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Abstract
Purpose: Heterogeneity is a key feature of malignancy associated with adverse tumor biology. Texture
analysis with different imaging modalities has been shown to reflect tumor heterogeneity. The current
study analyzed and compared pre-treatment (contrast-enhanced) ceCT and positron emission
tomography/computed tomography (PET/CT) tumor heterogeneity using the parameters skewness
and kurtosis in patients with primary colorectal cancer with and without liver metastases.
Procedures: The histogram-derived texture parameters skewness and kurtosis were retrospec-
tively analyzed obtained on PET/CT and ceCT images from 50 patients with histopathology
proven primary colorectal cancer (32 patients without liver metastases and 18 with liver
metastases). All patients underwent pretreatment ceCT and a 2-deoxy-2-[18F]Fluoro-D-glucose
PET/CT of the whole body for initial staging before treatment. The following parameters were
analyzed: (1) skewness ceCT and PET/CT combined, (2) skewness ceCT, (3) skewness PET/
CT, (4) kurtosis ceCT and PET/CT combined, (5) kurtosis ceCT, and (6) kurtosis PET/CT. For
each parameter, the following comparisons were analyzed: (A) colon tumors in 32 patients
without liver metastasis versus colon tumors in 18 patients with liver metastasis, (B) colon
tumors (all 50 patients, with and without liver metastases) versus 56 liver metastases of patients
with metastatic disease to the liver, (C) colon tumors in 32 patients without liver metastasis
versus 56 summed metastasis of the 18 patients with metastatic disease to the liver, and (D)
colon tumors in 18 patients with liver metastasis versus summed 56 liver metastasis.
Furthermore, ceCT parameters were compared to PET/CT parameters (separately for skewness
and kurtosis), and the correlation of the clinical stage with skewness and kurtosis was analyzed.
Results: Skewness and kurtosis were not statistically significantly different in primary colon
cancer lesions between patients with or without liver metastases (p 9 0.05). However, there were
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significant differences found between primary colon cancer and hepatic metastases (p G 0.05).
Thus, skewness and kurtosis derived by ceCT and PET/CT showed significantly different
heterogeneities between primary colon cancer lesions and hepatic metastases. The clinical
stage was not associated with skewness or kurtosis (r = 0.06 and r = 0.05).
Conclusion: Texture analysis with relatively simple first-order parameters skewness and kurtosis
on ceCT and on PET/CT was able to differentiate between primary colon cancer and hepatic
metastases. No differentiation was observed between primary colon tumor lesions in patients
with or without hepatic metastases. Overall, skewness and kurtosis measured with ceCT and
PET/CT seem to have complementary roles in the evaluation of heterogeneity.

Key words: PET/CT, ceCT, Texture analysis, Skewness, Kurtosis, Hepatic metastases, Colon
cancer

Introduction
Colorectal cancer (CRC) is the second leading cause of cancer
deaths in the USA and is one of the most common cancers in
developed countries [1–3]. About 25 % of patients with CRC
have metastatic disease at the time of initial presentation, and
almost half of all CRC patients eventually develop metastases.
Consequently, CRC is associated with a high mortality rate [2].

