
Funaki type III fibroids and the small overall sample size. This
is caused by the MRgHIFU treatment selection process where
usually Funaki type III fibroids are excluded. The number of
subjects could not be increased as we changed the treat-
ment protocol to include an oxytocin infusion during the
MRgHIFU treatment which has been shown to improve tech-
nical outcomes and significantly decrease the blood flow of
the uterine fibroids [27,28]. Second, fifteen patients had
screening MRI with different scanners which could have
affected the Funaki classification results. Third, previous stud-
ies have shown that the fibroid volume correlates with NPVr
which may be an additional factor affecting the T2 relaxation
time classification and the interpretation of the results
[23,29]. However, in this study, there were no statistically sig-
nificant differences in fibroid volumes between the classifica-
tion groups which suggests that fibroid volume was not a
significant factor. Fourth, a statistically significant difference
was found between T2 relaxation time groups I and III for
the total energy which could have affected the results. Fifth,
the T2 relaxation time mapping is not yet commonly used in
clinical routines due to the required expertise in image
acquisition and post-processing. However, we have demon-
strated that multi-echo fast imaging-based technique can be
used reliably for T2 relaxation time image acquisition with
scanner software being applied for calculating the T2 relax-
ation time maps which significantly accelerates the imaging
and analysis processes. Sixth, T2 relaxation times of uterine
fibroids were defined using a mono-exponential decay func-
tion but there could also be different T2 relaxation time
components in uterine fibroids such as blood and tissue,
which should be investigated in future studies.

5. Conclusions

Higher T2-weighted signal intensity and a longer T2 relaxation
time of the uterine fibroid prior to treatment predict the
poorer technical outcome of the MRgHIFU treatment. The T2
relaxation time classification seems to be able to predict the
NPV ratio prior to the MRgHIFU treatment and may even out-
perform the Funaki and SSI classifications. Multi-echo fast
imaging-based technique and scanner software can be used
reliably for T2 relaxation time mapping of uterine fibroids
which significantly accelerates the imaging and analysis proc-
esses and therefore T2 relaxation time mapping could be
included as a quantitative measure in the MRI screening
protocol in the MRgHIFU treatment of uterine fibroids.
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