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Abstract

Objectives Multiparametric magnetic resonance imaging (mMRI) is the modality of choice in the imaging of ovarian
cancer (OC). We aimed to investigate the feasibility of different types of regions of interest (ROIs) in the measurement
of apparent diffusion coefficient (ADC) values of diffusion-weighted imaging in OC patients treated with neoadjuvant
chemotherapy (NACT).

Methods We retrospectively enrolled 23 consecutive patients with advanced OC who had undergone NACT and
mMRI. Seventeen of them had been imaged before and after NACT. Two observers independently measured the
ADC values in both ovaries and in the metastatic mass by drawing on a single slice of (1) freehand large ROIs (L-RQOls)
covering the solid parts of the whole tumour and (2) three small round ROIs (5-ROlIs). The side of the primary ovar-
ian tumour was defined. We evaluated the interobserver reproducibility and statistical significance of the change in
tumoural pre- and post-NACT ADC values. Each patient’s disease was defined as platinum-sensitive, semi-sensitive, or
resistant. The patients were deemed either responders or non-responders.

Results The interobserver reproducibility of the L-ROI and S-ROI measurements ranged from good to excellent (ICC
range: 0.71-0.99). The mean ADC values were significantly higher after NACT in the primary tumour (L-ROI p <0.001,
S-ROIs p<0.01), and the increase after NACT was associated with sensitivity to platinum-based chemotherapy. The
changes in the ADC values of the omental mass were associated with a response to NACT.

Conclusion The mean ADC values of the primary tumour increased significantly after NACT in the OC patients, and
the amount of increase in omental mass was associated with the response to platinum-based NACT. Our study indi-
cates that quantitative analysis of ADC values with a single slice and a whole tumour ROI placement is a reproducible
method that has a potential role in the evaluation of NACT response in patients with OC.

Trial registration Retrospectively registered (institutional permission code: 5302501; date of the permission:
31.7.2020).
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Background

Worldwide, ovarian cancer (OC) was the eighth most
common cancer in women in 2020 [1]. The 5-year
survival rate of OC patients varies between 29 and
92% according to the stage of the disease. OC is the most
lethal gynaecological cancer [2]. Most (90%) OCs are of
the epithelial subtype. Rapidly evolving, heterogeneous
high-grade serous ovarian cancer (HGSOC) is the most
common epithelial OC and one of the aggressive histo-
logical subtypes [2—6]. At the time of diagnosis, approxi-
mately two-thirds of epithelial OCs are Federation of
Gynaecology and Obstetrics (FIGO) stage III or IV and
present with signs of extra-ovarian dissemination, such
as peritoneal and omental nodules, and high-volume
ascites [4, 7].

The standard treatment of FIGO stage III-IV epithelial
OC has traditionally been a combination of radical pri-
mary debulking surgery (PDS) with the aim of completely
resecting all the macroscopic disease (R0), followed by
platinum-based adjuvant chemotherapy [8, 9]. However,
several trials focusing on patients with advanced OC
(FIGO stages IIIC-IV) have demonstrated that those
treated with neoadjuvant chemotherapy (NACT) have
better surgical outcomes and a lower risk of postopera-
tive morbidity [10-13]. Indeed, the National Comprehen-
sive Cancer Network (NCCN) guidelines, the European
Society of Medical Oncology (ESMO), and the European
Society of Gynaecological Oncology (ESGO) recommend
NACT with interval debulking surgery (IDS) for selected
patients who are poor candidates for surgery (e.g., due
to advanced age, comorbidities, or frailty) or who are
unlikely to achieve optimal cytoreduction in primary
debulking surgery due to the large spread of the disease
based on clinical or radiological markers [10, 14, 15].

The shifting paradigm of NACT in OC challenges
conventional imaging practices. The European Soci-
ety of Urogenital Radiology (ESUR) recommends mag-
netic resonance imaging (MRI) as the modality of choice
when imaging an indeterminate pelvic or adnexal mass,
for example, when OC is suspected following a trans-
vaginal ultrasound [16]. In addition to its role in help-
ing with the differential diagnostics, preoperative MRI
aids in the evaluation of the resectability of OC patients
[17, 18]. Furthermore, MRI has been shown to have high
accuracy in terms of revealing the extent of peritoneal
carcinomatosis and other difficult-to-resect sites or ana-
tomic abnormalities, which may lead to suboptimal sur-
gical outcomes [18]. Several MRI techniques have also
been used successfully to assess the stage of the disease
and the response to chemotherapy in OC. Multiparamet-
ric MRI (mMRI) techniques have, additionally, proved to
be valuable when assessing the histological severity and
prognosis of OC [19, 20]. Diffusion-weighted imaging
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(DWTI) and dynamic contrast-enhanced (DCE) sequences
are known to improve the ability to distinguish between
benign and malignant tumours when combined with the
routine anatomic T1- and T2-weighted (T1W and T2W)
sequences [16, 19, 20].

DWT is a structural MRI technique that provides insight
into a tumour’s microscopic tissue architecture, such as
tumour cellularity, fluid viscosity, and cell membrane
integrity, by detecting the level of water diffusion, which
can be quantified with apparent diffusion coefficient
(ADC) values. Low ADC values indicates high cellularity
and an increase in water restriction within the tumours,
both of which might change in response to chemotherapy
[21]. Multiparametric MRI allows a more beneficial phe-
notypic characterization of tumours and might improve
the determination of NACT response assessment and
prognostic evaluation [22]. Indeed, when imaged before
to any treatment (PDS or NACT), reduced ADC values in
OC patients have been associated with lower 3-year sur-
vival rate [19]. Winfield et al. [23] showed that a greater
increase in ADC values between pre- and post-NACT
scans was a predictive marker of NACT response in OC
patients. However, the analysis of ADC values has not
been standardized for patients with OC. In the literature,
the regions of interest (ROI) used in ADC measurements
vary from single to multiple slice measurements, and the
ROI sampling method (e.g., round, square, or freehand)
has been proposed. The ROIs have also been drawn with
interactive computer-assisted segmentation by indicating
the target lesion [19, 23-27].

