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Abstract

Purpose To determine whether texture analysis features on pretreatment contrast-enhanced computed tomography (CT) images

can predict overall survival (OS) and progression-free survival (PFS) in patients with metastatic malignant melanoma (MM)

treated with an anti-PD-1 monoclonal antibody, pembrolizumab.

Materials and methods This institutional-approved retrospective study included 31 patients with metastatic MM treated with

pembrolizumab. Texture analysis of 74 metastatic lesions was performed on CT scanners obtained within 1 month before

treatment. Mean gray-level, entropy, kurtosis, skewness, and standard deviation values were derived from the pixel distribution

histogram before and after spatial filtration at different anatomic scales, ranging from fine to coarse. Lasso penalized Cox

regression analyses were performed to identify independent predictors of OS and PFS.

Results Median OS and PFS were 357 days (range 42—1355) and 99 days (range 35-1185), respectively. Skewness at coarse

texture scale (SSF =6; HR (CI 95%)=6.017 (1.39, 26.056), p =0.016), Response evaluation criteria in solid tumors (RECIST)

conclusion (HR (CI 95%)=3.41 (1.17, 9.89), p =0.024), and body weight (HR (CI 95%) = 0.96 (0.92, 0.995), p = 0.026) were

independent predictors of OS. Skewness at coarse texture scale (SSF =6; HR (CI 95%)=4.55 (1.46, 14.13), p=0.0089) and

RECIST conclusion (HR (CI 95%)=10.63 (3.11, 36.29), p =0.00016) were independent predictors of PFS. Skewness values

above —0.55 at coarse texture scale were significantly associated with both lower OS and lower PFS after administration of

pembrolizumab.

Conclusion Pretreatment CT texture analysis—derived tumor skewness may act as predictive biomarker of OS and PFS in patients

with metastatic MM treated with pembrolizumab.

Key Points

* Pretreatment skewness at coarse texture scale in metastases from malignant melanoma was an independent predictor of overall
survival and progression-free survival.

* Skewness values above —0.55 at coarse texture scale were significantly associated with both lower OS and lower PFS after
administration of pembrolizumab.

* In patients with metastatic MM, texture analysis performed on pretreatment CT may act as a useful tool to select the best
candidates for pembrolizumab therapy.
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Abbreviations

CT Computed tomography

ECOG  Eastern cooperative oncology group
HR Hazard ratio

LDH Serum lactate dehydrogenase

MM Malignant melanoma

(0N} Overall survival

PD-1 Program cell death 1

PFS Progression-free survival

RECIST Response evaluation criteria in solid tumors
ROI Region of interest

SD Standard deviation

SSF Spatial scale image filtration
Introduction

Malignant melanoma (MM) is the cutaneous malignancy with
the highest rate of mortality and represents a public health
matter in many countries due to its high incidence [1]. The
incidence of MM is estimated to double every 10 to 20 years
[2]. The 5-year survival rate of patients with advanced MM is
very poor, estimated between 5 and 19% [3].

Recently, two therapeutic approaches have improved sur-
vival: targeted therapy blocking BRAF and MEK [4, 5] and
immunotherapy, including ipilimumab (CTLA-4 checkpoint
inhibitor) and nivolumab and pembrolizumab (PD-1
checkpoint inhibitors) [6, 7]. In contrast with BRAF and
MEK inhibitors which are only indicated for the approximate-
ly 40% of patients with BRAF V600 mutations, immunother-
apy is effective independently of BRAF mutational status.
Nivolumab alone, pembrolizumab alone, and the combination
of nivolumab and ipilimumab have been found to be associ-
ated with longer progression-free survival (PFS) and overall
survival (OS) in advanced melanoma than ipilimumab alone
[7-9].

Despite these major advances, survival improvement
among patients with advanced melanoma treated with anti-
PD-1 monoclonal antibodies remains heterogeneous.

Serum lactate dehydrogenase (LDH) and sites of metasta-
ses (notably the presence of liver or lung metastases) are the
only baseline and per-treatment predictors of early response
and progression in patients with advanced melanoma treated
with pembrolizumab. Reliable markers of response or pro-
gression still need to be defined [8—11]. Furthermore, even if
anti-PD-1 drugs are usually well-tolerated, adverse events are
not infrequent and can be severe [12]. Therefore, identifica-
tion of patients who are likely to benefit from this therapy
would be a major advance.

