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KEYWORDS Abstract Uterine leiomyomas, the most frequent benign myomatous tumors of the uterus,
Leiomyosarcoma; often cannot be distinguished from malignant uterine leiomyosarcomas using clinical criteria.
Leiomyoma; Furthermore, imaging differentiation between both entities is frequently challenging due to
Differentiation; their potential overlapping features. Because a suspected leiomyoma is often managed con-
Magnetic resonance servatively or with minimally invasive treatments, the misdiagnosis of leiomyosarcoma for a
imaging (MRI); benign leiomyoma could potentially result in significant treatment delays, therefore increasing
Uterine tumor morbidity and mortality. In this review, we provide an overview of the differences between

leiomyoma and leiomyosarcoma, mainly focusing on imaging characteristics, but also briefly
touching upon their demographic, histopathological and clinical differences. The main indica-
tions and limitations of available cross-sectional imaging techniques are discussed, including
ultrasound, computed tomography, magnetic resonance imaging (MRI) and positron emission
tomography/computed tomography. A particular emphasis is placed on the review of specific
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MRI features that may allow distinction between leiomyomas and leiomyosarcomas according
to the most recent evidence in the literature. The potential contribution of texture analysis is
also discussed. In order to help guide-imaging diagnosis, we provide an MRI-based diagnostic
algorithm which takes into account morphological and functional features, both individually
and in combination, in an attempt to optimize radiologic differentiation of leiomyomas from

leiomyosarcomas.

© 2019 Société francaise de radiologie. Published by Elsevier Masson SAS. All rights reserved.

Uterine leiomyomas, sometimes incorrectly colloquially
referred to as uterine fibroids, are the most frequently
encountered benign myomatous tumors of the uterus, being
observed in up to 20—40% of reproductive-age women and
70—80% of perimenopausal women [1—6]. In addition, these
benign tumors may become symptomatic in 20—50% of
patients and subsequently produce pelvic pain, subfertility
or abnormal uterine bleeding, requiring gynecologic hospi-
talization in about 30% of affected women [2].

On the malignant spectrum, uterine sarcomas tend to
occur in an older patient population when compared to
leiomyomas, and only account for 3—7% of all uterine malig-
nancies [7]. They often present with the same symptoms as
leiomyomas and thus cannot reliably be distinguished clini-
cally [8—10]. Leiomyosarcomas (LMSs) are the most common
uterine sarcomas, with an estimated annual incidence of
0.5—7/100,000 per women, followed by endometrial stro-
mal sarcomas with an annual incidence of 1—2/million per
women [7,11-14].

Given that leiomyomas may currently be managed with
minimally invasive treatment, it is particularly important
to distinguish them preoperatively from confounding malig-
nant entities such as LMSs. This is aimed to avoid inadvertent
dissemination by laparoscopic morcellation or delaying diag-
nosis with conservative management such as uterine artery
embolization [3,15—17]. The misdiagnosis of a LMS for a
benign leiomyoma could result in treatment delays and
greater morbidity, given its poor prognosis and high propen-
sity to locally recur and metastasize [3,18—20].

On the basis of the FIGO 2009 classification, up to 68% of
LMSs are diagnosed as stage | and only up to 22% are diag-
nosed as stage IV (Table 1) [21—24]. Therefore, the imaging
characteristics of the primary lesion, rather than secondary
signs of malignancy, will ultimately help in differential diag-
nosis and drive treatment stratification. While relatively
rare, uterine LMSs carry a poor prognosis even when con-
fined to the uterus, as they are responsible for a quarter of
the deaths from uterine malignancies, with 5-year survival
rates ranging from 46—53% [13,25]. Additionally, LMSs also
have a 50—70% rate of recurrence, with up to 40% occurring
in the lungs and up to 13% in the pelvis [10,19,20,26].

Considering this challenging clinical context and recent
advances in magnetic resonance imaging (MRI), multiple
attempts have been made to define imaging characteristics
for the preoperative differentiation of uterine leiomy-
omas from LMSs. Although certain imaging features such as

Table 1 FIGO staging for uterine LMS (2009).
Stage Definition
/ Tumor limited to uterus
1A <5cm
IB >5cm
1 Tumor extends to the pelvis
1A Adnexal involvement
1IB Tumor extends to involve other pelvic
tissues
I Tumor invades abdominal tissues (more than
just protruding into the abdomen)
1A One site
1B More than one site
lc Metastasis to the pelvis and/or para-aortic
lymph nodes
v
IVA Invasion of the bladder and/or rectum
IVB Distant metastasis

Adapted from Prat et al. [91].

ill-defined margins, increased signal intensity on T1- and
T2-weighted images, hemorrhage, central necrosis, spe-
cific diffusion-weighted imaging (DWI) characteristics and
texture analysis histogram metrics have shown promising
results, the literature still alludes to equivocal levels of
consistency and agreement [3,4,21,22,27—34].

Through this review, we aim to identify and sum-
marize the main imaging features and their efficacy in
differentiating uterine leiomyomas from LMSs. A particular
emphasis will be placed on the different MRI character-
istics of both entities along with their outputs derived
from DWI and texture analysis, recent state of the art
advances [4,22].

Pathology

While differentiating uterine leiomyomas from LMSs on
imaging may be challenging, the two neoplasms have sepa-
rate origins and distinct chromosomal rearrangements, very
few of which share enough transcriptional overlap to hypoth-
esize a definite common origin [2,35].
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Uterine leiomyomas are benign monoclonal tumors
enriched in extracellular matrix, with large amounts of col-
lagen types I-Ill and disorganized fibril arrangements. They
arise from the smooth muscle cells of the myometrium
[2,35]. The precise etiology of these tumors remains unclear,
but studies have established that factors such as con-
genitally elevated estrogen receptors in the myometrium,
hormonal changes, response to ischemic injury during
menses and intrinsic myometrial abnormalities may play a
role in initiating causative genetic mutations [2].

