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A B S T R A C T

Purpose: To evaluate whether susceptibility-weighted MR imaging (SWI) findings are associated with tumor
infarction on contrast-enhanced MRI (CE-MRI) after uterine artery embolization (UAE) for leiomyoma.
Methods: This was a single institution, retrospective study. Between February 2016 and April 2017, 27 con-
secutive patients underwent UAE and completed SWI and CE-MRI before and 1 week after UAE. Two blinded
readers independently reviewed the MRI of 261 tumors ≥1 cm in all patients. We evaluated the relationship
between the hypointense peripheral rim observed on the tumor surface on post-procedural SWI and the in-
farction rates (≥90%, < 90%) of each tumor based on post-procedural CE-MRI. Inter-reader correlation coef-
ficients (ICC) and the sensitivity and specificity of the rim were measured.
Results: Substantial inter-reader agreement was noted in post-procedural SWI interpretations (ICC = 0.681, 95%
CI; 0.547, 0.771). The rim was observed in 66.7% (174/261) of tumors by reader 1 and 55.9% (146/261) of
tumors by reader 2 on post-procedural SWI. Correlations were observed between the rim and ≥90% tumor
infarction by readers 1 and 2 (Spearman's coefficient = 0.474 and 0.438, p < 0.001 and p < 0.001, respec-
tively). The sensitivity and specificity of the rim to tumor infarction were 77.2 and 82.6% (reader 1), and 65.8
and 100% (reader 2), respectively.
Conclusions: The present study demonstrated that the hypointense peripheral rim was observed on some leio-
myomas on SWI immediately after UAE. The rim correlated with tumor infarction on post-procedural CE-MRI.
This SWI finding was helpful for evaluating embolic effects on leiomyomas in the acute phase after UAE.

1. Introduction

Uterine artery embolization (UAE) is regarded as a safe and effective
therapy for symptomatic uterine leiomyoma. This minimally invasive
procedure induces tumor infarction, leading to tumor reductions and
the amelioration of symptoms in most patients [1,2]. Tumor infarction
after UAE is considered to be an important predictor affecting the
duration of symptom control in the long term [3–5].

MRI is an established imaging modality for the evaluation of uterine
leiomyoma [3–12]. Previous MRI studies revealed that tumor infarction
after UAE observed on MRI corresponded to hemorrhagic infarction
(i.e., red degeneration) [6–9]. The MRI features of leiomyoma treated
by UAE were reported to have the appearance of a “bag of blood-pro-
ducts”, namely, a high signal intensity on T1-weighted images (T1WI)
and homogeneous low signal intensity on T2-weighted images (T2WI)
[6–9].

Contrast-enhanced MRI (CE-MRI) is the gold standard imaging tool
for evaluating tumor infarction after UAE [3–7,13,14]. However, CE-
MRI is not indicated for some patients who are contraindicated to use
contrast material. Additionally, contrast material has been associated
with the potential deposition of gadolinium in the brain [15]. There-
fore, a new imaging tool that requires no contrast material and provides
useful information on tumor infarction is desired.

With the rapid development of MRI technology, susceptibility-
weighted imaging (SWI) has been attracting attention for cerebral dis-
eases [16], but is poorly documented in gynecological disorders
[17,18]. SWI findings of leiomyoma after UAE have yet to be reported.
Since SWI is a useful imaging modality for detecting blood products,
showing as signal voids [17,18], we hypothesized that SWI may be
applicable to the evaluation of leiomyoma after UAE. In our pre-
liminary review of SWI, we found a specific finding, a hypointense
peripheral rim, on the surface of some leiomyomas with hemorrhagic
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infarction immediately after UAE. Therefore, we speculated that this
SWI finding may correlate with embolic effects on tumors after UAE.

The primary aim of the present study was to investigate whether
SWI findings on uterine leiomyoma immediately after UAE are asso-
ciated with tumor infarction on post-procedural CE-MRI.

