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Background: The heterogeneity of uterine fibroids in magnetic resonance imaging (MRI) is complex for a 
subjective visual evaluation, therefore it is difficult for an accurate prediction of the efficacy of high intensity 
focused ultrasound (HIFU) ablation in fibroids before the treatment. The purpose of this study was to set up 
a radiomics model based on MRI T2-weighted imaging (T2WI) for predicting the efficacy of HIFU ablation 
in uterine fibroids, and it would be used in preoperative screening of the fibroids for achieving high non-
perfused volume ratio (NPVR).
Methods: A total of 178 patients with uterine fibroids were consecutively enrolled and treated with 
ultrasound-guided HIFU under conscious sedation between February 2017 and December 2021. Among 
them, 96 patients with 108 uterine fibroids with high ablation efficacy (NPVR ≥80%, h_NPVR) and  
82 patients with 92 fibroids with lower ablation efficacy (NPVR <80%, l_NPVR) were retrospectively 
analyzed. The transverse T2WI images of fibroids were selected, and the fibroids were delineated slice 
by slice using ITK-SNAP software. The radiomics analysis was performed to find the imaging biomarker 
for the construction of a predicting model for the evaluation of the ablation efficacy, including the feature 
extraction, feature selection and model construction. The prediction model was built by logistic regression 
and assessed by receiver operating characteristic (ROC) curve, and the prediction efficiency of the two 
models was compared by Delong test. The ratio of the training set to the testing set was 8:2.  
Results: The logistic regression model showed that the mean area under the curve (AUC) of the training 
set was 0.817 [95% confidence interval (CI): 0.755–0.882], and the testing set was 0.805 (95% CI: 0.670–
0.941), respectively, which indicated a strong classification ability. The Delong test showed that there was no 
significant difference in the area under the ROC curve between the training set and testing set (P>0.05).
Conclusions: The radiomics model based on T2WI is feasible and effective for predicting the efficacy of 
HIFU ablation in treatment of uterine fibroids.
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Introduction

Uterine fibroid is a common benign tumor with more than 
50% morbidities in reproductive-aged women, and some 
patients experience abnormal menstruation, anemia and 
other symptoms, seriously affecting the quality of life (1-3). 
High intensity focused ultrasound (HIFU) is a non-invasive 
therapy with few or without adverse events (4,5). HIFU 
ablation can induce the coagulated necrosis of uterine 
fibroids, which has been widely used in the treatment of 
uterine fibroids and some malignant tumors (6-8). The 
non-perfused volume ratio (NPVR) after HIFU procedure 
is an indicator of the efficacy of ablation in uterine fibroids, 
which is associated with the difference of T2-weighted 
imaging (T2WI) signal intensity. The intensity of T2WI 
signal is classified as hypointense, isointense, hyperintense 
and hybrid intense types (9,10). The T2WI signal intensity 
has been employed to predict the ablation efficacy of HIFU 
in treatment of uterine fibroids. However, the intensity 
classification could not fully reflect the characteristics of the 
fibroids (10,11).

Radiomics analysis is developing rapidly in recent 
years for medical images analysis (12,13). It can extract a 
large number of features from medical images to quantify 
phenotypic characteristics of tumors for diagnosis, 
clinical prognosis, treatment selection, or other decision 
support (12-16). Currently, it has been widely used in the 
differential diagnosis and analysis of benign and malignant 
tumors (17-21). A study has shown promising results for 
predicting the efficacy of HIFU ablation therapy in patients 
with adenomyosis using T2-weighted imaging-based 
radiomics model (19). Unfortunately, there remains lack of 
studies that using radiomics features of T2WI images to 
predict the efficacy of HIFU ablation for uterine fibroids 
due to the complexity of radiomics analysis (10,21). In 
order to investigate the predictive effectiveness of T2WI-
based radiomics, we performed a retrospective study for the 
patients with uterine fibroids treated by HIFU ablation. 
The patients were divided into the two groups: higher 
ablation rate (NPVR ≥80%) and lower ablation rate (NPVR 

<80%) after HIFU ablation. This study aims to develop and 
validate a radiomics model based on the T2WI images to 
preoperatively predict efficacy of HIFU ablation of uterine 
fibroids. The clinicians can use this model to automatically 
predict HIFU treatment outcome so as to guide patient 
selection. We present this article in accordance with the 
TRIPOD reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-23-916/rc).