X-ray computed tomography (CT), positron emission com-
puted tomography (PET)/CT, and magnetic resonance imaging
(MRI) are the imaging modalities of choice for noninvasive
clinical tumor staging. However, based on the complex morphol-
ogy and growth pattern of CRC, textural analysis methods are
receiving increased attention. Tumor heterogeneity can be caused
by variations in cellularity, angiogenesis, extracellular matrix, or
necrosis [4]. Heterogeneity is therefore considered a key feature of
malignancy associated with adverse tumor. Texture analysis
based on imaging provides an assessment of tumor heterogeneity
by analyzing the distribution and relationship of pixel or voxel-
gray levels in the image and might therefore provide information
on the tumoral microenvironment [5–8]. CT tumor texture
analysis has shown promising results in predicting pathologic
features, overall survival, and response to therapy in several tumor
entities [4, 6, 7, 9–13]. Specifically, in colorectal cancer, Ng
et al. [4] proposed that CT textural characteristics identified in
primary tumors could be used as independent predictors of 5-year
survival. Similarly, Miles et al. [10] showed how survival of CRC
patients could potentially be predicted from the results of whole-
liver CT texture analysis. Texture indices measured on PET
images of tumors could provide a potential adjunct for use in
predicting how tumors will respond to therapy [14]. Furthermore,
a greater understanding of the tumor biology could be gained from
PET uptake distribution than from parameters such as tumor
volume or SUV. Thus, several groups have studied 2-deoxy-2-
[18F]Fluoro-D-glucose ([18F]FDG) uptake heterogeneity in tu-
mors, e.g., in head and neck [15], cervical [15, 16], esophageal
[17–19], and lung cancers [20] as well as other cancer types [21].
However, on the basis of the results published in the literature so
far for [18F]FDG PET, it is unclear which texture indices should
be measured and how they are actually related to the biologic
tumor features [22]. Overall, complex imaging features and time-

consuming evaluation prevent several parameters being integrated
into clinical routine in the near future. Skew and kurtosis are
relatively simple histogram derived parameters.

The objective of our study was to compare the simple-to-
acquire parameter skewness and kurtosis in ceCT and PET/CT
of patients with colorectal cancer and liver metastases. The
primary objective was to determine whether skewness and/or
kurtosis are different between primary colon cancers in patients
with and without hepatic metastases in ceCT and PET/CT. Our
secondary objective was to find out whether skewness and/or
kurtosis can differentiate between primary colon cancers and
hepatic metastatic lesions in ceCT and PET/CT.

Materials and Methods

Patient Data

This retrospective study was approved by the local ethics
committee. The requirement for informed consent of the patients
reviewed was waived due to the retrospective nature of the study.

A total of 32 patients (18 males and 14 females), with
confirmed colorectal cancer or rectal cancer but without liver
metastases, and 18 patients (10males and 8 females), with biopsy-
proved metastatic (liver metastasis) colorectal cancer or rectal
cancer, were retrospectively reviewed (investigation period,
August 2010 to December 2012). Inclusion criteria were ceCT
for staging of the abdomen and an [18F]FDG-PET/CT acquired
before treatment. All patients underwent ceCT and PET/CT (see
Fig. 1). In the majority of patients, the ceCT and PET/CT were
acquired together during the PET/CT examination. In all
remaining cases, the ceCT was done not more than 2 weeks
before or after the PET/CT.

Image Acquisition

All imaging studies were performed using a 256-slice CT scanner
(Siemens Definition Flash, Erlangen, Germany) or a combined
PET/CT (Discovery PET/CTVCTwith an integrated 64-slice CT
scanner, GEHealthcare,Waukesha,WI, USA). Patients fasted for
at least 4 h before being injected with [18F]FDG. The total uptake
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timewas 60min. Blood sugar levels were verified before injection
of the [18F]FDG (range, 80–120 mg/dl, 4.4–6.7 mmol/l). Oral CT
contrast agent (30 ml Gastrografin; Bayer-Schering Pharma,
Berlin, Germany diluted with 970 ml water) was given to all
patients during the [18F]FDG uptake period. Non-enhanced PET/
CT parameters were: 80 mA, 140 kV, 0.5-s tube rotation, 4.25-
mm section thickness. The scan included the area from the head to
the upper thighs as previously described [23]. The scans were
acquired during shallow breathing in the head and neck area, the
thorax and the lower abdomen, and during non-forced expiration
in the upper abdomen. Immediately after the CT acquisition, the
PET scan was acquired for 2 min and an axial field of view of
153mm. The emission datawere corrected for random, dead time,
scatter, and attenuation. Attenuation-corrected axial PET images
were reconstructed using a standard 3D iterative algorithm and
with 2 iterations and 28 subsets (pixel spacing 5.4 mm, matrix
128 × 128, slice thickness 3.3 mm). The additional ceCT scans of
the abdomen (no secondary oral contrast application) were
acquired after administration of 90 ml of contrast medium in the
portal-venous phase (Ultravist 300, Bayer; 3–4 ml/s administra-
tion velocity, 70 s delay, 120 kV, manual tube current up to
400 mA, pixel spacing 0.7 mm, matrix 512 × 512, slice thickness
2.5 mm).

