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Abstract

Purpose To evaluate the associations between clinical out-
comes and radiomics-derived inter-site spatial heterogeneity
metrics across multiple metastatic lesions on CT in patients
with high-grade serous ovarian cancer (HGSOC).

Methods IRB-approved retrospective study of 38
HGSOC patients. All sites of suspected HGSOC in-
volvement on preoperative CT were manually segment-
ed. Gray-level correlation matrix-based textures were
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computed from each tumour site, and grouped into five
clusters using a Gaussian Mixture Model. Pairwise inter-
site similarities were computed, generating an inter-site
similarity matrix (ISM). Inter-site texture heterogeneity
metrics were computed from the ISM and compared to
clinical outcomes.
Results Of the 12 inter-site texture heterogeneity metrics
evaluated, those capturing the differences in texture sim-
ilarities across sites were associated with shorter overall
survival (inter-site similarity entropy, similarity level
cluster shade, and inter-site similarity level cluster
prominence; p <0.05) and incomplete surgical resection
(similarity level cluster shade, inter-site similarity level
cluster prominence and inter-site cluster variance; p <
0.05). Neither the total number of disease sites per pa-
tient nor the overall tumour volume per patient was
associated with overall survival. Amplification of
19q12 involving cyclin E1 gene (CCNEI) predominantly
occurred in patients with more heterogeneous inter-site
textures.
Conclusion Quantitative metrics non-invasively capturing
spatial inter-site heterogeneity may predict outcomes in pa-
tients with HGSOC.
Key Points
* Calculating inter-site texture-based heterogeneity metrics
was feasible
* Metrics capturing texture similarities across HGSOC sites
were associated with overall survival
* Heterogeneity metrics were also associated with incomplete
surgical resection of HGSOC.

Keywords Ovarian cancer - Radiomics - Radiogenomics -
Texture - Survival
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Abbreviations

CCNE1 Cyclin E1 gene

CLOVAR Classification of Ovarian Cancer
transcriptomic profiles

CSR Complete surgical resection

CT Computed tomography

EM Expectation-Maximization algorithm

FIGO The International Federation of
Gynecology and Obstetrics

GLCM Gray-level correlation matrix

GMM Gaussian Mixture Model

HGSOC  High-grade serous ovarian cancer

IQR Interquartile range

ISM Inter-site similarity matrix

KM Kaplan-Meier

ROI Region of interest
SCP Inter-site similarity level cluster prominence
SCS Similarity level cluster shade

SE Inter-site similarity entropy

SLV Inter-site similarity level variance
TCGA The Cancer Genome Atlas

VOI Volume of interest
Introduction

Ovarian cancer is the deadliest malignancy of the female gen-
ital tract, with high-grade serous ovarian cancer (HGSOC) the
most common histologic subtype. Clinical outcomes are wide-
ly variable [1]. This discrepancy cannot be explained solely by
differences in clinico-pathological features or treatment regi-
mens. Genomics play an important role in the natural history
of ovarian cancer: improved survival has been reported in
patients with germline BRCA-associated ovarian cancers [2]
and worse outcomes in tumours with mesenchymal
transcriptomic profiles [3, 4].

Tumour heterogeneity within a single tumour site (intra-
tumour heterogeneity) or between different metastatic sites in
the same patient (inter-site heterogeneity) is a feature of many
solid malignancies, and preliminary evidence linking tumour
heterogeneity and outcomes in ovarian cancer is emerging [5,
6]. A robust imaging-based method to quantify non-invasively
heterogeneity within and among separate tumour sites in the
same patient could improve our ability to select effective ther-
apies and curtail treatment resistance. Texture analysis is a
“radiomics” [7] method that involves extraction of metrics,
termed texture parameters, that provide detailed quantitative
characterization of local variations in intensity levels through-
out an image [8]. To date, radiomics methods have been ap-
plied to evaluate intra-tumour heterogeneity based on a single
site of disease per patient [9, 10]. The purpose of this study was
to evaluate the associations between clinical outcomes and
radiomics-derived inter-site spatial heterogeneity metrics
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across multiple metastatic lesions on CT in HGSOC patients
evaluated as per The Cancer Genome Atlas (TCGA) Research
Network ovarian cancer pilot project [11].

