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ARTICLE INFO ABSTRACT

Keywords: Purpose: We aimed to identify predictive clinical and CT imaging biomarkers and assess their predictive capacity
Melanoma regarding overall survival (OS) and treatment response in patients with metastatic melanoma undergoing im-
Immunotherapy munotherapy.

Fsr‘;:::rz ;‘}II;IYSiS Methods: The local institutional ethics committee approved this retrospective study and waived informed patient

consent. 103 patients with immunotherapy for metastatic melanoma were randomly divided into training
(n = 69) and validation cohort (n = 34). Baseline tumor markers (LDH, S100B), baseline CT imaging biomarkers
(tumor burden, Choi density) and CT texture parameters (Entropy, Kurtosis, Skewness, uniformity, MPP, UPP) of
the largest target lesion were extracted. To identify treatment response predictors, binary logistic regression
analysis was performed in the training cohort and tested in the validation cohort. For OS, Cox regression and
Kaplan Maier analyses were performed in the training cohort. Bivariate and multivariate models were estab-
lished. Goodness of fit was assessed with Harrell’s C-index. Potential predictors were tested in the validation
cohort also using Cox-regression and Kaplan-Meier analyses.

Results: Baseline S100B (Hazard ratio(HR) = 2.543, p0.018), tumor burden (HR = 1.657, p = 0.002) and
Kurtosis (HR = 2.484, p < 0.001) were independent predictors of OS and were confirmed in the validation
cohort (p < 0.048). Tumor burden and Kurtosis showed incremental predictive capacity allowing a good
predictive model when combined with baseline S100B levels (C-index = 0.720). Only S100B was predictive of
treatment response (OR < 0.630, p < 0.022). Imaging biomarkers did not predict treatment response.
Conclusion: We identified easily obtainable baseline clinical (S100B) and CT predictors (tumor burden and
Kurtosis) of OS in patients with metastatic melanoma undergoing immunotherapy. However, imaging predictors
did not predict treatment response.

Spiral computed

1. Introduction

Melanoma is the most common cancer in young adults with rising
incidence, especially in western countries [1]. Patients with metastatic
melanoma have poor prognosis [2]. Advances in systemic, especially
immunotherapy, led to a remarkable increase of survival rates in me-
tastatic melanoma patients [3,4]. However, more than half of the pa-
tients do not respond to immunotherapy and have worse prognosis than
responders [5]. Therefore, identification of baseline response and sur-
vival predictors in these patients is crucial and could help stratifying

patients for the right therapy choice. To date, only few clinical baseline
survival predictors have been identified in metastatic melanoma pa-
tients undergoing immunotherapy, for example serum Lactate dehy-
drogenase (LDH) and S100B [6]. In these patients, routine CT imaging
is performed prior to therapy at baseline and during immunotherapy to
assess treatment response [7]. The availability of baseline imaging in
these patients allows for assessment of the CT imaging biomarkers as
outcome predictors. Standard imaging biomarkers such as tumor
burden and CT density of the tumor metastases (i.e. Choi density) [8] as
well as texture features [9] can be extracted from baseline CT images.

Abbreviations: HR, hazard ratio; LDH, lactate dehydrogenase; MPP, mean of positive pixels; OR, odds ratio; OS, overall survival; RO, regions of interest; UPP,

uniformity of positive pixel distribution
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We hypothesize that baseline imaging biomarkers have an additional
predictive capacity to known clinical predictors for patient survival and
treatment response. Therefore, we aimed to identify predictive standard
imaging biomarkers as well as CT texture features and assess their
predictive capacity alone and in combination with significant clinical
predictors with regards to overall survival (OS) and treatment response
in patients with metastatic melanoma undergoing immunotherapy

2. Methods and materials

The institutional ethics committee of the university hospital ap-
proved this retrospective study and waived informed patient consent.