CT is routinely performed for detection of metastases and
treatment monitoring of lesion size according to Response
evaluation criteria in solid tumors (RECIST) 1.1 [13].
However, the analysis of the degree of tumor heterogeneity
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may provide additional information on survival and response
to treatment at baseline, as tumors with high heterogeneity
seem to be associated with poor prognosis [14]. Texture anal-
ysis is an emerging technique that can be applied to quantify
tumor heterogeneity [15, 16]. This technique analyzes the dis-
tribution and relationship of pixel gray levels in the tumor and
identifies spatial variation of individual gray levels or patterns.
Most texture parameters are extracted from the histogram of
pixel gray levels (mean gray-level intensity (mean), standard
deviation (SD), entropy, kurtosis, and skewness, which reflect
brightness, scale, irregularity, peak, and asymmetry of the his-
togram distribution, respectively). Texture analysis of CT im-
ages brings information regarding survival in many cancer
types such as colorectal [17], esophageal [18, 19], head and
neck [20], non-small cell lung [21, 22], lymphomas [23], or
hepatocellular carcinoma [24]. It also provides information
about response to treatment [25-28]. The only study dealing
with CT texture analysis and MM was performed in patients
treated with an antiangiogenic therapy, i.c., bevacizumab, and
showed that absolute change in mean positive pixels at medi-
um texture scale was predictive of OS [29]. CT texture anal-
ysis of target lesions was performed on initial post-therapy CT
images. Associated to tumor size changes and baseline serum
LDH levels, it allowed accurate prediction of OS. However,
the potential of texture analysis as a decision-making or pre-
dictive biomarker for efficacy of an anti-PD-1 therapy, i.e.,
pembrolizumab, in metastatic MM has never been
investigated.

In this context, the purpose of this study was to determine
whether texture parameters derived from contrast-enhanced
CT images acquired before treatment initiation are indepen-
dently associated with survival in patients with metastatic MM
treated with pembrolizumab.

Material and methods
Study population

All patients with metastatic MM who received pembrolizumab
between June 2014 and December 2016 at Reims University
Hospital were retrospectively identified from the institutional
computer database. All patients receiving pembrolizumab for
metastatic MM were included. Pembrolizumab was used as a
second-line monotherapy. Patients who did not have available
pretreatment CT performed within 1 month prior to treatment
initiation or without any accurately delineable lesion or with too
small metastatic lesions (< 1 cm greatest diameter) were exclud-
ed. Recorded demographic, clinical, biological, and radiological
data included patients’ age, gender, weight, Eastern Cooperative
Oncology Group (ECOG) performance status score, serum level
of LDH (normal upper limit 430 UI/L), start date of
pembrolizumab treatment, date of pretreatment CT examination,
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number and size of metastatic lesions chosen for texture analysis,
presence of hepatic and/or lung metastases, RECIST 1.1 sum on
both pretreatment and 3-month post-treatment CT scans, and
3-month follow-up RECIST 1.1 conclusion (partial
response, stable disease, or progressive disease) [30].

In accordance with French law, this retrospective study on
medical records was authorized by the “Commission
Nationale Informatique et Libertés” (authorization number
1118523), allowing the computerized management of the
medical data at Reims University Hospital. The participants
were informed of the possibility of using the information
concerning them, for biomedical research purposes, and had
a right of opposition.

Follow-up and endpoints

All patients underwent clinical, biological, and radiological
follow-up according to institution protocol, every 3 months.

Radiological follow-up consisted of contrast-enhanced CT
scans covering the brain, thorax abdomen, and pelvis.
Additional CT scan was performed in case of clinical suspi-
cion of disease progression or acute complication.

Two endpoints were chosen: OS and PFS. The primary
endpoint, OS, was defined as the time from initiation of
pembrolizumab therapy to death. The secondary endpoint,
PFS, was defined as the time from initiation of
pembrolizumab to radiological progression as defined by
RECIST 1.1.

For OS, patients alive at the end of follow-up were cen-
sored at that time. For PFS, patients without recurrence at the
end of follow-up were censored.

CT examination

All patients underwent a 64-section contrast-enhanced CT
scanner (Discovery HD 750; GE Healthcare) covering the
brain, chest, abdomen, and pelvis.