Methods

Patients

One hundred and seventy-eight patients with symptomatic 
uterine fibroids were consecutively enrolled from the 
imaging and interventional radiology clinic, and these 
patients were treated with ultrasound-guided HIFU 
(USgHIFU) in Shanghai Xuhui Central Hospital between 
February 2017 and December 2021. The inclusion criteria 
were as follows: premenopausal or perimenopausal women 
who (I) were above 25 years old; (II) diagnosed with clinical 
symptomatic uterine fibroids with diameters ≥3 cm; (III) 
received magnetic resonance imaging (MRI) examinations 
before and after HIFU therapy, and (IV) had no previous 
history of surgery or drug treatment. The exclusion criteria 
were as follows: women who (I) were pregnant or during 
menstrual period; (II) had contraindications of MRI exam 
or contrast agents containing gadolinium; (III) had a uterine 
malignant tumor; (IV) had pelvic inflammation disease 
or uncontrollable systemic disease; (V) could not lie in 
the prone position for 2–3 hours, and (VI) had history of 
high dose abdominal radiotherapy or severe connective 
tissue diseases. All data were collected retrospectively. The 
average age of all the patients was 40.28±6.58 years (range, 
25 to 49 years), and a total of 200 fibroids from 178 patients 
were selected and included in the subsequent analysis 
(Figure 1). The non-perfusion volume ratio was acquired 
by the contrast-enhanced MRI (3D_VIBE_T1WI, three-
dimension volumetric interpolated breath-hold examination 
T1-weighted image) sequence before and after the HIFU. 
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The procedure time, sonication time, acoustic energy and 
average acoustic power of the HIFU ablation were collected 
also retrospectively and analyzed.

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study 
was approved by the Ethics Committee of Shanghai Xuhui 
Central Hospital (No. 2019-094) and individual consent for 
this retrospective analysis was waived.

USgHIFU equipment and procedure 

The USgHIFU procedure was performed using a JC-200  
extracorporeal USgHIFU system (Chongqing Haifu Tech 
Co, Ltd., Chongqing, China), which was equipped with 
a diagnostic ultrasonic probe (frequency 5 MHz, Esaote, 
MyLab 70, Genoa, Italy). It had a single 20-cm diameter 
focused piezoelectric ceramic ultrasound transducer with 

Figure 1 Flowchart summarizing patient enrolment process and study cohorts. The ratio of the training set to the testing set was 8:2. 
USgHIFU, ultrasound-guided high-intensity focused ultrasound; MRI, magnetic resonance imaging; HIFU, high-intensity focused 
ultrasound; NPVR, non-perfused volume ratio; h_NPVR, higher NPVR; l_NPVR, lower NPVR. 

Inclusion criteria:
(I) ≥25 years old;
(II) Diameters ≥3 cm; 
(III) Received MRI examinations before 

and after HIFU therapy;
(IV) Had no previous history of surgery 

or drug treatment

Exclusion criteria:
(I) Were pregnant or during menstrual period; 
(II) Had contraindications of MRI exam;
(III) Have a uterine malignant tumor; 
(IV) Had pelvic inflammation disease or uncontrollable 

systemic disease; 
(V) Could not lie in the prone position for 2–3 hours;
(VI) Had history of high dose abdominal; radiotherapy 

or severe connective tissue diseases

96 patients with 108 fibroids were in  
h_NPVR group (NPVR ≥80%):
(I) 1 patient had 3 fibroids; 
(II) 10 patients had 2 fibroids; 
(III) 85 patients had 1 fibroid

Training set (N=160)
h_NPVR (N=88); l_NPVR (N=72)

178 patients with 200 fibroids were enrolled

 Database:
Pre-operative T2-weighted images of 200 fibroids

Image segementation:
Manually drawn volume of interest (VOI) with ITK-SNAP 

236 patients with uterine fibroids undergoing USgHIFU ablation 
in our hospital between February 2017 and December 2021

 Finally enrolled in this retrospective study
(N=178)

82 patients with 92 fibroids were in  
l_NPVR group (NPVR <80%):
(I) 1 patient had 3 fibroids; 
(II) 8 patients had 2 fibroids; 
(III) 73 patients had 1 fibroid

Testing set (N=40)
h_NPVR (N=22); l_NPVR (N=18)
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a focal length of 14 cm and operating at a frequency of 
1.0 MHz generated the ultrasound energy (the ultrasonic 
power range, 50 to 400 W). The transducer can be moved 
smoothly in six directions (X-axis: right and left; Y-axis: 
cranial and caudal; Z-axis: inferior and superior) by 
using computer control. The corresponding movement 
ranges were 120, 120, and 180 mm for three directions, 
respectively.

The patients underwent bowel preparation after 12 hours  
of fasting. Each patient was shaved from the anterior 
abdominal wall down to the public crest. A Foley catheter 
was inserted into the patient’s urinary bladder before the 
treatment. During the HIFU procedure, they took up a 
prone position on the treatment table. If the bowels were 
found to be laid between the transducer and the targeted 
fibroid, it could be pushed away from the acoustic pathway 
by filling the bladder with urine or using extracorporeally 
a degassed water balloon to avoid intestinal damage. 
All patients were administered an intravenous sedative 
and analgesic (0.8–1.0 µg/kg fentanyl; 0.02–0.03 mg/kg 
midazolam hydrochloride) to maintain conscious sedation. 
Their vital signs were monitored during the therapeutic 
procedure. Patients were requested to inform the operator 
if there was any pain or discomfort (1).