We hypothesized that the ADC values of both the pri-
mary tumour in the ovaries and the omental metastasis
would increase significantly between the pre- and post-
NACT scans. The rationale for this retrospective study
was to compare the performance and evaluate the repro-
ducibility of two ROI sampling methods (small round
ROIs vs. a large freehand ROI) in the assessment of the
change in ADC values in patients with OC receiving
NACT.

Materials and methods

Study protocol and patients

We retrospectively reviewed consecutive epithelial OC
patients who had been treated with NACT at Kuopio
University Hospital, Finland, between 2011 and 2020.
We included patients with histopathologically con-
firmed primary OCs (tissue material collected through
an ultrasound-guided needle biopsy or a surgical pro-
cedure before proceeding to NACT) who were treated
with platinum-based NACT prior to the IDS attempt,
and who had been imaged with mMRI after NACT. The
permit for the use of patient register data for research
purposes was issued by the Chief Medical Officer of the
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hospital district (study number: 5302501). The need for
written informed consent from the patients was waived
in accordance with local laws and regulations on the basis
of the study’s retrospective nature.

We enrolled 23 patients who had completed three to
eight cycles of platinum-based NACT. Seventeen (74%)
of those patients had been imaged with mMRI at the
time of diagnosis (pre-NACT) and prior to surgery (post-
NACT) and thus were available for the paired analysis
of the change in the ADC values in response to NACT
and for the reproducibility analyses. The other six (26%)
patients had been imaged only with computed tomogra-
phy (CT) at the time of diagnosis but were imaged with
mMRI prior to surgery. They were thus included in the
statistical assessment of the reproducibility of the two
ROI sampling methods. Only one mid-treatment MRI
was performed, and we therefore did not analyse it as a
part of this study.

Imaging protocol and image analysis

Nine (39.1%) patients had been imaged with a 1.5 T MRI
scanner (Body array coil, Siemens MAGNETOM Avanto/
Avanto Fit/Aera, Siemens Healthcare GmbH, Erlangen,
Germany) and 14 (60.9%) patients with a 3.0 T MRI scan-
ner (Sense-XL-Torso coil, Philips Achieva 3.0 T X, Philips
N.V,, Eindhoven, The Netherlands). Those patients who
had been imaged before and after the NACT treatments
had consistently undergone imaging with a scanner of
equivalent field strength (i.e., no crossover from 1.5 T to
3.0 T or vice versa) from the same MRI manufacturer. All
the patients had undergone axial DWI protocols in the
pelvic area. Fifteen (88.2%) patients in the pre-NACT
imaging and 22 (95.7%) patients in the post-NACT imag-
ing had also undergone DWI in the upper abdominal
area (Fig. 1). Monoexponentially derived ADC maps had
been automatically generated with low b-value images
(0 s/mm? or 50 s/mm?), and high b-value images (600 s/
mm?, 800 s/mm? or 1000 s/mm?) were available for every

Pre-mMRI
n=17

Included patients
Total n=23
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patient. The detailed imaging protocol in DWI sequences
is described in Table 1.

The radiological responses to NACT had initially
been evaluated by experienced radiologists based on
changes in the sizes and signal intensities of the tumoural
lesions. While taking into account all the performed MRI
sequences using the localizer in Sectra PACS (IDS7, ver-
sion 17.3.6; Sectra Imtec, Linkoping, Sweden), the two
observers (M.R and E.H, with 6 months and 2.5 years of
experience in gynaecological MRI, respectively) inde-
pendently measured the mean and minimum ADC val-
ues from the MRI data using the Image] tool (version
1.8.0_112 for Windows 10, National Institutes of Health,
Bethesda, MD, USA). The two observers performed the
measurements blinded to each other’s ROIs and meas-
urements, the histopathology of the tumour and the
clinical course of each patient. In situations when one
of the observers was in doubt about whether to include
the ADC measurement (e.g., when the image quality was
suboptimal), the cases were discussed and corrected, if
necessary. The ADC values of both ovaries and omental
masses were measured when possible.

We chose two 2-dimensional ROI sampling methods.
The axial slices where the ovaries, the possible ovar-
ian tumours, and the omental tumour masses were best
visualized were chosen for the analyses. First, measure-
ments were performed by drawing, freehand, a large ROI
(L-ROI) that covered the whole solid tumour in each
ovary and separately in the largest metastatic omental
tumour mass (or carcinosis, when present). Cystic areas
were avoided. The largest area was 4677 pixels in the ova-
ries and 6026 pixels in the omental mass. Second, when
the tumoural area was large enough, one to three small,
round ROIs (S-ROIs), with a set size of 5x5 pixels, were
fitted inside the area first covered by the L-ROI on the
same slice without targeting the lowest ADC areas. The
ROIs were placed on the solid part of the residual ovary,
while taking into account all the available MRI sequences

Post-mMRI
n=23

15T 3T
n=6 n=11

157 3T
n=9 n=14

Fig. 1 The distribution of the imaging protocols used in the study
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when there were no significant areas of diffusion restric-
tion left due to response to treatment in the post-NACT
images. Muscle and fat reference values were obtained by
drawing L-ROIs and one to three S-ROIs on axial slices
depicting the right psoas muscle and subcutaneous fat.
When measuring the muscle and fat values, if the same
reference measuring point was not suitable for pre- and
post-imaging due to image positioning, the reference
value was not used in the statistical analysis (muscle
measurements excluded: n=4).

The change of ADC values during the NACT treatment
(AADC) was defined as the change between the pre- and
post-treatment values for tumours, ovaries, omental
masses, and muscle and fat reference values. The per-
centual change in the AADC (AADC%) was calculated
as (ADCponact — ADCprenact) X 100 / ADC e nacrs
where ADC,,,. yact and ADC, yacr denote the mean
ADC values in pre-treatment and post-treatment meas-
urements, respectively.