A volume of 2 mL/kg body weight of non-ionic contrast
material (iomeprol, 350 mg iodine/mL; lomeron 350, Bracco)
was injected into an antecubital vein at a flow rate of 3.5 mL/s
followed by 50 mL of saline solution at the same flow rate.
Chest images were obtained at an arterial phase 35 s after
contrast material administration, abdominal and pelvic images
were obtained at a portal-venous phase (70 s), and cerebral
images were obtained at a late phase (10 min after injection).
Acquisition parameters were as follows: tube voltage,
120 kVp; section collimation, 64 x 1.25 mm; helical pitch,
1.375; scan time per spiral, 0.7 s; image reconstruction thick-
ness, 2.5 mm.

All CT examinations were performed on the same CT scan-
ner; the same tube was applied for all CT exams, while effec-
tive tube current values differed between patients due to auto-
matic tube current modulation. Images were reconstructed by

using 40% adaptive statistical reconstruction (ASiR, GE
Healthcare).

CT texture analysis

CT texture analysis was performed on the pretreatment CT
examination using the commercially available TexRAD soft-
ware (TexRAD Ltd). Two radiologists R1 and R2 with
23-year (R1) and 5-year (R2) experience in oncological imaging
selected from one to five target lesions for each patient fol-
lowing RECIST 1.1 criteria in consensus. Afterwards, both
radiologists independently placed a free-hand region of inter-
est (ROI) encompassing each entire lesion (Fig. 1). CT texture
analysis was performed in a two-step process including image
filtration and histogram quantification steps. Spatial scale im-
age filtration (SSF) selectively extracted features with differ-
ent texture scales, corresponding to fine (SSF = 2, object radi-
us of 2 mm), medium (SSF = 3-5, object radius of 3—5 mm),
and coarse (SSF = 6, object radius of 6 mm) scales, by using a
Laplacian of Gaussian spatial band-pass filter. Quantification
of the histogram distribution within the ROI allowed the ex-
traction of the following five texture parameters: mean gray-
level intensity (mean), standard deviation (SD), entropy, kur-
tosis, and skewness. For each patient, the mean value of each
texture parameter among lesions was calculated. Radiologist
R2 also repeated texture analysis 2 months later to assess the
intrareader reproducibility.

Statistical analysis

Quantitative variables were described as means with standard
deviation or medians with minimum-maximum and categorical
variables as percentages. Multivariate analysis was performed
to identify independent predictors of OS and PFS among clin-
ical and texture parameters. To take into account the correlation
between the estimates of each texture parameter from the dif-
ferent filter values as well as the small number of events com-
pared with the number of included covariates, a multivariate L1
(least absolute shrinkage and selection operator—Lasso) penal-
ized Cox regression model was built in order to select texture
parameters [31]. The regularization parameter was deter-
mined by using tenfold cross-validation. The Lasso meth-
od allows variable selection by shrinking down to zero
coefficient weights for variables non-related to outcome.
Variables with non-zero coefficients were selected as po-
tential predictors of outcome and integrated into a multi-
variable Cox regression analysis, with clinico-biological
and histopathological variables as covariates, in order to
estimate associated hazard ratios (HR) and their 95% con-
fidence intervals (CI 95%).

For each texture parameter predictor of outcome, univariate
Kaplan-Meier analyses were additionally performed to
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Fig. 1 Illustration of lesion
delineation, image filtration at
fine, medium, and coarse texture
scales, and histogram of pixel
gray-level intensities
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identify an optimal threshold separating patients with good
and poor prognosis, using non-parametric log-rank test.

The intrareader and interreader agreements for the mea-
surements of the texture parameters were assessed using
intraclass correlation coefficients (ICC) for each pair of vari-
ables. ICC was defined as poor under 0.40, fair between 0.40
and 0.59, good between 0.60 and 0.74, and excellent between
0.75 and 1 [32].

Statistical analyses were performed using R software (ver-
sion 3.0.1, R Development Core Team, 2013), and p values
< 0.05 were considered statistically significant.

Results
Patient characteristics
A total of 52 patients met inclusion criteria. Ten patients with-

out available pretreatment CT evaluation and 11 patients with
too small lesions (<1 cm) or without any accurately
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delineable lesion were excluded. The final population com-
prised 31 patients, 14 men and 17 women (median age
60 years, range 27-90 years), with a total of 74 lesions.

The main clinical, biological, and radiological characteris-
tics of patients are shown in Table 1. Serum LDH level was
above the normal upper limit in 77% (24/31) of the patients.
Target lesion number ranged from 1 to 5, with a median of 2
lesions per patient. Seventy-four percent of patients (23/31)
had at least one liver target lesion and 74% (23/31) had no
lung lesion.