Uterine LMSs are a member of the uterine sarcoma cate-
gory, rare malignant tumors of mesenchymal origin [10,20].
LMSs typically arise de novo given their considerable chro-
mosomal differences in comparison to leiomyomas, although
malignant transformation of leiomyoma to LMS has been
reported [2,35]. Uterine LMSs are diagnosed on histology
based on hypercellularity, severe nuclear atypia and high
mitotic rate (greater than 15 mitotic figures per 10 high
power fields); however, this is not always clear-cut and a dif-
ferential diagnosis may need to be entertained [10,36—38].
Potential diagnostic challenges arise due to the existence
of epithelioid and myxoid LMS. These are rare, but often
aggressive variants with mild atypia, low mitotic rate and
frequent absence of necrosis [39,40]. In addition, smooth
muscle uterine neoplasms can present only select suspicious
histologic features without meeting the full histologic diag-
nostic criteria of a LMS. In these equivocal cases, they are
classified as smooth muscle tumors of uncertain malignant
potential (STUMP), which are generally thought to have a
favorable prognosis [41].

Hyperactivation of the PI3K/AKT/mTOR pathway, which
controls cell proliferation and survival through regulation of
gene transcription and protein synthesis has been thought to
play a role in the pathogenesis of LMS, with many of them
demonstrating phosphorylation of AKT and mTOR [42,43].
Currently there are very scarce clinical reports on tar-
geted treatments for uterine LMS patients although there
have been accounts of promising preclinical responses by
acting on the PI3K/AKT/mTOR pathway through the com-
bination of mTOR pathway inhibitors with aurora kinase A
inhibitors, MDM2 inhibitors or histone deacetylase inhibitors
[43].

While there are currently no reliable clinical markers for
LMS diagnosis, recent genetic advances have also confirmed
frequent alterations in TP53, RB1, «-thalassemia/mental
retardation syndrome X-linked (ATRX), and mediator com-
plex subunit 12 (MED12). MED12 in particular, may be
helpful for the diagnosis of LMS derived from leiomyoma,
which while very rare, tend to have a favorable prognosis
[44]. A few overexpressed genes at the primary lesion site
(osteocrin, neuroligin 4X, SLITRK4, TSPAN7) are also being
investigated [44].

Clinical symptoms

Leiomyomas and LMSs have a very similar clinical presen-
tation, although the mean age at presentation for LMSs
(45 years and greater) is usually higher than for leiomy-
omas (under 45 years). Women with these conditions can
present with clinical symptoms such as profuse menstrual
bleeding, pelvic discomfort, infertility, increased urinary

frequency or incontinence, constipation and dyspareunia
[45—47]. Therefore, early distinction of LMS from a benign
uterine leiomyoma can prove challenging clinically [24].
While not specific for uterine leiomyomas, cancer antigen
125 (CA125) is elevated in the presence of large (>5cm) or
degenerated subserosal leiomyomas [48,49]. On the other
hand, there is no general consensus on the utility of CA125
in the diagnosis of LMS. Juang et al. have found significan-
tly higher preoperative serum CA125 values in patients with
LMS than in those with leiomyomas; whereas Menczer at al.
found in a series of 17 patients that CA125 was not immuno-
histochemically expressed in any of their LMS pathologic
specimens [50,51]. This raises the possibility that CA125 may
sometimes increase due to nonspecific irritation of epithelial
surfaces caused by tumor cells [51].

Imaging features

Non-invasive diagnostic imaging has been extensively evalu-
ated to differentiate uterine LMSs from leiomyomas given
the important differences in their prognosis and mana-
gement. Along with standard morphologic imaging tools,
including transabdominal ultrasound (TAUS) or transvagi-
nal ultrasound (TVUS), MRI and computed tomography (CT),
functional and quantitative techniques, such as diffusion,
positron emission tomography/CT (PET/CT) and texture
analysis (TA) can also play a role in the initial diagnosis,
staging and post treatment evaluation. Moreover, quanti-
tative imaging analysis is now being increasingly used for
preoperative prognostic stratification.

Ultrasound

Ultrasound is usually the first imaging modality employed
for the detection of uterine myometrial pathology. TVUS
is generally preferred as it allows for better evaluation
of patients with a retroverted uterus, inadequate bladder
distension, significant bowel gas or obese patients. TAUS,
however, is superior for assessment of large and fundal
leiomyomas [52]. Transvaginal grayscale and color Doppler
ultrasound remain easily accessible, radiation free and cost
effective for assessment and follow-up of benign uterine
leiomyomas. On ultrasound, leiomyomas typically appear
as well-defined hypoechoic masses, with possible calcifi-
cations resulting in acoustic shadowing. However, it has a
limited role in the accurate diagnosis of LMS [2,21,31,52].
Ultrasound is inherently limited by a low depth of penetra-
tion and inter-operator variability. Moreover, uterine LMSs
and leiomyomas can both demonstrate similar heteroge-
neous echogenicity and central necrosis, especially in cases
of atypical benign lesions [2,52,53]. Although not always
reliable, increased vascularity on color Doppler ultrasound
can sometimes favor malignancy, especially when combined
with a large size and degenerative cystic changes. This com-
bination of findings increases the sensitivity to 75% and
positive predictive value to 60% [52,54,55]. Additionally,
leiomyomas have a statistically significant lower mean arte-
riolar resistance index (0.59 +0.01 [SD]) in comparison to
mixed mesodermal tumors (0.41 +0.06 [SD]), although no
significant difference was found when comparing the same
variable between leiomyomas and LMSs [53].
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Table 2 Standard pelvic MRI protocol for leiomy-
oma/leiomyosarcoma imaging.

