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Abstract: Background: Liver metastases are a leading cause of cancer-associated deaths in patients
affected by colorectal cancer (CRC). The multidisciplinary strategy to treat CRC is more effective when
the radiological diagnosis is accurate and early. Despite the evolving technologies in radiological
accuracy, the radiological diagnosis of Colorectal Cancer Liver Metastases (CRCLM) is still a key point.
The aim of our study was to define a new patient representation different by Artificial Intelligence
models, using Formal Methods (FMs), to help clinicians to predict the presence of liver metastasis
when still undetectable using the standard protocols. Methods: We retrospectively reviewed from
2013 to 2020 the CT scan of nine patients affected by CRC who would develop liver lesions within
4 months and 8 years. Seven patients developed liver metastases after primary staging before any
liver surgery, and two patients were enrolled after RO liver resection. Twenty-one patients were
enrolled as the case control group (CCG). Regions of Interest (ROIs) were identified through manual
segmentation on the medical images including only liver parenchyma and eventual benign lesions,
avoiding major vessels and biliary ducts. Our predictive model was built based on formally verified
radiomic features. Results: The precision of our methods is 100%, scheduling patients as positive only
if they will be affected by CRCLM, showing a 93.3% overall accuracy. Recall was 77.8%. Conclusion:
FMs can provide an effective early detection of CRCLM before clinical diagnosis only through

non-invasive radiomic features even in very heterogeneous and small clinical samples.
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1. Introduction

Liver metastases are a leading cause of cancer-associated deaths in patients affected by
colorectal cancer (CRC) [1,2]. Concerning the best patient care, a multidisciplinary strategy
has been developed to treat CRC, involving surgeons, oncologists, radiotherapists, and
radiologists [3-5]. The team is essential to provide data that are required for any practicing
surgeon to guide the best patient care [6-10].

To date, the RO surgical resection of liver metastases is still considered the best treat-
ment for curative purposes [11]. In recent years, the new parenchyma sparing techniques
and the accurate ultrasound-guided liver resections allow even more wide surgical indi-
cations and the possibility of further surgery also in case of recurrence [12]. The accurate
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and early diagnosis of all intrahepatic lesions prior to surgical resection is necessary to best
plan the whole oncological management [6,13].

Despite the evolving technologies in radiological accuracy, the radiological diagnosis
of Colorectal Cancer Liver Metastases (CRCLM) is still a key point [14].

The standard of clinical practice detects liver lesions through tri/quadriphasic CT scan
associated with MRI only in selected cases [6,7,13,15-18].

It should be underlined that the most challenging clinical picture is represented by
liver micrometastases, which are not detectable with the standard radiological protocols,
becoming evident only in a later time [19,20].

So, an earlier and more accurate diagnosis of liver micrometastases could provide
more appropriate treatment and surveillance strategies, which implies a more intensive
follow-up [15-17,20,21].

Currently trained physicians visually assess medical images for the detection, char-
acterization, and monitoring of diseases. On the other hand, the application of Artificial
Intelligence (AI) methods automatically evaluates imaging data and provides quantitative,
rather than qualitative, assessments of radiographic characteristics [22].

Some studies had already investigated computed models to achieve an earlier de-
tection of liver metastases, but they were limited to machine learning methods in a short
follow-up time frame [15,17,21].

Those studies showed that the most important limit of Al and machine learning is the
need of a huge cohort of cases to achieve a satisfying sensitivity and specificity rate [23].

In this paper, considering previous successful experiences achieved in other set-
tings [24-29], we propose to use for the first time Formal Methods (FMs) to investigate
liver parenchyma. We aim to early detect liver metastases by computing non-invasive
shape-based radiomic features from CT images when they are still undetectable using the
standard protocols [30,31].

Our secondary end points are:

- To demonstrate the effectiveness and reliability of FMs also in a long follow-up time
frame and in a small population cohort.

- To assess the effectiveness and reliability of FMs imaging detection also after hepato-
Biliary surgery.