The median sum of the target lesions on CT before treat-
ment and 3 months after treatment initiation was 38 mm
(range 12-208) and 41 mm (range 13-332), respectively, with
amedian progression at 3 months of + 14% (range — 57,
+ 180) according to RECIST 1.1, corresponding to partial re-
sponse in 10% (3/31), stable disease in 45% (14/31), and
progressive disease in 45% of patients (14/31).

Median OS and PFS were 357 days (range 42—-1095) and
99 days (range 35-968), respectively. Death occurred in 65%
of patients (20/31).
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Table 1 Main baseline

demographics and Characteristics Value
clinical characteristics of
patients in the cohort LDH level (%)
Normal 7 (23)
Elevated 24 (77)
Number of target lesions (%)
1 12 (39)
2 8 (26)
3 2 (6)
4 5(16)
5 4(13)
Dominant lesion (%)
Lymphadenopathy 939
Liver 7 (23)
Lung 4 (13)
Adrenal gland 2(6.5)
Subcutaneous nodule 2(6.5)
Mesenteric nodule 2(6.5)
Spleen 13.5)
Esophagus 13.5)
Brain 1.5
Bone 1(3.5)
Liver lesion (%)
No 8 (26)
Yes 23 (74)
Lung lesion
No 23 (74)
Yes 8 (26)
Sum of the target lesions before treatment
Median, mm (range) 38 (12-208)
Sum of the target lesions after treatment
Median, mm (range) 41 (13-332)

RECIST 1.1
Median, % (range)
RECIST conclusion (%)

Partial response 3 (10)
Stable disease 14 (45)
Progression 14 (45)

Median survival, days (range)
357 (42-1355)
99 (35-1185)

Overall survival

Progression-free

survival
Death (%)
No 11.35)
Yes 20 (65)

Overall survival analysis

The Lasso penalized Cox regression analysis identified two
texture parameters as potential predictors of OS: mean (coef-
ficient weight, —0.0036) and skewness (coefficient weight,

+14 (=57, +180)

0.57) at coarse scale (SSF = 6). Three clinical parameters also
highlighted non-zero coefficient weights: presence of hepatic
metastases (coefficient weight, 0.19), RECIST conclusion (co-
efficient weight, 0.020), and body weight (coefficient weight,
—0.0020). Multivariate Cox regression analysis confirmed
skewness at coarse scale (SSF=6; HR (CI 95%)=6.017
(1.39, 26.056), p=0.016), RECIST conclusion (HR (CI
95%)=3.41 (1.17, 9.89), p=0.024), and body weight (HR
(CI195%)=0.96 (0.92, 0.995), p =0.026) as independent pre-
dictors of OS (Table 2).

When dichotomized at the optimal threshold identified in
Kaplan-Meier analysis, skewness above —0.375 at coarse
scale (SSF = 6; p=0.0003) was significantly associated with
lower survival time after administration of pembrolizumab
(Fig. 2).

Progression-free survival analysis

The Lasso penalized Cox regression analysis identified three
texture parameters as potential predictors of PFS: entropy
without filtration (SSF = 0; coefficient weight, — 0.28), kurto-
sis at medium scale (SSF = 5; coefficient weight, —0.19), and
skewness at coarse scale (SSF = 6; coefficient weight, 0.41).
Four clinical parameters also highlighted non-zero coefficient
weights: presence of hepatic metastases (coefficient weight,
0.65), RECIST conclusion (coefficient weight, 1.00020), age
(coefficient weight, 0.00040), and body weight (coefficient
weight, —0.085). Multivariate Cox regression analysis con-
firmed skewness at coarse texture scale (SSF=6; HR (CI
95%) =4.55 (1.46, 14.13), p=0.0089) and RECIST conclu-
sion (HR (CI 95%)=10.63 (3.11, 36.29), p=0.00016) as in-
dependent predictors of PFS (Table 3).

When dichotomized at the optimal threshold identified
in Kaplan-Meier analysis, skewness above —0.74 at
coarse scale (SSF=6; p=0.0044) was significantly asso-
ciated with lower progression-free survival time after ad-
ministration of pembrolizumab (Fig. 3). Patients with
skewness above —0.55 at SSF=6 showed both signifi-
cantly poorer OS and PFS (Fig. 4).