Clinical parameters

The clinical data, including the information regarding
the final histopathology of the tumour, was retrospec-
tively collected from the patients’ medical reports. The
cancer treatment plan (ie., either primary radical sur-
gery or starting with NACT) was determined in a multi-
disciplinary team (MDT) meeting. The patients were
deemed either responders or non-responders by com-
bining the results of the radiological response evaluation
(e.g.. whetherthere were changes in the tumour size) and
the approximate amount of visible tumour or carcino-
sis in cytoreductive surgery. The patients’ diseases were
defined as platinum-sensitive (over 6 months without
chemotherapy before recurrence) or resistant (continu-
ous chemotherapy or an interval of less than 6 months
until recurrence). A macroscopic residual tumour in
IDS was recorded as presence of residual tumour in sur-
gery, which included residual tumours of both<1 cm
and >1 cm, or no visible residual disease (0 mm). Cancer
recurrence status was given as one of the following three
categories: no recurrence, recurrent disease, or progres-
sive disease, when the disease progrediated directly after
adjuvant chemotherapy.

For statistical purposes, the side with the primary ovar-
ian tumour was determined later, primarily on the basis of
the pathology report that had been drawn up on debulk-
ing surgery. In the case of a bilateral tumour (=6, 26%),
the larger tumour with radiologically more malignant fea-
tures was chosen. The number of NACT treatments was
dichotomized as standard or extended in length (three to
four cycles or more than four cycles, respectively).

Progression-free survival (PFS) was defined as the inter-
val between the date of the IDS (or when the tumour was
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still inoperable based on the post-MRI evaluation (n=2,
8.7%), the end date of chemotherapy) and the date of
diagnosed disease recurrence or progression (or when no
disease recurrence or progression occurred, the end date
of follow-up). Overall survival (OS) was defined as the
period between the date of IDS or the end date of chem-
otherapy (n=2, 8.7%) and the end date of follow-up or
death. Because of the wide follow-up range, we decided to
indicate the PFS and OS in percentual numbers of cancer
recurrence or deaths in 1-, 2- and 3-year timepoints.

Statistical analyses

We used the IBM SPSS Statistics for Windows 10 plat-
form (version 26.0, 2019, IBM Corp, Armonk, NY, USA)
for the statistical analyses. A confidence interval of 95%
was determined, and a p value of <0.05 was selected to
indicate statistical significance. Continuous variables are
presented as means =+ SDs, or as median and range val-
ues. Nominal variables are presented as crude numbers
and percentages.

We calculated the intraclass correlation coefficients
(ICCs) to determine the interobserver reproducibility of
the different ADC sampling methods. The ICC values
were interpreted to indicate poor (ICC=0.00-0.20), fair
(ICC=0.21-0.40), moderate (ICC=0.41-0.60), good
(ICC=0.61-0.80), or excellent (ICC=0.81-1.00) repro-
ducibility [18, 22].

Only the measurements by Observer 1 were used for
other statistical analyses. For L-ROI measurements, the
mean ADC value was used (L-mean). If the tumour was
too small for three separate S-ROI measurements, fewer
than three S-ROIs were measured. In the analysis of
S-ROI, we used the lowest mean (S-mean,,), the lowest
minimum (S-miny,,), the average mean (S-mean,,), and
the average minimum (S-min,,) ADC values of the one to
three measured S-ROIs, as there is no clear consensus in
the literature on the optimal way to perform ADC meas-
urements. For the comparison between the four S-ROI
variables mentioned above, we used the Bonferroni cor-
rected p-value of p,gj,seq =0.05 / 6=0.00833.

The Kolmogorov—Smirnov and Shapiro—Wilk normal-
ity tests were employed to assess the normality of the
ADC measurements. The paired t-test was used to ana-
lyse the change between the pre- and post-NACT ADC
values. The Wilcoxon-signed rank test was used for non-
normally distributed variables to analyse the difference
between the ADC values in the primary ovarian tumour
and those in the omentum. The Kruskal-Wallis test was
used to test the statistical significance of the relationship
between ADC measurements and multicategory vari-
ables, namely cancer recurrence. The Mann—Whitney U
test was employed to analyse the associations between
the ADC values and clinical dichotomized parameters
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(platinum sensitivity and residual tumour status). The
Spearman correlation test was chosen to investigate the
statistical correlations between the clinical continuous
variables (i.e. age, body mass index [BMI] and the cancer
antigen 125 [CA-125]) and averaged ADC values.

We used the Cox regression analysis for progression-
free and overall survival analyses with continuous ADC
variables. The Kaplan—Meier log rank method was used
for PES and OS analyses with dichotomized variables
(response to NACT and residual tumour in surgery).