Methods

This retrospective study was compliant with the Health
Insurance Portability and Accountability Act and received ap-
proval by the institutional review board with a waiver of in-
formed consent.

Patient characteristics, image acquisition,
and transcriptomic classification of ovarian cancer
(CLOVAR) transcriptomic subtyping

Through our institution’s electronic records we identified pa-
tients fulfilling the following inclusion criteria: (i) FIGO stage
IIC-IV high-grade serous ovarian cancer, (ii) attempted pri-
mary cytoreductive surgery (total abdominal hysterectomy,
bilateral salpingo-oophorectomy, omentectomy, and
extensive tumour debulking, with or without pelvic and
retroperitoneal lymph node dissection) performed at our insti-
tution, (iii) standard of care CT of abdomen and pelvis per-
formed prior to surgery and demonstrating at least three tu-
mour sites, and (iv) molecular analysis performed as per the
TCGA Research Network ovarian cancer pilot project. The
only exclusion criterion was neoadjuvant chemotherapy given
prior to surgery. The final study population consisted of 38
patients; their clinical characteristics are shown in Table 1.
Gene expression profiles were obtained as per the publication
by Verhaak et al. [4]. All patients were included in a prior
study that investigated the associations between qualitative
CT imaging features, CLOVAR gene signatures and survival
in women with HGSOC [11]. CT examinations were per-
formed within a median of 12 days (interquartile range
[IQR] 5-21 days) before surgery using multidetector helical
scanners as per the previously reported technique and acqui-
sition parameters [11].

Image analysis and texture feature extraction

An oncologic imaging research fellow with >6 years ex-
perience in radiology evaluated all CT exams and identi-
fied all sites of suspected involvement by ovarian cancer,
including the primary ovarian tumour(s) and metastatic
peritoneal implants in the abdomen and pelvis (Table 2).
The sites of disease were numerically coded according to
a pre-defined template based on anatomic location of the
metastatic deposits (for example site #2 is pelvic cul-de-
sac, site #4 is omentum, with location numbers ranging
from 1 to 13). For each lesion, a region of interest (ROI)
was manually segmented on all CT slices where the lesion
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Table 1  Clinical characteristics of the 38 patients used in the analysis Table 2 Number and
anatomical location of Subtype Total
Characteristic tumour sites from which ]
texture metrics were No. of patients 38

FIGO Stage 111 23 extracted Ovarian mass 36
FIGO Stage IV 15 Omentum 35
Overall survival 56.4 (36-75) Cul de sac 28
Complete Surgical Resection 7 Left upper quadrant 25
Incomplete Surgical Resection (<1 cm) 23 Right paracolic 25
Incomplete Surgical Resection (>1 cm) Left paracolic 19
CCNE1 amplification Diaphragm 18
CLOVAR Differentiated Capsular liver 17
CLOVAR Immunoreactive Subcapsular liver 13
CLOVAR Mesenchymal 16 Gastro-hepatic ligament 11
CLOVAR Proliferative 4 Mesentery 9

L 8
Overall survival is shown as median time in months (inter-quartile range), esser sac
while the remaining variables are shown as number of patients Subcapsular spleen 7

Capsular spleen 4

FIGO The International Federation of Gynecology and Obstetrics;
CCNEI cyclin E1 gene; CLOVAR Classification of Ovarian Cancer
transcriptomic profiles

was visible and a volume of interest (VOI) was generated,
using a multi-platform, free and open source software
package for visualization and medical image computing
(3D Slicer, version 4.2.2-1; available at: http://slicer.
org/). The manually segmented lesions provided the VOI
for further computer-based image analysis.