2.1. Study population

We searched for eligible patients in our prospectively maintained
melanoma registry at our melanoma center during a ten-year period
between 06/2006 - 06/2016. Patients were eligible if they met the
following inclusion criteria: i) metastatic melanoma, ii) systemic
therapy with immunotherapy (Anti-PD1, CTLA 4 or a combination of
both), iii) available baseline demographics and tumor markers (LDH
and S100B) and iv) available standard contrast enhanced portal venous
phase whole-body CT prior to therapy. Patients were excluded if time
between baseline imaging and clinical data exceeded two months.

After exclusion of ineligible patients, the final sample was randomly
assigned to a training and a validation cohort with a ratio of 2:1
(training cohort n = 69, validation cohort n = 34). A Flowchart of the
inclusion process is presented in Fig. 1.

2.2. Imaging protocol and image quality analysis

All patients underwent contrast enhanced standard dose whole-
body CT staging comprising the region between skull base and groin.

Image quality was assessed prior to further image analysis, since
texture parameters may be affected by image quality and image noise.
Overall image quality and diagnostic confidence of CT images were
assessed qualitatively by two readers (AO and SA) with six years and
four years of experience in oncologic imaging, respectively. Image
quality analysis was performed on a 4-point Likert-scale (1= poor
image quality/ low diagnostic confidence, 2=moderate image quality/
moderate diagnostic confidence, 3=good image quality/high diag-
nostic confidence, 4=excellent image quality/very high diagnostic
confidence).

Furthermore, quantitative image noise analysis was performed.
Therefore, two regions of interest (ROI) were drawn in the sub-
cutaneous fat at the level of L1 by one reader (SA). Image noise was
defined as the standard deviation of the ROIs.

129 Patients, who underwent Immunotherapy for metastatic
melanoma

26 Excluded

*9 Incomplete or missing baseline
CT imaging within 2 months
before immunotherapy

+17 unavailable tumor markers
S100B and LDH

| 103 Patients included |

|
v L

Training cohort Validation cohort
69 patients 34 patients

Fig. 1. STARD flowchart of patient inclusion and assignment to training and
validation Cohort.
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Table 1
Baseline demographics and patient characteristics of training and validation
cohorts.

Training Validation P Value
cohort cohort (n = 34)
(n =69)
Sex M 42 20 1.000
F 27 14
Median age (y) 57 (26-82) 42.5 (30-74) 0.024
LDH Normal 47 19 0.159
elevated 22 15
S100B Normal 29 12 0.331
Elevated 40 22
Immunotherapy CTLA-4 55 30 0.158
PD1 13 3
Blinded 1 1
Survival and response
Response CR 1 3 0.805
(RECIST1.1) PR 13 3
SD 13 9
PD 42 19

Overall survival (d) 438 (52-3226) 476 (77-1831) 0.643

Table 2
Baseline standard imaging and texture parameter of training and validation
cohorts.

Parameter Training cohort Validation cohort p value
Tumor burden (mm) 73.65 * 66.24 92.33 + 77.24 0.110
Choi density (HU) 53.23 + 24.39 54.34 + 24.04 0.305
Entropy 6.07 * 0.42 6.21 = 0.53 0.147
Kurtosis 7.87 * 15.37 7.18 = 9.38 0.994
Skewness —0.65 = 1.58 -0.98 = 1.36 0.045*
Uniformity 0.018 + 0.005 0.017 * 0.006 0.387
MPP (HU) 58.77 * 32.43 57.20 + 23.43 0.219
UPP 0.017 + 0.006 0.016 = 0.006 0.097

* significant.
2.3. Image analysis

Image analysis was performed using a structured reporting platform
(Mint lesion™ 3.0, Mint Medical, Dossenheim, Germany). All images
were analyzed by one specialist reader (BK) with 12 years of experience
in oncologic imaging. The reader defined the target lesions according to
RECIST 1.1 [10]. The tumor burden was defined as sum of diameters of
the target lesions given in mm. Furthermore, the reader identified the
largest target lesion on the baseline CT and extracted Choi density as
well as first order texture parameters using the above mentioned
structured reporting software (Mint lesion™). To this end, the reader
selected the axial slice with the largest area of the respective lesion then
placed a free-hand ROI containing the entire metastasis. The para-
meters Choi density, Entropy, Kurtosis, Skewness, Uniformity, Mean of
positive pixels (MPP) and uniformity of positive pixel distribution
(UPP) were extracted.

