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A B S T R A C T

Objectives: CT texture analysis has shown promise to differentiate colorectal cancer patients with/without
hepatic metastases.
Aim: To investigate whether whole-liver CT texture analysis can also predict the development of colorectal liver
metastases.
Material and methods: Retrospective multicentre study (n = 165). Three subgroups were assessed: patients [A]
without metastases (n = 57), [B] with synchronous metastases (n = 54) and [C] who developed metastases
within ≤24 months (n = 54). Whole-liver texture analysis was performed on primary staging CT. Mean grey-
level intensity, entropy and uniformity were derived with different filters (σ0.5–2.5). Univariable logistic
regression (group A vs. B) identified potentially predictive parameters, which were tested in multivariable
analyses to predict development of metastases (group A vs. C), including subgroup analyses for early (≤6
months), intermediate (7–12 months) and late (13–24 months) metastases.
Results: Univariable analysis identified uniformity (σ0.5), sex, tumour site, nodal stage and carcinoembryonic
antigen as potential predictors. Uniformity remained a significant predictor in multivariable analysis to predict
early metastases (OR 0.56). None of the parameters could predict intermediate/late metastases.
Conclusions: Whole-liver CT-texture analysis has potential to predict patients at risk of developing early liver
metastases ≤6 months, but is not robust enough to identify patients at risk of developing metastases at later
stage.

1. Introduction

Survival in colorectal cancer (CRC) is influenced by several factors,
including the local T- and N-stage (tumour- and nodal stage), age and
sex [1,2]. The most important factor, however, is the presence of

metastases. Approximately 20% of patients have metastatic disease at
time of diagnosis, with the liver being the most common site of
metastases (77%) [3–5]. Another 5% of patients with primary non-
metastatic disease develop metachronous metastases within the first
year, increasing to up to 15% at five-year follow-up [2]. Several
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strategies have been explored to predict which patients are at risk of
developing metachronous metastases. By identifying these patients, a
different strategy with additional chemotherapy or intensified follow-
up might be chosen. A known predictor for the development of
colorectal metastases is an increased carcinoembryonic antigen (CEA)
level [6]. Other factors are higher T-stage, lymph node metastases and
male sex [3,7,8]. From an imaging perspective, a potentially promising
tool is CT-texture analysis. Texture analysis refers to a mathematical
approach to analyse variations in grey-level intensities within an image
or region of interest to provide quantitative measures (‘texture
features’) reflecting spatial heterogeneity [9–11]. Although several
methods of texture analysis have been described in literature, the most
commonly used technique is statistical-based texture analysis. The most
basic form of statistical texture analysis involves first-order statistics,
which focuses on the distribution of grey-level frequencies within an
image, derived from the histogram of pixel intensities [11–13].
Commonly reported texture features include the ‘mean intensity’,
‘entropy’ and ‘uniformity’. The mean intensity reflects the average
pixel value or ‘intensity’ of a region of interest. Entropy is a measure
that gives an indication of the irregularity of the grey-level distribution,
while conversely the uniformity is indicative of its regularity. A higher
entropy (and low uniformity) typically reflects a more “heterogeneous”
distribution of pixels (and thus a more heterogeneous underlying tissue
structure) while on the other hand a high uniformity is associated with
a more “homogeneous” distribution of pixels (and therefore a more
homogeneous tissue structure).

Single-centre studies have demonstrated that changes in the CT-
texture of the liver (increase in entropy and decrease in uniformity) can
be observed when the liver is affected by metastatic disease, thereby
suggesting that these texture features have potential to differentiate
between patients with and without colorectal liver metastases [10,14].
It has been suggested that these changes may be related to the presence
of occult micro metastases throughout the liver and/or diffuse changes
in hepatic perfusion caused by the presence of metastatic liver disease
[15–19]. Hypothetically, similar changes – albeit to a lesser extent –
may already be present in an earlier phase, i.e. before the metastatic
lesions become visible on morphological CT (computed tomography)
assessment. If this were the case, CT-texture may also have potential as
an imaging biomarker to predict upfront (at the time of primary
staging) which patients who initially present without metastases are
at risk of developing metastases at a later stage. This would be
beneficial as CT is to date still the most widely used modality for
staging of liver metastases and texture parameters can readily be
obtained from routinely acquired clinical CT examinations.