2. Materials and Methods
2.1. Dataset

We retrospectively reviewed the CT scan data of 30 patients collected between January
2013 and June 2021 at the Pineta Grande Hospital Castel Volturno, Caserta, Italy. All patients
included in the study underwent CT scan at our centre using SOMATOM® Definition Flash
(dual-source 128-slice CT scanner), Siemens Healthcare, Erlangen, Germany. A total of
21 patients were enrolled as a case control group (CCG). CCG included “healthy” patients
who underwent triphasic CT scan for other causes without any radiological or anamnestic
evidence of cancer disease or chronic illness. Any evidence of underlying liver disease
excluded patients from the CCG. Benign liver lesions, defined as angiomas and hepatic
cysts, were not considered an exclusion criterion. The case group (CG) included 9 patients
affected by CRC who would develop liver lesions within 4 months and 8 years, while
7 patients developed liver metastases after primary staging before any liver surgery, and
2 patients were enrolled after RO liver resection. The evidence of any liver lesion at first CT
scan was considered as exclusion criteria. The inclusion criteria were:

- Evidence of CRC diagnosed at CT scan confirmed with histopathological exam;

- Patients who performed the first CT scan and follow-up exams at our centre, in order
to set the protocol on the same scan;

- No evidence of liver lesion at the moment of primary diagnosis or at follow up
after surgery;

- Findings of previous liver surgery in metachronous patients already treated with
surgical approach.
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The exclusion criteria were:

- Evidence of synchronous liver lesions at first CT scan;
- Underlying liver disease in both groups;
- CT scan performed in other centres or with other type of scan setting.

2.2. Image Acquisition and Segmentation

The image acquisition phase regarded the CT scan portal phase, while all other phases
were excluded. The program analyzed images without symbols or other patterns detectable
at the naked-eye view, as shown in Figure 1. Regions Of Interest (ROIs) were manually
defined, checked, and reviewed on a 3D-Slicer by trained physicians [32].

Figure 1. Healthy liver (left), metastatic liver (right).

We excluded the portal vein, the inferior vena cava branches, and the gallbladder, as
shown in Figure 2. Our approach granted the inclusion of the whole liver parenchyma and
biliary structures.

Figure 2. Example of manual segmented Region Of Interest (ROI).

2.3. Radiomics Feature Extraction and Reduction

The process of ROI segmentation was performed slice by slice in the whole portal
phase series. Successively, radiomic features were extracted through “Pyradiomics” (Boston,
MA, USA), an extension of the 3D Slicer software [33]. Pyradiomics is a Python library that
allows the file conversion of radiological images into numerical features to extract data
not achievable at “naked-eye view”. Feature extraction was conducted on a mean of 70
(56-92 CI) ROI/patient, and successively, a feature selection has been performed. Radiomic
features were analyzed by Weka [34]. Weka (General Public License, New Zealand) is an
open-source software that uses algorithms of machine learning and data mining to identify
the most discriminating features [34]. It is a simple way to apply machine learning methods
to a CSV dataset [34], and it allows easily analyzing results. Through these methods, Al
can predict new data behaviors. Weka [34] imports patients ID in a dataset, all radiomic
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features are scheduled in rows, while clinical data are scheduled in columns. Then, it is
possible to select the most discriminating features related to “healthy” and “metastatic”
livers. The final step is called feature reduction or feature selection. The features reduction
outputs resulted in 22 features divided into the 5 classes defined by the radiomic standards
(Table 1) [35]. Below, we provide the list of features selected as “significant”, but not
“redundant” [35].

Table 1. FIRST, First-Order features; GLDM, Grey-Level Dependence Matrix features; GLCM, Grey-
Level Co-occurrence Matrix features; GLRLM, Grey-Level Run Length Matrix features; GLSZM,

Grey-Level Size Zone Matrix features.