The therapeutic strategy was that the target regions of 
focused ultrasound were deployed on a deeper layer of the 
fibroid initially. Then, the focal ablation gradually moved 
from its sub-deep layer toward superficial layers. The initial 
treatment was at 100 W, and the highest power was 400 W. 
The duration of each sonication was 1–3 seconds, followed 
by a 2- or 3-second cooling period for HIFU treatment. 
The acoustic power and therapeutic energy were determined 
based on the patients’ feedback or/and the grayscale changes 
on the sonographic images. After a targeted focus ablation 
was completed, the focus was moved to the next neighboring 
target based on the treatment plan. When the grayscale 
change (echo enhancement) covered most of the fibroid, the 
treatment was considered completed. Treatment would be 
stopped or the focal spot would be changed if the patient felt 
severe or intolerant pain or complained of nerve numbness 
or pain radiating to the lower leg (1). One of the authors 
(Y.X.), who has had more than 15 years’ HIFU ablation 
experience, performed all patients’ procedures. All patients 
had only one treatment session.

Magnetic resonance (MR) equipment and examination

A Siemens 3.0 T MRI scanner (Verio Tim, Siemens 

Medical Systems, Erlangen, Germany) was used for pre- 
and post-HIFU therapy image evaluation. Patients were in 
supine position on an MRI bed and 4-channel abdominal 
coils were performed. All patients underwent MRI using a 
standardized protocol including T1WI, T2WI, diffusion-
weighted imaging (DWI), pre- and post-contrast 3D-T1WI 
images at the axial, coronal, and sagittal planes. The scan 
sequences and parameters were as follows: sagittal T1WI: 
repetition time (TR) =720 ms, echo time (TE) =12 ms, field 
of view (FOV) =260 mm × 260 mm, slice thickness =4 mm, 
slice gap =1.2 mm, slice =25, number of excitation (NEX) 
=1, bandwidth =260 Hz/Px, flip angle =140°, acquisition 
time =79 s. Transverse and sagittal T2WI: TR =5,000 ms, 
TE =85 ms, FOV =260 mm × 260 mm, slice thickness  
=4 mm, slice gap =1.5 mm, slice =23, NEX =1, bandwidth 
=200 Hz/Px, flip angle =150°, acquisition time =88 s. 
Transverse DWI: TR =5,300 ms, TE =93 ms, FOV =260 mm  
× 260 mm, slice thickness =4 mm, slice gap =1.2, slice =23, 
b1 =0 s/mm2 and b2 =1,000 s/mm2, NEX =4, bandwidth 
=1,158 Hz/Px, acquisition time =101 s; transverse, sagittal 
and coronal 3D_VIBE_T1WI: TR =4.4 ms, TE =1.5 ms, 
FOV =240 mm × 280 mm, slice thickness =4mm, slice =40, 
NEX =1, bandwidth =400 Hz/Px, flip angle =9°, acquisition 
time =18 s. The type, number, location, diameter, and 
T2WI signal intensity of all fibroids were determined by 
MR images. 

Evaluation of HIFU treatment efficacy and measurement 
of signal

The axial, sagittal, and coronal 3D_VIBE_T1WI MRI were 
taken within 24 hours following HIFU ablation, and the 
images were analyzed to assess the non-perfused volume 
(NPV). The MRI scanning protocol and parameters were 
the same as those used for the pre-treatment MRI. The 
NPV and fibroid volumes were determined from the 3D_
VIBE_T1WI images by manually contouring the total 
non-perfused area and tumor area on each imaging slice. 
The NPV ratio (NPVR), defined as the NPV divided by 
the fibroid volume, was then calculated. We defined the 
higher ablation rate group was NPVR ≥80% [higher NPVR  
(h_NPVR)], and the lower ablation group was NPVR <80% 
[lower NPVR (l_NPVR)] (Figure 2) (21,22).

Pre-HIFU treatment T2WI images was used to measure 
the maximum diameter, T2WI signal intensity value, and 
to classify the fibroid type and location. The largest layer 
on the axial T2WI images was selected to measure the 
maximum diameter. Three consecutive layers of images 
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Figure 2 The ablation effect of different types of uterine fibroids. The NPVR ≥80% (A,B) and NPVR <80% (C,D): an intramural fibroid on 
the left lateral wall with T2WI hybrid intensity (A); a submucosal and a subserosal fibroid on the right lateral wall with T2WI hypointensity 
(B); an intramural fibroid with T2-weighted imaging isointensity (C) and an intramural fibroid with T2WI hybrid intensity (D). The 
minimum scale in these pictures is 10 mm. NPVR, non-perfused volume ratio; T2WI, T2-weighted imaging.
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were selected from the centre of fibroids, and the region 
of interest (ROI) was drawn along the edge of the fibroids 
and the rectus abdominis muscle of the same layer. Each 
measurement was carried out three times, and the average 
intensity value was taken as the final. T2WI signal intensity 
ratio = T2WI signal intensity value of fibroids/T2WI signal 
intensity value of rectus abdominis. 