The aim of this study was to evaluate in a multicentre study setting
whether CT-texture analysis of the apparently non-diseased liver at the
time of primary diagnosis has potential to predict patients at risk of
developing liver metastases at a later stage.

2. Material and methods

Patients

This multicentre study analysed 165 patients (106 male, 59 female,
median age 64 years, range 16–86 years) who were treated for
colorectal cancer in one of three university hospitals between
December 2006 and October 2013 (a time period selected based on
adequate documentation of clinical patient data, availability of con-
sistent quality imaging data and allowing for an adequate clinical
follow-up period of at least 2 years). Patients routinely underwent
contrast-enhanced liver or abdominal CT as part of their primary
staging work-up. According to our country’s national law, institutional
review board approval and informed consent were not required for this
retrospective study. Patients were divided into three ± equally sized
subgroups:

• Group A, the ‘no metastases group’, consisted of 57 patients who had
no evidence of liver metastasis at primary staging, or during ≥24
months of follow-up (established by means of clinical, laboratory
(CEA) and imaging follow up).

• Group B, the ‘synchronous metastases group’, consisted of 54
patients who presented with synchronous liver metastases at the
time of primary staging. The presence of metastases was confirmed
by pathology (biopsy/surgery) in 17 patients, by corresponding
positive findings on PET-CT in 7 patients, and by imaging follow-up
in the other 30 patients who all had unresectable metastases, which
were palliatively managed.

• Group C the ‘metachronous metastases group’, consisted of 54
patients who had no evidence of metastatic disease at primary
staging but developed liver metastases (i.e. new and/or growing
lesions on follow-up imaging) within 24 months after primary
staging (median interval 12 months, range 2–24). In 21 patients
these lesions were histopathologically proven to be colorectal liver
metastases.

Inclusion criteria consisted of (a) histopathologically confirmed
colorectal adenocarcinoma; (b) no evidence of extrahepatic metastatic
sites on primary or follow-up imaging (CT, MRI and/or PET-CT); (c)
availability of a primary staging CT including a portal venous phase; (d)
no history of previous liver surgery; (e) no history of previous systemic
treatment (chemotherapy); (f) no history of diffuse liver disease such as
steatosis or cirrhosis; (g) no history of diffuse hepatic metastases, as this
would leave too little ‘normal’ liver parenchyma to perform whole-liver
texture analysis. Clinical follow-up (after resection of the primary
tumour) was performed according to routine clinical guidelines as
advocated in the participating centres. This included routine (3–6
monthly) clinical examination, CEA testing and follow-up imaging with
CT, MRI and/or FDG-PET when indicated.

CT acquisition

A contrast-enhanced CT was performed as part of the routine work-
up for CRC in all centres. All CT scans included a portal venous phase
(PVP) scan of the liver and were acquired using different CT scanners
(Philips Brilliance 64, Philips Medical Systems, Best, The Netherlands;
Siemens Somatom Sensation 16, Somatom Sensation 64, Somatom
Definition AS or Somatom Definition Flash, Siemens Healthcare,
Erlangen, Germany; Toshiba Aquilion 64, Toshiba Medical Systems,
Tokyo, Japan; GE Lightspeed VCT 64, GE Healthcare, Little Chalfont,
United Kingdom). PVP images were routinely obtained with a tube
voltage of 100–120 kVp. The contrast medium (Ultravist 300–370 mgI/
ml; Iopromide, Bayer Healthcare, Berlin, Germany or Visipaque
320mgI/ml; Iopromide, GE Healthcare, Eindhoven, The Netherlands)
was prewarmed to 37° C (99°F) and administered intravenously as a
bolus injection of 100–150 ml at a rate of 1,8–3,5 ml/s, followed by a
saline flush of 20–40 ml. The scan delay for the PVP was set at 70–80 s.
Slice thickness was 5 mm in two of the three study centres. In the third
center the original slice thickness was 3 mm, which was reconstructed
to 5 mm for assessment in this study.