Table 2 Multivariate Cox proportional hazards regression analyses of
MM texture parameters and clinical parameters selected by Lasso
penalized Cox regression analysis for predicting overall survival

Clinical and CT parameters HR (CI 95%) p value
Mean_SSF6 1.00 (0.98, 1.020) 0.90
Skewness_SSF6 6.017 (1.39, 26.056) 0.016*
Presence of hepatic metastases 0.87 (0.18, 4.25) 0.86
RECIST conclusion 3.41(1.117,9.89) 0.024*
Body weight 0.96 (0.92, 0.995) 0.026*

*Indicates a significant difference
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Fig. 2 Kaplan-Meier survival 1000
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Texture parameter measurement reproducibility

Intrareader agreement regarding texture parameters was excel-
lent for mean (ICC = 0.95), SD (ICC = 0.93), entropy (ICC =
0.95), skewness (ICC = 0.86), and kurtosis (ICC = 0.85).
Interreader agreement was excellent for entropy (ICC =
0.83) and SD (ICC=0.78), good for mean (ICC =0.64) and
skewness (ICC = 0.62), and fair for kurtosis (ICC = 0.50).

Discussion

Our study suggests that texture features of melanoma metas-
tases on contrast-enhanced CT images acquired before treat-
ment are independent predictors of OS and PFS in patients
treated with an anti-PD-1 therapy, i.e., pembrolizumab.
Pretreatment skewness values derived from target metastatic
lesions were significantly associated with OS and PFS, at
coarse texture scale. Filtered coarse texture images highlight-
ed features with a low, coarse scale of details, i.e., features of
approximately 6 mm, while minimizing the effects of noise.

Table 3  Multivariate Cox proportional hazards regression analyses of
MM texture parameters and clinical parameters selected by Lasso
penalized Cox regression analysis for predicting progression-free survival

Clinical and CT parameters HR (CI 95%) p value
Entropy SSFO 0.15(0.017, 1.29) 0.083
Skewness SSF6 4.55 (1.46, 14.13) 0.0089*

Presence of hepatic metastases 1.69 (0.36, 7.89) 0.50

RECIST conclusion 10.63 (3.11, 36.29) 0.00016%*
Sex 0.61 (0.25, 1.49) 0.27
Age 1.0054 (0.97, 1.041) 0.76

*Indicates a significant difference
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Interactions between cancer cells and their environment
lead to the neoformation of vascular network. Heterogeneity
of the neovascularization inside tumors creates areas of hyp-
oxia which may play a major role in the selection of more
aggressive tumor clones, increased risk of invasion and me-
tastasis, unfavorable response to chemotherapeutic agents,
and inhibition of immune response [33]. CT is routinely used
in oncologic imaging as it is reproducible, standardized, and
suitable for analysis of pixel heterogeneity and tumor size. CT
texture analysis has recently emerged as a new technique
allowing quantitative analysis of tumor heterogeneity, which
is an approach to the evaluation of tumor hypoxia and
neoangiogenesis. A correlation between CT texture parame-
ters and histopathological markers of hypoxia and/or angio-
genesis has been reported in patients with non-small cell lung
cancer [34] or soft tissue sarcoma [35]. CT texture analysis has
shown the capacity to predict OS in many types of cancer
[17-24] and also to predict response to treatment [25-28].

Response to therapy in patients with advanced MM treated
with pembrolizumab is usually defined according to RECIST
1.1 criteria on scheduled routine contrast-enhanced CT scans,
although atypical responses have been observed [36]. Hodi
et al showed that conventional RECIST criteria might under-
estimate the benefit of pembrolizumab in approximately 15%
of patients, leading to premature cessation of treatment [37].
Hence, iRECIST criteria taking into account the possibility of
pseudoprogression have been developed but are not yet wide-
ly being used in routine practice.

Our study highlights the independent predictive value of
pretreatment tumor skewness for both OS and PFS in patients
with MM treated with pembrolizumab. In colorectal cancer at
various stages, high skewness values were shown to be inde-
pendent predictors of decreased 5-year OS [17]. Similarly,
high skewness on pretreatment contrast-enhanced CT images
was associated with reduced OS in locally advanced squa-
mous cell carcinoma of the head and neck treated with
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Fig. 3 Kaplan-Meier survival 100.0 -
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induction chemotherapy [20], in non-small cell lung cancer
treated with chemoradiotherapy [38], and in hepatocellular
carcinoma treated by surgical resection.