FIRST GLDM GLCM GLRLM GLSZM
. High Grey-Level Run High Gray-Level Zone
Entropy Dependence Entropy Autocorrelation Emphasis Emphasis
Interquartile Range .
Mean Absolute High Grey-Ifevel Joint Average Long Run Low . Low Grey-LeV.el Zone
- Emphasis Grey-Level Emphasis Emphasis
Deviation
Mean Absolute Large Dependence Low Joint Entro Low Gray-Level Run Small Area Low
Deviation Grey-Level Emphasis Py Emphasis Gray-Level Emphasis
Robust Mean Absolute Low Grey-Level Sum Average Short Run Low
Deviation Emphasis g Grey-Level Emphasis
Uniformity Small Dependance Low Sum Entropy

Grey-Level Emphasis

2.4. Formal Methodology

FMs are based on Milner’s algebra [36], which is a mathematical logic currently used to
build a model that gathers all the information of the state of health of a single patient. Then,
these models must be verified through a formal verification agent, the Model Checker [37].
In Figure 3, a schema of the used approach is shown. Starting from the radiological images,
these are segmented and discretized according to some selected radiomic features. Once
these features are translated into a formal model of the health status of a patient, the Model
Checker agent will verify, on that model, if the property representing the disease is present.

LIVERTC

ﬁ

A

MEDICAL REPORTS

SEGMENTATION

SELECTED RADIOMIC DISCRETIZATION

FEATURES

PROPERTY
SATISFIED
‘ up
! FORMAL MODEL
MODEL CHECKER
PROPERTY NOT '
SATISFIED PROPERTY

Figure 3. Schema of the formal verification approach.
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Density

The formal model contains the health status of a patient that is represented by different
radiomic features. As a matter of fact, each single feature value is computed by a single slice
of the radiological exam: for this reason, the discrete values of each feature can be different
between healthy patients and sick patients. Thanks to Formal Methods, researchers can
highlight these differences and use them for a second virtual opinion.

Once the model was built, it is necessary to define, also with the help of the radiologist,
a certain state of health: in FMs, the disease is described by some “properties” or “formulas”,
needing to be used for the classification task. The properties logically combine similarities
between patients with the same state of health to better emphasize the state of health and
find some patterns. In this study, these properties will set the rules to recognize “healthy”
or “metastatic” livers.

The Model Checker checks if a property is verified on each patient model [38,39]. This
logic rule includes a logical-temporal reasoning [37] that is needed to link different CT
slices, so it guarantees a multi-slice approach. The model checker returns “True” or “False”
depending on whether the property is satisfied on the patient model. All the above steps of
the formal verification are summarized in Figure 3.

2.5. Outcome Extraction
The outcomes used to determine the reliability of the classifier were:

- True Positive Rate (TP): Number of metastatic patients correctly classified as “metastatic”;
- False Positive Rate (FP): Number of healthy patients wrongly classified as “metastatic”;
- False Negative Rate (FN): Number of metastatic patients wrongly classified as “healthy”;
- True Negative Rate (TN): Number of healthy patients correctly classified as “healthy”.

Considering the above definition, different performance metrics were calculated, as
shown in the following subsection:

- Precision: correct assignment to the class of positives;
- Recall: the completeness of the assignment to the class of the positives;
- Accuracy: the fraction of correctly classified cases.

3. Results

The most discriminating features’ classes were: First-Order features (FIRST), Grey-
Level Dependence Matrix features (GLDM), Grey-Level Size Zone Matrix features (GLSZM),
which were demonstrated to be the most significant considering their distribution between
“healthy” and “metastatic” livers. So, we excluded all the remaining features (Figure 4).
Uniformity and Entropy were the only features analyzed belonging to first class. Figure 4
shows entropy distributions in different categories of patients.

Density

20 22 1.50 175 2.00 225
Values Values

Figure 4. Statistical distributions of “metastatic patients” (left) and “healthy patients” (right). The
blue line shows the trend of distribution of feature values.
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The precision of our methods is 100%, scheduling patients as positive only if they
will be affected by CRCLM, showing a 93.3% overall accuracy. Recall was 77.8%. Table 2
synthetases the clinical reliability of the method. It shows the results in the clinical context
rather than in feature classes through the confusion matrix.

