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ABSTRACT

STUDY QUESTION: Does application of an unbiased method for analysis of magnetic resonance (MR) images reveal any effect on
uterine or fibroid volume from treatment of heavy menstrual bleeding (HMB) with three 12-week courses of the selective progester-
one receptor modulator ulipristal acetate (SPRM-UPA)?

SUMMARY ANSWER: Application of an unbiased method for analysis of MR images showed that treatment of HMB with SPRM-UPA
was not associated with a significant reduction in the volume of the uterus or in the volume of uterine fibroids.

WHAT IS KNOWN ALREADY: SPRM-UPA shows therapeutic efficacy for treating HMB. However, the mechanism of action (MoA) is
not well understood and there have been mixed reports, using potentially biased methodology, regarding whether SPRM-UPA has an
effect on the volume of the uterus and fibroids.

STUDY DESIGN, SIZE, DURATION: In a prospective clinical study (with no comparator), 19 women with HMB were treated over a pe-
riod of 12 months with SPRM-UPA and uterine and fibroid size were assessed with high resolution structural MRI and stereology.

PARTICIPANTS/MATERIALS, SETTING, METHODS: A cohort of 19 women aged 38–52 years (8 with and 11 without fibroids) were
treated with three 12-week courses of 5 mg SPRM-UPA given daily, with four weeks off medication in-between treatment courses.
Unbiased estimates of the volume of uterus and total volume of fibroids were obtained at baseline, and after 6 and 12 months of treat-
ment, by using the Cavalieri method of modern design-based stereology in combination with magnetic resonance imaging (MRI).

MAIN RESULTS AND THE ROLE OF CHANCE: Bland–Altman plots showed good intra-rater repeatability and good inter-rater repro-
ducibility for measurement of the volume of both fibroids and the uterus. For the total patient cohort, two-way ANOVA did not show
a significant reduction in the volume of the uterus after two or three treatment courses of SPRM-UPA (P¼ 0.51), which was also the
case when the groups of women with and without fibroids were considered separately (P¼ 0.63). One-way ANOVA did not show a sig-
nificant reduction in total fibroid volume in the eight patients with fibroids (P¼ 0.17).

LIMITATIONS, REASONS FOR CAUTION: The study has been performed in a relatively small cohort of women and simulations that
have subsequently been performed using the acquired data have shown that for three time points and a group size of up to 50, with al-
pha (Type I Error) and beta (Type II Error) set to 95% significance and 80% power, respectively, at least 35 patients would need to be
recruited in order for the null hypothesis (that there is no significant reduction in total fibroid volume) to be potentially rejected.

WIDER IMPLICATIONS OF THE FINDINGS: The imaging protocol that we have developed represents a generic paradigm for measur-
ing the volume of the uterus and uterine fibroids that can be readily incorporated in future studies of medical treatments of HMB. In
the present study, SPRM-UPA failed to produce a significant reduction in the volume of the uterus or the total volume of fibroids
(which were present in approximately half of the patients) after either two or three 12-week courses of treatment. This finding repre-
sents a new insight in respect of the management of HMB using treatment strategies that target hormone-dependence.
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Introduction
Heavy menstrual bleeding (HMB) is menstrual blood loss which
interferes with a woman’s physical, social, emotional and/or ma-
terial quality of life (NICE, 2018). Since it has a community preva-
lence of at least 25% and is a significant burden to healthcare
systems (Shapley et al., 2004; Whitaker and Critchley, 2016), pro-
viding effective treatment remains a clinical area of unmet need
(RCOG, 2014; NICE, 2018; Geary et al., 2019; Critchley et al., 2020a).
Existing medical treatments for HMB are often ineffective or as-
sociated with unacceptable side effects (Sweet et al., 2012).
However, surgical interventions (e.g. hysterectomy) are not ap-
propriate for many women, especially given the trend toward
later births (Myrskyla et al., 2017; Inter Lace Study Team 2019)
and the need to preserve fertility. There is therefore a require-
ment to develop safe, simple and acceptable, fertility sparing
medical treatments for HMB.