The reader also assessed treatment response according to RECIST
1.1 [10].

2.4. End points

The aim of this study was to identify imaging and clinical predictors
for OS and treatment response.
The primary endpoints are the following:

1 OS defined as the time between initiation of immunotherapy and
death.

2 Treatment response at first follow-up imaging (12 weeks after initial
therapy) according to RECIST 1.1 [10]. Prior to statistical analysis,
treatment response was dichotomized as follows: Complete
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Fig. 2. Baseline CT images 18 days prior to treatment in a 50-year-old male patient with metastatic melanoma; segmentation of the largest metastasis (hilar lymph
node) with corresponding Choi density and texture features. The overall survival of the patient was 952 days.
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Fig. 3. Baseline CT images 18 days prior to treatment in a 43-year-old female patient with metastatic melanoma; segmentation of the largest metastasis (pulmonary
metastasis) with corresponding Choi density and texture features. The overall survival of the patient was 145 days.

remission (CR), partial response (PR) and stable disease (SD) were
considered as treatment response, whereas progressive disease (PD)
was considered as lack of response.

2.5. Statistical analysis

The clinical predictors LDH and S100B and the standard imaging
predictors tumor burden and Choi density as well as the texture para-
meters Entropy, Kurtosis, Skewness, Uniformity, MPP and UPP were
used as predictors for OS and treatment response. Prior to comparative
analyses, all variables were assessed for normal distribution using the
Shapiro-Wilk test. The tumor markers lactate dehydrogenase (LDH) and
S100B were categorized into normal and elevated levels using the
clinically established cut-off values 250 U/1 for LDH [11] and 0.15 pg/1
for S100B [12]. The imaging predictors and texture parameters were
normalized to mean 0 and standard deviation 1 (Z-score). For com-
parison of training and validation cohorts, variables were assessed
using X2, Mann-Whitney U test or t-test as appropriate. Inter-rater
agreement for image quality analysis was assessed using Cohen’s Kappa.

2.5.1. Training cohort

The variables LDH, S100B, Tumor burden, Choi density and texture
parameters were further assessed as predictors for treatment response
and OS.

For prediction of OS, univariate Cox regression was performed for
each clinical variables (LDH and S100B), standard imaging variables
(tumor burden and Choi density) and texture variables. All significant
predictors in the univariate analyses were then analyzed using multi-
variable cox regression analysis. Significant predictors in multivariable
analyses were then used to build four different predictive models: i)
clinical and standard imaging predictors, ii) clinical and texture pre-
dictors, iii) standard imaging predictors and texture predictors and iv)
clinical predictors, standard imaging predictors and texture predictors.
The concordance of each model was assessed using Harrell's C-index.
Harrell's C-index was interpreted as follows: < 0.7 =poor model, 0.7-
0.8=good model, > 0.8 =strong model. Furthermore, Kaplan Maier
analysis was performed for predictors, which were significant in mul-
tivariable analysis. Therefore, an optimal threshold for each significant
standard imaging and texture parameter was identified by using a
multiparametric log-rank test. A p-value of < 0.05 was considered
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Table 3
Univariate and multivariate Cox-regression analysis in the training cohort for
survival prediction.