T1-weighted sequence in the axial plane

T1-weighted fat-saturated sequence in the axial plane

T2-weighted sequence in the axial plane

T2-weighted sequence in the sagittal plane

T2-weighted sequence in the axial oblique plane

DWI (b1000) with corresponding ADC map

Dynamic contrast-enhanced sequence in plane best
depicting the morphology of the lesion

CcT

CT plays a limited role in the initial diagnosis and local stag-
ing of myometrial lesions. CT is excellent for demonstrating
calcifications; they are often found in leiomyomas but may
also be present in LMSs [56]. CT can also be useful in the ini-
tial evaluation of patients presenting with acute abdominal
pain, especially those with torsed subserosal leiomyomas,
which can then undergo hemorrhagic necrosis and confound
the diagnosis [57,58]. In women with LMS, CT is primarily
used for staging purposes and to exclude distant recurrence
post therapy (LMS tends to metastasize to the lungs and
liver) [59]. CT is also optimal for visualizing the postop-
erative pelvic anatomy, allowing for proper evaluation of
surgical complications including bowel obstruction or injury,
ureteral or bladder injuries and urinary fistulas [60].

MRI

Despite equivocal levels of agreement over the diagnostic
accuracy of individual features, MRI remains the preferred
imaging modality for in-depth evaluation of myomatous
uterine tumors and for delineation of local spread of malig-
nant disease [31,61,62].

Patient preparation and MRI protocol

According to the European Society of Urogenital Radiology
(ESUR) guidelines, MRI of the pelvis should be performed
following a period of fasting (3 to 6hours) and with a
moderately distended urinary bladder to achieve optimal
visualization of the pelvis. The administration of an antiperi-
staltic agent is also recommended in order to optimize image
quality. While specific scheduling according to patient’s
menstrual cycle is not indicated, clinical information relat-
ing to the specifics of the patient’s menstrual cycle and
hormonal status should however be documented. As per the
ESUR guidelines, the current standard MRI protocol for the
pelvis includes: axial T1-weighted imaging, with fat satura-
tion sequence in the presence of high signal/fat containing
lesions; sagittal and axial T2-weighted imaging, with at
least two orthogonal oblique planes of the uterus. Diffusion-
weighted imaging (DWI) and dynamic contrast-enhanced
(DCE) imaging should always be included when assessing an
indeterminate myometrial mass (Table 2) [63]. Signal inten-
sity characteristics of myometrial lesions on T1-weighted
sequences are defined in comparison to the fatty bone mar-
row in the pubic symphysis, while on T2-weighted sequences

they are defined in comparison to the outer myometrium.
Finally, signal intensity on DWI is defined in comparison to
the endometrium: high signal represents equal or higher
signal than the endometrium [34,64].

Classic morphologic MRI features

On MRI, typical uterine leiomyomas present as well-
delineated masses of variable size that may be solitary
or multifocal, with low signal intensities on T1- and T2-
weighted images; this is mainly due to their increased
proportion of smooth muscle content [34,63,65,66]. They
range in size from 10mm to 20cm, taking into account
that most available imaging techniques cannot accurately
help characterize lesions smaller than 10mm [2,5,35].
Currently, leiomyomas are classified according to the Inter-
national Federation of Obstetrics and Gynecology (FIGO)
classification, mainly based on their location relative to
the uterus [5,67]. Leiomyomas generally tend to demon-
strate low apparent diffusion coefficient (ADC) values, but
in the presence of cystic or myxomatous degeneration,
could potentially demonstrate higher ADC values than LMSs
[34]. Enhancement characteristics of leiomyomas are vari-
able, with highly cellular leiomyomas often demonstrating
marked early contrast enhancement. On the other hand,
degenerated leiomyomas tend to show faint or irregular
enhancement [64]. As a unifying feature however, non-
treated leiomyomas usually lack areas of central contrast
non-enhancement (necrosis) [29,64].

By comparison, LMSs usually present as solitary hetero-
geneous and poorly demarcated masses [34]. While their
size can be variable, LMSs>10cm have been found to
be associated with a worse prognosis [68]. Their appear-
ance on T1-weighted images is variable. They may show
low or intermediate signal intensity like leiomyomas, but
frequently demonstrate areas of high signal intensity on T1-
weighted images, corresponding to hemorrhage or necrosis,
therefore favouring malignancy [64]. LMSs show interme-
diate to high signal on T2-weighted images along with
low ADC values, ranging from 0.79 +0.21 [SD] x 10-3 mm?/s
to 1.1740.15 [SD] x 10~3 mm?/s; despite partial overlap,
reported LMS ADC values can be lower relative to degener-
ated leiomyomas (1.174+0.17 [SD] 10-3 mm?/s to 1.7 +0.11
[SD] 10—3mm?/s) [9,27,32,34]. After intravenous adminis-
tration of gadolinium-based contrast agents, they tend to
enhance early and heterogeneously, often demonstrating
non-enhancing areas of central necrosis [9,29].