Previously, in this laboratory, we have developed a novel mea-
surement protocol for obtaining unbiased estimates of the vol-
ume of the uterus and uterine fibroids. The method is unbiased
by mathematical design and is efficient and highly precise to ap-
ply (Thrippleton et al., 2015). In the present study, the first clinical
application of this protocol to study the effect of a medical treat-
ment for the symptom of HMB is reported. The study was made
possible by the embedding of a mechanism of action (MoA) inves-
tigation (EME Programme; EME 12/206/52) within the MRC/NIHR-
funded UCON clinical trial (EudraCT 2014-003408-65; REC 14/LO/
1602) to investigate the efficacy of treatment of HMB with ulipris-
tal acetate (UPA), which is a selective progesterone receptor mod-
ulator (SPRM), in a cohort comprising similar sized groups of
women with and without fibroids.

The reason that SPRMs may provide a solution for treating
HMB comes from the mounting evidence that progesterone, and
the progesterone receptor (PR), play a pivotal role in both men-
struation and in the growth and development of uterine fibroids
(Bulun, 2013; Maybin and Critchley, 2016; Wagenfeld et al., 2016).
Uterine fibroids, often referred to as leiomyomas, are benign
tumours of uterine muscle found in up to 80% of women of repro-
ductive age. Although they do not always cause symptoms, they
are one of nine potential causes of HMB named in the PALM-
COEIN acronym, comprising: polyps, adenomyosis, leiomyoma,
malignancy, coagulopathy, ovulatory disorders, endometrial, iat-
rogenic, not otherwise classified (Baird et al., 2003; Munro et al.,
2011, 2018). The SPRM ulipristal acetate (UPA) has demonstrated
control of HMB in over 90% of women, and amenorrhoea in over
70% of women, in the PEARL clinical trials (Donnez et al., 2012a,b,
2014, 2016). In these and other studies (Levens et al., 2008;
Nieman et al., 2011), UPA was shown to be efficient and safe in re-
ducing average uterine fibroid volume in both the short and long
term (Donnez et al., 2018). However, it has also been reported that
not all patients respond to UPA treatment (Woodhead et al., 2018)
and the extent of the response may depend on whether fibroids

are present as well as their number, location, and size (Yun et al.,
2018; Netter et al., 2019).

The state of the art protocol that we have used in this study
uses a combination of high resolution magnetic resonance imag-
ing (MRI) and modern design based stereology (Roberts et al.,
2000). The Cavalieri method of modern stereology is unbiased by
design and has predictable precision. When used in combination
with MRI for measuring the volume of the uterus and fibroids, it
has been previously shown (in our laboratory) to provide excel-
lent repeatability and reproducibility and is very efficient to apply
(Thrippleton et al., 2015).

The main objective of the present study was to apply the
Cavalieri method in combination with MRI to measure changes
in the volume of the uterus in women with and without fibroids,
before, during, and after receiving three 12-week courses of treat-
ment with UPA. By additionally measuring the total volume of
fibroids in the group of women with fibroids, it was possible to
pursue a secondary aim of investigating whether potential
changes in the volume of the uterus are influenced by the pres-
ence of fibroids.

Materials and methods
Patients
A cohort of 19 women, aged 38–52 years (median 44; first quartile
42; third quartile 47) with HMB, participated in an embedded
mechanism of action (MoA) study within the MRC/NIHR (EME
Programme; EME 12/206/52) UCON clinical trial (registration
ISRCTN: 20426843). After recruitment, the cohort was screened
using transvaginal and/or abdominal ultrasound. This was to ex-
clude patients with pathologies such as uterine congenital mal-
formation and to exclude patients with large fibroids. In
particular, if a patient had fibroids, they were not included if the
size of the uterus was greater than that predicted at 14 gesta-
tional weeks, which corresponds to 14 cm, if the uterine cavity
length was >11 cm, or if the diameter of a fibroid with a submu-
cosal component was greater than 2 cm. Other exclusion criteria
related to contraindications for the use of UPA or the
levonorgestrel-releasing intrauterine system. Otherwise, the par-
ticipant cohort comprised two similar-sized groups of women,
with and without uterine fibroids, in whom adenomyosis might
also occasionally be present. Demographic information for par-
ticipants including age, body mass index (BMI), ethnicity, and
parity is presented in Table 1. Each participant was administered
three courses of UPA at a dose of 5 mg orally once daily for
12 weeks, with four weeks off medication in between treatment
courses. High resolution structural MRI (see below) was per-
formed before (i.e. baseline MRI), after 6 months of UPA treat-
ment (i.e. in the final week of the second course of medication:
mean number of courses 6 standard deviation (SD) 2.00 6 0.16
courses; range from 1.60 to 2.52 courses), and again after
12 months of UPA treatment (i.e. in the final week of the third