2. Material and methods

This was a single institution, retrospective study approved by the
Institutional Review Board. Written informed consent for the procedure
and subsequent follow-up and opt-out consent for the retrospective use
of data were obtained from all patients. No funding for the present
study was received from any companies or organizations.

All data used for the present study were obtained from electronic
medical records, a database on UAE for leiomyoma in the institution, or
a retrospective interpretation of MRI.

2.1. Study population

Between February 2016 and April 2017, 43 consecutive patients
were referred to the Department of Radiology in the institution to un-
dergo UAE for symptomatic uterine leiomyomas. Inclusion criteria for
the procedure included premenopausal women aged 20 years or older
with uterine leiomyomas causing symptoms including menorrhagia,
pain, or bulk-related symptoms. We did not place any upper limit on the
volume of uterine leiomyomas or the uterus. Pedunculated subserosal
leiomyomas or co-existing adenomyosis unlikely to be related to
symptoms were included. Exclusion criteria for the procedure included
the presence of a gynecological malignancy in the examination before
UAE, an undiagnosed pelvic mass, acute pelvic infection, coagulopathy,
pregnancy, menopause, contraindications to MRI, an allergy to iodi-
nated contrast medium or gadolinium, dominant adenomyosis mainly
causing symptoms, and dominant infarcted leiomyoma.

Twelve out of the 43 patients referred were excluded from UAE: six
had better treatment options than UAE, four declined UAE after coun-
selling, one had breast cancer, which was noted after counselling, and
one had a desire to treat infertility by UAE. Therefore, 31 patients
underwent UAE as the primary treatment in the institution.
Additionally, 4 out of the 31 patients were excluded from the present
study: two did not undergo SWI because they had baseline MRI before
the present study, one had a history of UAE, which potentially affects
tumor infarction, and one did not undergo CE-MRI 1 week after UAE
due to an allergy to gadolinium, which was caused by the administra-
tion of gadolinium for CE-MRI before UAE. As a result, 27 out of the 31
patients were included in the present study.

Baseline characteristics were as follows. Mean age was
43.8 ± 4.4 years (standard deviation, SD) (range, 34–51 years), mean
body weight was 58.0 ± 14.4 kg (SD) (range, 43–105 kg), and the
mean body mass index was 22.9 ± 5.2 (SD) (range, 18.5–39.3).
Eighteen women were nulliparous. The mean number of tumors that
were 1 cm or larger per patient was 9.7 ± 8.9 (SD) (range, 1–31). The
mean volume of the dominant tumor was 429 ± 290 ml (SD) (range,
38–1317 ml), while the mean volume of the uterus was 1064 ± 504 ml
(SD) (range, 202–2792 ml).

2.2. UAE technique

Ten out of the 27 procedures were performed by an experienced
interventional radiologist and the remaining 17 procedures with the
same method by two qualified interventional radiologists under the
supervision of the unique operator. A microcatheter was coaxially ad-
vanced through a 5 Fr catheter into the horizontal portion of the uterine
artery. Thereafter, 500–900 μm tris-acryl gelatin microspheres
(Embosphere, Nippon Kayaku, Tokyo, Japan) were infused under
fluoroscopic guidance. No other embolic agents (e.g., gelatin sponge
particles) were used in any patient. The angiographic endpoint was

defined as the complete obstruction of the peri-fibroid plexus and
sluggish flow in the ascending portion of the uterine arteries.

2.3. MRI

All patients underwent MRI with a 1.5 T unit (SIGNA Explorer, GE
Healthcare, Connecticut, US) at baseline and 1 week after UAE. Axial
T1WI, axial and sagittal T2WI, axial diffusion-weighted imaging (DWI),
axial SWI, and axial and sagittal contrast-enhanced T1WI (i.e., CE-MRI)
were performed.