Data Analysis

CT and PET/CT images for all patients were reviewed
independently by a board-certified radiologist (FW), a board-
certified radiologist with substantial PET experience (YAH), and

one experienced dual board-certified nuclear medicine radiologist
(PVH). The reviewers were blinded to the clinical data.

The following parameters were derived from the histograms of
the tumors: kurtosis in ceCT and PET/CT for the primary tumor
(with and without proven hepatic metastases) and skewness in
ceCT and PET/CT for the primary tumor (with and without
proven hepatic metastases). Additionally, kurtosis and skewness
were evaluated for up to five liver metastases per patient.

First, the ceCT was evaluated, then the PET/CT. The reader
manually placed volumes of interest (VOIs) outlining the
boundaries of the primary tumor. Care was taken to avoid areas
of air and contrast enhancement in vessels. All VOIs were drawn
separately for both imaging modalities, and all lesions were
evaluated in both imaging modalities. The VOIs were then
exported as pixel dumps and analyzed using dedicated software
(Pmod 3.5; Pmod Technologies, Zurich, Switzerland).

Statistical Texture Analysis

All statistical analyses were performed by a statistician (GF).
Analysis was performed for the three defined subgroups and
justified simple size: (1) patients with primary colorectal (without
liver metastasis), (2) patients with primary colorectal cancer and
liver metastasis, and (3) liver metastases only (a total of 56
metastases). Primary outcomeswere analyzed: (1) skewness ceCT
and PET/CT combined, (2) skewness ceCT, and (3) skewness
PET/CT and the same for PET/CT. For each primary outcome,
the following was analyzed: (A) the primary tumor in 32 patients
with no liver metastasis versus primary tumor in 18 patients who

Fig. 1 CT and PET-CT of a 69-year-old female patient with a histological proven adeno-carcinoma of the recto-sigmoid
(intestinal type) and a liver metastases. a MIP image of the whole body of the patient. b ceCT scan of the abdomen with
hypodense liver metastases. c ceCT scan of the pelvis verifying the colorectal cancer with circumferential thickening of the
bowel wall. d, e The corresponding PET/CT images revealed the elevated uptake in both lesions.
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did have liver metastasis, (B) primary tumor of all 50 patients
versus a total of the 56 summed liver metastasis, (C) primary
tumor of 32 patients with no liver metastasis versus 56 summed
hepatic metastasis, and (D) primary tumor in 18 patients with liver
metastasis versus their summed 56 metastasis.

Finally, the correlation of the clinical stage with skewness and
kurtosis was analyzed (see also the Appendix). For comparisons
of two groups, Wilcoxon’s rank sum test (Mann-Whitney’s U
test) was used. For comparisons between two assessmentmethods
(ceCT and PET/CT), Wilcoxon’s signed-rank test was applied.
No correction for multiple testing was applied due to the
exploratory nature of this study. Associations between two
variables were analyzed with Spearman’s rank correlation
coefficient. A p value of G0.05 was considered statistically
significant. Statistical analyses were performed using a freely
available software R, version 3.2.2 (The R Project for Statistical
Computing, Vienna, Austria).

Results

Clinical Data

The mean age of the 32 patients with non-metastatic colon cancer
was 60 years (range 39 to 80 years). The mean age of the 18
patients with primary colorectal cancer and liver metastases was
63 years (range from 53 to 77 years). Overall, 24 patients had a
colon cancer, 3 patients had a recto-sigmoid cancer, and 23
patients had a rectal cancer. All primary tumors and hepatic
metastases were therapy-naïve at the time point of the evaluation.
The main clinical data for the analyzed are summarized in
Tables 1, 2, and 3.