WHAT DOES THIS MEAN FOR PATIENTS?
This is the first time that a mathematically rigorous and unbiased methodology has been applied in a clinical study of the effect of
treatment of heavy menstrual bleeding (HMB) on the structure of the uterus. This has shown that in women with and without fib-
roids, three 12-week courses of the selective progesterone receptor modulator ulipristal acetate (SPRM-UPA) did not, on average, pro-
duce a significant reduction in the volume of the uterus, whether or not fibroids were present, or in the total volume of fibroids.
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course of medication: mean 6 SD 2.96 6 0.09 courses; range from
2.66 to 3.00 courses).

Magnetic resonance imaging
MRI investigations were performed on a 3T Verio system
(Siemens Healthineers, Erlangen, Germany) installed in the re-
search setting of the Edinburgh Imaging facility at The Queen’s
Medical Research Institute (QMRI), University of Edinburgh, in a
manner consistent with the recommendations of the Safety
Committee of the International Society of Magnetic Resonance in
Medicine (ISMRM) (Calamante et al., 2015). On each occasion, con-
tiguous series of T2-weighted (T2W) MRI images were acquired in
the sagittal plane using a fast spin echo (FSE) pulse sequence
with the following acquisition parameters, repetition time (TR):
3950 ms, echo time (TE): 100 ms, flip angle: 150�, slice thickness:
5 mm, spacing between slices: 5 mm, field of view (FOV):
199� 199 mm, matrix size: 384� 288, and one average. The
FSE T2W MR images were reviewed together with standard diag-
nostic series of MR images by a radiologist who also noted
whether there were imaging signs to indicate the presence of
adenomyosis.

Stereology
Volume estimates were obtained using the Cavalieri method of
modern design stereology in combination with point counting on
the T2W FSE MR images using protocols that we have developed,
and which were described in detail in a previous publication
(Thrippleton et al., 2015). Firstly, for all patients, estimates of the
volume of the body of the uterus between the fundus and the in-
ternal os (i.e. not including the cervix) were obtained. Secondly,
for patients with fibroids, total fibroid volume was estimated on
the same images. For patients with fibroids, the volume of the
body of the uterus not including fibroids was obtained by sub-
tracting total fibroid volume.

To obtain the volume estimates, the Cavalieri method was ap-
plied using EasyMeasure software (Puddephat, 1998). The dis-
tance between test points in the square grid was set to between
7.77 and 10.36 mm depending on the size of the uterus (i.e. grid
size in EasyMeasure was set to between 15 and 20 pixels). The

predicted coefficient of error (CE) was also computed for each vol-
ume estimate by using well established mathematical formulae
(Matheron, 1971; Kiêu, 1997; Gundersen et al., 1999; Kiêu et al.,
1999). After approximately 80% of the study had been completed,
an intra-rater repeatability study was undertaken in which a ra-
diologist (S.M.) performed repeat measurements on two occa-
sions, and an inter-rater reproducibility study was performed for
two observers (one radiologist (S.M.) and one medical imaging
student researcher (K.Y.)) who independently obtained volume
estimates for the uterus and the volume of the three largest fib-
roids on the MR images. These studies were performed for the
three largest fibroids as it was convenient to mark their location
and to be sure that the observers were investigating the same fi-
broid at the three different time points of the study.