Image assessment

CT images were transferred to an offline workstation for texture
analyses and analysed using the open source software tool MRIcron
[20]. An experienced reader (RCJB) manually traced the surface of the
whole liver on the PVP images on each consecutive slice including all
normal (apparently non-diseased) liver parenchyma, excluding the
border of the liver, any visible lesions (any benign focal liver lesions
or metastases), the caudate lobe (as this is often ill defined and difficult
to discern from the vena cava), the inferior vena cava and large portal
and hepatic veins to obtain volumes of interest (VOIs) of the whole liver
volume, according to methods previously reported (Fig. 1) [10,14].
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Texture analysis

Texture analysis was performed using a dedicated script written in
MATLAB (The MathWorks Inc., Natick, MA, 2000) by one of the authors
(RSS), according to methods previously reported [14,21]. It comprised
two main stages: (a) image filtration, followed by (b) quantification of
texture. Fine image filtration highlights very small structures (in the
order of 1–2 mm), while coarse image filtration highlights larger
structures (in the order of 6 mm). For image filtration, a Laplacian of
Gaussian (LoG) band-pass filter was applied to the VOI using sigma (σ)
values of 0.5 (fine scale filtration), 1.5 (medium scale filtration) and 2.5
(coarse scale filtration). For each CT scan with a resolution different
than 0.84 mm, the value of σ was modified to keep the physical size
(in mm) of the filter constant. The texture of the liver parenchyma was
characterized by mean grey-level intensity (M), entropy (E) and

uniformity (U). The mathematical analysis technique used for this
study is described in detail in the Appendix.

Statistical analysis

Statistical analyses were performed using the Statistical Package for
the Social Sciences (IBM Corp. Released 2012. IBM SPSS Statistics for
Windows, Version 21.0. Armonk, NY: IBM Corp.) and Stata (StataCorp.
2009. Stata Statistical Software: Release 11. College Station, TX:
StataCorp LP). Baseline patient characteristics were assessed using
descriptive statistics. Further analysis comprised two steps:

• Step 1: univariable multilevel logistic regression analyses were
performed to identify potentially predictive clinical and texture
parameters (P < 0.1) to differentiate between group A (no metas-
tases) and group B (synchronous metastases). Multilevel analyses
per CT scanner (n = 10 scanners, 3–4 different scanners per center)
were performed to account for potential differences in scan protocol
(e.g. contrast timing, kVp) and CT software and hardware between
scanners/centres.

• Step 2: multivariable multilevel logistic regression analysis was
performed to test the predictive value of the clinical and texture
parameters identified in step 1 to differentiate between patients
without metastases (group A) and patients who later developed
metastases (group C). CT scanner was chosen as level for the
multilevel analysis. Results were separately analysed for patients
who developed metastases within 6 months (early), between 7 and
12 months (intermediate) and between 13 and 24 months (late).

Receiver operating characteristics (ROC) curves were constructed to
determine the diagnostic performance of the various clinical/texture
features in predicting the development of liver metastases. The
diagnostic performance of different combinations of parameters was
assessed using predicted probabilities derived from the logistic regres-
sion as input variables. Differences in diagnostic performance between
the different approaches were compared using the method described by
Delong et al. [22].

3. Results

Patient characteristics

Patient characteristics are given in Table 1. The primary tumour was
located in the colon in 88 patients and in the rectum in the other 77
patients. Fifty-seven patients had no metastases (during a follow-up of
at least 24 months after primary diagnosis); 54 patients had synchro-
nous metastases; 11 patients developed metastases within 6 months, 20
within 7–12 months and 23 after 13–24 months.

Fig. 1. Example of VOI’s drawn on a portal venous phase computed tomography (CT) image of the liver with no filtration (a), fine filtration (0.5)(b), medium filtration (1.5)(c) and coarse
filtration (2.5)(d). The border of the liver, any visible lesions, the inferior vena cava and large portal and hepatic veins were excluded.

Table 1
Baseline characteristics of the 165 study patients.