In the group of patients without metastases, 31.2 % (10/32)
were clinical tumor staged grade I, 9.4 % (3/32) were grade II,
9.4 % (3/32) were grade IIIA, and 21.9 % (7/32) were grade IIIB.
Of the patients without metastasis, 12.5 % (4/32) were grade IIIC
and 15.6 % (5/32) were grade IV. The KRAS mutation was
documented in 34.4 % (11/32) of patients with metastatic disease.
Of the patients with known KRAS mutation, 54.5 % (6/11) were
positive and 45.5% (5/11)wereKRASnegative. According to the
TNM classification, among the 32 patients without liver
metastasis, 6.3 % (2/32) were grade Tis, 12.5 % (4/32) were T1,

18.8% (6/32) were T2, 53.1% (17/32) were T3, and 9.3% (3/32)
were T4. Lymph node metastases were documented in 65.6 %
(21/32): 34.4 % (11/32) were N0, 25.0 % (8/32) were N1, 28.1 %
(9/32) were N2, and 12.5 % (4/32) were N3.

The following tumor stages according to the TNM classifica-
tion were documented for the 18 patients with metastatic liver
disease: 16.7 % (3/18) patients were T2, 44.4 % (8/18) were T3,
and 39.9 % (7/18) were T4. All 18 patients with liver metastases
also had lymph node metastases: N1 in 44.4 % (8/18) and N2 in
55.6% (10/18). The patients withmetastatic colon cancer had 1–5
documented liver metastases. A single liver metastasis was
present in 27.8 % (5/18) of patients, 22.2 % (4/18) had 2 liver
metastases, 5.6 % (1/18) patients had 3 liver metastases, and
44.4 % (8/18) had 5 liver metastases.

All 18 patients with primary colon cancer and liver metastasis
were clinically staged as grade IV. The KRAS mutation was
evaluated in eight out of 18 patients (44.4 %) of this group, of
which four of eight (50 %) were positive and negative,
consecutively.

Histogram Analysis

Size of the primary tumors in patients without liver metastases
was, in PET, on average 1772.5 voxels (range 105–4409, mean
SUVmax 19), 1967.6 voxels for primary tumors in patients with
liver metastases (range 209–4346, mean SUVmax 25.3), and
1318.5 voxels for the liver metastases (range 14–4435, mean
SUVmax 14.2).

Table 1. Clinical stage of the 32 patients without liver metastases and the
18 patients with liver metastases

Clinical stage Number of patients

Group Bwithout
liver metastases^

Group Bliver
metastases^

I 10 –
II 3 –
IIIA 3 –
IIIB 7 –
IIIC 4 –
IV 5 18

Table 2. TNM classification of the 32 patients without liver metastases and
the 18 patients with liver metastases

TNM classification Number of patients

Group Bwithout
liver metastases^

Group Bliver
metastases^

Tis 2 –
T1 4 –
T2 6 3
T3 17 8
T4 3 7

Table 3. Lymph node metastases of the 32 patients without liver metastases
and the 18 patients with liver metastases

Lymph node metastases Number of patients

Group Bwithout
liver metastases^

Group Bliver
metastases^

N0 11 –
N1 8 8
N2 9 10
N3 4 –
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The parameters Bskewness ceCT and PET/CT combined^ and
Bkurtosis PET/CT^ showed no statistically significant differences
between the three subgroups (primary colorectal cancer without
liver metastasis, primary colorectal cancer with liver metastasis,
and liver metastasis only). Since neither skewness nor kurtosis
was different between primary colorectal cancer with or without
liver metastases, these histogram parameters cannot differentiate
these two groups of patients.

However, for all other parameters (skewness ceCT, skewness
PET/CT, kurtosis ceCT and PET/CT combined, and kurtosis
ceCT), statistically significant differences were found among the
subgroups. The p values for the comparisons are summarized in
Table 4. Thus, the parameters skewness ceCTand PET/CT,
kurtosis ceCTand PET/CT, and kurtosis ceCT were able to
differentiate primary tumors (in patients with and without liver
metastases) from metastatic lesions.