Statistical analysis
Statistical analysis was performed using R software (R Core Team
2018). For the intra-rater repeatability and inter-rater reproduc-
ibility studies, agreement was assessed by Bland–Altman analysis
(Gerke, 2020). The next analyses, including a two-way repeated
measures ANOVA and a one-way repeated measures ANOVA,
were performed using the ezANOVA function in R (further infor-
mation can be found at https://www.rdocumentation.org/pack
ages/ez/versions/4.4-0/topics/ezANOVA).

The two-way repeated measures ANOVA was performed to
test the null hypotheses that the population mean of the volume
of the uterus in the total patient cohort is the same at all time
points, and that there is no significant difference in changes in
volume between the two groups, in comparison to the alternative
hypotheses that the population mean volume of the uterus is sig-
nificantly different at one or more time points, and that there is a
significant difference in changes in volume between the two
groups. In addition, a one-way repeated measures ANOVA was
performed to test the null hypothesis that the population mean
of the total volume of fibroids, in the group of eight patients in
whom they were present, is the same at all time points in com-
parison to the alternative hypothesis that the population mean is
significantly different at one or more time points. For both analy-
ses, results were considered significant if P< 0.05. Finally,

Table 1. Demographic information.

Fibroids present Fibroids absent All P-value
(n¼8) (n¼11) (n¼19)

Age1 [mean (range)] 46.1 (42–51) 42.5 (38–52) 44 (38–52) 0.04
BMI2 [kg/m2, (range)] 26.1 (21.9–35.2) 33.5 (23.9–48.9) 30.4 (21.9–48.9) 0.03
Ethnicity [n (%)]

British White 7 (88%) 10 (91%) 17 (89%)
Southern European 1 (13%) 0 (0%) 1 (5%)
Black 0 (0%) 0 (0%) 0 (0%)
Chinese 0 (0%) 0 (0%) 0 (0%)
Indian 0 (0%) 0 (0%) 0 (0%)
Other Asian 0 (0%) 0 (0%) 0 (0%)
Mixed 0 (0%) 1 (9%) 1 (5%)

Parity [n (%)]
Nulliparous 2 (25%) 1 (9%) 3 (16%)
1 2 (25%) 1 (9%) 3 (16%)
2 3 (38%) 2 (18%) 5 (26%)
3 1 (13%) 5 (45%) 6 (32%)
‡4 0 (0%) 2 (18%) 2 (11%)

Adenomyosis3 [n (%)] 0.99
Present 2 (25%) 4 (36%) 6 (32%)
Absent 6 (75%) 7 (64%) 13 (68%)

1 Age normally distributed—unpaired t test.
2 BMI not normally distributed—Mann Whitney.
3 Adenomyosis—Fisher’s exact test.
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simulations were performed to establish the size of the patient
groups that should be recruited for future studies in order to ob-
tain specific levels of statistical significance in testing the above
null hypotheses. The approach that was used is that proposed by
(Kerns, 2012).

Ethical approval
Approval for the study was obtained from the Lothian Research
Ethics Committee (REC14/LO/1602), consent to participate was
sought by a Gynaecologist, and written confirmation was kept by
each participant and recruiting hospital and the UCON Trial
Office. Patients were recruited between June 2015 and March
2020. The study was conducted in accordance with the principles
of good clinical practice (GCP).

Results
Analysis of the demographic information presented in Table 1
revealed that the patients with fibroids were significantly older
and had a significantly lower BMI than the patients without fib-
roids. There were no significant differences in ethnicity or parity
between the two groups, and also no significant difference with
respect to the presence of adenomyosis, which was reported to be
present in 2/8 (25%) of the patients with fibroids and in 4/11 (36%)
of the patients without fibroids.