Skewness reflects the asymmetry of the histogram corre-
sponding to the gray-level values within a predefined ROIL. A
predominantly bright texture leads to a positive skewness,
whereas predominantly dark texture leads to negative skew-
ness [39]. We hypothesize that brightness of metastases may
be linked with hypervascularization and thus may reflect tu-
mor angiogenesis. In our study, higher values of skewness
were associated with poorer outcomes. Interestingly, we could
even define a threshold for skewness values above which pa-
tients experienced both significantly poorer OS and PFS.

In our study, RECIST at 3-month follow-up was a strong
predictor of PFS (HR, 10.63; p =0.00016), while its ability to
predict OS, although significant, was lower (HR, 3.41; p=
0.024). This may be partly due to some pseudoprogression
(classified as progression disease according to RECIST 1.1
criteria) not necessarily associated with poor OS [37].
Further studies using iRECIST criteria are thus needed to take
into account this phenomenon.

400.0 5000 6000 700.0 800.0 900.0 1000.0 1100.0 1200.0 1300.0
Analysis time (days)

LDH serum level is the only baseline and per-treatment
marker that predicts early response and progression in
patients with MM treated with pembrolizumab [10].
However, in our study, it was not found to be associated
with PFS and OS, probably because of the lack of statis-
tical power in our small sample. The presence of hepatic
metastases was selected as a potential predictor of OS by
Lasso penalized Cox regression analysis, which is in line
with the results found by Tsai et al [10].

Some limitations of this study should be noted. First, it was
a retrospective monocentric study, with a relatively small
number of patients. Pembrolizumab is a recent second-line
treatment after ipilimumab and/or BRAF/MEK inhibitors,
which can explain the limited recruitment. Our study should
be considered exploratory. Second, CT texture analysis was
performed in the largest cross-sectional area of the lesions
instead of whole-tumor 3D analysis, which might allow a
more precise evaluation of the tumor heterogeneity and also
improve reproducibility [23, 35]. Third, the mean value of
each texture parameter among lesions was calculated for each
patient, including metastases from various organs. However,

Fig. 4 Combined Kaplan-Meier 100.0 - =
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this choice appeared to be the closest to routine practice, as
MM are likely to spread to a wide spectrum of organs. Fourth,
heterogeneity due to the variation of contrast distribution and
tube current values might influence the validity of the results.
To limit these variations inherent to all quantitative imaging
analyses, the volume of contrast agent was adapted to the
patient body weight and lesions were analyzed at portal-
venous phase rather than at arterial phase to limit contrast
enhancement heterogeneity among patients. Moreover, all ex-
aminations were performed on the same CT scanner with the
same CT tube voltage. Finally, it is likely that texture analysis
results may vary accordingly to the algorithm that is being
used for the evaluation. However, this limit is inherent to all
publications dealing with texture analysis. Moreover, the soft-
ware which we used is commercially available and has been
widely used so far, thus allowing comparison of our results
with those of the literature [23-27, 40-42].

In conclusion, the results of our study suggest that pretreat-
ment CT texture analysis—derived tumor skewness may be a
predictive biomarker of overall survival and progression-free
survival in patients with metastatic MM treated with an anti-
PD-1 monoclonal antibody, i.e., pembrolizumab.

Funding The authors state that this work has not received any funding.

Compliance with ethical standards

Guarantor The scientific guarantor of this publication is Carole Durot,
MD, Centre Hospitalo-universitaire de Reims.

Conflict of interest The authors of this manuscript declare no relation-
ships with any companies whose products or services may be related to
the subject matter of the article.

Statistics and biometry One of the authors has significant statistical
expertise.

Informed consent  Written informed consent was obtained from all sub-
jects (patients) in this study.

Ethical approval Institutional Review Board approval was obtained.