The methodology for texture feature extraction was as
follows:

(i) From each lesion, Haralick texture features [8] were com-
puted for each voxel inside the VOI from the Gray Level
Correlation Matrix (GLCM) (calculation details given in
Supplementary methods). The Haralick features
consisted of energy, entropy, homogeneity, and contrast.
Second, pairwise similarities for all sites were computed
using squared Euclidean distance from the weighted
mean texture and intensity values. The pairwise similari-
ties generated an inter-site similarity matrix (ISM) where-
in site pairs that were highly similar in appearance had
lower values while those that were highly dissimilar had
higher values in the corresponding cell of the similarity
matrix (Fig. 1).

Inter-site tumour heterogeneity texture metrics

The following 12 inter-site tumour heterogeneity texture met-
rics were computed from the ISM:

»  First order similarity features: computed from a histogram
of the similarities of all the site pairs. The (1) mean, (2)
standard deviation (SD), (3) kurtosis, and (4) skewness

capture the different moments of the histogram and reflect
the differences in the similarity of all the site pairs.

*  GLCM Haralick texture of similarities: The computed fea-
tures comprised of (5) energy (6) correlation (7) contrast
and (8) homogeneity. Multiple GLCM matrices were
computed using offsets in all directions (n = 8) and space
(m=1,2,3), and the resulting texture feature values from
all the GLCMs were averaged to generate the final texture
value for the similarity matrix.

» Inter-site similarity entropy (SE) (9): captures the amount
of variation in the similarities between the different sites. In
other words, the more different each site is with respect to
the other sites in appearance, the higher the inter-site en-
tropy. In patients where all tumour sites appear very similar
to one another, the inter-site entropy will be close to 0.

+ Similarity Level-Area matrix metrics: these were designed
specifically to extract the uniformity in the distribution of
similarities for a group of sites. For instance, they would
enable differentiation between two patients where in one
all the tumour sites are equally similar or equally dissim-
ilar from one another versus another patient where the
tumour sites have highly variable similarities with respect
to each other. The metrics derived from the similarity
level-area matrix were (10) inter-site cluster variance
(SCV), (11) cluster shade (SCS), and (12) cluster promi-
nence (SCP). Both SCS and SCP are measures of skew-
ness and asymmetry in the distribution of intensity levels
in an image and are inversely proportional to the amount
of asymmetry in the image. Given that the measures are
computed from the similarity level-area matrix, a highly
skewed matrix will result in small values for the SCS and
SCP indicating that patients with homogeneous similari-
ties will have low values of SCS and SCP.
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Fig. 1 (a) Patient with a
Classification of Ovarian Cancer
(CLOVAR) mesenchymal sub-
type and an overall survival of
69 months. Texture-based results
within each tumour site (i), the
inter-site similarity matrix (ISM)
(ii), the heterogeneity tree (iii),
and the schematic of the dissimi-
larity of the various sites com-
pared to the ovarian mass (iv). For
instance, the diaphragmatic tu-
mour implant (#8 in ii) has the
largest dissimilarity compared to
the ovarian mass. (b) Patient with
CLOVAR mesenchymal subtype
and an overall survival of

10 months. Texture-based results
within each tumour site (i), the
ISM (ii), the heterogeneity tree
(iii), and the schematic of the dis-
similarity of the various sites
compared to the ovarian mass
(iv). For instance, the left upper
quadrant (LUQ) (#5 in b) has the
largest dissimilarity compared to b
the ovarian mass, followed by the
diaphragmatic and the omentum

tumour implants. The numbers

listed in the x axis of both figures
indicates the numerical codes for

lesion location (1 = primary

ovarian mass, 2 = cul de sac, 4 =
omentum, 5 = left upper quadrant,

7 = gastro-hepatic ligament, 8 =
diaphragm)