Univariate Cox-regression

Predictor Hazard ratio 95%-CI P

LDH 0.930 0.470 - 1.840 0.836
S100B 3.376 1.637 — 6.962 0.001*
Tumor burden 1.837 1.353 - 2.466 <.001*
Choi density 0.790 0.500 - 1.247 0.301
Entropy 1.173 0.863 — 1.592 0.308
Kurtosis 1.612 1.259 - 2.062 < 0.001*
Skewness 0.814 0.531 - 1.246 0.343
Uniformity 0.936 0.679 - 1.291 0.689
MPP 0.951 0.714 - 1.267 0.732
UPP 0.979 0.728 - 1.316 0.887

Multivariate Cox-regression
Clinical predictors and standard imaging predictors

S100B 2.702 1.149 - 2.163 0.010*
Tumor burden 1.577 1.149 - 2.163 0.005*
Clinical and Texture predictors

S100B 3.268 1.575 - 6.781 0.001*
Kurtosis 1.538 1.204 - 1.963 0.001*
Standard imaging and Texture predictors

Tumor burden 1.912 1.409 - 2.594 < 0.001*
Kurtosis 1.686 1.315 - 2.162 < 0.001*
Clinical predictors, standard imaging predictors and texture predictors

S100B 2.543 1.177 - 5.494 0.018*
Tumor burden 1.657 1.201 - 2.291 0.002*
Kurtosis 1.611 1.256 - 2.065 < 0.001*
* significant.

significant. To account for multiple comparisons, false discovery rate
(FDR) correction using the Benjamini-Hochberg method was performed
with a false discovery rate at 0.05.

2.5.2. Validation cohort

Significant predictors were assessed using univariate cox-regression
as well as Kaplan Maier and non-parametric log-rank test using the cut-
off values derived from the training cohort. To account for multiple
comparisons, FDR correction using the Benjamini-Hochberg method
was performed with a false discovery rate at 0.05. Furthermore,
Harrell's C-index was calculated for the same four models as in the
training cohort in order to validate the predictive capacity of each
model.

3. Results
3.1. Patient characteristics

Patient demographics and comparative results of training and va-
lidation cohort are provided in Table 1. Eighty-five patients received
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cohort n = 30). Eight patients received the PD-1-inhibitor Nivolumab
(training cohort n = 7, validation cohort n = 1) and eight patients re-
ceived the PD-1-inhibitor Pembrolizumab (training cohort n = 6, vali-
dation cohort n = 2). Two patients (one patient in the training cohort
and one patient in the validation cohort), who participated in a clinical
trial were still blinded regarding therapy arm [13]. There were no
significant differences regarding type of immunotherapy between the
two cohorts (p = 0.158). We found no significant differences between
the two cohorts regarding sex, tumor markers (LDH and S100B),
treatment response or OS. However, both cohorts showed significant
differences regarding patient age (median age: 57 y in training cohort,
42.5 y in validation cohort, p = 0.024). Median time between baseline
imaging and initiation of immunotherapy was 17 days (0-56 days) in
the training cohort and 18 days (0-63 days) in the validation cohort
without significant differences between both cohorts (p = 0.415). In
the training cohort, OS was censored in 30 patient, in the validation
cohort, OS was censored in 12 patient.

3.2. Image quality analysis

Overall Image quality was sufficient in both cohorts without sig-
nificant differences (training cohort: median = 4, range 3-4, validation
cohort: median = 4, range 3-4, p = 0.186) and diagnostic confidence
was very high in all patients without significant cohort differences
(training and validation cohort: median = 4, range 4-4, p = 1.00) for
both readers with a high inter-rater agreement (Kappa > 0.718). None
of the CT datasets revealed poor image quality or low diagnostic con-
fidence.

Image noise was 9.99 + 2.73 HU in the training cohort and
10.07 = 2.24 HU in the validation cohort without significant differ-
ences between both cohorts (p = 0.734).

3.3. Image analysis

Results of image analysis including results of texture analysis are
provided in Table 2 and patient examples are given in Figs. 2 and 3. The
texture parameter skewness showed significant differences between
both cohorts (p = 0.045). No significant differences were detected be-
tween training and validation cohort regarding all other standard
imaging parameters (tumor burden and Choi density) or texture para-
meters, see Table 2.