Methodology

* retrospective

* diagnostic or prognostic study
* performed at one institution

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

1. Ferlay J, Soerjomataram I, Dikshit R et al (2015) Cancer incidence
and mortality worldwide: sources, methods and major patterns in
GLOBOCAN 2012: Globocan 2012. Int J Cancer 136:E359-E386

@ Springer

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

Lens MB, Dawes M (2004) Global perspectives of contemporary
epidemiological trends of cutaneous malignant melanoma. Br J
Dermatol 150:179-185

Sandru A, Voinea S, Panaitescu E, Blidaru A (2014)
Survival rates of patients with metastatic malignant melano-
ma. J Med Life 7:572-576

Robert C, Karaszewska B, Schachter J et al (2015) Improved over-
all survival in melanoma with combined dabrafenib and trametinib.
N Engl J Med 372:30-39

Larkin J, Ascierto PA, Dréno B et al (2014) Combined vemurafenib
and cobimetinib in BRAF-mutated melanoma. N Engl J Med 371:
1867-1876

Robert C, Long GV, Brady B et al (2015) Nivolumab in previously
untreated melanoma without BRAF mutation. N Engl J Med 372:
320-330

Robert C, Schachter J, Long GV et al (2015) Pembrolizumab versus
ipilimumab in advanced melanoma. N Engl J Med 372:2521-2532
Wolchok JD, Chiarion-Sileni V, Gonzalez R et al (2017) Overall
survival with combined nivolumab and ipilimumab in advanced
melanoma. N Engl J Med 377:1345-1135

Diem S, Kasenda B, Spain L et al (2016) Serum lactate dehydro-
genase as an early marker for outcome in patients treated with anti-
PD-1 therapy in metastatic melanoma. Br J Cancer 114:256-261
Tsai KK, Loo K, Khurana N et al (2015) Clinical characteristics
predictive of response to pembrolizumab in advanced melanoma. J
Clin Oncol 33:9031-9031

Nosrati A, Tsai KK, Goldinger SM et al (2017) Evaluation of clin-
icopathological factors in PD-1 response: derivation and validation
of a prediction scale for response to PD-1 monotherapy. Br J Cancer
116:1141-1147

Martin-Liberal J, Kordbacheh T, Larkin J (2015) Safety of
pembrolizumab for the treatment of melanoma. Expert Opin Drug
Saf 14:957-964

Eisenhauer EA, Therasse P, Bogaerts J et al (2009) New response
evaluation criteria in solid tumours: revised RECIST guideline (ver-
sion 1.1). Eur J Cancer 45:228-247

Rao SX, Lambregts DM, Schnerr RS et al (2016) CT texture anal-
ysis in colorectal liver metastases: a better way than size and vol-
ume measurements to assess response to chemotherapy? United
European Gastroenterol J 4:257-263

Ganeshan B, Miles KA (2013) Quantifying tumour heterogeneity
with CT. Cancer Imaging 13:140-149

Lubner MG, Smith AD, Sandrasegaran K, Sahani DV, Pickhardt PJ
(2017) CT texture analysis: definitions, applications, biologic cor-
relates, and challenges. Radiographics 37:1483-1503

Ng F, Ganeshan B, Kozarski R, Miles KA, Goh V (2013)
Assessment of primary colorectal cancer heterogeneity by using
whole-tumor texture analysis: contrast-enhanced CT texture as a
biomarker of 5-year survival. Radiology 266:177—184

Ganeshan B, Skogen K, Pressney I, Coutroubis D, Miles K (2012)
Tumour heterogeneity in oesophageal cancer assessed by CT tex-
ture analysis: preliminary evidence of an association with tumour
metabolism, stage, and survival. Clin Radiol 67:157-164

Yip C, Landau D, Kozarski R et al (2014) Primary esophageal
cancer: heterogeneity as potential prognostic biomarker in patients
treated with definitive chemotherapy and radiation therapy.
Radiology 270:141-148

Zhang H, Graham CM, Elci O et al (2013) Locally advanced squa-
mous cell carcinoma of the head and neck: CT texture and histogram
analysis allow independent prediction of overall survival in patients
treated with induction chemotherapy. Radiology 269:801-809
Ganeshan B, Panayiotou E, Burnand K, Dizdarevic S, Miles K
(2012) Tumour heterogeneity in non-small cell lung carcinoma
assessed by CT texture analysis: a potential marker of survival.
Eur Radiol 22:796-802



Eur Radiol (2019) 29:3183-3191

3191

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Miles KA (2016) How to use CT texture analysis for prognostica-
tion of non-small cell lung cancer. Cancer Imaging 16:10
Ganeshan B, Miles KA, Babikir S et al (2017) CT-based texture
analysis potentially provides prognostic information complementa-
ry to interim FDG-PET for patients with Hodgkin’s and aggressive
non-Hodgkin’s lymphomas. Eur Radiol 27:1012-1020

Mulé S, Thiefin G, Costentin C et al (2018) Advanced hepatocel-
lular carcinoma: pretreatment contrast-enhanced CT texture param-
eters as predictive biomarkers of survival in patients treated with
sorafenib. Radiology:171320