« Culde sac

1 2 4 S
(ii) Inter-Site Similarity Matrix

Since all the aforementioned features are computed from the
inter-site similarity matrix, meaningful computation requires a
minimum of three metastatic sites. With less than three sites,
there are too few distinct numbers to compute the inter-site sim-
ilarity metrics introduced in this work. This is not a major issue in
HGSOC, as most patients present with stage III-I'V and multiple
sites of disease. In our patient population, one patient had four
sites, four patients had five sites, and the remaining patients had
six or more sites of disease. As patients can present with meta-
static disease in different locations, the measures were designed
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to be independent of the number of sites and their specific ana-
tomical location.

Tumour heterogeneity tree generation

We developed a minimum spanning tree-based method to au-
tomatically generate a spatial tree-like representation of the
heterogeneity (dissimilarity) among the various sites with re-
spect to either ovarian mass or cul de sac disease (when ovar-
ian masses were not present, two cases out of 38) from the
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ISM. Tree generation using image-based features was previ-
ously introduced in [12]. Further details on Tree generation
are given in the Supplementary methods.

Decision tree-based threshold and feature selection

The thresholds for splitting the patients into two groups using
the various heterogeneity metrics were computed using deci-
sion trees. A recursive feature elimination technique was used
to extract the cut-points and rank the features by their impor-
tance using the decision tree method available in Matlab (The
MathWorks Inc, USA). A feature identified to be the root node
of the decision tree was chosen and the value associated with
that node used as the cut-point. Following its selection, the
same feature was removed from the feature pool and the de-
cision tree was recomputed with the remaining features until
no more features remained. The decision tree method was
trained to select features for distinguishing patients by their
survival (>60 vs. <60 months).

Feature ranking through Least Absolute Shrinkage
and Selection Operator (LASSO) regression

Feature ranking was assessed using LASSO regression [13], and
subsequently the ranking was evaluated for predicting surgical
resection status and overall survival (>60 vs. <60 months). The
LASSO method implementation available in R software (R
Foundation for Statistical Computing, Austria) was used, with
a shrinkage penalty of oc=0.5, thereby performing elastic net
regression. Leave-one-out cross-validation was performed to
extract the models. The model was chosen using the regularizer
(M) value that resulted in greatest amount of shrinkage and
whose cross-validation mean square error was within one stan-
dard error from the minimum cross-validated mean square error.

Supervised clustering

The inter-site tumour heterogeneity metrics were used to di-
vide the patients into two groups through supervised k-means
clustering. For meaningful distance computation, the metrics
were scaled using z-score normalization, wherein each feature
was subtracted by the mean and divided by the standard devi-
ation. The clustering method was evaluated through its per-
formance for separating between low and high risk groups.
The high-risk group was defined as patients who underwent
incomplete surgical resection or had CCNE1 amplification
and had an overall survival of <60 months. Conversely low
risk group consisted of patients who underwent complete re-
section and had a survival of >60 months and no CCNE1
amplification. A leave-one-out cross-validation (LOOCV)
strategy was then applied (additional information in
Supplementary methods).

Statistical analysis

Complete surgical resection (CSR) was defined as no residual
disease after surgery as assessed by the operating surgeon as part
of the patients’ standard of care. Overall survival was defined as
the time interval between the preoperative CT exam and date of
death or censure. Patients who survived were followed for at
least 5 years. The curves for predicting CSR and overall survival
were estimated using Kaplan-Meier (KM) method. The differ-
ence between the curves was computed using log-rank test. The
cut points for splitting the patients into the different groups for
each variable was computed using binary decision trees (imple-
mentation available in Matlab). Previously decision trees have
been used with KM-based survival analysis for breast cancers
[14]. Similarly, differences in inter-site heterogeneity metrics
were evaluated according to Classification of Ovarian Cancer
(CLOVAR) subtype (mesenchymal versus non-mesenchymal)
subtypes using unpaired t-tests. R software (R Foundation for
Statistical Computing, Austria) was used for analysis.