Group

A (N = 57) B (N = 54) C (N = 54) Total

Age (y)
Mean 61 66 64 64
Range 16–86 22–85 46–81 16–86

Sex
Male 32 (56.1) 40 (74.1) 34 (63.0) 106 (64.2)
Female 25 (43.9) 14 (25.9) 20 (37.0) 59 (35.8)

Primary tumour site
Rectum 34 (59.6) 19 (35.2) 24 (44.4) 77 (46.7)
Colon 23 (40.4) 35 (64.8) 30 (55.6) 88 (53.3)

Tumour stage*

T1 1 (1.8) 0 0 1 (0.6)
T2 8 (14.0) 2 (3.7) 3 (5.6) 13 (7.9)
T3 42 (73.7) 42 (77.8) 39 (72.2) 123 (74.5)
T4 6 (10.5) 1 (1.9) 12 (22.2) 19 (11.5)

Nodal stage*

N0 25 (43.9) 15 (27.8) 15 (27.8) 55 (33.3)
N1-2 32 (56.1) 30 (55.6) 39 (72.2) 101 (61.2)

Interval until metastases (m)†

N/A N/A 12 [2–24] N/A
Carcinoembryonic antigen (CEA) at the time of primary diagnosis
Normal (< 5 mcg/L) 24 (42.1) 7 (13.0) 20 (37.0) 51 (30.9)
Elevated (≥5 mcg/L) 18 (31.6) 39 (72.2) 25 (46.3) 82 (49.7)

Note. Unless otherwise indicated, data are numbers of patients and data in parentheses
are percentages.
Group A: patients without liver metastasis (N = 27/11/19 per centre).
Group B: patients with synchronous liver metastasis at the time of primary staging
(N = 18/8/28 per centre).
Group C: patients with liver metastasis occurring within 24 months after primary staging
(N = 30/6/18 per centre).
N/A: not applicable.

* Primary tumour/nodal stage based on histopathology for patients undergoing direct
surgery and based on MRI for patients undergoing neo-adjuvant treatment.

† Median interval between the primary staging CT and the detection of liver
metastases.
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Step 1–Identification of potential predictive parameters

The mean (± standard deviation) of the texture parameters for the
different subgroups are presented in Table 2. Detailed results of the
univariable multilevel logistic regression analyses are presented in
Table 3. There was no significant difference within the scanners
(P > 0.05). Of the texture parameters, uniformity at fine scale filtra-
tion (U0.5) offered the best results to differentiate between patients

without (group A) and patients with synchronous metastases (group B).
In addition, nodal status, primary tumour site, sex and CEA were
identified as potentially predictive clinical parameters.

Step 2: prediction of metachronous metastases

Table 4 shows the results of the multivariable logistic regression of
the different parameters identified in step 1 to discriminate between
group A (no metastases) and C (metachronous metastases). For the
whole group of patients with metachronous disease neither texture
analysis (U0.5), nor any of the clinical parameters showed significant
predictive value (OR 0.52–1.67, P = 0.16–0.44). In the sub-analysis of
patients who developed early metastases (within 6 months) U0.5

resulted in an OR of 0.56 (P = 0.05). Representative imaging examples
of patients from the no metastases and early metastases group are
provided in Fig. 2. Nodal stage in this subgroup resulted in an OR of
3.19 (P= 0.06).

Diagnostic performance to predict metachronous metastases

ROC-curves illustrating the diagnostic performance of texture and
clinical parameters to predict the development of liver metastases are
provided in Fig. 3. For the whole group of patients with metachronous
disease, AUCs to predict the development of metastases ranged between
0.51 and 0.61 for (combinations of) U0.5, and the clinical parameters
CEA and nodal stage. For prediction of early metastases (occurring
within six months), the AUC was 0.74 for U0.5 versus AUC 0.70 for
CEA + N-stage (P = 0.72). Combining U0.5 with CEA + N-stage re-
sulted in an AUC of 0.78, which was not a significant improvement
compared to either U0.5 (P= 0.53) or N-stage + CEA (P= 0.08).

4. Discussion

The aim of our study was to evaluate in a multicentre setting
whether CT-texture analysis of the apparently non-diseased liver at the
time of primary diagnosis has the potential to predict upfront which
patients who initially present without metastases are at risk of devel-
oping liver metastases at later stage. Our results suggest that texture
analysis has some promise to differentiate patients that will develop
liver metastases early (≤6 months) after initial diagnosis, but is not

Table 2
CT texture parameters of the apparently non-diseased liver parenchyma.