Intra-rater repeatability and inter-rater
reproducibility
The average predicted CE for measurement of total fibroid vol-
ume was 3.3% (SD 4.7%, range 0.8% to 23.9%) and the average
predicted CE for measurement of the volume of the body of the
uterus was 1.4% (SD 0.7%, range 0.4% to 4.0%). The Bland–
Altman plots in Fig. 1 show good intra-rater repeatability and
good inter-rater reproducibility for measurement of both the vol-
ume of the three largest fibroids (i.e. analysis of 19 MR images re-
ferring to 8 patients at one or more of three time points) and the
volume of the uterine body (i.e. analysis of 49 MR images refer-
ring to 19 patients at one or more of three time points). Values of
the limits of agreement (LoA) and Bias computed for all four anal-
yses are shown in Table 2. In the case of the three largest fibroids,
the mean difference between repeat measures obtained by the
same observer or by two different observers were within the
boundary of the 95% confidence intervals (i.e. the region shaded
light green in Fig. 1) and no significant bias was found. The corre-
sponding data for the uterine body revealed a significant bias
(P< 0.05) in both intra-rater (5.5 ml (95% CI 3.3 to 7.7 ml)) repeat-
ability and inter-rater (6.9 ml (95% CI �3.7 to �10.2 ml)) reproduc-
ibility. However, in both cases the bias was small, being of the
order 5%, and close to the predicted CE of the volume estimates.

Change in the volume of the uterus
The total volume of the uterus plus fibroids in the group of 8
patients in whom fibroids were present, and of the uterus in the
group of 11 patients without fibroids, are plotted as open and
closed symbols, respectively, at baseline and after two and three
12-week courses of treatment with SPRM-UPA in Fig. 2a. The
same data are plotted in Fig. 2b, except that for the patients with
fibroids, total fibroid volume is subtracted from the volume of
the uterus. The total volume of the fibroids is plotted in Fig. 2c
and the volume of the uterus, excluding the total volume of fib-
roids when present, is plotted for the combined cohort of all 19
patients in Fig. 2d. Application of the Shapiro test again indicated
that the measures of the volume of the uterus obtained at the

three time points were not normally distributed. Accordingly, the
volumes were converted to logarithms, after which the same test
confirmed that the resulting data were normally distributed, and
sphericity of the data was confirmed by application of Mauchly’s
test. Subsequent application of the two-way ANOVA confirmed
the null hypotheses that that there was no significant change in
the volume of the uterus in the total patient cohort (P¼ 0.51), and
no significant difference between the two groups (P¼ 0.63), after
two or three courses of treatment with the SPRM (UPA) (P> 0.05).
There is no evidence that normal uterine tissue responds to UPA.

Change in the total volume of fibroids
The total volume of uterine fibroids in the group of 8 patients in
whom fibroids are present are plotted at baseline and after two
and three 12-week courses of treatment with SPRM-UPA in
Fig. 2c. Application of the Shapiro test again indicated that the
volumes obtained at the three time points were not normally dis-
tributed. Accordingly, the fibroid volumes were converted to loga-
rithms, after which the same test confirmed that the resulting
data were normally distributed, and sphericity of the data was
confirmed by application of Mauchly’s test. Subsequent applica-
tion of the one-way repeated measures ANOVA confirmed the
null hypothesis that there was no significant change in the total
volume of fibroids in the group of 8 patients in whom they were
present, either after two or three courses of treatment with the
SPRM (UPA) (P¼ 0.17).

Power calculations to assist in the design of
future studies
Simulations were performed using the approach proposed by
Kerns (2012) to establish, from the data acquired, the number of
subjects to be recruited in order for future studies to be appropri-
ately powered to obtain particular levels of significance. As
above, the volumes of the uterus and fibroids were first converted
to logarithms and after performing 1000 simulations, for three
time points and a group size of up to 50, with alpha (Type I Error)
and beta (Type II Error) set to 0.05 and 0.2, respectively, it was
found that a total of at least 35 patients would need to be
recruited in order for the null hypothesis (that there is no signifi-
cant reduction in total fibroid volume) to potentially be rejected.