When comparing the imaging modalities separately for
skewness and kurtosis for the three above-defined subgroups
ceCT and PET/CT for patients with primary colorectal
cancer without liver metastasis, primary colorectal cancer
with liver metastasis, and liver metastasis only, all subgroups
were statistically significantly different (see Table 5). Thus,
the two imaging modalities seem to be complementary in
terms of the information they provide about tumor hetero-
geneity as measured by the histogram parameters skewness
and kurtosis. It is also noteworthy that when evaluating
skewness with ceCT, the primary tumors as well as the liver
metastases showed negative skewness, whereas the PET/CT
showed slightly positive skewness values. For kurtosis,
however, the results were different: The measurements in
ceCT showed mostly positive results, whereas the PET/CT
measurements were slightly negative (see Table 6 with
Fig. 2 and Table 7 with Fig. 3).

The correlation of the clinical stage for all 50 patients
with skewness resulted in a Spearman’s rank correlation
coefficient of 0.0589. This indicates that these two variables
can be interpreted as unrelated. This result was verified by
plotting skewness values for every stage category, where no

significant differences between the four categories were
observed. Additionally, correlation of the clinical stage for
all 50 patients with kurtosis revealed a Spearman’s rank
correlation coefficient of 0.0481, indicating that there was no
relationship between these two variables.

Discussion
Textural indices are being reported as potentially useful in recent
publications. We therefore performed an analysis and compared
skewness and kurtosis evaluated in ceCT and PET/CT in patients
with colorectal cancer. Overall, PET/CT and ceCT were not able
to differentiate between primary colon cancer lesions with and
without hepatic metastases by means of skewness or kurtosis. In
contrast, differentiation between primary colon cancers and
hepatic metastases was possible by these means.

We also showed that histogram-derived heterogeneity param-
eters are partly complementary. Skewness evaluated with ceCT in
primary tumors and liver metastases showed less heterogeneity
than when evaluated with PET/CT. However, kurtosis evaluated
with PET/CT revealed the opposite results.

Usually, parameters like Hounsfield units, standardized uptake
values, or signal intensities (in MR-pulse sequences) are used for
(semi)quantitative evaluations in imaging. However, they do not
describe the underlying spatial distribution of the tumor hetero-
geneity. Texture analysis—on the other hand—has been reported
to distinguish betweenmultiple features, e.g., imaging parameters,
pathological subtypes, and genetic profiles (e.g., KRAS), in
various types of tumors [24–26]. Among those parameters,
skewness and kurtosis are relatively simple parameters that
describe heterogeneity. They appear to be promising for
differentiating between different types of malignant tumors, e.g.,
between various gliomas [27], pseudo-progression versus early
tumor progression in glioblastomas [28, 29], and between cancer
subtypes [30]. Texture analysis was also found to be correlated
with response to therapy in various tumor types [4, 9, 31–37].

CE-CT as well as PET/CT failed to differentiate between
primary colon cancer lesions in patients with and without
metastases by means of skewness and kurtosis. Such
differentiation would maybe have offered the possibility to
select patients who would need an additional liver MRI for
staging despite, e.g., a low T-stage. Furthermore, it could not
only have helped to select patients with shorter/longer time
intervals for follow-up, but could have been used for
decision on neo-adjuvant therapy options.

Table 4. Table of p values for the comparisons. (A) Thirty-two patients
with no liver metastasis versus 18 patients with liver metastasis, (B) 32
patients without liver metastasis and 18 patients with liver metastasis (50
patients altogether) versus a total of 56 summed liver metastases of the
patients with metastatic liver disease, (C) 32 patients with no liver
metastasis versus 56 summed metastases of the 18 patients with metastatic
liver disease, and (D) 18 patients with liver metastasis versus their summed
56 metastases

Measurement method Comparison

A B C D

1. Skewness ceCT and PET/CT 0.7062 0.0710 0.1062 0.2124
2. Skewness ceCT 0.8241 G0.0001 G0.0001 G0.0001
3. Skewness PET/CT 0.3631 0.0082 0.0342 0.0284
4. Kurtosis ceCT and PET/CT 0.9857 0.0001 0.0010 0.0042
5. Kurtosis ceCT 0.7927 G0.0001 G0.0001 G0.0001
6. Kurtosis PET/CT 0.7927 0.7373 0.9416 0.5793