The problem of overlap on MRI sequences
T1-weighted sequences

There can be marked overlap between certain imaging fea-
tures, notably increased signal intensity on T1-weighted
sequences, which can be seen in both leiomyoma and
LMS, but due to different etiologies. Areas of high sig-
nal in a myometrial lesion on T1-weighted images may
be due to intralesional fat, as seen in benign lipoleiomy-
omas. They might also represent red degeneration, resulting
from hemorrhagic infarction in the context of pregnancy or
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Figure 1. Role of T1-weighted precontrast sequences in differentiating the presence of intralesional fat and hemorrhagic components.
a and b: 79-year-old woman with a well-defined rounded intramural lesion in the uterus, heterogeneously hyperintense on T2-weighted
imaging (curved arrow, a) and with extensive fat content, as demonstrated by the T1-weighted in-phase (arrows, b) and T1-weighted fat
suppressed precontrast images (arrows, c). A typical small intramural leiomyoma with low signal on T2-weighted imaging is also noted
on the right (thin arrow, a). Patient underwent hysterectomy with final diagnosis of benign lipoleiomyoma. d and e: 45-year-old woman
with a large leiomyoma in the anterior portion of the uterine body, showing diffuse low signal intensity on T2-weighted imaging (due to
its increased proportion of smooth muscle content). It is also characterized by a focal central component demonstrating intermediate
signal on T2-weighted imaging and high signal intensity on T1-weighted fat suppressed imaging, in keeping with intralesional hemorrhage
or red degeneration (arrows, d and e). A typical intramural leiomyoma with low signal on T2-weighted imaging (arrowhead, d) is also noted
posterior to the endometrium (thin white arrow, d).
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Figure 2.

A 46-year-old woman with uterine leiomyoma with myxoid degeneration. a—c: 46-year-old woman with history of breast cancer

and previous kidney transplant in the right lower quadrant (arrowhead, a). Axial MR images show the presence of a well-defined intramural
uterine lesion in the fundus (thin arrows, a—c), characterized by heterogeneous signal on T2-weighted imaging mixed low/intermediate to
high. A few slightly high signal intensity components are noted on the T1-weighted fat suppressed precontrast sequence (thin arrow, b). The
lesion also shows tiny scattered areas of non-enhancement (<50%) (white arrows, c). The lesion has remained stable in size over 3 years of
follow-up, along with two other dominant uterine leiomyomas (not shown). A lobulated non-enhancing tubular structure with a few internal
septations is also noted in the left anterior pelvis, in keeping with a hydrosalpinx (curved arrows, a and c).

oral contraceptives, as usually seen in leiomyomas (Fig. 1)
[69,70]. On the other hand, areas of high signal on T1-
weighted images in LMS are often due to hemorrhage or
necrosis [64]. ldeal assessment of signal characteristics
on T1-weighted images should therefore be made with
fat-saturated T1-weighted images. Additionally, subtracted
contrast-enhanced sequences are critical and will differen-
tiate hemorrhage from enhancing tissues in the setting of
high signal areas on unenhanced T1-weighted images [64].
On the basis of these findings, high signal intensity involving
nearly the entire lesion would favor leiomyoma; in contrast
small heterogenous focal/multifocal areas of increased sig-
nal intensity on T1-weighted images may be attributable to
focal hemorrhage or necrosis in the context of LMS if other
aggressive features are associated.

T2-weighted sequences

Cellular atypia and high mitotic rates found in LMS can-
not be directly assessed on MR imaging. However, the
signal intensity on T2-weighted images, which is an imag-
ing biomarker of tissue cellularity, may help in evaluating
these tissue features [64,66]. Based on this principle,
tumors with high cellularity (such as uterine LMS) and
areas of necrosis would demonstrate increased signal on
T2-weighted images. Despite somewhat conflicting opinions
in the literature about the usefulness of simple T2 char-
acteristics in the differentiation of LMS from leiomyoma
[62], recent reviews have shown a significantly higher sig-
nal on T2-weighted images in LMSs in comparison to benign
leiomyomas, which generally demonstrate homogenously
low signal on T2-weighted images [3]. However, cystic and
myxoid degeneration often show high signal on T2-weighted
images, similar to large degenerative leiomyoma [71]. This
therefore limits the predictive value of these criteria in indi-
vidual patients (Fig. 2) and review of other MRI features is
critical to aid in diagnosis (Fig. 6) [3,64,66].

DWI sequences
morphologic sequences, DWI has also been investigated as

an adjunct to aid in the imaging diagnosis of LMSs [34].
Along with its visual qualitative analysis, DWI also allows

for the quantitative measurement of the ADC values on
the corresponding derived maps. These values vary based
on the cellular density as a function of the nucleus-to-
cytoplasm ratio [72,73]. Ordinary leiomyomas demonstrate
low signal on DWI because of their corresponding low
signal from hyalinized collagen on T2-weighted images,
a so-called ‘T2 blackout effect’’ [74]. In a retrospec-
tive study of 5 LMSs and 51 leiomyomas, Tamai et al.
found that all imaged uterine sarcomas demonstrated high
signal intensity using high b-value DWI with correspond-
ing decreased ADC value (1.17£0.15 [SD] x 103 mm?/s)
in comparison to the myometrium. These findings are
potentially attributable to the restricted motion of water
molecules resulting from the increased cellularity, as typ-
ically found in malignant tumors [34]. However, the same
study found that LMSs and highly cellular leiomyomas
share overlapping ADC values (1.17 £0.15 [SD] x 10~> mm?2/s
and 1.1940.18 [SD] x 103 mm?/s, respectively) [34].
In the literature, the reported ADC values for LMSs
range from 0.7940.21 [SD] 103mm?2/s to 1.17+0.15
[SD] x 10—* mm?/s, while those for ordinary leiomyomas
range from 0.88+0.27 [SD] x 10-3mm?2/s to 1.40+0.31
[SD] x 10~3 mm?/s [29,32—34,71]. Given the potential over-
lap between ranges, DWI and ADC alone are often
not helpful in differentiating cellular leiomyoma from
LMS and combination imaging with signal characteris-
tics on T1- and T2-weighted images remains mandatory
(Figs. 3 and 6).