Axial SWI was acquired with the 3D SWAN, T2*-weighted 3D-gra-
dient echo pulse sequence, consisting of magnitude and phase images.
The parameters used were as follows: TR/TE, 62.4/50.0 ms; slice
thickness, 6 mm; intersection gap, 0 mm; flip angle, 15 degrees; matrix,
352 × 224; field of view, 25 cm; total imaging time, 113 s. Axial CE-
MRI was obtained with fast spin echo (TR/TE, 440/14.4 ms; slice
thickness, 6 mm; intersection gap, 1 mm; flip angle, 160 degrees; ma-
trix, 320 × 192; field of view, 25 cm; total imaging time, 113 s) after
the intravenous administration of 0.1 mol/kg of gadobutrol (Gadovist,
Bayer, Berlin, Germany).

2.4. Image analysis

One reader with > 10 years' experience of pelvic MRI reviewed the
baseline T2WI of 27 patients, selected 261 tumors that were 1 cm or
larger, and then numbered each tumor. Thereafter, two blinded readers
with > 10 years' experience of pelvic MRI independently reviewed axial
CE-MRI before and 1 week after UAE, referring to baseline T2WI.
Tumor infarction was defined as the absence of enhancement on CE-
MRI. The two readers individually evaluated the rate of the infarction
volume to the total tumor volume of each tumor with CE-MRI 1 week
after UAE followed by CE-MRI at baseline. They then categorized these
rates into two grades: complete to nearly complete tumor infarction
(≥90%) and partial to no tumor infarction (< 90%) [5].

After an 8-week interval following the interpretation of CE-MRI, in
order to reduce a recall bias, the same two readers individually re-
viewed axial SWI obtained 1 week after UAE followed by axial SWI at
baseline, referring to baseline T2WI, under the blinding of CE-MRI re-
sults. Before the interpretation, they discussed the definition of the
hypointense peripheral rim with a review of several SWI obtained after
May 2017 with the same protocol in our hospital (apart from the sub-
jects of the present study), and reached a consensus on the definition of
the rim as follows: (1) the proportion of the surface area of the hy-
pointense peripheral rim to the total surface area of each leiomyoma
was subjectively divided into three grades with all slices of axial SWI:
complete (100–70%), partial (69–30%), and no rim (29–0%); (2) the
degree of the thickness of the rim was not considered to be a criterion
for judgements on the presence or absence of the rim; (3) the hy-
pointense peripheral rim was defined when it was possible to distin-
guish it from intra-tumor characteristics, even those for hypointense
tumors; and (4) if the hypointense area was inside the surface, it was
not considered to be a hypointense peripheral rim. The two readers
then investigated the hypointense peripheral rim on the surface of the
tumor (Figs. 1 and 2) and categorized it into the three grades.

2.5. Study aim

The primary endpoint was the correlation between the hypointense
peripheral rim on SWI 1 week after UAE and tumor infarction on CE-
MRI 1 week after UAE. The secondary endpoints were the sensitivity,
specificity, and accuracy of the rim to ≥90% tumor infarction as well as
the optimal cut-off threshold of the rim for the prediction of ≥90%
tumor infarction.
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2.6. Statistical analysis

Inter-reader correlation coefficients (ICC) regarding tumor infarc-
tion (≥90% or < 90%) on CE-MRI 1 week after UAE and the fre-
quencies of ≥90% tumor infarction were measured. ICC regarding the
hypointense peripheral rim in the interpretations of post-procedural
SWI were calculated. The frequencies of the hypointense peripheral rim
on SWI before and after UAE were measured and compared with
Wilcoxon's test. An ICC value of < 0 was considered to indicate a poor
agreement; 0–0.20, a slight agreement; 0.21–0.40, a fair agreement;
0.41–0.60, a moderate agreement; 0.61–0.80, a substantial agreement;
0.81–1, an almost perfect agreement [19].