Discussion
A mechanism of action (MoA) study embedded in a clinical trial
has produced new results concerning the effect on uterine vol-
ume of courses of a medical treatment for the symptom of HMB,
that targets the sex steroid dependent regulation of menstruation
and has a role in growth of uterine fibroids (Critchley et al.,
2020b). In 19 women with symptoms of HMB, approximately half
of whom had fibroids present in the uterus, no significant reduc-
tion was observed in the average volume of the uterus after ei-
ther two or three 12-week courses of treatment with a PR
modulator (UPA), irrespective of whether fibroids were present.
Furthermore, for the eight patients with fibroids, no significant
change on average was observed in total fibroid volume after two
or three courses of treatment. The patients with fibroids were sig-
nificantly older and had lower BMIs compared to the patients
without fibroids. The principal finding is that treatment with a PR
modulator (UPA) produced no significant reduction in either the
volume of the uterus or total fibroid volume. Whilst it would be
novel and highly interesting to consider whether the presence of
adenomyosis was a potential confounding factor thatcould have
influenced whether treatment with SPRM-UPA is associated with

4 | Yin et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/hropen/article/2023/3/hoad021/7175424 by U

niversidad de C
antabria user on 15 M

arch 2024



changes in the volume of the uterus and/or volume of uterine fib-

roids, the relatively small incidence of adenomyosis (i.e. 2 of the 8

patients with fibroids and 4 of the 11 patients without fibroids)

precludes this investigation in the present study. There was no

significant difference between the groups of participants with

and without fibroids with respect to radiological evidence of the

Figure 1. Bland–Altman plot for repeatability and reproducibility of uterine and fibroid volume. Results of intra-rater (top row) and inter-rater (bottom row)
studies performed to determine repeatability and reproducibility for estimating the volume of the body of the uterus (left column) and of the three largest
fibroids (right column). The dotted red lines within the light red area and the dotted green line within the light green area indicate limits of agreement (LoA)
and Bias with 95% CI, respectively. The solid red horizontal line corresponds to no mean difference between the two measurements.

Table 2. Bland–Altman analysis for intra-rater repeatability and inter-rater reproducibility studies.

Intra-rater Inter-rater

Uterine body Uterine fibroids Uterine body Uterine fibroids

Bias (95% CI) 5.53* (3.34, 7.72) 0.42 (�5.3, 6.14) �6.9* (�10.15, �3.65) 1.86 (�3.62, 7.34)
Limits of agreement (95% CI)

Lower �9.45 (�13.23, �5.67) �22.83 (�32.78, �12.88) �29.06 (�34.65, �23.47) �20.43 (�29.96, �10.90)
Upper 20.5 (16.72, 24.28) 23.68 (13.73, 33.63) 15.26 (9.67, 20.85) 24.14 (14.61, 33.67)

* P< 0.05.
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presence of adenomyosis. There is a dearth of appropriately pow-
ered clinical trials specific to use of SPRM treatment in patients
with adenomyosis. Investigation of a potential relationship be-
tween changes in the volume of the uterus and/or volume of
uterine fibroids and bleeding control in patients with HMB must
also wait until a study can be performed for a larger cohort of
patients and in whom the presence of adenomyosis is well char-
acterized.

Changes in the volume of the uterus due to
treatment that impacts the progesterone–PR
pathway
Early imaging studies of uterine pathology were performed by
studying hysterosalpingogram images and provided sensitivity
and specificity of 50% and 82.5%, respectively, for identifying the
combination of fibroids and endometrial polyps (Soares et al.,
2000). Since the approach uses X-rays, it is now rarely used and
has been replaced by ultrasound which performs better. In par-
ticular, transvaginal ultrasound has 90% sensitivity and 86.7%
specificity for detecting the same pathologies (Cicinelli et al.,
1995; Becker et al., 2002) and sonohysterography offers further
improvements (Soares et al., 2000).

Detailed three-dimensional (3D) measurement is challenging
using ultrasound, and MRI offers distinct advantages. In particu-
lar, although both techniques have high sensitivity and high spe-
cificity for diagnosing the presence of submucosal fibroids

(Dueholm et al., 2001), MRI, by allowing acquisition of a system-

atic series of sections at constant intervals along a chosen scan-

ning direction, also allows convenient application of the Cavalieri

method to efficiently obtain unbiased estimates of fibroid volume

as well as the volume of the body of the uterus. The volume of

the body of the uterus has previously been measured in studies

of infertility, menstrual disorders, pelvic masses, and ambiguous

genitalia (Kelsey et al., 2016). However, there have been only a few

studies of potential changes in the volume of the uterus in the

treatment of HMB. For example, a reduction in uterine volume

has been reported in patients with fibroids treated with UPA

(Trefoux Bourdet et al., 2015; Baggio et al., 2018), although neither

of the trials recruited patients who did not have fibroids.