A (n = 57) B (n = 54) C (n = 54) C1 (n = 11) C2 (n = 20) C3 (n = 23)

Mean grey-level intensity
unfiltered 105.38 ± 18.73 103.09 ± 17.34 101.68 ± 16.56 100.61 ± 12.67 98.02 ± 17.05 105.37 ± 17.59
σ = 0.5 0.001 ± 0.07 0.011 ± 0.10 -0.023 ± 0.06 -0.008 ± 0.04 -0.021 ± 0.07 -0.031 ± 0.6
σ = 1.5 0.45 ± 0.19 0.50 ± 0.23 0.40 ± 0.17 0.45 ± 0.18 0.37 ± 0.17 0.40 ± 0.18
σ = 2.5 1.42 ± 0.44 1.49 ± 0.49 1.34 ± 0.44 1.44 ± 0.42 1.23 ± 0.38 1.40 ± 0.49

Entropy
unfiltered 5.69 ± 0.26 5.69 ± 0.22 5.65 ± 0.34 5.74 ± 0.26 5.68 ± 0.38 5.59 ± 0.34
σ = 0.5 7.16 ± 0.33 7.04 ± 0.37 7.14 ± 0.52 7.36 ± 0.23 7.17 ± 0.54 7.00 ± 0.58
σ = 1.5 6.87 ± 0.35 6.88 ± 0.31 6.78 ± 0.38 6.79 ± 0.35 6.83 ± 0.44 6.73 ± 0.34
σ = 2.5 6.27 ± 0.36 6.35 ± 0.30 6.17 ± 0.35 6.17 ± 0.35 6.20 ± 0.38 6.15 ± 0.32

Uniformity
unfiltered 23.24 ± 4.06 23.17 ± 3.66 24.08 ± 5.54 22.26 ± 3.76 23.76 ± 5.88 25.23 ± 5.86
σ = 0.5 8.43 ± 1.76 9.37 ± 3.00 9.12 ± 4.72 7.29 ± 1.14 8.87 ± 4.46 10.21 ± 5.73
σ = 1.5 10.47 ± 2.54 10.35 ± 2.28 11.16 ± 2.66 11.04 ± 2.50 10.89 ± 3.03 11.46 ± 2.47
σ = 2.5 16.10 ± 4.13 15.21 ± 3.32 17.15 ± 3.99 17.18 ± 3.87 16.89 ± 4.51 17.36 ± 3.71

Note: Data are the mean ± standard deviation.
σ: different image filtrations.
Group A: patients without liver metastasis.
Group B: patients with synchronous liver metastases at the time of primary staging.
Group C: patients with liver metastases occurring within 24 months following primary staging.
Group C1: early metastases (≤6 months following primary staging).
Group C2: intermediate metastases (7–12 months following primary staging).
Group C3: late metastases (13–24 months following primary staging).

Table 3
Univariable multilevel logistic regression analysis to differentiate between group A and B.

Parameters Odds Ratio P

Mean grey-level intensity
unfiltered 0.99 (0.97–1.01) 0.50
σ = 0.5 3.99 (0.06–279.24) 0.52
σ = 1.5 3.32 (0.54–20.64) 0.20
σ = 2.5 1.37 (0.61 – 3.10) 0.44

Entropy
unfiltered 0.99 (0.21–4.60) 0.99
σ = 0.5 0.32 (0.10–1.05) 0.06*

σ = 1.5 1.14 (0.36– 3.60) 0.82
σ = 2.5 2.00 (0.64–6.24) 0.23

Uniformity
unfiltered 1.00 (0.90–1.10) 0.93
σ = 0.5 1.21 (0.99–1.46) 0.06*

σ = 1.5 0.98 (0.84–1.14) 0.79
σ = 2.5 0.94 (0.85–1.04) 0.21

Age on diagnosis (y) † 1.02 (0.99–1.05) 0.18
Sex †,‡ 0.45 (0.20–1.00) 0.05
Primary tumour site †,§ 2.72 (1.26–5.88) 0.01
Tumour stage 1.27 (0.53–3.06) 0.60
Nodal stage † 1.52 (0.96–2.39) 0.07
Node positive/Node negative 1.56 (0.69–3.52) 0.28
CEA level (mcg/L) † 1.05 (1.02–1.09) 0.00

Note. Data in parentheses are 95% confidence intervals.
Group A: patients without liver metastasis.
Group B: patients with synchronous liver metastases at the time of primary staging.