Combination of MRI imaging features

To improve diagnostic accuracy and help address overlapping
features, several authors have proposed combining multi-
ple MRI features along with potential decision algorithms.
Kaganov et al. have shown that there is a statistically sig-
nificant relationship between increased signal intensity on
T1-weighted images and higher risk of LMS [3]. This accord-
ingly may favor a potential decision tree where presence of
intralesional areas with high signal intensity on T1-weighted
images would lead to subsequent evaluation of signal char-
acteristics on T2-weighted images [3]. Tanaka et al. in a
retrospective study of 9 LMSs and 12 leiomyomas reported
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Figure 3.  DWI and apparent diffusion coefficient (ADC) maps in leiomyosarcomas, typical and degenerated leiomyomas. a—c: 70-year-old
woman with a malignant leiomyosarcoma in the uterine fundus (curved arrows, a—c). The leiomyosarcoma demonstrates intermediate signal
intensity on T2-weighted imaging, with eccentric necrotic changes (thin arrow, a) and high signal intensity on b4ggo diffusion-weighted imaging
(b). The corresponding calculated apparent diffusion coefficient value is 873 x 10~3 mm/s (c). There are also several benign leiomyomas
showing low signal on T2-weighted imaging (white arrows, a—c) and on diffusion-weighted imaging (b), with a corresponding ADC value of
796 x 10 —3mm/s (c). d—f: 67 year-old woman with a large intramural mass in the posterior uterine body. It shows heterogeneous low signal
intensity (curved arrow, d) on T2-weighted imaging in comparison to the outer myometrium (arrow, d) and no restriction on byggg diffusion-
weighted imaging (arrowhead, e), which is defined in comparison to the intermediate signal intensity of the adjacent endometrium (thin
arrow, e). The corresponding apparent diffusion coefficient value is 1661.73 x 10-3 mm/s (f). The patient underwent a total hysterectomy
with a final diagnosis of markedly vascular atypical leiomyoma, characterized by extensive hyalinization and recent focal infarction secondary
to thrombosis.
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Figure 4.

Leiomyosarcoma necrosis and non-enhancement. A 72-year-old woman with multiple leiomyomas and a large mass in the lower

ventral uterine segment. The lesion shows internal hemorrhage and necrosis, corresponding to non-enhancing areas with high signal intensity
on both T1- and T2-weighted imaging (large arrows, a—c). The dominant solid components show intermediate signal on T2-weighted imaging
and high signal intensity on diffusion-weighted imaging (b1ggp), Which correlate to a high level of cellularity; these components also avidly
enhance after gadolinium-chelate injection (curved arrows, a—c). There is an abrupt transitional zone between viable/enhancing cells and
areas of necrosis, typical of leiomyosarcoma (thin arrows, c). The mass is confined to the uterus.

that the combination of the three following imaging features

achieved a 73% sensitivity in diagnosing LMSs and STUMPs:

e more than 50% of the lesion demonstrating high signal on
T2-weighted images;

e presence of internal focal areas of high signal intensity on
T1-weighted sequences and;

e non-enhancing focal areas [62,64].

Given the very low prevalence of these tumors and
therefore inherently high negative predictive value (NPV),
specificity is much less important than sensitivity in this
particular clinical context. Cornfeld et al., in a study that
evaluated 4 LMSs and 17 leiomyomas, were only able to
achieve a 17% sensitivity applying these criteria [62]. They
reported instead that the presence of ill-defined margins
achieved a sensitivity and specificity of 56% and 88%, respec-
tively [62]. Additionally, they also noted that reader gestalt
showed sensitivities ranging from 44% to 56%, with a 94%
specificity [62]. Given that the readers in their study had
extensive pelvic MRI interpretation experience (10 and 20
years, respectively), this may indicate that these results
cannot be reliably reproduced for less subspecialized read-
ers [62].

While rapid growth, usually defined as an increase in size
of the uterus by 6 gestational weeks over 1 year, has been
thought to favor a LMS over a leiomyoma, this is not a reli-
able finding. Parker at al. have shown in a retrospective
study of 371 patients that only 0.27% of women operated
for “‘rapidly growing’’ leiomyomas had a final diagnosis of
uterine LMS [61,75]. Thomassin-Naggara et al. developed a
multivariate model combining ADC values, bqog signal inten-
sity and characteristics on T2-weighted images to reach
an overall accuracy of 92.4%, for the diagnosis of uter-
ine sarcomas. Their retrospective study was not restricted
to LMSs and included 25 malignant mesenchymal uterine
tumors and 26 leiomyomas [21]. Their model takes into
account the benign fibrous component of ordinary leiomy-
omas by using their corresponding low signal intensity on
T2-weighted images. This is done in combination with the
ability of high signal intensity on bog and corresponding low
ADC values to demonstrate high cellularity, thus improving
the ability to differentiate malignant tumors from equivocal
benign but highly cellular leiomyomas.

More recently, a prospective study of 6 LMSs and 25
leiomyomas showed that the presence of hyperintensity on
long b-value DWI alone did not improve the differentiation
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Figure 5.