Furthermore, the planimetry method, in which feature bound-

aries are exhaustively outlined by hand on a slice-by-slice basis,

and the Calliper method, used in the above studies, are both

problematic. In particular, bias is inherent in the latter as the ap-

proach is not a proper design for 3D volume estimation and may

arise in the former due to difficulties in using a cursor to accu-

rately trace the boundary of fibroid transects on MR images. The

planimetry method is also less efficient and may lack reproduc-

ibility. The Cavalieri method is mathematically unbiased.

However, when applied in combination with MRI, bias may arise

on account of different observers, or the same observer on differ-

ent occasions, perceiving the boundary of the structure of

Figure 2. Total uterine and fibroid volumes. Individual data points (small circles) and mean values (large circles) of the volume of the uterus (a) with
and (b) without the inclusion of total volume of fibroids are plotted at baseline and after 6 and 12 months of treatment with SPRM-UPA. Open circles
refer to patients with fibroids and closed circles to patients without fibroids. Corresponding values are plotted in (c) for total fibroid volume in the group
of patients with fibroids and in (d) for the volume of the uterus, excluding the volume of fibroids when present, in the combined cohort of patients.
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interest to lie in a different position. The bias recorded in the pre-
sent study for measurement of the body of the uterus, but not
fibroids, accords with the findings of Thrippleton et al. (2015), and
being of the order of 5% is similar to the Coefficient of Error (CE)
that is predicted for the volume estimates obtained using manual
stereological analysis. The entire analysis was performed by a ra-
diologist highly experienced in reporting MRI investigations of
the uterus.

Changes in the volume of fibroids due to
treatment that impacts the PR pathway
Performing studies using MRI has the advantage that the same fi-
broid can be readily identified and measured at different time
points. Treatment with a PR modulator (UPA) has been reported
to produce a decrease in the volume of uterine fibroids in the so-
called PEARL clinical trials (Donnez et al., 2012a,b, 2014, 2016) and
other studies (Nieman et al., 2011; Ferrero et al., 2016). However,
the finding of the present study that individual fibroids may de-
crease, increase, or maintain the same volume, and that the av-
erage volume of fibroids is unaffected by treatment with
PR modulation (UPA) is not unexpected on account of the
studies by Yun et al. (2018) and Netter et al. (2019) who investi-
gated which factors may predict the response of specific fibroids.
In a retrospective analysis of 152 women using ultrasound, Yun
et al. (2018) observed that, although there was no effect of fibroid
location or initial volume, a significant reduction in the average
volume was more likely with a fewer number of fibroids.
However, measurements were obtained using ultrasound in
some patients and MRI in others and the analysis was performed
per patient rather than per fibroid. Furthermore, the time interval
was not reported. More recently, Netter et al. (2019) performed an
MRI study of 53 women who received a daily 5 mg dose of UPA
over 3 months and measured the volume of the three largest fib-
roids on MR images obtained on average 117 days apart during
treatment. In almost half of the women (51.2%) in whom at least
two fibroids were present, the Intra-class Correlation Coefficient
(ICC) for their respective percentage reduction was statistically
non-significant, indicating that if one of the fibroids underwent a
reduction in volume, the likelihood was that the other grew dur-
ing UPA treatment. The authors did, however, report evidence to
suggest, similar to Yun et al. (2018), that a log-linear relationship
exists between response to treatment and the initial number of
fibroids, such that the overall reduction in fibroid volume was
relatively greater when only a few fibroids were present. The ad-
ditional reports by both Yun et al. (2018) and Netter et al. (2019)
that UPA produces a greater reduction in the volume of large
than small fibroids is relevant to the interpretation of findings in
the present study. In particular, the exclusion of women with
very large fibroids from the present study could explain why a
significant treatment effect was not detected.