Results
The study sample comprised 23 women, of whom
22 (96%) had been diagnosed with HGSOC and one
(4%) with a high-grade endometrioid carcinoma. The
patients’ characteristics are presented in Table 2. The
mean age at the time of diagnosis was 65.6 years (range:
44-78 years). Both the pre- and post-NACT images were
available for 17 (74%) of the patients; for six (26%) of the
patients, only post-NACT images were available. The
median interval between the pre- and post-treatment
imaging was 12 weeks (range: 7-22 weeks). Some of the
patients had longer imaging intervals due to acute health
issues (e.g. pulmonary embolism or acute peritonitis).
The median interval between post-treatment-MRI and
the IDS attempt was 2 weeks (range: 0-25 weeks). Two
(8.7%) of the patients had exceptionally long intervals (20
and 25 weeks) between their post-treatment-MRI scan
and the IDS attempt. This was due to acute health issues
that had to be treated before cytoreductive surgery and
the MDT meetings’ decision to continue chemotherapy
for three to four cycles more before the IDS attempt.
There were 16 (69.6%) patients with right-sided pri-
mary ovarian tumours and seven (30.4%) with left-sided
primary ovarian tumours. The ADC measurements were
successfully performed by both the observers of pre-
NACT/post-NACT scans in 17 out of 18 right ovaries, 14
out of 20 left ovaries, and 14 out of 16 omental metas-
tases. The reasons for the non-successful ADC measure-
ments were poor image quality (right/left ovary n=1/1,
omentum #=0); the small size of the tumour, in which
the set pixel size of 5x5 pixels for S-ROI would not fit
(right/left ovary in pre-NACT images n=0/1 and post-
NACT images n=1/3; omentum in pre/post images
n=0/5); the absence of the target anatomic structure
(absence of the metastatic abdominal mass in the pre-/
post-NACT images #n=3/5); or non-distinguishable ova-
ries (right/left ovary in pre-NACT images n=1/3 and
post-NACT images n=6/4).
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Table 2 The clinicopathological characteristics of the patients
included in the study (N=23)

Variable n (%) Median (range)
Age at the time of diagnosis (years) 68 (44-78)
CA-125 (kU/L) 715(177-15,495)
BMI? 25.7(17.0-38.5)
FIGO® stage

e 7 (30)

IVA 4(17)

VB 12 (52)
Grade

Low grade 0(0)

High grade 23 (100)
Histopathology

Serous carcinoma 22 (96)

Endometrioid carcinoma 1(4)
Debulking operation

Yes 2191)

No 209
Residual tumour at cytoreductive surgery

0mm 6 (26)

<lcm 6(26)

>1cm 9 (39)

Missing (no surgery)© 2(9)
Neoadjuvant chemotherapy cycles

3-4 19 (83)

>5 4(17)
Cancer recurrence within the follow-up period

No 2(9)

Yes 14.(61)

Progressive disease 7(30)
Platinum sensitivity®

Sensitive 13 (56)

Resistant 10 (43)
Deceased during the follow-up period

Yes 20(87)

No 3(13)

@ BMI Body mass index
b Federation of Gynaecology and Obstetrics

“Two patients did not undergo surgery because of a lack of a significant
treatment response noted in imaging

9The patient was defined as having a progressive disease when she received
continuous chemotherapy or had an interval of less than 6 months without
chemotherapy after the debulking operation

€ The disease was defined as sensitive to platinum when the patient survived
over 6 months without chemotherapy before the possible recurrence,

and defined as resistant when the patient received continuous platinum
treatment after the intended number of NACT treatments, or the period
between NACT and the initiation of chemotherapy was less than 6 months
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Intraclass correlations

The interobserver agreement between the two observers
was good to excellent for the ovaries, the omentum and
the psoas muscle, irrespective of the chosen ROI deline-
ation method. In subcutaneous fat measurements the
interobserver agreement was moderate to good, but the
fat measurements were not specifically targeted by the
two observers. The ICC values for the mean ADC value
of the pre-/post-NACT measurements using the L-mean
were 0.96/0.96 for the right ovary, 0.95/0.99 for the left
ovary, and 0.91/0.98 for the omentum. The corresponding
ICC values using the mean ADC value of the S-mean,,,,
measurements were 0.96/0.97, 0.96/0.80, and 0.83/0.96,
and for S-mean,,0.96/0.91, 0.83/0.95, and 0.71/0.95,
respectively. The ICC values are shown in Table 3.

ADC values in the tumoural lesions

The mean pre- and post-NACT ADC values and per-
centual AADC (AADC%) are shown in Table 4, and the
changes of mean ADC values are illustrated in Fig. 2.
The mean ADC values in the primary ovarian tumour
increased significantly between the pre- and post-
NACT measurements when using different ROI sam-
pling methods (L-mean AADC%=39.4%, p<0.001;
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S-mean,,, AADC%=41.7%, p=0.006; and S-mean,,
AADC%=40.9%, p=0.003). The minimum ADC val-
ues (S-miny,,, and S-min,,) did not increase significantly
between the pre- and post-measurements. The changes
in the ADC values in the omental masses were not statis-
tically significant with any of the ROI sampling methods.

When the ADC values of the primary ovarian tumours
were compared with those of the omentum, no signifi-
cant differences were found in the pre-NACT L-ROI or
any of the S-ROI measurements. The post-NACT ADC
values of the primary ovarian tumour were higher than
those of the omentum when using the mean ADC values;
however, the result was statistically significant only when
the S-mean,,,, was used (primary tumour vs. omentum:
S-mean,, p=0.017, L-mean p=0.075, and S-mean,,
p=0.059). Again, the minimum ADC values (S-miny,
and S-min,,) did not increase significantly between the
pre- and post-measurements.

Association between the ADC values and the prognostic
factors of OC

Two (8.7%) patients did not continue to IDS based on
the MDT evaluation and continued with chemother-
apy (Fig. 3). The other 21 (91.3%) patients responded

Table 3 The interobserver reproducibility of ADC measurements between the two observers using large ROI (L-mean), and the lowest
and average mean value obtained using three small ROIs (S-mean,,,, and S-mean,,)

Pre-treatment

Post-treatment

No of measurements Intraclass correlation p No of measurements Intraclass correlation p
Observer 1/2 coefficient Observer 1/2 coefficient
Total N (patients) 17 23
Right ovary
L-mean 17/17 0.96 <0.001 18/18 0.96 <0.001
S-mean,,,, 17717 0.96 <0.001 14/16 0.97 <0.001
S-mean,, 17/17 0.96 <0.001 14/16 091 <0.001
Left ovary
L-mean 14/14 0.95 <0.001 20/ 20 0.99 <0.001
S-mean,,, 13/12 096 <0.007 16/16 0.80 0.002
S-mean,, 13/12 0.83 <0.001 16/16 0.95 <0.001
Omentum
L-mean 14/14 091 <0.001 16/16 0.98 <0.001
S-mean,,,, 14/14 0.83 0.001 14/15 0.96 <0.001
S-mean,, 14/14 071 0,002 14/15 0.95 <0.001
Psoas muscle
L-mean 17/17 0.67 0.018 23/23 0.90 <0.001
S-mean 17717 0.61 0.036 23/23 0.83 <0.001
Subcutaneous fat
L-mean 17/17 0.75 0.004 23/23 0.76 0.001
S-mean,,,, 17717 0.79 0.002 23/23 0.68 0.005
S-mean,, 17/17 0.50 0017 23/23 0.62 <0.001