* Since entropy and uniformity are correlated parameters, only uniformity was
selected for multivariable logistic regression analysis because of the smaller confidence
interval.

† Parameters with P< 0.2 were selected for multivariable logistic regression analysis.
‡ Male (vs. female).
§ Location in rectum (vs. colon).
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robust enough to identify patients at risk to develop metastases after a
longer interval (within 7–24 months).

Our findings are in line with those of previous single-center studies
that reported that changes in the overall texture of the liver parench-
yma can be observed when metastatic disease is present within the
liver. Both Rao et al. [14] and Ganeshan et al. [10] reported significant
differences in CT-texture between patients with and without liver
metastases. Rao et al. [14] also reported a similar subtle change in
texture in patients who had no metastases at the time of primary

diagnosis but later developed metachronous liver metastases, but the
number of patients with metachronous disease in their cohort was too
small (n = 4) to draw any meaningful conclusions. Our current multi-
centre study follows up on these previous works and confirms that – at
least to predict metastases occurring within 6 months – texture analysis
may be of added value. In ROC-curve analysis there was a trend
towards improved results compared to more well-known clinical
markers (CEA + N-stage) with an AUC of 0.78 for texture + clinical
markers versus an AUC of 0.70 for only clinical markers, albeit not

Table 4
Multilevel multivariable logistic regression analysis to differentiate between group A and C.

Parameters A vs. C A vs. C1 (n = 11) A vs. C2 (n = 20) A vs. C3 (n = 23)

Odds Ratio P Odds Ratio P Odds Ratio P Odds Ratio P

Uniformity σ= 0.5 1.08 (0.92–1.26) 0.35 0.56 (0.31–1.00) 0.05 1.04 (0.85–1.28) 0.68 1.20 (0.97–1.47) 0.09
Nodal stage 1.50 (0.85–2.68) 0.16 3.19 (0.96–10.66) 0.06 2.02 (0.93–4.40) 0.08 0.87 (0.42–1.80) 0.70
Primary tumour site * 1.67 (0.68–4.10) 0.26 4.18 (0.70–25.02) 0.12 1.95 (0.58–6.60) 0.28 1.49 (0.46–4.81) 0.50
CEA (mcg/L) 1.01 (0.98–1.05) 0.44 1.02 (0.98–1.06) 0.41 1.02 (0.98–1.06) 0.37 1.00 (0.94–1.06) 0.93
Sex † 0.52 (0.21–1.31) 0.17 0.63 (0.12–3.38) 0.59 0.69 (0.19–2.49) 0.57 0.45 (0.13–1.58) 0.21

Note. Data in parentheses are 95% confidence intervals.
Group A: patients without liver metastases.
Group C: with liver metastases occurring within 24 months following primary staging.
Group C1: early metastases (≤6 months following primary staging).
Group C2: intermediate metastases (7–12 months following primary staging).
Group C3: late metastases (13–24 months following primary staging).

* Location in rectum (vs. colon).
† Male (vs. female).

Fig. 2. Representative examples of the CT scans of a patient from the no metastases group (upper row, A1-A3) and a patient from the metachronous metastases group (bottom row, B1-
B3). The dotted lines represent the delineations of the VOIs used to derive the texture features. On primary staging CT, patient A had no visible liver lesions (A1) and patient B had a
haemangioma in segment 6 (arrowhead in B1) that was excluded from the VOI. On the scan performed at six months after diagnosis (A2), as well as a late follow-up scan performed 5
years after diagnosis (A3), patient A remained free of metastases. Patient B developed a metastatic lesion of 17 mm in segment 6 (arrow in B2, performed 6 months after diagnosis), which
was later confirmed on PET (arrow in B3) and pathologically confirmed after resection of the lesion. The haemangioma remained unchanged (arrow head in B2) and was negative on PET.
On the primary staging CT, uniformity with a fine filter was 8,665 in patient A who remained without metastases, while it was 6,591 in the patient with metachronous metastasis,
illustrating that lower uniformity may be used as a marker to predict patients at risk of developing early metastatic disease.
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statistically significant (P= 0.08). From a clinical point of view,
however, these very early metastases are more considered occult
synchronous metastases, that were probably already present but too
small to detect by visual assessment on CT at the time of primary
staging. Moreover, one could wonder whether these lesions might have
been detected if patients would have been imaged with MRI instead of
CT, given the known superiority of MRI over CT for the detection of
small liver metastases [23,24]. For the prediction of ‘true’ metachro-
nous metastases occurring at later stage, texture analyses were not
beneficial. If in these patients changes were already present within the
liver at time of primary diagnosis and staging, they were too small to be
detected with texture analyses.