Ravanelli M, Farina D, Morassi M et al (2013) Texture analysis of
advanced non-small cell lung cancer (NSCLC) on contrast-
enhanced computed tomography: prediction of the response to the
first-line chemotherapy. Eur Radiol 23:3450-3455

Tian F, Hayano K, Kambadakone AR, Sahani DV (2015) Response
assessment to neoadjuvant therapy in soft tissue sarcomas: using
CT texture analysis in comparison to tumor size, density, and per-
fusion. Abdom Imaging 40:1705-1712

Yip C, Davnall F, Kozarski R et al (2015) Assessment of changes in
tumor heterogeneity following neoadjuvant chemotherapy in pri-
mary esophageal cancer. Dis Esophagus 28:172—-179

Ahn SJ, Kim JH, Park SJ, Han JK (2016) Prediction of the thera-
peutic response after FOLFOX and FOLFIRI treatment for patients
with liver metastasis from colorectal cancer using computerized CT
texture analysis. Eur J Radiol 85:1867-1874

Smith AD, Gray MR, del Campo SM et al (2015) Predicting overall
survival in patients with metastatic melanoma on antiangiogenic
therapy and RECIST stable disease on initial posttherapy images
using CT texture analysis. AJR Am J Roentgenol 205:W283—
W293

Nishino M, Jagannathan JP, Ramaiya NH, Van den Abbeele AD
(2010) Revised RECIST guideline version 1.1: what oncologists
want to know and what radiologists need to know. AJR Am J
Roentgenol 195:281-289

Simon N, Friedman J, Hastie T, Tibshirani R (2011) Regularization
paths for Cox’s proportional hazards model via coordinate descent.
J Stat Softw 39:1-13

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

Shrout PE, Fleiss JL (1979) Intraclass correlations: uses in assessing
rater reliability. Psychol Bull 86:420-428

Yun Z, Lin Q (2014) Hypoxia and regulation of cancer cell
stemness. Adv Exp Med Biol 772:41-53

Ganeshan B, Goh V, Mandeville HC, Ng QS, Hoskin PJ, Miles KA
(2013) Non-small cell lung cancer: histopathologic correlates for
texture parameters at CT. Radiology 266:326-336

Hayano K, Tian F, Kambadakone AR et al (2015) Texture analysis
of non-contrast-enhanced computed tomography for assessing an-
giogenesis and survival of soft tissue sarcoma. J Comput Assist
Tomogr 39:607-612

Dummer R, Hauschild A, Guggenheim M, Keilholz U,
Pentheroudakis G, ESMO Guidelines Working Group (2012)
Cutaneous melanoma: ESMO clinical practice guidelines for diag-
nosis, treatment and follow-up. Ann Oncol 23(Suppl 7):vii86—
vii91l

Hodi FS, Hwu W1J, Kefford R et al (2016) Evaluation of immune-
related response criteria and RECIST vl1.1 in patients with ad-
vanced melanoma treated with pembrolizumab. J Clin Oncol 34:
1510-1517

Ahn SY, Park CM, Park SJ et al (2015) Prognostic value of com-
puted tomography texture features in non-small cell lung cancers
treated with definitive concomitant chemoradiotherapy. Investig
Radiol 50:719-725

Miles KA, Ganeshan B, Hayball MP (2013) CT texture analysis
using the filtration-histogram method: what do the measurements
mean? Cancer Imaging Soc 13:400-406

NgF, Kozarski R, Ganeshan B, Goh V (2013) Assessment of tumor
heterogeneity by CT texture analysis: can the largest cross-sectional
area be used as an alternative to whole tumor analysis? Eur J Radiol
82:342-348

Marusyk A, Almendro V, Polyak K (2012) Intra-tumour heteroge-
neity: a looking glass for cancer? Nat Rev Cancer 12:323-334
Miles KA, Ganeshan B, Griffiths MR, Young RC, Chatwin CR
(2009) Colorectal cancer: texture analysis of portal phase hepatic
CT images as a potential marker of survival. Radiology 250:444—
452

@ Springer



	Metastatic...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Study population
	Follow-up and endpoints
	CT examination
	CT texture analysis
	Statistical analysis

	Results
	Patient characteristics
	Overall survival analysis
	Progression-free survival analysis
	Texture parameter measurement reproducibility

	Discussion
	References