ROI segmentation and radiomics analysis

The fibroids (ROIs) in pre-treatment T2-weighted images 
and in post-treatment contrasted T1-weighted images 
were delineated by two radiologists together with more 
than 10 years’ experience. The inconsistent annotation was 

determined by the third senior radiologist. The delineation 
of ROIs in pre- and post-treatment images were separate 
and were done in different time. All of them did not know 
the results of NPVR, especially. The annotation tool is 
ITK-SNAP (v3.6.0, http://www.itksnap.org/pmwiki/
pmwiki.php), which is an open-source software. The ROIs 
were recognized and outlined manually by the polygon 
model tool in ITK-SNAP based on the fibroids’ boundaries 
shown in the T2-weighted images slice by slice, and a 3D 
ROI was obtained for each subject, as shown in Figure 3.  
After manual annotation, the original images and the 
ROIs are resampled to the same resolution. Then, the 
radiomics analysis was performed based on fibroid regions 
by a clinical research platform (23), uAI Research Portal 

Figure 3 ROI extraction of uterine fibroids using the ITK-SNAP software. (A) A subserosal fibroid with low intense signal on the right 
lateral wall of uterus in T2WI; (B) the red part shows the mask of the fibroid delineated manually in T2WI; (C) the NPVR reached 100% 
in contrast-enhanced T1-weighted imaging; (D) 3D visualization of fibroid in ITK-SNAP. The minimum scale in these pictures is 10 mm. 
ITK-SNAP is a free, open-source, multi-platform software application from http://www.itksnap.org/pmwiki/pmwiki.php. ROI, region of 
interest; T2WI, T2-weighted imaging; NPVR, non-perfused volume ratio; 3D, three-dimensional.
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(uRP) (Shanghai United Imaging Intelligence, Shanghai, 
China) (Version:20220715). The main processing procedure 
includes feature extraction, feature selection and model 
construction to distinguish the ablation efficacy.

From each ROI, radiomics features was extracted 
based on the original and filtered T2-weighted images. 
The original features consist of 104 features, including 
18 first-order features, 14 shape features, 21 gray-level 
co-occurrence matrix (GLCM) features, 14 gray-level 
dependence matrix (GLDM) features, 16 gray-level run-
length matrix (GLRLM) features, 16 gray-level size-
zone matrix (GLSZM) features and 5 neighboring gray-
tone difference matrix (NGTDM) features. We applied 
25 filters on original images, including log, mean, 
normalize, binomialblurimage, boxmean, boxsigmaimage, 
curvatureflow, laplaciansharpening, discretegaussian, 
recursivegaussian, shotnose, specklenoise, additive, Gaussian 

noise and wavelet. For wavelet decomposition, high- and 
low-pass filters were applied stepwise to the x, y, and z 
coordinates. As a result, a total of eight decompositions 
were obtained from one ROI, namely LLL, LLH, LHL, 
LHH, HLL, HLH, HHL, and HHH (L and H represent 
low- and high-pass filters respectively). Combining original 
and filtering features, 2,264 radiomics features were finally 
extracted from each ROI (Figure 4).

For feature selection, each feature was given the same 
priority and a pre-processing was applied with a Z-score 
normalization before using the least absolute shrinkage 
and selection operator (LASSO). LASSO is a type of 
linear regression method utilized for feature selection and 
regularization. It involves adding a penalty term to the 
most function of the linear regression model, which helps 
prevent overfitting by shrinking the coefficients towards 
zero. The LASSO parameter α was set to 0.05 to prevent 

Figure 4 The radiomics flowchart by uRP. On the medical images, segmentation is performed to define the fibroids region. From this 
region the features are extracted, e.g., fibroids shape, intensity, and texture features. And then these features are used for analysis, of which 
those important features will be selected and used to construct predictive model. Finally, the model is evaluated. uRP is a clinical research 
platform for radiomics analysis from Shanghai United Imaging Intelligence, Shanghai, China. LASSO, least absolute shrinkage and selection 
operator; ROC, receiver operator characteristic curve; uRP, uAI research portal.
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the overfitting problem. The logistic regression classifier 
was applied to build the prediction model (Figure 5). The 
five-fold cross validation method was applied to effectively 
evaluate the prediction model. 