Results
Inter-site similarity matrices (ISM)

The similarity matrix provides a visual representation of the
distribution of texture heterogeneity across all pairs of tumour
sites from a patient, while the heterogeneity tree illustrates the
relative similarity of each tumour site with respect to another
tumour site (Fig. 1). The cases shown in Fig. 1 provide examples
of two patients with mesenchymal subtype HGSOC and similar
number of disease sites whose tumours nonetheless exhibit very
distinct inter-site textural heterogeneity characteristics. Case 1
had complete surgical resection and experienced longer overall
survival (69 months), whereas Case 2, which demonstrated
greater texture heterogeneity on ISM, had incomplete surgical
resection and shorter overall survival (10.4 months).

Associations between inter-site heterogeneity metrics,
survival, and surgical resection status

Of the inter-site texture heterogeneity metrics evaluated, three
measures that capture the differences in texture similarities
across sites were associated with shorter OS [Table 3, log-
rank test for inter-site similarity entropy (SE), similarity level
cluster shade (SCS), and inter-site similarity level cluster prom-
inence (SCP), p=0.02,0.017 and 0.028, respectively]. There
was no significant association between OS and the remaining
nine heterogeneity metrics that average the inter-site similari-
ties. The following features were ranked highest for predicting
OS using when using recursive feature elimination with deci-
sion trees: SE, SCP, correlation, SCS, and contrast. Independent
evaluation of the data with leave one-out cross validation using
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Table 3  Decision tree threshold values determined for texture features
and their association (log-rank test) to overall survival

Table 4 Relationship between inter-site tumour texture heterogeneity
metrics and surgical resection status

Measure Threshold p-value Measure Complete Incomplete p-value
SE 1.81 0.02* SCS 146.2 261.7 0.02*
SCP 1751 0.028* SCp 1236.1 2272.7 0.033*
Correlation 0.037 0.08 SCv 0.32 0.85 0.0097*
SCS 239 0.017* Homogeneity 0.37 0.34 0.78
Contrast 32 0.11 SE 224 2.65 0.16
Inter-site skewness 0.97 0.36 Inter-site skewness 0.74 0.51 0.94
SCV 0.69 0.066 Inter-site SD 76.7 65.6 0.53
Inter-site SD 523 0.42 Energy 0.07 0.04 0.88
Inter-site Mean 122.7 0.20 Inter-site Mean 108.9 105.7 0.60
Inter-site kurtosis 3.30 0.74 Inter-site kurtosis 32 34 0.81
Homogeneity 0.04 0.12 Correlation 0.09 0.05 0.057
Energy 0.36 0.19 Contrast 213 20.5 0.49

SE inter-site similarity entropy, SCP inter-site similarity level cluster
prominence, SCS inter-site similarity level cluster shade, SCV inter-site
similarity level variance, SD standard deviation

LASSO regression identified SE (w =-0.084SE + 0.0SCV +

0.0SCS + 0.0Mean + 0.0SD + 0.0Kurtosis + 0.0Skewness +

0.0Contrast + 0.0Correlation + 0.0Homogeneity + 0.0Energy)
for predicting overall survival. The negative weight indicates
that smaller values of SE (less heterogeneity) predict longer OS.
For example, in our dataset, a patient with an SE of 2.21 had an
OS of 71 months as opposed to a different patient with an SE of
2.3 who had an OS of 49 months. Measures of heterogeneity
(SCV, SCS, and SCP) were significantly lower for patients who
had complete compared to incomplete surgical resection
(Table 4). In patients who had complete surgical resection,
inter-site similarities were positively correlated and had higher
energy and homogeneity compared to those with incomplete
surgical resection. When trained using LOOCV strategy,
LASSO regression identified the model (w =-0.49SE —
0.29SCV -0.0SCP + 0.0SCS + 0.0Mean -0.0002SD +