Table 2. Clinical output.

Actual Values

Confusion Matrix

Metastatic Healthy
Metastatic ™=7 FP=0
Predicted Values
Healthy FN =2 TN =21

The authors are very satisfied with the results obtained: this can be a further step
toward the use of radiomics as a tool for the prediction of chronic diseases. The results
of this virtual diagnosis for medical doctors are very promising: below, we provide ad-
ditional accuracy and utility statistics that can help in understanding how powerful the
methodology is and what the advantages are over artificial intelligence techniques.

These statistics were derived from the study of Mitchell (Table 3) [40].

Table 3. Accuracy and utility statistics according to Mitchell [40] to gain more information about the
clinical usefulness of the methodology.

Accuracy Statistics Value 95% Confidence Interval
Sensitivity 77.8%
Specificity 100.0%
Positive Predictive Value 100.0%
Negative Predictive Value 91.3%
Positive Likelihood Ratio (+Ve) Inf
Negative Likelihood Ratio (—Ve) 0.222
Test Score (or fraction correct) % 93.3%
Prevalence 30.0%
Utility Statistics Rating 95% confidence interval
Clinical Utility (+Ve) Good 0.778
Clinical Utility (—Ve) Excellent 0.913

4. Discussion

Our study showed promising outcomes about the chance to detect liver metastasis
from CRC early through FMs analysis of CT radiomic features.

We would underline how FMs achieved a precision rate of 100% allowing us to discern
patients who will develop CRCLM with high reliability.

We selected the most discriminating features and properties, so we achieved a global
accuracy of 93.3% and a recall rate of 77.8%.

This approach might be advantageous and preferable because when the tumor is
not yet detectable through standard protocols, FMs grant the chance to apply a stricter
and more effective follow-up. Furthermore, it allows the best management of the health
system sources. Comparing our results to other experiences reported in the literature,
we found that the FMs reliability is superimposable to the outcomes reported by other
authors who investigated the Al application to CRCLM diagnosis [17,19,21]. We started
the prediction of CRCLM on the idea of Taghavi et al., which demonstrated the efficacy of
machine learning-based analysis of CT radiomics model for the prediction of CRCLM [17].
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In conclusion, we can state that both FMs and the other artificial intelligence methods
are able to predict the development of liver metastasis [17,19,21].

The limitations of their studies were linked to the large sample size needed to set the
machine learning method associated with the need to create a homogeneous sample of cases
for the training set and, consequently, the exclusion of patients who had already undergone
liver surgery [17]. In order to overcome the need of large samples, FMs were chosen to
achieve a high reliability also through a small sample improving precision and sensitivity.
This aim can be achieved because FMs are built on properties rationally determined in
advance as mathematical formulas by the domain experts (physicians and radiologists).
They represent the computer science translation of radiological knowledge; they are applied
when liver metastases are not detectable to the human eye. The program applies the correct
rule because it learns from physicians and technicians rather than images, as provided by
machine learning methods.

Sensitivity and global accuracy may be also improved in FMs, redefining the properties
in order to teach the model more information. The outcomes cannot be improved by
increasing the number of patients, because the model does not need a training set to work.
For this reason, the software is very reliable even with a small sample of cases.

The present study reports for the first time an effective early detection of liver metas-
tases also in a wide time range. Our model predicted the metastases development in a time
range of 3-48 months from primary tumor diagnosis. Only one diagnosis was missed in a
patient who would develop CRCLM 8 years after CRC diagnosis.

Taking into account that the recurrence rate after CRCLM resections occurs in up to
75% of cases, some authors have already investigated the possibility to early detect the
recurrence risk after liver resection [41,42]. Simpson et al. built a reliable pre-operative
recurrence/prognosis predictive model that needed the association of CT scan images
to clinicopathological variables [42]. We can affirm that we obtained similar results only
considering CT images without any clinical data. In our experience, we have correctly
predicted recurrence also after surgical liver resection. Radiomic-formal methods-based
approaches appear to be promising non-invasive approaches to predict clinical outcome
and improve personalized decision making in patients with CRLM. So, an earlier and more
accurate diagnosis of liver micrometastases could provide a more appropriate surveillance
and treatment strategy, which implies a more intensive follow-up associating CT and MRL

It allows to best manage the chemotherapy regimens and perform less invasive surgi-
cal resections.