Data and statistical analysis

SPSS software (SPSS 18.0; SPSS Inc., Chicago, IL, USA) 
was used for statistical analysis. The Kolmogorov-Smirnov 
(K-S) statistical test was used to test for normality, data 
were described as the mean ± standard deviation (SD) for 
normally distributed data or median with a quartile range 
for non-normally distributed data. The Student’s t-test, 
Mann-Whitney test and Chi-square test were employed for 
data analysis. The receiver operating characteristic (ROC) 
curve, area under the curve (AUC), specificity, sensitivity 
and accuracy were used to evaluate the performance of 
the model. The closer the AUC was to 1, the better the 
identification ability. A P value less than 0.05 was considered 
statistically significant.

Results

General clinic data 

Ninety-six patients (aged 40.16±6.71 years) with 108 fibroids  
were in h_NPVR group, among them one patient had three 
fibroids, ten patients had two fibroids, and the remaining 
patients had one fibroid. The mean maximum diameter was 
6.07±1.76 cm (range, 3.48 to 11.62 cm). The subserosal, 
intramural and submucosal fibroids were 3, 60 and 45, 
respectively. Eighty-two patients (aged 40.43±6.46 years) 
with 92 fibroids were in l_NPVR group, among them one 
patient had three fibroids, eight patients had two fibroids, 
and the remaining patients had one fibroid. The mean 
maximum diameter was 6.44±2.06 cm (range, 3.82 to  
12.01 cm). The subserosal, intramural and submucosal 
fibroids were 2, 70 and 20, respectively. There was no 
statistically significant difference for the patient age, fibroids 
maximum diameter, location and T2 signal intensity typing 
between the two groups (P=0.785, P=0.168, P=0.231, 
P=0.209), yet with statistically significant difference for the 
fibroids T2WI signal value and signal ratio as shown in 
Table 1 (P<0.001, P<0.001).

The average procedure time was 123.83±43.16 and 
151.28±43.57 minutes, median sonication time was 2,428 
(1,201) and 3,467 (1,558) s, median acoustic energy was 
564.570 (592.080) and 829.905 (671.962) kJ in the h_NPVR 

group and l_NPVR group, respectively (P=0.001, P=0.000, 
P=0.004). The average acoustic power was 265.62±68.49 
and 262.86±67.24 W in the h_NPVR group and l_NPVR 
group (P=0.831) (Table 1). 

Radiomics feature extraction, feature election and model 
construction

After feature selection, a total of 11 most significant features 
were selected by LASSO, including four GLSZM features, 
three GLCM features, one NGTDM feature, one GLRLM 
feature, one first-order feature and one shape feature. The 
selected feature name and the correlation coefficients are 
shown in Figure 5. Based on the 11 selected features, the 
logistic regression classifier was built for each fold and 
the performance for each fold was shown in Table 2. To 
summarize the overall performance, the mean AUC was 
0.817 [95% confidence interval (CI): 0.755–0.882], for 
training set and 0.805 (95% CI: 0.670–0.941) for testing set, 
which showed a strong classification ability. The Delong 
test showed that there was no significant difference in the 
area under the ROC curve between the training set and 
testing set (as shown in Table 2 and Figure 6).

Verification of the prediction model

The calibration curves of the prediction model exhibited 
a high degree of consistency between the predicted 
outcomes and actual observations in both the training and 
test cohorts, as depicted in Figure 7A,7B. The decision 
curve analysis plots demonstrated that the model provided 
significant clinical net benefit in both the training and test 
cohorts, as shown in Figure 7C,7D.

Discussion

The evaluation of NPVR by T1WI contrast-enhanced 
imaging has become an important indicator of the success 
of HIFU ablation of uterine fibroids, and the higher the 
NPVR, better the clinical efficacy. Sixty percent, 70%, 75%, 
80%, or 90% of the NPVR have been set as the criteria for 
technical success in different studies (24-26). Park et al. (27)  
reported that an immediate NPVR of at least 80% was 
safe in USgHIFU ablation of uterine fibroids, which could 
achieve a greater tumor volume shrinkage compared with 
lower NPVR. While Mindjuk et al. (28) found that the 
NPVR results of more than 80% were correlated with 
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Figure 5 Radiomics feature selection. (A) AUC in LASSO; (B) LASSO coefficient profiles of the 2,264 radiomics features, resulting in  
11 non-zero coefficient features; (C) the 11 most significant feature subsets selected by LASSO and their correlation coefficients. AUC, area 
under the curve; LASSO, least absolute shrinkage and selection operator.
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higher clinical success rates, Bitton et al. (29) considered 
>80% of the NPVR as the image biomarker for the 
largest improvement in symptoms after HIFU treatment. 
Therefore, the NPVR 80% was chosen as the criterion for 
separating l_NPVR from h_NPVR in our study (30).