With regard to the location of fibroids, Netter et al. (2019) addi-
tionally reported that intra-mural fibroids had a statistically sig-
nificant lower response to PR modulator administration. They
(Netter et al., 2019) concluded that fibroids have their own indi-
vidual predictive factors for response to PR modulator (UPA)
treatment and also that there may be little or no link between
this response and patient characteristics such as age and BMI.

Normal variation and non-treatment-based
changes in fibroid volume
To assist in interpreting the results of the present study, it is
helpful to review knowledge of what changes in fibroid volume
may be expected to occur in the absence of any treatment.

Consistent with the reduction that occurs in clinical symptoms
at the time of the menopause (Ross et al., 1986), and that post-
menopausal fibroids tend not to be large (Cramer and Patel,
1990), DeWaay et al. (2002) reported observing six small fibroids
spontaneously resolving in women approaching the menopause.
The women enrolled in the present study were aged between 38
and 52 years and there may therefore be a tendency for fibroids
to be naturally reducing in volume in these women.
Nevertheless, they presented with clinical symptoms of HMB.

There have been several studies which shed light on the
changes in fibroid volume that may be occurring in patients prior
to treatment. In particular, Tsuda et al. (1998) recruited 70
patients aged from 30 to 57 years and measured both the volume
of fibroids and blood flow characteristics of the main uterine and
fibroid arteries by using ultrasound at 3-month intervals for one
year. Arteries specifically related to the fibroid could be detected
for 52 (51.5%) of 101 fibroids and there was an increase in the vol-
ume of 24 (i.e. 46.2%) of these fibroids, compared to in only three
(i.e. 6.1%) of 49 fibroids where a fibroid artery was not present.
Peddada et al. (2008) recruited 72 patients aged from 24 to
54 years, with the stipulation that the women had at least one fi-
broid greater than 5 cm in diameter, and measured the changes
in fibroid volume that occurred naturally over a period of
12 months. Growth rates for the 262 fibroids varied widely and
were not influenced by fibroid size, location, BMI, or parity.
Interestingly, only 7% of fibroids showed a regression in volume
of greater than 20% and in the same women, individual fibroids
sometimes increased or decreased at different rates despite a
uniform hormonal milieu. More recently, Baird et al. (2020)
recruited 1693 African–American women, who they suggested
may be expected to develop fibroids at least 10 years earlier on
average than white women. The women were aged between 23
and 35 years. In the course of the 18 months of the study, fibroids
appeared in 9.4% of the 1123 women in whom no fibroids were
present at the start of the study. With regard to the changes that
were observed in fibroid volume over the course of the study, in-
terestingly, very small fibroids (i.e. <1 cm diameter) were found
to be very dynamic, exhibiting rapid growth but also a high
chance of disappearing, whereas larger fibroids (i.e. >2 cm diame-
ter) typically grew slowly. This may further explain why exclud-
ing women with fibroids greater than 2 cm in diameter from the
present study may have made the detection of an effect of SPRM-
UPA on fibroid growth unlikely. In order to identify factors that
may predict how a patient will respond to treatment in future
studies, measurement of MRI characteristics may be combined
with molecular analysis to determine whether fibroid number,
size, or location are linked to the same gene expression profiles.
However, the very high variability in terms of number, location,
and total volume of fibroids, observed in the present and above-
mentioned studies provides a significant challenge for recruiting
cohorts of sufficient size (i.e. >35 patients) in order to have suffi-
cient power to be able to detect significant effects.

In summary, employment of the unbiased Cavalieri method to
analyze T2-weighted FSE MR images obtained in this embedded
exploratory MoA study performed in a cohort of 19 women with
HMB did not find evidence that the SPRM-UPA produced a signifi-
cant reduction in the volume of the uterus, after either two or
three 12-week courses of treatment. Similarly, there was no sig-
nificant reduction in the total volume of fibroids which were pre-
sent in approximately half of the patients. The protocol that we
have developed represents a generic paradigm for measuring the
volume of the uterus and uterine fibroids that can be readily in-
corporated in future studies of medical treatments of HMB,
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including recent strategies that target hormone dependence and
assess uterine and fibroid size (Schlaff et al., 2020).

Data availability
The data underlying this article will be shared upon reasonable
request to the corresponding author.
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