5. Limitations

ROI were manually defined to ensure the analysis of the entire liver parenchyma. If
this process increases sensitivity and accuracy, on the other hand, it requires longer analysis
times and the need for a trained team composed of radiologists and computer scientists. It
can also be speculated that the sensitivity of our model was hindered by a small sample
of cases for different categories. We understand that, but FMs need a small sample of
cases to set the model and make it generalizable. Therefore, in this first step, we had the
goal to build the model to achieve a reliable early diagnosis and recurrence prediction of
CRCLM. Furthermore, our protocol was validated in a single centre cohort, and it was set
and reliable only for a single type of CT scan.

6. Conclusions

FMs analysis of radiomics features seemed to be reliable and effective to early detect
liver metastasis from CRC even in very heterogeneous and small clinical samples. Our
study may open the road to more intensive follow-up protocols in patients defined at
higher risk by the Al analysis. Further studies should be focused on re-testing our model
in a prospective cohort defining ROl in an automatic and more efficient way.



J. Clin. Med. 2022, 11, 31 8 of 10

Author Contributions: Conceptualization: A.R., M.C.B., G.V. (Gianfranco Vallone), L.B.; Method-
ology, formal analysis, and investigation: A.S. (Antonella Santone), EB., G.V. (Giulia Varriano);
Writing: A.R., M.C.B., AS. (Antonella Santone), P.A.; Writing—review and editing: A.R.,, M.C.B., A.S.
(Antonella Santone), P.A., L.B.; Resources: M.C.B., P.A., P.B., A.S. (Andrea Scacchi), M.S., EB., R.D.;
Software: A.S. (Antonella Santone), E.B., G.V.(Giulia Varriano); Supervision: F.C., L.B.; Validation:
AR, AS. (Antonella Santone), L.B.; Visualization: P.A., A.S. (Andrea Scacchi). The authors have read
and approved the final manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors received no financial support for the research, authorship, and/or publication
of this article.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of University of Molise
(protocol number 10/21, approved date: 12 May 2021).

Informed Consent Statement: All patients signed a proper informed consent form for the scientific
anonymous use of clinical data.

Data Availability Statement: Data available on request due to restrictions, e.g., privacy or ethical.
The data presented in this study are available on request from the corresponding author. The data are
not publicly available due to the presence of other sensitive information not included in the study.

Conflicts of Interest: The authors have no conflict of interest to declare.

References

1.

10.

11.

12.

13.

World Health Organization International Agency for Research on Cancer (IARC). GLOBOCAN 2012: Estimated Cancer Incidence,
Mortality and Prevalence Worldwide in 2012. Available online: https://gco.iarc.fr/ (accessed on 15 November 2021).
Valderrama-Trevifio, A.L; Barrera-Mera, B.; Ceballos-Villalva, J.C.; Montalvo-Javé, E.E. Hepatic Metastasis from Colorectal Cancer.
Euroasian ]. Hepatogastroenterol. 2017, 7, 166-175. [CrossRef] [PubMed]

Rocca, A.; Cipriani, F; Belli, G.; Berti, S.; Boggi, U.; Bottino, V.; Cillo, U.; Cescon, M.; Cimino, M.; Corcione, F; et al. The Italian
Consensus on minimally invasive simultaneous resections for synchronous liver metastasis and primary colorectal cancer: A
Delphi methodology. Updates Surg. 2021, 73, 1247-1265. [CrossRef]