Despite the fact that the texture analysis and the delineation were
performed in the same way as previous reports, there are some
remarkable discrepancies between the findings [10,14,21]. First, in
our study the best results were obtained for texture measures using fine
image filtration, whereas previous reports found better results for
medium to coarse filters [10,14]. Fine image filtration highlights very
small structures (in the order of 1–2 mm), while coarse image filtration
highlights larger structures (in the order of 6 mm). The size of the
structures that can be detected, however, also depends on the chosen
slice thickness which influences image noise and intrinsic contrast.
Therefore one could expect a correlation between the slice thickness
and the optimal image filtration to detect structures of a certain size.
Since the above-mentioned studies (including the current) were per-
formed with CT images of varying slice thickness (ranging between 3
and 10 mm), this may have contributed to the varying results for
different image filtrations between studies. Also, previous studies
performed by Ganeshan et al. use a single slice, while our report is
based on the average of multiple slices resulting in whole liver analysis
[10,17].

Although the exact mechanism is not fully known, changes in liver
texture as a result of metastatic involvement have been proposed to be
related to changes in liver perfusion or changes on a cellular level
caused by the presence of micro metastases [16,18,25] With this in
mind, it would be logical to assume that entropy would increase (more
heterogeneous/irregular liver structure) and vice versa uniformity
would decrease in patients with synchronous metastases and that by
extension this effect may also already be observed in patients who later

develop metachronous disease. However, as illustrated in Table 2,
entropy and uniformity values fluctuated inconsistently between the
different subgroups of patients with synchronous, early, intermediate
and late metastases for reasons not well understood. Previous studies
also found conflicting results; some indeed reported higher entropy and
corresponding lower uniformity in patients with metastases [10,14],
while others reported the opposite effect [9]. Further research is
therefore needed to understand the complex relations between texture
parameters and underlying biological tissue characteristics in these
different settings.

Apart from biologic tissue properties, there are also several other
factors that may influence texture measures, amongst which the image
acquisition parameters. For example, Bezy-Wendling et al. reported that
texture values are highly dependent on the slice thickness of the CT
images [26]. As described above, slice thickness varies considerably
between published reports. Moreover, Ganeshan et al. reported that
timing of acquisition after contrast injection has a considerable effect
on entropy and uniformity values (even with slight variations in timing)
with typically an increase in entropy and decrease in uniformity over
time [9,27]. Since contrast timing differs between studies (some used
non-enhanced CT and others contrast-enhanced CT with various
contrast timings) and even within studies, this will likely also have
contributed to the variations in results [9,17,25,28]. Other factors such
as contrast volume, kVp and slice collimation may also affect results,
although effects of these items have so far not been specifically
addressed in literature. We tried to compensate for such effects by
performing a multilevel analysis per CT scanner used in our study
(thereby aiming to take into account hardware, software and acquisi-
tion protocol related variation between scanners and centres). However
we cannot fully rule out potential confounding effects and more
detailed research on the precise effects of acquisition-related factors
is therefore urgently needed. All together these issues make it difficult
to perform multicentre texture research and ultimately generalize and
translate findings to daily use. These issues are also part of the reason
why texture analysis is not yet ready for use in clinical practice. Before
texture features may truly be used as clinical imaging biomarkers,
further standardisation of acquisition- and technical parameters is thus
required. Moreover, discrimination threshold values will need to be
defined and properly validated.