Necrosis, hemorrhage and solid components of a malignant leiomyosarcoma. A 51-year-old woman with a large uterine mass

discovered during an ultrasound (a) performed for excessive vaginal bleeding. Doppler ultrasound shows increased vascularity within the
mass (thin arrow, a). Multiparametric MRI (b—d) reveals a single heterogeneous intramural uterine mass with nodular borders. It shows solid,
mainly peripheral, enhancing components with areas of tongue-like projections within the right anterior edges of the adjacent myometrium
(arrows, b and d). The mass is also characterized by extensive necrotic changes (intermediate/high signal on T2-weighted imaging, low signal
on T1-weighted imaging; arrowheads, b and c) and hemorrhagic components (low signal on T2- and intermediate/high signal on T1-weighted
images; curved arrows, b and c). Both the necrotic changes and hemorrhagic components correspond to a central large non-enhancing area
within the lesion (arrowhead, d). Biopsy confirmed a leiomyosarcoma of the uterus; at the time of diagnosis, the patient also had multiple

liver, renal, lung and spinal metastatic lesions (not shown).

between LMSs and benign leiomyomas, only reaching an 52%
accuracy and 36% specificity [29]. This study showed that
adding an ADC cut-off value < 1.08 x 10~3 mm?/s determined
by posthoc analysis increased the overall accuracy of DWI
to 88% [29]. However, the recommended ADC cut-off value
for differentiating LMSs from leiomyomas varies between
studies depending on whether bqgy signal intensities are
included in the proposed models [21,33]. In the same study,
the addition of contrast-enhanced MRI sequences further
improved the diagnostic accuracy to 94%, with a sensitivity
of 88% and a specificity of 96%. Also, the addition of contrast-
enhanced sequences improved reader agreement (k =0.921)
in comparison to DWI alone (x =0.847) [29]. The underly-
ing principle behind the usefulness of contrast-enhanced
MRI lies in the abrupt transitional zone from viable cells
to necrotic cells lacking hyalinized tissue, termed coagu-
lative necrosis (Figs. 4 and 5) [61,76]. Coagulative necrosis,
frequently noted in LMSs, presents as an area of central non-
enhancement on MRI, as opposed to the scattered areas of
non-enhancement that may be encountered in leiomyomas

with degeneration due to their inherent interlacing pattern
of viable and degenerative cells (Fig. 2) [29]. While a useful
predictor of malignancy, the presence of non-enhancing cen-
tral areas observed on post-contrast images is not infallible
and may also be seen in benign leiomyomas with exten-
sive vascular infarction [29,62]. Lakhman et al. have also
confirmed the value of a multivariate model for the diag-
nosis of LMS by combining three or more of the following
imaging features: nodular borders, hemorrhage, ‘T2 dark’’
signal areas and lack of central enhancement, achieving a
sensitivity and specificity of 100% and 95%, respectively [4].

Recent developments

In the wake of recent computer advancements, TA has also
been investigated as an adjunct for the diagnosis of LMS
on MRI. TA allows computerized conversion of local varia-
tions in image pixel intensities into quantifiable outputs [4].
While TA has been frequently investigated in the diagnosis
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Table 3 Summary of landmark MRI studies.

Author Year Study design LMS

lesions

(n)

Benign
lesions

(n)

Results (main imaging features in
favor of LMS)

Tanaka et al. [64] 2004 Retrospective 9

Tamai et al. [34] 2007 Retrospective 5

Cornfeld et al. [62] 2010 Retrospective 4

Thomassin-Naggara 2013

et al. [21]

Retrospective 3

Lin et al. [29] 2016 Prospective 6

Lakhman et al. [4] 2017 Retrospective 19

Gerges et al. [22] 2018 Retrospective 17

12 >50% high signal area on T2WiI,
small high-signal areas on T1WI
with unenhanced pockets

51 High signal intensity on DWI
Mean ADC 1.17 +0.15
(SD) x 103 mm?/s

17 No statistically significant
morphological features
Ill-defined margins (P=0.06)
Reader gestalt (P=0.02)

26 Combination of: age > 44.8 years;
high bjogo signal intensity;
intermediate signal on T2WI; ADC
cut-off <1.23 x 10-3 mm?/s (mean
sarcoma ADC 0.97 £0.15
[SD] x 10=3 mm?Z/s)

25 Central non-enhancement on
contrast-enhanced MRI
High signal intensity on DWI + ADC
cut-off < 1.08 x 10-3 mm?/s (mean
sarcoma ADC 1.02 +0.35
[SD] x 10=3 mm?Z/s)

22 Nodular borders, hemorrhage, dark
areas on T2WI, central
non-enhancement (P <0.0001)
(Best when > 3 of the above)
Greater textural heterogeneity
(higher intensity image-based and
Gabor edge image-based contrast,
lower energy, lower homogeneity,
lower kurtosis)

51 T2WI histogram metric mean below
the 50th percentile, best below the
10th percentile (Meang.1o)

LMS: leiomyosarcoma; T1WI: T1-weighted images; T2WI: T2-weighted images.