0.0Kurtosis + 0.0Skewness + 0.0Contrast + 0.0Correlation +

0.0Homogeneity + 0.0Energy) for predicting surgical resection
status. The model for resection status indicates that lower het-
erogeneity is associated with complete resectability. The asso-
ciation between complete surgical resection and OS was not
statistically significant (p =0.215), possibly because optimal
debulking was achieved in the majority (79%) of patients. In
addition, neither the total number of disease sites per patient nor
the overall tumour volume per patient were associated with OS
(»p=0.33) (Fig. 2).

When splitting patients into two groups by thresholding
according to respective inter-site tumour heterogeneity met-
rics, increased heterogeneity (SE <3.0; SCV <0.9; SCS <
250; SCP < 1500) was associated with poorer survival (medi-
an OS 50 months vs. 69 months) and decreased complete
surgical resection rates (29% vs. 71%).
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SE inter-site similarity entropy, SCP inter-site similarity level cluster
prominence, SCS inter-site similarity level cluster shade, SCV inter-site
similarity level variance, SD standard deviation

Complete surgical resection was defined as no residual disease after sur-
gery as assessed by the operating surgeon as part of the patients’ standard
of care

Associations between inter-site heterogeneity metrics,
CCNE1 amplification and CLOVAR subtyping

Amplification of 19q12 involving cyclin E1 gene (CCNE1) pre-
dominantly occurred in patients with more heterogeneous inter-
site textures (Fig. 3). Concretely, eight out of 13 patients with
CCNEL! amplification occurred in the heterogeneous cluster. The
median and inter-quartile range of the heterogeneity measures in
the two clusters were as follows: low heterogeneity [SE
2.34(1.96-2.71); SCV 0.68(0.69-0.76); SCS 150.6(119.9-
297.5); SCP 1282.5(981.8-2763.4), and high heterogeneity clus-
ter (SE 2.56(2.14-2.87); SCV 0.56(0.46-0.94); SCS 164.8(117.2-
239.7); SCP 1429.6(842.4-2041.5)]. CCNEI amplification has
been associated with worse prognosis and primary treatment
failure in patients with HGSOC [15, 16]. Ongoing studies by
our group integrate tumour heterogeneity at the level of imaging,
somatic alterations and expression using three-dimensional
molds. We did not find significant associations between inter-
site texture heterogeneity metrics and TCGA Classification of
Ovarian Cancer (CLOVAR) subtype [4] when grouped by mes-
enchymal versus non-mesenchymal (better prognosis) subtypes
(Table 5), with the exception of inter-site homogeneity.

Leave-one-out cross-validation

Supervised fuzzy c-means clustering using the inter-site tumour
heterogeneity metrics outperformed the other texture measures
for separating low and high risk groups as defined in the
methods section [accuracy 71%, true positive rate (TPR) 60%,
and true negative rate (TNR) 86%]. In comparison, the
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combination of first order and Haralick-based textures resulted
in an accuracy of 56%, TPR of 40%, and TNR of 79%
(Supplementary Table 1). Our results indicate that the algorithm
was able to produce a separation between the two patient groups
and the distribution of data produced using the algorithm gen-
erated clustering comparable to the ground truth (Fig. 3).

Discussion
In this study, we developed quantitative metrics that non-

invasively capture spatial inter-site imaging heterogeneity
from multiple metastatic tumour sites in patients with