Table 5. Comparison of skewness and kurtosis values between ceCT and
PET/CT

Group Skewness Kurtosis

No liver metastasis (n = 32 patients) G0.0001 G0.0001
With liver metastasis (n = 18 patients) G0.0001 G0.0001
Only liver metastases (n = 56 metastases

in 18 patients)
0.0007 G0.0001
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Although a difference was detectable, it did not achieve
statistical significance. One reason might be related to the
somewhat low number of patients in the study who had
hepatic metastases at the time of evaluation (18 of 32
patients). Further research is needed to determine whether
other texture parameters (including second-order and third-
order parameters) might yield a difference. We found that
heterogeneity was different between primary colorectal
cancers and hepatic metastatic lesions. Thus, relatively
simple imaging texture parameters are able to show that
the primary colorectal tumor has a significantly different
heterogeneity than that of liver metastases. Such results
might help to understand different behaviors of primary
cancers and metastases under therapy. It is already known

that primary tumors and their metastases hold genetically different
potential concerning aggressiveness. The different heterogeneities
found in our study are certainly an expression of the difference in
underlying genetics. Additionally, our results might help to
understand why different metastases of the same primary tumor
and in the same organ—presumable based on their different
heterogeneity—behave differently under therapy.

There are already reports showing that the behavior of
metastases differs significantly from that of primary tumors. For
example, hepatic metastases show an increase in glycolytic
activity after resection of the primary tumor [38]. Other studies
already showed that texture analysis has the potential to provide
an overview over thewhole extent of intratumoral spatial variation
in cellularity, extracellular matrix, and areas of necrosis [39].

Table 6. Both imaging modalities—ceCT and PET/CT—seem to be complementary concerning their information about tumor heterogeneity: When
evaluating skewness with ceCT, the primary tumor as well as the liver metastases showed negative skewness, whereas the PET/CT showed slightly positive
skewness values

Subset Assessment Group Bmetastases^ Metastases in liver Mean Median Inter-quartile distance

1 CT Yes −0.1052 0.0424 0.3481
2 No All −2.2471 −1.5600 2.3062
3 Yes −2.1988 −1.4749 1.3521
4 No −2.2743 −1.5600 2.4639
5 Total −1.1156 −0.3505 1.5941
6 PET Yes 0.2960 0.1588 0.5602
7 No All 0.4110 0.3343 0.3586
8 Yes 0.4777 0.4258 0.3929
9 No 0.3735 0.3185 0.3248
10 Total 0.3503 0.2825 0.4579
11 Total Yes 0.0954 0.0963 0.3563
12 No All −0.9181 0.0513 1.9603
13 Yes −0.8605 −0.0274 1.8736
14 No −0.9504 0.0754 1.8807
15 Total Total −0.3827 0.0937 0.8178

Fig. 2 In addition to Table 6, the boxplot illustrates that both imaging modalities—ceCT and PET/CT—seem to be
complementary concerning their information about tumor heterogeneity: When evaluating skewness with ceCT, the primary
tumor as well as the liver metastases showed negative skewness, whereas the PET/CT showed slightly positive skewness
values.
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While no directly comparable studies are available in the
literature concerning texture parameters, the study by Lubner
and coworkers [40] demonstrated that skewness was
negatively associated with KRAS mutation. Other parame-
ters, such as mean positive pixel, entropy, and standard
deviation, are significantly associated with tumor grade in
colorectal liver metastases prior to treatment.

One of the few published studies evaluating texture parameters
in PET/CT found that the coefficient of variation had a higher area
under the curve in receiver operating characteristic analysis than all
other parameters evaluated, including skewness and kurtosis [41].

The fact that we found complementarities in the heterogeneity
information from ceCT and PET/CT in our study (ceCT showed
less heterogeneity with skewness and PET/CT showed opposite
results with kurtosis) might speak for hybrid imaging as a

combined approach for heterogeneity assessment rather than
evaluating single imaging modalities with many texture parame-
ters. However, the value of such an approach would need to be
verified by further studies.