A series of MRI parameters, such as T2 signal intensity, 
DWI apparent diffusion coefficient (ADC) value, Ktrans (31), 

etc., have been employed for predicting the efficacy of 
HIFU ablation (30,32). Previous studies showed that T2 
signal intensity of uterine fibroids was negatively correlated 
with the NPVR of focused ultrasound ablation (9,30,33). 
Different from International Federation of Gynecology 
and Obstetrics (FIGO) classification system (33), which 
emphasizes the relationship between the fibroids and the 

Table 1 The data of patients with fibroids and treatment parameters by USgHIFU

Characteristics/parameters h_NPVR (n=96) (NPVR ≥80%) l_NPVR (n=82) (NPVR <80%) t/χ2/Z value P value

Age (years) 40.16±6.71 (range, 25 to 49) 40.43±6.46 (range, 25 to 48) t=−2.71 0.785

Maximum diameter (cm) 6.07±1.76 (range, 3.48 to 11.62) 6.44±2.06 (range, 3.82 to 12.01) t=−1.382 0.168

Fibroid type (cases) 108 92 χ2=9.365 0.009*

Subserosal 3 2 – –

Intramural 60 70 – –

Submucosal 45 20 – –

Fibroid location (cases) 108 92 χ2=5.597 0.231

Anterior 45 39 – –

Right side 25 14 – –

Left side 21 20 – –

Bottom 6 2 – –

Posterior 11 17 – –

T2WI signal value 206.75 (114.85)  
(range, 108.57 to 492.31)

328.58 (216.39)  
(range, 136.92 to 902.46)

Z=−6.268 <0.001

T2WI signal ratio 2.1 (1.11) (range, 0.93 to 8.39) 3.27 (2.17) (range, 1.21 to 7.02) Z=−5.870 <0.001

T2WI signal intensity (cases) 108 92 χ2=4.541 0.209

Hypointense 69 47 – –

Isointense 26 30 – –

Hybrid intense 12 15 – –

Hyperintense 1 0 – –

Procedure time (min) 123.83±43.16 151.28±43.57 t=−3.34 0.001*

Sonication time (s) 2,428 (1,201) 3,467 (1,558) Z=−3.888 <0.001*

Acoustic energy (kJ) 564.570 (592.080) 829.905 (671.962) Z=−2.853 0.004*

Average acoustic power (W) 265.62±68.49 262.86±67.24 t=0.21 0.831

Mean ± standard deviation for normally distributed data; median (quartile range) for non-normally distributed data. The largest layer on the 
axial T2WI images was selected to measure the maximum diameter. Three consecutive layers of images were selected from the centre 
of fibroids, and the region of interest was drawn along the edge of the fibroids and the rectus abdominis muscle of the same layer. Each 
measurement was carried out three times, and the average value was taken as the final value. T2WI signal ratio = T2WI signal value of 
fibroids/T2WI signal value of rectus abdominis. Procedure time = from the first sonication time to the last sonication, including the free 
time of sonication unworking. Sonication time = from the first sonication time to the last sonication, excluding the time of sonication 
unworking. *, P<0.05. h_NPVR, higher NPVR; l_NPVR, lower NPVR. USgHIFU, ultrasound-guided high-intensity focused ultrasound; 
NPVR, non-perfused volume ratio; T2WI, T2-weighted imaging.
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adjacent mucosa, muscular and serosal layer, the Funaki 
classification (9) pays more attention to the MRI T2 signal 
intensity of fibroids. Funaki et al. (9) classified the T2 
signals of uterine fibroids into three types: hypointensity, 
iso-intensity and hyperintensity. And they reported the 
hypointense signal type could achieve the best ablation 
effect; the isointense signal type had relatively satisfactory 
ablation efficacy and potential recurrence; whereas 
hyperintense signal type had the worst ablation effect. 
However, in clinical practices the high NPVR could be 
achieved in some of T2 hyperintense fibroids, whereas 
some of T2 hypo- or iso-intense fibroids did not have good 
ablation effect after focused ultrasound therapy (34). The 
fibroids with T2 hypointense or isointense signal are mainly 
composed of collagen fibrous tissue with insufficient blood 
supply, which would result in more deposition of acoustic 
energy (7,33). The fibroids with T2WI hybrid intense 
signal usually indicate complex pathological changes, such 
as cystic, necrosis and calcification (33,35). The content 
of water, representing T2 hyperintense signal, in the 
degenerated uterine fibroids makes it easy for focused 
ultrasound energy to penetrate the focused region (36,37). 
Although the blood flow of fibroid has heat-sink effect on 
thermal ablation in radiofrequency therapy, the perfusion 
has only a small impact on the thermal dose volume during 
HIFU procedure in comparison with ultrasound absorption 
because of a shorter time of sonication (38). Our previous 
data showed that the T2 signal intensity of fibroids with a 

poor blood supply were lower than those of the fibroids with 
a rich blood supply (30). The T2 signal was related to the 
variation of cell density, collagen fiber content, blood supply 
types and water content of the tumors (31,39), however its 
intensity could not accurately reflect the complex texture 
of uterine fibroids. A single qualitative classification based 
on T2 signal intensity could not accurately evaluate the 
heterogeneous conditions, although it is still considered as 
primary imaging biomarker to predict the efficacy of HIFU 
ablation in treatment of uterine fibroids (29). The key issue 
should be addressed to precisely select the patients suitable 
to HIFU ablation of the uterine fibroids before treatment 
for clinically curative response. 