Fig. 3. ROC curves illustrating the diagnostic performance of clinical parameters (N-stage and CEA), texture analysis (U0.5) and a combination of clinical and texture parameters to predict
patients at risk to develop metachronous disease for the whole patient group (left) and for the subgroup of patients who developed metastases within six months.
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There are some other limitations to our study design. First, because
we aimed to obtain three equally sized patient cohorts, patients
(particularly in the metachronous group, being the least prevalent
outcome) are non-consecutive. Second, VOI’s were drawn by a single
observer, which does not account for potential interobserver variations
(though we believe that for whole-liver analysis this effect will probably
be limited). Finally, slice thickness was relatively large (5 mm) and in
one of the three centres the slice thickness was reconstructed from an
original slice thickness of 3 mm, which may have affected image noise.
Finally, as described above, for our study we only looked at CT, as this
still represents the most routinely used modality for staging CRC in
daily practice. Routine staging with MRI was not performed. For future
studies it will be worthwhile to look at the potential added value of MRI
in this regard.

In conclusion it is our experience that it is technically challenging to
analyse CT-texture in a multicentre setting and fully take into account

potential confounding factors such as differences in CT acquisition
protocols. Apart from these challenges, our results suggest that CT-
texture analysis may have promise as an adjunct to known clinical risk
factors such as N-stage and CEA to predict which patients that are at
risk of developing liver metastases early (≤6 months) after initial
diagnosis, but is not robust enough to identify patients at risk of
developing metastases at later stage, i.e. within 1–2 years.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Acknowledgement

No additional individuals provided help during the research.

Appendix A. Image filtration

Texture analysis consists of two main stages: (a) image filtration and (b) quantification of texture.

(A.1) Image filtration

For image filtration, a Laplacian of Gaussian (LoG) band-pass filter was chosen. Before applying the filter, regions outside the VOI were set to the
average value of the pixels inside the VOI, to prevent non-target regions to influence the analysis. The LoG filter is mathematically defined as
ΔG(x,y), with Δ the Laplace operator and G(x,y) a two-dimensional Gaussian. We have chosen to normalize the Gaussian as follows:

G x y e( , ) = − x y σ−( + )/(2 )2 2 2
(A.1)

which results in a LoG filter that is described by

⎛
⎝⎜
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x y

σ
e= ∇⋅∇ = 4

2
1 − +

2
x y σ

2

2 2

2
−( + )/(2 )2 2 2

(A.2)

We applied the filter in the Fourier space, as this is less computationally demanding. To calculate the convolution of the data and our filter, we
multiplied their Fourier transforms in Fourier space. This has the additional benefit of reducing the discretization errors, as the filter has a larger
width in Fourier space. The Fourier transform of the filter is given by

F ΔG πσ π k k e( ) = 2 4 ( + ) ,x y
π σ k k2 2 2 2 − 2 ( + )x y

2 2 2 2
(A.3)

with kx and ky in the range [-0.5,0.5]. The LoG-filter was applied for a range of σ values. The width of the filters in pixels (at the reference
resolution of 0.84 mm) and mm is shown in Table 1A. For each CT scan with a resolution different than 0.84 mm, the value of σ was modified to keep
the physical size (in mm) of the filter constant. We defined the width of the filter as the distance between the zero crossings (see Fig. 1A). These occur
for x2 + y2 = 2σ2, so the total width of the filter is given by 2 2 σ.

(A.4) Quantification of texture

For image quantification of texture, mean grey-level intensity, entropy and uniformity were used. These parameters were calculated from a
histogram of the points within the VOI with a bin size of 1 HU. From the histogram, the parameters were calculated using:

∑mean f i h i= ( )⋅ ( ),
i

M

=1 (A.4)

∑entropy f i f i= − ( )⋅log ( ( )),
i

M

=1
2

(A.5)

∑uniformity f i= 1000⋅ ( ) ,
i

M

=1

2

(A.6)

where M is the number of bins in the histogram, f(i) the fraction of the voxels in the vOI in bin number i of the histogram and h(i) the HU value of bin

Table 1A
Filter widths for different values of σ.

σ [pixels] Full width [pixels] Full width [mm]

0.5 1.4 1.2
1.5 4.2 3.6
2.5 7.0 5.9
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i. The entropy gives an indication of the width of the histogram and the uniformity of the narrowness.
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