Only one S-ROI measurement was made in the psoas muscle
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Table 4 The effect of NACT on pre- and post-treatment mean
using large and small ROI
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and minimum ADC values (x 107> mm?/s) in the different locations

Pre-treatment Post-treatment AADC% Pre vs. post
ADC ADC NACT change
Mean +SD Mean +SD % p
Primary ovarian tumour
ADC, large ROI, mean 0.798£0.156 1.090£0.205 394 <0.001
ADC, small ROI, lowest * mean 0.756 £0.195 1.027£0.228 4.7 0.006
ADC, small ROI, average ® mean 0.801+0.176 1.083+£0.203 409 0.003
ADC, small ROI, lowest ¢ minimum 0.5954+0.195 0.773£0.241 40.5 0.098
ADC, small ROI, average ® minimum 0.634£0.187 0.8294+0.238 38.8 0.082
Omentum
ADC, large ROI, mean 0.849+0.187 0934+£0.252 109 0.337
ADC, small ROI, lowest * mean 0.7344+0.199 0.844+0.286 82 0.624
ADC, small ROI, average > mean 0.808 +0.225 0.906+0.270 12.5 0.535
ADC, small ROI, lowest * minimum 0.5234+0.204 0.654+0.274 8.2 0.509
ADC, small ROI, average ® minimum 0.61440.209 0.735+£0.254 125 0.451
Psoas muscle
ADC, large ROI 1.1714£0.129 1.238+£0.157 5.7 0.237
ADC, small ROI, lowest® 1.120£0.148 1.216£0.229 10.1 0.156
Subcutaneous fat
ADC, large ROI 0.854+0.359 0.734+£0.343 -35 0422
ADC, small ROI, lowest® 0.756 £0.360 0.625£0.341 -8.5 0.328

Number of measurements is shown in Table 3 (Observer 1)
2 Small ROI, lowest = the lowest mean or minimum ADC value obtained using thr

b Small ROI, average = the average mean or minimum ADC value obtained using

radiologically to NACT and underwent an IDS attempt
after NACT (Figs. 4 and 5). Based on the MDT evalua-
tion and the report from surgery, 13 (56.5%) patients
were defined as responders to NACT and 10 (43.5%)
(including the two patients who did not proceed to IDS)
as non-responders.

Primary ovarian tumor, L-mean

Primary ovanan tumor, S-mean, lowest

Pnmary ovanan tumor, S-mean, average

Measurement

Omentum, L-mean

Omentum, S-mean, lowest

Omentum, S-mean, average

ee small ROIs

three measured small ROIs

The response to chemotherapy was significantly asso-
ciated with the L-mean AADC and AADC% in the
omental metastasis (AADC/AADC% p=0.032/0.032,
n=10). Small ROI measurements or the measurements
of the primary ovarian tumour did not have a signifi-
cant association with the response to NACT. The change

p<0.001
p=0.006
p=0.003
p=0.337
p=0.624

p=0.535

Wpost-NACT
[CJpre-NACT

Mean ADC value (x10”(-3) mm2/s)

Fig. 2 The association between the paired pre- and post-NACT mean ADC values (x 107> mm?/s) in the L-mean, S-mean,,, and S-mean,,

measurements
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Fig. 3 The ovarian and omental pre- and post-treatment ADC maps used in the evaluation of the response to NACT in epithelial OC. A woman in
her late 60 s was diagnosed with metastatic high-grade serous OC and initially treated with three cycles of NACT. At the time of diagnosis, the right
ovary (arrowhead) was hyperintense in the DW image with a high b-value of 800 s/mm? (A) and displayed a diffusion restriction in the ADC map
with a mean ADC value of 0.744 x 10> mm?2/s measured with a large ROI (B). Correspondingly, the metastatic sites (two-headed arrow) located

in the upper abdomen in a high b-value DW image were hyperintense (C) and showed diffusion restriction on the ADC maps (D), with a mean
ADC value of 0.744 x 1072 mm?/s. After three cycles of NACT, the right ovary had shrunk, as reflected in the high b-value image (E) and the mean
ADC value was elevated to 1.374 x 107> mm?/s (F). A similar response was noted in the left ovary (not shown). The abdominal metastatic sites did
not respond markedly in volume (G). However, in the ADC map (H), the mean ADC value had increased to 1.042 x 107> mm?/s. In the response
evaluation, the advanced OC did not respond sufficiently to NACT and, thus, there was no attempt to perform interval debulking surgery for this

patient. The chemotherapy was continued instead

between tumoural pre- and post-treatment ADC values
was greater in responders than in non-responders in
the omental metastasis. The mean pre- and post-NACT
ADC values and the percentual AADC (AADC%) are
shown in Table 5, and the changes in the mean ADC val-
ues are illustrated in Fig. 6.

The dichotomized platinum sensitivity (sensitive or
resistant) was significantly associated with the AADC and
AADC% in the primary ovarian tumour (AADC/AADC%
L-mean p=0.040/0.072, S-mean,,, p=0.018/0.030,
S-mean,, p=0.048/0.048). Patients who had a cancer
recurrence in less than 6 months, namely those with
platinum-resistant tumours, had greater (percentual) dif-
ference between pre- and post-NACT ADC values than
those with tumours sensitive to platinum. The mean
pre- and post-NACT ADC values and percentual AADC
(AADC%) are shown in Table 6, and the changes of mean
ADC values are illustrated in Fig. 7. Neither the pre- nor
the post-NACT ADC values or AADC were significantly
associated with the categorized clinical variables (i.e.,
cancer recurrence or the presence of macroscopic resid-
ual tumour in the operation).