The radiomics studies has shown its advantages on the 
differential diagnosis of uterine fibroids (40-42). Kurban  
et al. (41) collected 75 patients with 212 uterine fibroids who 
were successfully treated by uterine artery embolization 
(UAE) and developed a radiomics model of treatment 
response to UAE. A five-variable predictive ROC model 
was developed to evaluate the diagnostic accuracy of 
the signal intensity ratio and heterogeneity ratio on T2-
weighted MRI, contrast enhancement ratio on T1-weighted 
MRI, location, and baseline fibroid volume. The five-
variable ROC model showed high diagnostic accuracy with 
an AUC of 0.85, sensitivity of 82%, and specificity of 71%. 
Lakhman et al. (42) reported that T2WI based radiomics 
was feasible in distinguishing leiomyosarcoma (LMS) and 
atypical uterine fibroids. Thus, the radiomics analysis of 

Table 2 Prediction efficiency of two different models with five-fold cross validation method

Five-fold 
cross 
validation

Training Testing

AUC (95% CI) Sensitivity Specificity Accuracy Precision F1 score AUC (95% CI) Sensitivity Specificity Accuracy Precision F1 score

1 0.824  
(0.760–0.887)

0.716 0.708 0.712 0.750 0.733 0.775  
(0.632–0.919)

0.682 0.579 0.634 0.652 0.667

2 0.836  
(0.775–0.896)

0.727 0.712 0.720 0.753 0.74 0.727  
(0.569–0.885)

0.636 0.556 0.600 0.636 0.636

3 0.819  
(0.755–0.882)

0.705 0.671 0.689 0.721 0.713 0.790  
(0.650–0.930)

0.636 0.667 0.650 0.700 0.667

4 0.808  
(0.744–0.873)

0.716 0.658 0.689 0.716 0.716 0.861  
(0.731–0.991)

0.727 0.778 0.750 0.800 0.762

5 0.804  
(0.738–0.870)

0.693 0.658 0.677 0.709 0.701 0.874  
(0.767–0.98)

0.773 0.778 0.775 0.810 0.791

Mean 0.817  
(0.755–0.882)

0.711 0.681 0.697 0.730 0.721 0.805  
(0.670–0.941)

0.691 0.671 0.682 0.720 0.704

SD 0.013 0.013 0.027 0.018 0.020 0.016 0.061 0.059 0.106 0.076 0.082 0.068

AUC, area under the curve; CI, confidence space; SD, standard deviation.
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T2 signal could quantify and figure out the overlooked but 
potentially valuable texture features of fibroids through a 
large number of imaging information. Radiomics models 
are superior to conventional clinical models for the tumor 
characteristic analysis (21), which would probably be helpful 
for HIFU ablation efficacy prediction, since there was no 
statistically significant difference in T2WI signal intensity 
typing between the h_NPVR group and the l_NPVR group 
in our study (P=0.209) (Table 1).

Our study selected a total of 11 valuable radiomics 

features based on T2WI, including four grayscale region 
matrix (GLSZM) features, three grayscale co-occurrence 
matrix (GLCM) features, one neighborhood grayscale 
difference matrix (NGTDM) feature, and one grayscale run 
matrix (GLRLM) feature, with only one first-order feature 
and one shape feature (Figure 5). Wei et al. (20) extracted 
20 sets of 745 quantitative features from preprocessed 
T2WI images and evaluated the correlation between 
NPVR and the radiomics features of uterine fibroids using 
a multiple linear regression model. The final regression 

Figure 6 The ROC curves of different models. (A,B) Training dataset; (C,D) testing dataset. (A,C) Five-fold cross validation; (B,D) mean of 
five models. ROC, receiver operator characteristic; AUC, area under the curve.
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model R2 for NPVR was found to be 0.422, and the 
independent and valuable parameter was the size zone 
non-uniformity (SZN) parameter in the grayscale region 
matrix (GLSZM). The larger the SZN parameter value, the 
greater the heterogeneity of the image. In our study, both 
the glszm_smallerarealowgraylevelemphasis and ngtdm_
contrast features showed the best significance at the time of 
modeling in the LASSO feature selection results. The small 

area low gray level emphasis (SALGLE) obtained from 
the grayscale size region matrix (GLSZM), measures the 
proportion in the image of the joint distribution of smaller 
size zones with lower gray-level values. The GLSZM 
quantifies the clusters of homogeneous intensity regions 
within the tumor (43). The ngtdm_contrast is one of the 
features of the neighborhood gray tone difference matrix 
(NGTDM) group. NGTDM, as a higher-order statistical 