The relationship between the hypointense peripheral rim on post-
procedural SWI and ≥90% tumor infarction on CE-MRI after UAE was
assessed with Spearman's rank correlation. Spearman's coefficient value
of 0 was considered to indicate no correlation; 0.2, a weakly positive
correlation; 0.5, a moderately positive correlation; 0.8, a strongly

positive correlation; 1.0, a perfectly positive correlation [20].
The sensitivity, specificity, and accuracy of the hypointense per-

ipheral rim on post-procedural SWI to ≥90% tumor infarction on CE-
MRI after UAE were calculated at each cut-off threshold of the rim, and
the optimal cut-off threshold of the rim for the prediction of ≥90%
tumor infarction was then assessed. Statistical analyses were performed
with SPSS software (version 25; IBM, Armonk, NY). P-values of < 0.05
were considered to be significant.

3. Results

All patients successfully underwent UAE. The mean follow-up
period after UAE was 8.5 ± 3.3 months (SD) (range 3–15 months). No
patients underwent additional surgery after UAE during the period of
the present study. All patients underwent planned MRI including SWI
and CE-MRI at baseline and 1 week after UAE.

ICC for tumor infarction on CE-MRI 1 week after UAE corresponded

Fig. 1. A 49-year-old woman with uterine leiomyoma.
A. Contrast-enhanced T1-weighted image obtained before UAE showing a well-enhanced tumor.
B. Contrast-enhanced T1-weighted image obtained 1 week after UAE showing that the tumor was not enhanced.
C. Susceptibility-weighted image obtained before UAE showing no hypointense peripheral rim on the tumor surface.
D. Susceptibility-weighted image obtained 1 week after UAE showing a complete peripheral hypointense rim (arrows) and punctate signal void (arrow head) in
embolized leiomyoma.
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to a substantial agreement (0.622, 95% CI; 0.542, 0.691). Ninety per-
cent or higher tumor infarction was observed in 82.4% (215/261) of
tumors by reader 1 and 85.1% (222/261) of tumors by reader 2
(Table 1). ICC regarding the hypointense peripheral rim on SWI 1 week
after UAE corresponded to a substantial agreement (0.681, 95% CI;
0.547, 0.771).

A complete or partial hypointense peripheral rim on SWI at baseline
was observed in 3.8% (10/261, 7 complete rims and 3 partial rims) of
tumors by reader 1 and 3.1% (8/261, 3 complete rims and 5 partial
rims) of tumors by reader 2; whereas a complete or partial rim on SWI
immediately after UAE was noted in 66.7% (174/261, 142 complete
rims and 32 partial rims) of tumors by reader 1 and 55.9% (146/261,
96 complete rims and 50 partial rims) of tumors by reader 2 (Tables 1
and 2). The frequencies of the complete or partial hypointense per-
ipheral rim were significantly higher than those at baseline
(p < 0.001; reader 1, p < 0.001; reader 2, Table 2).

The correlation between the hypointense peripheral rim and tumor
infarction on CE-MRI after UAE was significant by readers 1 and 2

(Spearman's coefficient = 0.474 and 0.438, p < 0.001 and p < 0.001,
respectively, Table 3, Fig. 2).

When the cut-off threshold of the hypointense peripheral rim was
defined between a partial rim and no rim, the sensitivity, specificity,
and accuracy of the hypointense peripheral rim to ≥90% tumor in-
farction on CE-MRI after UAE were 77.2, 82.6, and 78.2% by reader 1
and 65.8, 100, and 70.9% by reader 2, respectively (Tables 1 and 4).
When the cut-off threshold of the hypointense peripheral rim was de-
fined between a complete rim and partial rim, the sensitivity, specifi-
city, and accuracy of the rim to ≥90% tumor infarction on CE-MRI
after UAE were 64.7, 91.3, and 69.3% by reader 1 and 43.2, 100, and
51.7% by reader 2, respectively. These results suggested that the op-
timal cut-off threshold of the hypointense peripheral rim was between a
partial rim and no rim for the prediction of ≥90% tumor infarction.