The CA-125 values were inversely correlated with the
pre-NACT values of the omentum (r,=-0.644/-0.578,
p=0.013/0.030 for S-mean,/S-mean,,) and with the
post-NACT values of the primary ovarian tumour
(S-miny,,, r,=-0.529, p=0.043). The continuous clinical
markers age and BMI did not significantly correlate with
the ADC measurements of the tumoural lesions.

Patient survival

The median follow-up time was 36 months (range:
7-114 months). Two patients out of 23 (9%) with a fol-
low-up of 9.5 and 7.5 years had no cancer recurrence by
the end of the follow-up period (from the time of diag-
nosis until January 20" 2023). Fourteen patients (61%)
had a cancer recurrence, and seven patients (30%) were
diagnosed with having a progressive disease by means
of imaging. At the end of the follow-up, three patients
(13%) were alive and 20 (87%) were deceased. Two (8.7%)
patients died during the first year of follow-up (OS in 1
year) and the OS rate was 11 (47.8%) and 14 (60.9%) at the
2- and 3-year timepoints, respectively. At the 1-year time-
point, 17 (73.9%) patients had had cancer recurrence or
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Fig. 4 Pre- and post-treatment images of a patient in her late 60 s with metastatic ovarian cancer.The metastatic omentum appears bright in
the axial DW image (b-value of 800 s/mm?), taken at the time of the diagnosis (A). An L-ROI was drawn around the omentum on the ADC map
generated with b-values of 50 s/mm?, 400 s/mm?, and 800 s/mm? (B). The omentum showed restricted diffusion with a mean ADC value of
0.999 x 10~ mm?/s because of increased cellularity of the tumour. After four NACT cycles, the high-signal omentum had shrunk in volume (C).
Three small round ROIs are shown inside the diminished omental mass in the ADC map, with the minimum ADC values in the range between

0.693-0.799 x 107> mm?/s (D)

progression (PFS in 1 year). The PES for the 2- and 3-year
timepoints was 21 (91.3%) and 21 (91.3%), respectively.
The median PFS was 9 months (range: 0-111 months)
and OS 31 months (range: 2-111 months).

The response to NACT correlated with the 2- and
3-year OS (p=0.038 and p=0.009, respectively) and the
1-, 2- and 3- year PFS (p =0.006, p =0.006 and p =0.006,
respectively. The amount of residual tumour in surgery
(ie. presence of residual tumour in surgery or no vis-
ible residual disease) correlated with the 2- and 3-year
OS (p=0.007 and p=0.011, respectively) and with the
1-, 2- and 3-year PFS (p =0.002, p =0.001 and p =0.001,
respectively).

Neither pre- or post-NACT ADC values nor the higher
AADC predicted patients’ overall survival or recurrence-
free survival.

Discussion

Quantitative analysis of ADC maps in OC has previously
shown promise in diagnostic and prognostic assessments,
as well as in predicting NACT treatment response [17, 23,
26—-29]. However, the integration of ADC measurements
into clinical practice requires further research to define
the most robust method for performing quantitative
analyses in terms of performance and reproducibility, and

to determine the optimal cut-off values for ADC change
[18, 25, 30]. We retrospectively enrolled 23 patients with
OC to examine whether the possible increase of ADC
values could predict the response to NACT treatment.
As there is still no clear consensus on the optimal way to
perform ADC measurements in OC, we also compared
several ROI sampling methods. Our results showed a
significant increase of the mean ADC values in the pri-
mary tumour mass in the ovary between the pre- and
post-treatment measurements when using both large and
small ROIs. Interestingly, the platinum-resistant tumours
showed greater change and higher post-treatment ADC
values than the platinum-sensitive ones. In the omental
metastasis, in contrast, the change between the pre- and
post-treatment large ROI measurements was signifi-
cantly greater in patients who responded well to NACT
than in non-responders. In our cohort, with its limited
number of patients, ADC measurements did not predict
recurrence-free or overall survival.

After transvaginal ultrasound, CT is the standard
imaging modality to investigate the possibility of OC. Its
key role is the identification of disease bulk beyond the
lesion and metastasis to other organ systems, both of
which could lead to more radical interventions [31, 32].
Multiparametric MRI is increasingly being exploited in
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Fig. 5 lllustrative pre- and post-treatment images of a woman in her mid-50 s with high-grade serous epithelial OC. At the time of diagnosis, the
primary tumour in the right ovary (arrowhead) and the left ovary (arrow) displayed a high signal in the DWI-sequence (b-value =800 s/mm?) (A)
and restricted diffusion with mean ADC values of 0.625 x 1072 mm?/s and 0.694 x 107> mm?/s, respectively (B). After four cycles of NACT, the right
ovary (arrowhead) was smaller in the high b-value images (C) and the diffusion restriction was less intense in the ADC map, with the mean ADC
value increasing to 1.532 x 107> mm?/s (D). A similar positive response was seen in the left ovary (arrow) in the DWIBS-image (DW imaging with

background body signal suppression) (E) and ADC map, with a mean ADC value of 1.134 x 10 mm.%/s (F)

Table 5 The association between the response to NACT and the difference between pre- and post-treatment mean ADC values