HGSOC. The computed measures were significantly associ-
ated with complete surgical resection and survival, even
though there was no significant association between these
clinical endpoints and simple radiographic findings such as
the number of sites and total volume of disease identified on
CT. Supervised clustering results with leave-one-out cross-
validation show that clustering using the inter-site tumour het-
erogeneity measures achieved the best separation between
different risk groups compared to the texture-based measures
averaged across the tumour sites. The results suggest that tex-
tural analysis may provide added value in the evaluation of
HGSOC patients, beyond the standard more traditional use for
simple delineation of disease extent.
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Fig. 3 Relation between inter- a
site tumour texture heterogeneity
metrics and genomic alterations.
(a) Heat map showing the relative
similarities of the patients with
respect to each other computed
using the inter-site texture hetero-
geneity metrics. Similarity be-
tween two patients was computed
using Euclidean distance measure
after standardizing the features
using z-score normalization. Two
patients that are highly similar
have a value close to 0 (red). (b)
Patients were divided into two
groups; the high risk group was
defined as patients who
underwent incomplete resection
or had CCNE1 amplification and
had an overall survival of

<60 months. Conversely, low risk
group consisted of patients who
underwent complete resection
and had a survival of >60 months
and no CCNE1 amplification.
The SCP, SE, and SCV values for
each patient in the low and high
risk categories according to the
clinical variables and the model
(classifier) are shown

Color Key

0 02 04 06 08
Value

SCP

Our study contrasts to previous radiogenomic studies that
evaluated a single tumour site per patient [9, 10]. Following
extraction of >100 CT imaging features, Segal et al. [10]
found a subset of 14 features predicted 80% of the gene ex-
pression patterns and outcome in patients with hepatocellular
carcinoma. Recently, texture analysis of 440 CT-based fea-
tures of 1,019 patients with lung or head-and-neck cancer
found a number of prognostically relevant metrics associated
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with gene-expression patterns and predicted outcome [9]. The
texture metrics in these studies were derived from a single
tumour site, and no account was made for inter-site tumour
heterogeneity, an important factor for tumour evolution and
outcome which may affect the ability to design and select
effective therapies. The clinical and therapeutic importance
of inter-site tumour heterogeneity is becoming increasingly
clear [17-19]. In HGSOC, high degrees of clonal expansion
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Table 5 Relationship between

inter-site tumour texture hetero- Measure Mean value of the heterogeneity measure Mesenchymal vs. Non-
geneity metrics and Classification mesenchymal
of Ovarian Cancer (CLOVAR) Mesenchymal — Differentiated ~ Immunoreactive  Proliferative  p-value
subtypes
SE 227 2.68 243 1.62 0.11
SCV 0.50 0.67 0.41 0.34 0.94
SCS 160.4 248.6 214.14 114.59 0.08
SCP 1340.9 2136.2 1939.4 1355.6 0.08
Inter-site 105.7 95.5 111.9 122.8 0.64
mean
Inter-site SD 71.9 62.7 67.9 91.4 0.056
Inter-site 3.96 3.29 3.09 2.01 0.34
kurtosis
Inter-site 0.88 0.67 0.27 0.57 0.18
skewness
Correlation 0.11 0.086 -0.04 0.54 0.41
Contrast 2255 17.4 23.6 17.03 0.34
Energy 0.076 0.04 0.04 0.06 0.87
Homogeneity 0.36 0.36 0.33 0.39 0.014

SE inter-site similarity entropy, SCV inter-site similarity level variance, SCS inter-site similarity level cluster
shade, SCP inter-site similarity level cluster prominence

are associated with shorter survival [20]. Approximately 50%
of HGSOC contain genetic alterations related to homologous
recombination (HR) deficiency. Therapies based on PARP
inhibition, which lethally targets tumours with HR deficiency,
could benefit many HGSOC patients [21]. However, estab-
lishing genomic profiles and defining potential targets in ovar-
ian cancers is dependent on tumour heterogeneity. Primary
ovarian lesions and metastases show different mutational
landscapes with branched tumour evolution [20, 22]. Thus,
although there is an increase in potential therapeutic targets
being identified in HGSOC, their success will be dependent
on the availability of biomarkers able to document the pres-
ence and extent of spatial and temporal heterogeneity [22]. An
accurate understanding of inter-tumour heterogeneity may fa-
cilitate more appropriate triage of patients to effective thera-
pies, as well as anticipation and treatment of resistant lesions.