4. Discussion

To the best of our knowledge, the present study is the first to report

Fig. 2. A 45-year-old woman with multiple uterine leiomyomas.
A. Contrast-enhanced T1-weighted image obtained before UAE showing multiple well-enhanced leiomyomas.
B. Contrast-enhanced T1-weighted image obtained 1 week after UAE showing that tumors (arrows) were not enhanced, corresponding to complete infarction.
C. Susceptibility-weighted image obtained before UAE showing no peripheral hypointense rim on the surface of each tumor.
D. Susceptibility-weighted image obtained 1 week after UAE showing that tumors with complete infarction had a complete peripheral hypointense rim (arrows).
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SWI findings after UAE for leiomyoma. This study revealed a major
result. SWI immediately after UAE provided a specific finding, namely,
a hypointense peripheral rim, which was poorly observed before UAE.
Most importantly, the hypointense peripheral rim was associated with
tumor infarction on CE-MRI after UAE. The SWI findings may be helpful
for evaluating imaging outcomes, i.e., tumor infarction, and contribute
to clinical practice, including counselling and follow-up after UAE. The
sensitivity and specificity of the hypointense peripheral rim to tumor
infarction were acceptable because these values were similar to those
reported previously, in which MRI findings (tumor intensity on baseline
T1WI, T2WI, or DWI) were associated with MRI imaging outcomes
(tumor reductions) after UAE [21–24].

There are several MR sequences currently used for evaluating leio-
myoma infarction after UAE. T1WI and T2WI after UAE provide some
findings of blood products in embolized tumors; however, evaluating
the degree of tumor infarction after UAE is challenging [6–9]. DWI is
also a useful sequence for evaluating tumor infarction 6 months after
UAE, as previously reported, but not for assessing tumor infarction in
the acute phase after UAE [14]. CE-MRI is regarded as the gold standard
imaging tool for evaluating tumor infarction after UAE [3–7,13,14].
This sequence is useful in the acute phase (the next day to 1 week) and
chronic phase (after several months) following UAE [3–7,13,14,25].
However, if contrast media is not used, the evaluation of leiomyoma
infarction with CE-MRI is challenging. In comparison with these con-
ventional MRI, as shown in the present study, SWI allows evaluation of
tumor infarction in the acute phase without the use of contrast media,
especially for patients in whom contrast media are contraindicated. SWI
is also superior to CE-MRI in that the potential deposition of gadolinium
in the brain is avoided [15]. However, it remains unclear which one of
SWI or CE-MRI is more appropriate for evaluating tumor infarction in
the acute phase after UAE. Therefore, we consider that further in-
vestigation is required to address this question, particularly if SWI is
routinely used instead of CE-MRI in all patients.

We investigated MRI (including SWI and CE-MRI) obtained 1 week
after UAE in the present study. Previous studies performed CE-MRI in
the acute phase, i.e., the next day to 1 week after UAE, in order to
evaluate tumor infarction, blood flow in the myometrium, and ischemia
of the uterus [4,5,14,25]. Furthermore, they reported that tumor in-
farction on CE-MRI in the acute phase after UAE was associated with
subsequent imaging and clinical outcomes [4,5,14,25]. Therefore, we
considered MRI obtained 1 week after UAE to be a justified method for
evaluating embolic effects on leiomyomas after UAE.

MRI several months after UAE may be desirable in clinical practice
[3,6,7,14,21–24]. However, in our preliminary review with SWI ob-
tained 4 months after UAE, we were unable to identify any specific
findings associated with tumor infarction. Thus, we did not focus on
SWI several months after UAE in the present study. If SWI in the chronic
phase after UAE needs to be evaluated, another study may be war-
ranted.