(x 10 mm?/s) in omental metastasis

Response to NACT® Pre-treatment ADC in Post-treatment ADC in AADC AADC% p **
omental metastasis omental metastasis
(n) Mean +SD Mean +SD Mean +SD % AADC/AADC%
(n)
Responder L-mean p=0.032/
ADC, L-mean (5) 0.8364£0.195 1.103+0278 0.24140.184 300 0,032 (10)
S-mean,, p=0.143
ADC, S-meany,,, (3) 0.721£0.235 1031£0378 0214£0.183 296 70250 (8)
ADC, S-mean,, (3) 0.801+£0.274 1.106 £0.346 0.278+£0.187 385 S-mean,, p=0.143
Non-responder /0143 (8)
ADC, L-mean (5) 0.86140.194 0.802+0.130 -0.093+0.167 -8.1
ADC, S-mean,,, (5) 0.746£0.171 0.740£0.165 -0.0644+0.182 -4.6
ADC, S-mean,, (5) 0.8154+0.188 0.7954+0.141 -0.070+0.214 -3.0

? Response to platinum-based NACT was defined by combining the results of radiological response evaluation and the approximate amount of visible tumour or

carcinosis left after the interval debulking surgery

** p-value indicates the association between the dichotomous response to NACT (responder vs. non-responder) and the AADC and AADC% values in the omental

metastasis
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Fig. 6 The association between the response to neoadjuvant chemotherapy and the mean ADC values in the omental metastasis (L-mean)

The upper figure indicates the pre- and post-treatment ADC values separately and the difference between the two groups, responders and
non-responders. The lower figure indicates the change between pre- and post-treatment ADC values and the difference between responders and
non-responders. The boxes indicate the median and the quartiles 2- and 3 of the ADC values, the whiskers indicate the lowest and the highest data

points, and the dots above or below the whiskers indicate the outliers

routine clinical practice. Low pre-treatment ADC values
in primary OC might be predictive of OC histopathology,
such as poorly differentiated tumours. They could there-
fore indicate a lower chance of survival [19]. Pre-treat-
ment ADC histogram analysis has also been found to be
a promising approach when planning chemotherapy by
predicting advanced OC patients’ responses to platinum-
based chemotherapy [27]. Novel tumour characterization
models are also being investigated and integrative MRI-
and CT-based machine learning models have been pro-
posed [33-36].

The optimal parameters and ROI selection method
warrant further research. As far as we are aware, there is
no discussion in the literature about which ROI method
should be selected for the evaluation of the NACT
response in OC or whether the ROI sampling method has
clinical significance. Indeed, unlike for breast [37, 38] and
rectal [39] cancers, no standardized method for perform-
ing the ADC measurements exists for ovarian tumours.
Mukuda et al. [24] demonstrated that the freehand and
round-shaped ROIs have greater interobserver reliabil-
ity than square ROIs in terms of differential diagnostics
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Table 6 The association between the sensitivity to platinum-based chemotherapy and the difference between pre- and post-
treatment mean ADC values (x 107> mm?/s) in the primary ovarian tumour

Sensitivity to platinum Pre-treatment ADC in Post-treatment ADC in AADC AADC% p***
primary tumour primary tumour
(n) Mean +SD Mean £ 5D Mean £ 5D % AADC/
AADC% (n)
Sensitive or semi-sensitive® [-mean
ADC, L-mean (7) 0.80240.156 099140189 0.16840.190 239 ggg%‘;/
ADC, S-mean,,, (5) 0.7714+0.214 0.9294+0.232 0.0524+0.221 109 S;mean‘
ow
ADC, S-mean,,(5) 0.8154+0.185 0.978+0.0.185 0.08040.206 134 p=0.018/
Resistant® 0.030 (12)
S-mean,,
ADC, L-mean (8) 0.79540.168 1.199+0.170 040140251 53.0 p=0048/
ADC, S-mean,,, (7) 0.743+£0.188 1.1124+0.199 043140.194 63.6 0.048 (12)
ADC, S-mean,, (7) 0.7904+0.178 1.175+0.180 044240209 60.5

2 Over 6 months without platinum-based chemotherapy before cancer recurrence

b Less than 6 months without platinum-based chemotherapy before cancer recurrence

*** P-value indicates the association between the dichotomous sensitivity to platinum chemotherapy (sensitive/semi-sensitive vs. resistant) and the AADC and

AADC% values in the primary ovarian tumour

of ovarian tumours by mean ADC values. Similar to this
finding, we demonstrated that both a protocol with a
large L-ROI drawn free-hand on a single slice along the
tumour border, avoiding cystic areas, and a fixed-sized
S-ROI (5x 5 pixels) also exhibited good to excellent inter-
observer agreement in patients treated with NACT. Fur-
thermore, our results indicate that the use of mean ADC
values, rather than minimum ADC values, gives more
reproducible results when imaging heterogeneous ovar-
ian tumours. However, in agreement with Mukuda et al.,
we noted that minimum and mean ADC values might
vary significantly, which could lead to a misinterpretation
of ADC values as a biomarker.

In the current study, the ADC values increased more
after NACT for the platinum-resistant tumours than for
the platinum-sensitive ones. In contrast, the ADC values
of the omental metastasis increased more for the patients
who responded well to NACT than for non-responders.
We hypothesize that the difference between the NACT
response in the primary ovarian tumour and the omen-
tal metastasis might well arise from the histopathologi-
cal heterogeneity of OC. Differences in the ADC values
between the primary ovarian tumour and metastatic
deposits have previously been demonstrated [40] and
our results are consistent with this finding. In our small
sample, the omental ADC values increased significantly
in responders, and in non-responders the values dimin-
ished or remained the same, as expected. In the primary
ovarian tumours, the changes were not significant in
responders or in non-responders. One can speculate that
the primary tumour in the ovary might react to chemo-
therapy in a different manner than the metastatic lesion.
In our study, the tumoural lesions’ varied responses to