of prostate, head and neck and ovarian cancer, very few
studies have assessed its usefulness in the diagnosis of LMS
[30,77,78]. Lakhman et al. have shown in a retrospective
study of 41 patients, that 16/21 extracted texture features
were significantly different between 19 LMSs and 22 atyp-
ical leiomyomas. In particular, LMSs demonstrated greater
overall textural heterogeneity suggested by higher intensity
image-based and Gabor edge image-based contrast, lower
energy, lower kurtosis and higher standard deviation [4]. It
is important to note that the combination of both intensity-
based and Gabor edge image-based texture features yielded
higher accuracy (75%) in comparison to Gabor edge image-
based features alone (58%) [4]. As a proof of concept,
Lakhman et al. only applied TA to T2-weighted images and
did not fully assess its value independently from conven-
tionally established MRI features reported in the literature
[4,22]. More recently, Gerges et al. have also investigated
the utility of TA for the diagnosis of LMS on multiple MRI

sequences in a retrospective study with 17 LMSs and 51
leiomyomas [22]. They determined that histogram metrics
from TA were most useful on T2-weighted images and least
helpful on ADC maps, with the most useful metric derived
from the actual signal intensity rather than the metrics of
lesion texture [22]. More specifically T2 histogram means
below the 50th percentile achieved an area under the curve
(AUC) of up to 0.875. These results reflect the ability of
the metrics to accurately identify lesion subregions with
very low signal on T2-weighted images, which is a charac-
teristic that strongly favors a leiomyoma given their higher
smooth muscle content versus LMS [22]. Additionally, to con-
firm what has been previously reported [4,21], Gerges et al.
have reiterated that patient age over 44 years, whether as
an independent variable or combined with a multivariable
model, strongly favored the diagnosis of a LMS [22].

While the current literature has attempted to clarify the
ability of MRI to differentiate LMSs from leiomyomas, most
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Table 4 Summary of the main MRI and PET/CT characteristics favoring either leiomyoma or leiomyosarcoma.

Leiomyoma

Leiomyosarcoma

Patient age
Size

Margins
Signal on T1WI

Signal on T2WiI

DWI and ADC signal

ADC values

Premenopausal (<44 years)
Variable

Well-defined

Low to intermediate

High for fat content or hemorrhage
Generally, homogenous low signal
Intermediate/high in myxoid/cystic
degeneration

Low DWI, low ADC SI: ordinary

Low DWI, high ADC SI: highly cellular
Low DWI, high ADC SI: degenerated
0.88+0.27 to 1.40+0.31: ordinary

Peri/postmenopausal (>44 years)

Variable (>10cm, associated with poorer
prognosis) [70]

Irregular and ill-defined, often nodular and
with invasion of adjacent structures
Heterogenous and low

High for hemorrhage from necrosis
Intermediate to high signal

Signal on T2WI

Generally high DWI and low ADC SI

0.79+0.21 (SD) to 1.17 +0.1 (SD) (overlap

(1073 mm?/s)
[29,32—34]

with leiomyomas)

1.13+£0.18 to 1.43 +£0.58: highly cellular
1.17+0.17 to 1.7 £ 0.11: degenerated

Contrast-enhanced Variable

MRI

Early heterogenous enhancement with
central areas of contrast non-enhancement

Can show scattered areas of contrast
non-enhancement in hyaline degeneration
Hypercellular types will enhance avidly

Texture analysis

Greater textural heterogeneity (higher
intensity image-based and Gabor edge
image-based contrast, lower energy, lower
homogeneity, lower kurtosis)

T2WI histogram means below the 50th

percentile
PET/CT SUVmax<7.5 SUVmax>7.5
T1WI: T1-weighted images; T2WI: T2-weighted images.
studies consist of case reports and retrospective studies, FDG PET/CT

with very few prospective analyses [29]. Another unavoid-
able limitation common to the literature is undoubtedly the
rarity of LMS, which inherently limits the sample size, statis-
tical power and external validity of these findings (Table 3)
[62].

To summarize, for accurate diagnosis of LMS, the evi-
dence in the current MRI literature seems to favor ill-defined
margins, high DWI on b1000 images and low ADC signal
along with lack of central contrast enhancement (Table 4)
[4,21,29,33,34,64]. The presence of corresponding high sig-
nal intensity on both T1- and T2-weighted imaging can also
favour the diagnosis of LMS through the use of a system-
atic decision tree [3]. While relatively new in the evaluation
of LMS, texture analysis has also shown promising initial
results by noting increased texture heterogeneity and low
percentile histogram means on T2-weighted sequences for
LMS (Table 4) [4,22]. Because the integration of individual
imaging features can often prove difficult in the differ-
entiation of LMS from leiomyoma, we have attempted to
provide a diagnostic flowchart to help direct radiologists
based on the presence of selected salient MRI features
(Fig. 6).

While CT alone is not particularly helpful for the differ-
entiation of leiomyomas from LMSs, it has shown utility in
combination with 18F-Fludeoxyglucose (18F-FDG)-PET in the
context of indeterminate myometrial lesions on MRI [79,80].
It is thought that malignant tumors experience upregula-
tion of glucose transporter genes (GLUTs) either due to
increase of normal cellular enzymes or synthesis of new
transporters after transformation due to oncogenes [81,82].
Based on this hypothesis, greater 18F-FDG uptake of LMS
would be expected in comparison to leiomyomas due to
their increased metabolic rate and glycolysis. There are few
studies on this specific topic, however a study by Umesaki
et al. has shown 100% sensitivity of 18F-FDG PET in the
diagnosis of uterine sarcoma vs. leiomyoma with a posi-
tive standardized uptake value (SUV) cut-off value of 2.5
[83]. The mean standardized uptake value (SUV) of sarco-
mas was 4.5+ 1.3 (SD), with LMS demonstrating elevated
SUV values between 3 and 4 [83]. However, only five patients
had uterine sarcoma, with only 3 of them having LMS.
While 18F-FDG uptake in leiomyoma is generally low with
reported SUV .« of up to 1.744+0.50 (SD), Chura et al. have
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Figure 6. Diagnostic algorithm for MRI differentiation of uterine leiomyomas and leiomyosarcomas. The signal intensity of
the endometrium is generally the standard of reference against which the diffusion-weighted imaging (DWI) signal intensity
(low/intermediate/high) of a uterine lesion is defined. For T2-weighted sequences, the lesion is generally considered hyperintense in
comparison to the signal intensity of the outer myometrium. The presence or absence of any extrauterine disease/mass refers to what is
covered by the field of view of the pelvic MRI. (ADC: apparent diffusion coefficient; Sl: signal intensity).