Loffredo, D.; Marvaso, A.; Ceraso, S.; Cinelli, N.; Rocca, A.; Vitale, M.; Rossi, M.; Genovese, E.; Amato, B.; Cinelli, M. Minimal
invasive surgery in treatment of liver metastases from colorectal carcinomas: Case studies and survival rates. BMC Surg. 2013,
13 (Suppl. 52), 545. [CrossRef] [PubMed]

Ceccarelli, G.; Andolfi, E.; Fontani, A.; Calise, F; Rocca, A.; Giuliani, A. Robot-assisted liver surgery in a general surgery unit with
a “Referral Centre Hub&Spoke Learning Program”. Early outcomes after our first 70 consecutive patients. Minerva Chir. 2018, 73,
460—468. [CrossRef] [PubMed]

Haggar, F.A.; Boushey, R.P. Colorectal cancer epidemiology: Incidence, mortality, survival, and risk factors. Clin. Colon Rectal
Surg. 2009, 22, 191-197. [CrossRef]

Adam, R.; De Gramont, A.; Figueras, J.; Guthrie, A.; Kokudo, N.; Kunstlinger, F; Loyer, E.; Poston, G.; Rougier, P;
Rubbia-Brandt, L.; et al. The oncosurgery approach to managing liver metastases from colorectal cancer: A multidisciplinary
international consensus. Oncologist 2012, 17, 1225-1239. [CrossRef] [PubMed]

Adam, R.; de Gramont, A.; Figueras, J.; Kokudo, N.; Kunstlinger, F; Loyer, E.; Poston, G.; Rougier, P.; Rubbia-Brandt, L.;
Sobrero, A.; et al. Managing synchronous liver metastases from colorectal cancer: A multidisciplinary international consensus.
Cancer Treat. Rev. 2015, 41, 729-741. [CrossRef]

Keller, D.S.; Berho, M.; Perez, R.O.; Wexner, S.D.; Chand, M. The multidisciplinary management of rectal cancer. Nat. Rev.
Gastroenterol. Hepatol. 2020, 17, 414-429. [CrossRef]

Rocca, A.; Scacchi, A.; Cappuccio, M.; Avella, P.; Bugiantella, W.; De Rosa, M.; Costa, G.; Polistena, A.; Codacci-Pisanelli, M.;
Amato, B.; et al. Robotic surgery for colorectal liver metastases resection: A systematic review. Int. . Med. Robot. 2021, 17, 2330.
[CrossRef]

Ceccarelli, G.; Rocca, A.; De Rosa, M.; Fontani, A.; Ermili, F; Andolfi, E.; Bugiantella, W.; Levi Sandri, G.B. Minimally invasive
robotic-assisted combined colorectal and liver excision surgery: Feasibility, safety and surgical technique in a pilot series. Updates
Surg. 2021, 73, 1015-1022. [CrossRef]

Torzilli, G.; Montorsi, M.; Donadon, M.; Palmisano, A.; Del Fabbro, D.; Gambetti, A.; Olivari, N.; Makuuchi, M. “Radical but
conservative” is the main goal for ultrasonography-guided liver resection: Prospective validation of this approach. J. Am. Coll.
Surg. 2005, 201, 517-528. [CrossRef]

Scharitzer, M.; Ba-Ssalamah, A.; Ringl, H.; Kolblinger, C.; Griinberger, T.; Weber, M.; Schima, W. Preoperative evaluation
of colorectal liver metastases: Comparison between gadoxetic acid-enhanced 3.0-T MRI and contrast-enhanced MDCT with
histopathological correlation. Eur. Radiol. 2013, 23, 2187-2196. [CrossRef]


https://gco.iarc.fr/
http://doi.org/10.5005/jp-journals-10018-1241
http://www.ncbi.nlm.nih.gov/pubmed/29201802
http://doi.org/10.1007/s13304-021-01100-9
http://doi.org/10.1186/1471-2482-13-S2-S45
http://www.ncbi.nlm.nih.gov/pubmed/24267179
http://doi.org/10.23736/s0026-4733.18.07651-4
http://www.ncbi.nlm.nih.gov/pubmed/29795060
http://doi.org/10.1055/s-0029-1242458
http://doi.org/10.1634/theoncologist.2012-0121
http://www.ncbi.nlm.nih.gov/pubmed/22962059
http://doi.org/10.1016/j.ctrv.2015.06.006
http://doi.org/10.1038/s41575-020-0275-y
http://doi.org/10.1002/rcs.2330
http://doi.org/10.1007/s13304-021-01009-3
http://doi.org/10.1016/j.jamcollsurg.2005.04.026
http://doi.org/10.1007/s00330-013-2824-z