The hypointense peripheral rim is an issue that needs to be ad-
dressed. Several MRI studies revealed that leiomyoma infarction in-
duced by UAE suggested hemorrhagic infarction [6–9]. MRI char-
acteristics have been reported to have the appearance of blood
products, i.e., a high signal intensity on T1WI and homogeneous low
signal intensity on T2WI [6–9]. Since SWI is a useful sequence to de-
monstrate acute hemorrhage, intravascular clots, and previous micro-
bleeds [17,18], we hypothesize that the hypointense peripheral rim on
SWI may correspond to acute thrombosis (hemosiderin or deox-
yhemoglobin deposition) in embolized vessels on the surface of a
tumor, based on previous findings [17,26]. However, previous patho-
logical studies showed that leiomyoma after UAE was diagnosed as
coagulative or hyaline necrosis [27–29]. It currently remains unclear
whether hemosiderin or deoxyhemoglobin deposition occurs patholo-
gically on the surface of leiomyoma after UAE [27–29]. Accordingly,
further studies to investigate histopathological and radiological corre-
lations may be required. Since all patients in the present study

Table 1
Relationship between a hypointense peripheral rim on SWI 1 week after UAE
and tumor infarction on CE-MRI 1 week after UAE.

Reader 1

SWI

Hypointense peripheral rim

Complete Partial No Total

CE-MRI ≥90% tumor infarction 138 28 49 215
< 90% tumor infarction 4 4 38 46
Total 142 32 87 261

Reader 2

SWI

Hypointense peripheral rim

Complete Partial No Total

CE-MRI ≥90% tumor infarction 95 51 76 222
< 90% tumor infarction 0 0 39 39
Total 95 51 115 261

SWI = susceptibility-weighted MR imaging.
UAE = uterine artery embolization.
CE-MRI = contrast-enhanced MRI.

Table 2
Frequency of a hypointense peripheral rim on SWI.

SWI at baseline SWI 1 week after UAE p-Valuea

Reader 1 3.8% (10/261) 66.7% (174/261) < 0.001
Reader 2 3.1% (8/261) 55.9% (146/261) < 0.001

The hypointense peripheral rim corresponded to a complete or partial rim.
SWI = susceptibility-weighted MR imaging.
UAE = uterine artery embolization.

a Wilcoxon's test.

Table 3
Spearman's rank correlation between a hypointense peripheral rim on SWI
1 week after UAE and ≥90% tumor infarction on CE-MRI 1 week after UAE.

Coefficient p-Value

Reader 1 0.474 < 0.001
Reader 2 0.438 < 0.001

SWI = susceptibility-weighted MR imaging.
UAE = uterine artery embolization.
CE-MRI = contrast-enhanced MR.

Table 4
Sensitivity and specificity of a hypointense peripheral rim on SWI 1 week after
UAE to ≥90% tumor infarction on CE-MRI 1 week after UAE.

Reader 1 Reader 2

Sensitivity (%) 77.2 65.8
Specificity (%) 82.6 100
Accuracy (%) 78.2 70.9
Positive predictive value (%) 95.4 100
Negative predictive value (%) 43.7 33.9
Positive likelihood ratio 4.43 NA
Negative likelihood ratio 0.28 0.34

The hypointense peripheral rim corresponded to a complete or partial rim.
SWI = susceptibility-weighted MR imaging.
UAE = uterine artery embolization.
CE-MRI = contrast-enhanced MRI NA = not available.
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successfully underwent UAE, no pathological investigation after addi-
tional surgery following UAE was performed.

There were some limitations in the present study. This was a ret-
rospective study with a limited number of cases. Furthermore, the hy-
pointense peripheral rim on SWI only provided information on the
tumor surface, and did not always represent the whole tumor. However,
the present study demonstrated a correlation between the rim on SWI
and tumor infarction on CE-MRI. Additionally, the rim and tumor in-
farction were evaluated with a subjective method for each reader. This
may have induced a potential bias. Another limitation was that ICC
regarding the interpretation of CE-MRI and SWI corresponded to a
substantial agreement. This was a potential bias for the present results.
Markedly higher values may be optimal for excellent reproducibility.

5. Conclusions

The present study demonstrated that a hypointense peripheral rim
on the tumor surface was present on some uterine leiomyomas on SWI
immediately after UAE. The rim correlated with tumor infarction on
post-procedural CE-MRI. This SWI finding was helpful for evaluating
embolic effects on leiomyomas in the acute phase after UAE.
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