The heterogeneity metrics developed in this work are inde-
pendent of the number of sites or the specific anatomical tu-
mour sites with the exception of the inter-site entropy.
However, this modest increase in the level of dissimilarity
between sites is expected as the number of sites increases, as
corroborated by the near linear relation of the site entropy with
the number of sites. This is because entropy is derived using
Shannon entropy from information theory where entropy cap-
tured the number of bits necessary to carry information; thus
by definition, more bits (tumour sites) would increase entropy.
However, when comparing patients with the same number of
sites, those with sites that depict large variations in the simi-
larities had higher entropy compared to the patients whose
sites appeared equally similar. This is illustrated in Fig. 1,

where two patients have the same number of sites involved
by disease and yet display very different texture characteristics
and outcomes. SCS, SCV, and SCP are independent of the
number of tumour sites.

In our dataset, tumour heterogeneity metrics including SE,
SCP, SCS, and SCV were most relevant metrics for predicting
CSR and survival, whereas the first order and the GLCM-
based features did not predict patient outcomes. First-order
measures average the similarity thereby potentially losing in-
formation pertaining to a specific group of sites. Similarly, the
GLCM measures examine only the immediately neighboring
site and again do not capture the similarity in a specific group
of sites.

The literature regarding the differential imaging features in
relation to varying gene expression profiles in HGSOC is
limited. Our group recently reported on associations between
qualitatively assessed CT features, CLOVAR subtypes and
survival in HGSOC [11]. The presence of mesenteric infiltra-
tion and diffuse peritoneal involvement by tumour on CT were
significantly associated with mesenteric CLOVAR subtype of
HGSOC. In the current work we have taken a further step and
found that spatial heterogeneity metrics may predict CSR and
survival regardless of CLOVAR subtype. We found that am-
plification of 19q12 involving CCNE! predominantly oc-
curred in patients with more heterogeneous inter-site textures
(Fig. 3). CCNEI amplification has been associated with worse
prognosis and treatment failure in HGSOC [15, 16]. Ongoing
studies by our group integrate tumour heterogeneity at the
level of imaging, somatic alterations and expression using
three-dimensional molds.
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Our study has several limitations. The small sample
size limits the power of the statistical analysis is, and thus
the reported conclusions require further validation in a
larger cohort. Sample size also limits correlation with ad-
ditional factors such as germline and somatic BRCA sta-
tus, homologous repair pathway and other somatic alter-
ations, which may also correlate with texture features as
they do with outcomes. Validation will need to take into
account the potential impact of methodologic differences
on the ability to apply thresholds from one dataset to
another. This has been demonstrated in the field of geno-
mics, where, for example, mutational load is consistently
associated with response to checkpoint blockade immuno-
therapy, but the threshold at which this effect occurs is
different in each study [23-25]. While the retrospective
study design is considered a limitation, we do not expect
that this design biased the results of the texture analysis
methods. Finally, we could not directly correlate the tex-
ture features extracted from the images to the anatomical
site of the tissue that was used for the genomic analysis.
As previously reported, individual HGSOCs expressed
multiple subtype signatures; however, for the purpose of
the study, we used the best gene expression assignment as
per Verhaak et al. [4].

In summary, this work introduced CT texture-based mea-
sures of inter-tumour heterogeneity. Our study provides pre-
liminary data suggesting that texture measures can be used to
capture the spatial heterogeneity of multiple tumour sites, as
well as to predict non-invasively clinically relevant outcomes
for women with HGSOC. As the clinical and therapeutic im-
portance of inter-site tumour heterogeneity becomes increas-
ingly clear [17-19], the potential for standard-of-care scans to
noninvasively provide heterogeneity metrics may facilitate
more appropriate triage of HGSOC patients to effective ther-
apies, as well as anticipation and treatment of resistant lesions.
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