3.4. Univariate and multivariate analysis for prediction of OS in the training
cohort

The results of univariate Cox regression in the training cohort are
provided in Table 3. In univariate analyses, baseline S100B (normal vs.
elevated, HR = 3.376, 95%-CI 1.637-6.962, p = 0.001), tumor burden

the CTLA-4 inhibitor Ipilimumab (training cohort n = 55, validation (HR = 1.837, 95%-CI 1.353-2.466, p < 0.001) and Kurtosis
Table 4
Log-rank test of significant predictors in training and validation cohort.

Training Cohort

Predictor Value Threshold Median OS (d) p

(Benjamini-Hochberg)
above threshold below threshold

S100B Normal or elevated - 231 > 3226* 0.001

Tumor burden (mm) 73.65 *+ 66.24 mm 103 mm 128 1230 < 0.001

Kurtosis 7.87 = 15.37 7.85 231 785 0.032%*

Validation Cohort

S100B Normal or elevated - 270 > 1352%

Tumor burden (mm) 92.33 + 77.24 mm 103 238 1831

Kurtosis 7.18 = 9.38 7.85 145 1050

* median not reached.
** significant.
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Training Cohort
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Validation Cohort
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Fig. 4. Kaplan-Meier survival analysis in training and validation cohort. Green curves represent patients with values above threshold, blue curves represent patients

with values below threshold.

Table 5
C-index as a Goodness of fit measure of the three models in training and vali-
dation cohort.

Predictive model C-index

Training cohort ~ Validation cohort

Clinical model 0.656 0.645
(S100B)

Standard imaging model 0.623 0.674
(Tumor burden)

Texture model 0.533 0.633
(Kurtosis)

Clinical and standard imaging model 0.687 0.710

Clinical and texture model 0.676 0.716

Standard imaging and texture model 0.664 0.695

Clinical, standard imaging and texture 0.720 0.716
model

(HR = 1.612, 95%-CI 1.259-2.062, p < 0.001) were significantly as-
sociated with OS, see Table 3.

These predictors maintained their prognostic significance in multi-
variable analyses (S100B: HR = 2.543, 95%-CI 1.177-5.494,
p = 0.018; Tumor burden: HR = 1.657, 95%-CI 1.201-2.291,
p = 0.002; Kurtosis: HR = 1.611, 95%-CI 1.256-2.065, p < 0.001),
see Table 3.

After applying FDR correction using the Benjamini-Hochberg
method, univariate Kaplan-Meier analysis also revealed significant as-
sociation with OS for S100B (p = 0.001), tumor burden (< 0.001, cut-
off 103 mm) and Kurtosis (p = 0.032, cut-off 7.85), see Table 4 and
Fig. 4.

The C-index, was highest for the model including all three pre-
dictors and reached a good predictive capacity (C-index = 0.720), see
Table 5.

3.5. Validation of predictors in the validation cohort

The predictors S100B (normal vs. elevated, HR = 3.553, 95%-CI
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1.190-10.610, p = 0.023), tumor burden (HR = 1.918, 95%-CI
1.287-2.858, p =0.001) and Kurtosis (HR =1.614, 95%-CI
1.004-2.594, p = 0.048) maintained their predictive capacity in uni-
variate Cox regression analysis in the validation cohort. The above-
mentioned predictors also revealed significant association with OS in
Kaplan-Meier analysis with the same cut-offs which were derived from
the training cohort (S100B: p = 0.015; Tumor burden: p = 0.002, cut-
off 103 mm; Kurtosis: p = 0.002, cut-off 7.85), see Table 4 and Fig. 4.

Similar to the training cohort, the C-index was high for the model
including all three predictors reaching a good predictive capacity (C-
index = 0.716), see Table 5.

3.6. Analysis for prediction of treatment response

S100B was a significant predictor of treatment response (normal vs.
elevated, Odds ratio, OR = 0.630, 95%-CI = 0.112 — 0.845, p = 0.22).
None of the analyzed clinical or imaging parameters significantly pre-
dicted treatment response at first follow-up (p = 0.372).

The predictive capacity of S100B was validation in the validation
cohort (OR = 0.125, 95%-CI = 0.025 - 0.624, p = 0.011).