Figure 7 Calibration curves and decision curves for prediction model in training cohorts and testing cohorts. Calibration curves for 
prediction model in training cohorts (A) and testing cohorts (B). The ideal prediction is depicted by the black dashed line, while the blue line 
showcases the model’s predictive ability. The closer these lines fit to the dashed line, the higher the model’s accuracy in making predictions. 
Decision curve for the prediction model in training cohorts (C) and testing cohorts (D). In this study, assuming no patients undergo HIFU 
ablation is denoted by the black line representing net benefit. Conversely, assuming all patients receive HIFU ablation is represented by the 
grey line. The blue line represents the anticipated net benefit obtained from predicting outcomes using the model. HIFU, high-intensity 
focused ultrasound.
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parameter, detects the signal intensity and spatial correlation 
between adjacent voxels and describes the dynamic range of 
intensity at the local level, which is better for quantifying 
the heterogeneity within the ROI (44). In our research, 
both the GLSZM and NGTDM features were significantly 
correlated with NPVR of fibroids. These results indicated 
that higher-order feature parameters had higher overall 
effectiveness in predicting HIFU efficacy than first-order 
features and shape features.

In our study, there was no statistically significant 
difference in the maximum diameter, location and T2 
signal intensity typing of fibroids between the h_NPVR 
group and l_NPVR group (P>0.05), and the acoustic power 
were very close between the two groups (265.62±68.49 
vs. 262.86±67.24 W) (P>0.05). The procedure time, 
sonication time and acoustic energy in the h_NPVR group 
were lower than that of the l_NPVR group, respectively 
(P<0.05). These results are consistent with many previous 
reports (9,11,20,45). The results of our study showed that 
the eleven radiomics characteristic of T2 signal of fibroids 
are effective indicators for predicting the HIFU efficacy 
(Figure 5), and the radiomics model constructed based on 
this had the good application value in both of the training 
set (AUC =0.817, sensitivity of 71.1%, and specificity of 
68.1%) and the testing set (AUC =0.805, sensitivity of 
69.1%, and specificity of 67.1%) (Figure 6 and Table 2). 
The Delong test showed that there was no significant 
difference in the area under the ROC curve between the 
training set and testing set (Figure 6 and Table 2). Wang (21)  
developed a machine learning model for prediction of 
malignancy in T2 hyperintense mesenchymal uterine 
tumors based on T2WI features and clinical information, 
and the results showed that comparing with the T2WI-
based radiomics model (AUC =0.76) and the clinical 
model (AUC =0.79), the combined model significantly 
improved the AUC value to 0.9. Zheng (37) enrolled  
205 patients with uterine fibroids treated by HIFU, and 
extract radiomics features from T2-weighted images and 
ADC, and combined the selected radiomics features and 
clinical parameters to established the clinical-radiological 
model, radiomics model, and radiomics-clinical model. 
The results showed that the multi-parametric MRI-based 
radiomics model outperformed T2WI-based radiomics 
model, which achieved an average AUC of 0.769, and 
showed satisfactory prediction performance for NPVR 
classification. The radiomics-clinical model demonstrated 
best prediction performance for HIFU treatment outcome, 
with an average AUC of 0.802 and an accuracy of 0.762 

in the testing cohort. These studies had showed that the 
radiomics was of great value for identifying the malignant 
tumor and assessing HIFU ablation efficacy of the 
fibroids. Without considering the influence of clinical and 
other radiological parameters on the results, our study 
demonstrated that T2WI-based radiomics model had the 
positive outcome in predicting the HIFU ablation efficacy 
of uterine fibroids.

The limitations of our study are: (I) a relatively 
small sample size from one medical center, and there 
might be bias in patient selection; (II) only T2WI 
images was leveraged, thus the feature extraction was 
not comprehensively enough; (III) some laboratory 
parameters such as luteinizing hormone, follicle stimulating 
hormone and serum estradiol were not evaluated; (IV) 
lack of validating application of different MRI scanning 
parameters from the other vendors in this radiomics model. 
Therefore, it is expected that the multi-center clinical 
trial with large samples will be performed in the future, 
and a more comprehensive and perfect prediction model 
can be established based on multi-parameter MRI and 
laboratory parameters. In conclusion, our preliminary study 
demonstrated that radiomics model based on T2WI, using 
the high-order textural features instead of the first-order 
and shape features, had a good effectiveness in predicting 
the efficacy of HIFU ablation in the treatment of uterine 
fibroids with higher coefficients, which would be helpful 
for physicians to develop appropriate strategy of HIFU 
ablation.

Conclusions

Our study showed that the radiomics model based on T2WI 
is feasible and effective for predicting the efficacy of HIFU 
ablation in treatment of uterine fibroids. The preoperative 
radiomics evaluation can potentially be used to screen the 
uterine fibroids with high ablation rate for improving HIFU 
postoperative efficacy.
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