Figure 7. 18F-FDG PET/CT images and SUV values of a benign leiomyoma and leiomyosarcoma. A 44-year-old woman with malignant
phyllodes breast tumor. On the staging PET scan, abnormal FDG uptake was found (SUV 5.4) in a small, exophytic lesion in the uterine
fundus (curved arrows, a and b); a partially calcified lesion without any uptake is also noted within the posterior aspect of the uterus (thin
arrows a and b). A dedicated pelvic MRI showed a bulky uterus with multiple leiomyomas, one of which demonstrated typical low signal
intensity on T2-weighted imaging (thin arrow, c), corresponding to the partially calcified lesion observed on the 18F-FDG PET/CT scan.
A small anterior fundal subserosal exophytic leiomyoma, demonstrating homogeneous post-contrast enhancement and typical low signal
intensity on T2-weighted imaging, is also noted and corresponds to the source of radiotracer uptake on PET scan (curved arrows, c and d).
The lesion has remained stable on imaging over a period of 4 years, confirming its benign nature.
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noted that it can sometimes be elevated in cases of cellu-
lar leiomyomas (SUV=9.3) or even in ordinary leiomyomas
(SUV =16), if they happen to be particularly vascular, thus
leading to false-positive diagnoses (Fig. 7) [84,85]. Over-
all, no uptake on FDG PET will help out rule out a LMS,
but a positive result is not as helpful since it is not nec-
essarily diagnostic for LMS. More recently, Kusonoki et al.
have reported that a cut-off SUVmax value>7.5 was able
to exclude leiomyoma with an 81% sensitivity and a 100%
specificity (n=15 uterine sarcomas and 19 leiomyomas),
thus decreasing the false-positive rate [79]. Additionally,
3’-deoxy-3’-['®F]-flurothymidine (18F-FLT) has also been
investigated as an alternative radiotracer in the differenti-
ation of uterine sarcomas from benign leiomyomas, showing
better performance in comparison to 18F-FDG in terms of
specificity (90 vs. 70%), PPV (83.9 vs. 62.5%) and accuracy
(93.3 vs. 80%) [86]. While the number of patients was low
with three LMSs and 10 leiomyomas, 18F-FLT-PET specifically
showed low uptake in a leiomyoma that had high uptake on
18F-FDG PET, therefore this could potentially be used as a
confirmatory adjunct in doubtful lesions [86].

In terms of initial staging, 18F-FDG PET/CT has shown
excellent performance with a sensitivity, specificity and
accuracy reaching up to 80, 100 and 91%, respectively. [87]
18F-FDG PET/CT is particularly helpful for detecting peri-
toneal metastases camouflaged between bowel loops, given
its ability to outline their increased metabolic activity in
comparison to CT alone, and for detecting distant metastasis
(sensitivity up to 100% in some studies) [80,88,89]. However,
18F-FDG PET/CT appears somewhat limited for local pelvic
and para-aortic lymph node staging, with a sensitivity of only
58%, although the number of studies on this specific area is
currently limited [80,89]. Finally, 18F-FDG PET/CT has also
proven highly useful for discriminating between true dis-
ease recurrence both in asymptomatic patients and in those
with clinical suspicion of recurrent disease, reaching a sen-
sitivity, specificity, accuracy, PPV and NPV of 87.5—92.9%,
95.5—100%, 93.3—94.4%, 87.5—100% and 80—95.5% respec-
tively [80,87,90].

The value of SUV .« on preoperative 18F-FDG PET/CT is a
powerful prognostic factor for overall and disease-free sur-
vival, outperforming more conventional variables such as
FIGO stage or tumor size [91]. Specifically, in a series of 19
patients, Park et al. have ascertained more favorable out-
comes for patients with tumors exhibiting SUV,ax <23.95.
[91].

Staging

LMSs tend to spread systematically from the myometrium
through the pelvic blood vessels and lymphatics into the
adjacent pelvic organs, abdomen and lungs [59]. Precise
staging with the 2009 FIGO classification (Table 1), which is
now specific to uterine LMS, should be performed to ensure
an optimal management [10,92]. A detailed discussion of
the role of imaging in staging LMS is however beyond the
scope of this manuscript. However, it is important to note
that because of the difficulty in the preoperative diagnosis
of LMS, many patients initially undergo surgery for presumed
benign leiomyomas detected on US. These patients are typ-
ically treated by general gynecologists without advanced

imaging evaluation or frozen tissue preservation [93]. As a
result, this often leads to incomplete surgical staging and
a suboptimal primary surgical resection with poorer patient
outcomes [3].

Conclusion

Despite current state of the art advances in the imag-
ing differentiation of LMS from atypical leiomyomas, there
remains a certain lack of consensus regarding the individ-
ual usefulness of MRI features. Through our review of the
current diagnostic imaging literature on the subject, we
have attempted to summarize and highlight the principal
MRI imaging features felt to aid in favoring a diagno-
sis of LMS over leiomyoma (Table 3). Because assessing
the value of individual imaging features may often prove
challenging in the context of obtaining a clear diagno-
sis, we have also attempted to provide some guidance
through the use of a diagnostic algorithm combining multiple
imaging features (Fig. 6). Further prospective studies with
larger populations of interest, using multivariate models
with computed image analysis and machine learning could
potentially further improve consensus on the ability of
MRI to accurately differentiate LMSs from atypical leiomy-
omas.
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