4. Discussion

In this study, we could identify independent baseline clinical and
imaging predictors of OS in metastatic melanoma patients undergoing
immunotherapy. As clinical baseline predictor, elevated S100B levels
had a hazard ratio of 2.543 in multivariable analysis. S100B is a low
molecular calcium binding protein and is known to be a useful pre-
dictive marker in melanoma patients [6] with a superior predictive
capacity in comparison with LDH [14].

Along with S100B, tumor burden at baseline imaging (expressed as
the sum of the diameters of target lesions according to RECIST 1.1) had
an independent predictive capacity for OS in these patients with a ha-
zard ratio of 1.657 in multivariable analysis. This finding is of parti-
cular interest, since this biomarker is easily and routinely obtained in
these patients, who are usually participating in clinical therapy trials.

Furthermore, Kurtosis of the largest target lesion was identified as
an independent texture predictor for OS with a hazard ratio of 1.611.
Kurtosis is a first order histogram texture feature expressing the pixel
peakedness or pointiness of the pixels in the included region of interest
[91.

The three predictors also revealed significant association with OS in
Kaplan-Meier analysis. The two identified imaging predictors had an
additive predictive capacity to the clinical predictor S100B and the
combination of the three clinical and imaging biomarkers increased the
predictive capacity of the model with a C-index of 0.720, which in-
dicates a good model. Regarding treatment response, we could not
identify any predictive baseline clinical or imaging biomarkers in our
cohort of metastatic melanoma patients prior to immunotherapy.

The three predictors could be confirmed in the validation cohort
showing significant results in Cox regression and significant association
with OS in Kaplan-Meier analysis when applying the thresholds, which
were extracted from the training cohort.

Few studies have extracted imaging biomarkers for survival pre-
diction in melanoma patients. Gray et al. (2014) for instance demon-
strated an independent predictive capacity of MASS criteria from first
follow-up CT images after initiation of antiangiogenic therapy in pa-
tients with metastatic melanoma [15]. The same group demonstrated
the predictive value of CT texture analysis for survival of patients with
metastatic melanoma and stable disease after initiation of anti-
angiogenic therapy [16]. In this particular study, the authors reported
predictive properties of the change of texture features in these patients
of the target lesions from baseline to first post-therapy CT imaging. The
above-mentioned studies are of high relevance, however, the therapy of
patients included in their analyses is not the therapy of choice for
metastatic melanoma. Furthermore, the authors identified imaging

European Journal of Radiology 121 (2019) 108688

biomarkers at first follow-up after therapy initiation and not at base-
line.

To our knowledge, the present study is the first to investigate
imaging biomarkers solely extracted from baseline CT imaging in a
representative patient cohort with metastatic melanoma undergoing
immunotherapy, which is the therapy of choice at present.

However, this study has limitations. The retrospective design in-
herits the risk of selection bias. Nonetheless, we were able to identify all
eligible patients from our prospectively maintained registry of our
melanoma center. The CT images were acquired in different scanners,
which may cause variability in texture parameters. However, image
quality of the CT data as well as image noise did not differ significantly
between groups. The sample size is relatively small to assess a high
number of predictors, but a sample size of 103 patients was considered
sufficient for multivariable analysis applying the three significant bio-
markers. A slight but difference was detected for the texture parameter
skewness between training cohort and validation cohort, which can be
attributed to sample size of both cohorts. We did not include higher
order radiomic features or machine learning features in this study.
Further studies are needed to assess the potential predictive value of
these quantitative features. Finally, the included patients received dif-
ferent immunotherapy agents (CTLA-4 and PD-1 inhibitors). Since these
agents have similar mechanisms, the inclusion of both therapy types
was considered appropriate to allow for a sufficient sample size.

Before clinical use of the presented predictive model, a prospective
validation of our findings is needed.

To conclude, we identified independent baseline clinical (S100B)
and imaging (tumor burden and Kurtosis) in patients with metastatic
melanoma undergoing immunotherapy, which when used combined
have a good predictive capacity for patient survival.
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