NACT might also be explained by the small population
size. Larger cohorts are needed to confirm this finding.
Our finding of a significant increase in the mean ADC
values after platinum-based NACT is consistent with pre-
vious studies [23, 26]. Winfield et al. [23] reported, on the
basis of a sample of 125 patients who had advanced OC
(47 primary and 78 relapsed), that three cycles of NACT
induced a significant change in ovarian ADC values. The
change was greater in responders than in non-respond-
ers (biochemical response definition; thus, reduction of
50% in CA-125 p=0.02; radiologic response definition
using Response Evaluation Criteria in Solid Tumours
[RECIST] p=0.04). The omental metastases were not
evaluated and the median ADC value was measured by
a ROI drawn on every slice in which a lesion appeared.
Kyriazi et al. [26] detected a significant increase in ADC
values and a decrease in the size of the primary tumours
and omental metastases after patients with advanced
ovarian or primary peritoneal cancers (n=8) had under-
gone one and three cycles of NACT (p<0.001). The
finding was associated with a partial response to NACT
when evaluated by the tumour shrinkage in cross-sec-
tional imaging. The ROI was delineated with interactive
computer-assisted segmentation, where the operator
pointed the target lesion, and the mean ADC value of the
whole tumour volume was used. The baseline ADC val-
ues did not differ between the ovarian tumour and omen-
tal lesion, which is consistent with our results. In contrast
to the work of Kyriazi et al., only the ovarian ADC values
increased after NACT in the current study; there was no
statistical difference in the omental ADC values between
the pre- and post-NACT scans. Furthermore, similarly to
our findings, tumoural ADC values have been reported
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Fig. 7 The association between sensitivity to platinum-based chemotherapy and the mean ADC value in the primary ovarian tumour (L-mean)

The upper figure indicates the pre- and post-treatment ADC values separately and the difference between the two groups (platinum sensitive
and platinum resistant). The lower figure indicates the change between pre- and post-treatment ADC values and the difference between the two
groups (platinum sensitive and platinum resistant). The boxes indicate the median and quartiles 2- and 3 of the ADC values, and the whiskers

indicate the lowest and the highest data points

to be elevated in response to NACT in other cancers
such as breast, cervical, and rectal cancers [41-45].

The association between mean ADC values and the
response to platinum-based chemotherapy in advanced
OC was shown in a previous study by Lu et al. [27], indi-
cating that lower mean ADC values of the primary ovar-
ian tumour in pre-treatment imaging are more likely
to be platinum-resistant. In this study, the difference
between the pre- and post-NACT ADC values (AADC)
in the primary ovarian tumour was associated with sen-
sitivity to platinum-based chemotherapy. The AADC was
greater and the post-NACT ADC values were slightly

higher for tumours that were platinum-resistant. The
pre-treatment values did not differ significantly between
the two groups. Our finding indicates that the change
between pre- and post-treatment ADC values, not the
values themselves, is significant in evaluating the plati-
num sensitivity of heterogeneous ovarian tumours.

The response to NACT and the presence of residual
tumour in the interval debulking surgery was associated
with the OS in 2- and 3-year timepoints and the PFS
with 1-, 2- and 3-year timepoints. This is consistent with
previous studies showing that the amount of residual
tumour in cytoreductive surgery (both PDS and IDS) is
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one of the most significant factors associated with the
survival rates in OC patients [9, 11] and that the response
to NACT has an impact on OS and PFS [46]. There were
no other statistically significant relationships between
pre- and post-NACT ADC-values and patient survival or
clinical cancer markers. This is probably partly attribut-
able to the small size of our cohort and the relatively brief
follow-up period of some of the enrolled patients.

Our study has several limitations. There were only
23 patients, and both pre- and post-NACT MR images
were available for only 17 of them. The cohort comprised
patients with the most common type of OC, the epithe-
lial type, which is treated similarly regardless the histo-
pathological subtype [47]. Our small sample illustrates
well the rarity of advanced OCs treated with NACT.
Larger cohorts are needed to evaluate the clinical sig-
nificance of the NACT-induced ADC increase in OC
with respect to radiological response to NACT and sur-
vival benefit. Moreover, as the study was planned retro-
spectively, the imaging protocols were not standardized.
However, all the patients were scanned with DWT proto-
cols that included low and high b-value images (Table 1)
and it was therefore possible to demonstrate the diffusion
restriction clearly in every case, provided that there was a
residual tumour that allowed for measurement. The non-
standardized imaging protocols may also lead to variation
in small ROIs area sizes when using pixel defined size.
However, we wanted to use a tool which is both practical
and easily reproducible in clinical practice. Furthermore,
the patients were imaged using different scanners (1.5 T
and 3.0 T scanners by two manufacturers). This is a chal-
lenge in retrospective studies with no harmonization of
MRI data, because even switching between MRI scanners
from the same manufacturer may lead to non-biological
variance in ADC values [48, 49]. However, there was no
cross-over between field strengths. In addition, the num-
ber of NACT cycles or the post-treatment imaging tim-
ing was not standardized. Although these factors might
have affected the ADC values, this is unlikely to affect our
conclusion regarding interobserver reproducibility.

Conclusion

DW imaging and a quantitative determination of the
ADC value possess diagnostic potential in the character-
ization and evaluation of NACT-treatment response in
patients with advanced OC. When measured with either
large freehand or small, round ROI on a single slice, the
tumoural mean ADC values were significantly higher
in the primary ovarian tumour after NACT than before
NACT. The minimum ADC values did not change sig-
nificantly. The large freehand measurements were also
associated with the response to NACT and the sensitiv-
ity to platinum-based chemotherapy. Our study results
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support the use of single-plane L-ROIs when determin-
ing any changes in the mean ADC values in response
to NACT, which is a simple method that is suitable for
clinical use. Larger cohorts are needed to evaluate the
role of ADC measurements in the treatment decisions
of individual OC patients and to standardize a ROI
delineation method for ADC measurements.
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AADC The change of ADC values during the NACT treatment
AADC%  The percentual AADC

L-mean  The mean ADC value of large ROl measurements
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ICC Interclass correlation coefficient
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