We found no statistically significant correlation between
clinical stage and skewness or kurtosis. Generally, it is accepted
that tumors with higher heterogeneity have a poorer prognosis
based on more aggressive biological behavior and consequently
treatment failures [42–44]. Thus, one would expect greater
heterogeneity to be associated with clinical stage. Although this
might be a statistical issue of under power in our case, there might
be additional confounding factors not addressed so far in the
literature, which mask such a (potential) correlation.

The study has several limitations. First, this was a retrospec-
tive study, but at this early stage of gathering knowledge about

Table 7. Both imaging modalities—ceCT and PET/CT—seem to be complementary concerning their information about tumor heterogeneity: When
evaluating the kurtosis, the measurements in ceCT showed mostly positive results, whereas the PET/CT measurements were slightly negative

Subset Assessment Group Bmetastases^ Metastases in liver Mean Median Inter-quartile distance

1 CT Yes 0.4158 0.0463 0.5518
2 No All 20.1417 7.2333 22.9258
3 Yes 15.3220 6.5135 11.3327
4 No 22.8527 7.2333 27.3882
5 Total 9.7204 1.3699 5.5719
6 PET Yes −0.0497 −0.5057 0.5392
7 No All −0.4066 −0.5457 0.5702
8 Yes −0.3621 −0.4781 0.5159
9 No −0.4316 −0.5592 0.6124
10 Total −0.2181 −0.5178 0.5520
11 Total Yes 0.1830 −0.1639 0.7857
12 No All 9.8676 0.9535 7.4658
13 Yes 7.4799 1.1538 6.1079
14 No 11.2106 0.7397 7.4837
15 Total Total 4.7512 −0.0462 2.1032

Fig. 3 In addition to Table 7, the boxplot shows that both imaging modalities—ceCT and PET/CT—seem to be complementary
concerning their information about tumor heterogeneity: When evaluating the kurtosis, the measurements in ceCT showed
mostly positive results, whereas the PET/CT measurements were slightly negative.
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texture parameters, it is impractical to perform prospective or
even interventional studies based on texture parameters. Second,
we concentrated on two texture parameters (skewness and
kurtosis) and did not evaluate other parameters such as entropy,
COV, or even higher order parameters. Also, we did not apply
any filter because we wanted to focus on rather simple texture
parameters, since these have a higher chance of clinical
applicability in the future than more complex parameters.
Additionally, we assessed two imaging modalities and therefore
more data were analyzed than would be the case in single
modality imaging. Finally, we did not assess a potentially
therapeutic impact of the here evaluated heterogeneity parame-
ters, and we also have no correlation with progression-free
survival and overall survival as this was not the primary goal of
this study.

Conclusion
Texture analysis with the parameters skewness and kurtosis
on ceCT as well as on PET/CT was able to differentiate
between primary colon cancer and hepatic metastases. No
differentiation was possible between metastasized and non-
metastasized colon tumors. Skewness and kurtosis measured
with ceCT and PET/CT seem to have complementary value
concerning the assessment of heterogeneity.
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Appendix

A. For the 3 data sets Bno liver metastases,^ Bwith liver
metastases,^ and Bmetastases,^ the following primary out-
comes were analyzed:

1.Skewness ceCT and PET/CT
2.Skewness ceCT
3.Skewness PET/CT
4.Kurtosis ceCT and PET/CT

5.Kurtosis ceCT
6.Kurtosis PET/CT

For each primary outcome, the following comparisons
were done:

a. No liver metastases versus with liver metastases
b. No liver metastases and with liver metastases versus

metastases
c. No liver metastases versus metastases
d. With liver metastases versus metastases

B. In addition, for each of the three data sets, ceCT values were
compared to PET/CT values (separately for skewness and
kurtosis), yielding another 2 × 3 = 6 comparisons.

C. Finally, the associations of the clinical status with
skewness and kurtosis were analyzed.
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