J. Clin. Med. 2022, 11, 31 90f 10

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

Rojas Llimpe, EL.; Di Fabio, F.; Ercolani, G.; Giampalma, E.; Cappelli, A.; Serra, C.; Castellucci, P.; D’Errico, A.; Golfieri, R.;
Pinna, A.D.; et al. Imaging in resectable colorectal liver metastasis patients with or without preoperative chemotherapy: Results
of the PROMETEO-01 study. Br. J. Cancer 2014, 111, 667-673. [CrossRef]

Rao, S.X.; Lambregts, D.M.; Schnerr, R.S.; van Ommen, W.; van Nijnatten, T.J.; Martens, M.H.; Heijnen, L.A.; Backes, WH.;
Verhoef, C.; Zeng, M.S.; et al. Whole-liver CT texture analysis in colorectal cancer: Does the presence of liver metastases affect the
texture of the remaining liver? United Eur. Gastroenterol. ]. 2014, 2, 530-538. [CrossRef]

Beckers, R.C.J.; Beets-Tan, R.G.H.; Schnerr, R.S.; Maas, M.; da Costa Andrade, L.A.; Beets, G.L.; Dejong, C.H.; Houwers, ].B.;
Lambregts, D.M.]. Whole-volume vs. segmental CT texture analysis of the liver to assess metachronous colorectal liver metastases.
Abdom. Radiol. 2017, 42, 2639-2645. [CrossRef] [PubMed]

Taghavi, M.; Trebeschi, S.; Simodes, R.; Meek, D.B.; Beckers, R.C.J.; Lambregts, D.M.].; Verhoef, C.; Houwers, ].B,;
van der Heide, U.A.; Beets-Tan, R.G.H.; et al. Machine learning-based analysis of CT radiomics model for prediction of
colorectal metachronous liver metastases. Abdom. Radiol. 2021, 46, 249-256. [CrossRef] [PubMed]

Abdalla, E.K.; Vauthey, ].N.; Ellis, L.M.; Ellis, V.; Pollock, R.; Broglio, K.R.; Hess, K.; Curley, S.A. Recurrence and outcomes
following hepatic resection, radiofrequency ablation, and combined resection/ablation for colorectal liver metastases. Ann. Surg.
2004, 239, 818-825; discussion 825-827. [CrossRef]

Lee, S.J.; Zea, R,; Kim, D.H.; Lubner, M.G.; Deming, D.A_; Pickhardt, PJ. CT texture features of liver parenchyma for predicting
development of metastatic disease and overall survival in patients with colorectal cancer. Eur. Radiol. 2018, 28, 1520-1528.
[CrossRef] [PubMed]

Fiz, F,; Vigano, L.; Gennaro, N.; Costa, G.; La Bella, L.; Boichuk, A.; Cavinato, L.; Sollini, M.; Politi, L.S.; Chiti, A.; et al. Radiomics
of Liver Metastases: A Systematic Review. Cancers 2020, 12, 2881. [CrossRef]

Beckers, R.C.J.; Lambregts, D.M.].; Schnerr, R.S.; Maas, M.; Rao, S.X.; Kessels, A.G.H.; Thywissen, T.; Beets, G.L.; Trebeschi, S.;
Houwers, ].B.; et al. Whole liver CT texture analysis to predict the development of colorectal liver metastases—A multicentre
study. Eur. J. Radiol. 2017, 92, 64-71. [CrossRef]

Hosny, A.; Parmar, C.; Quackenbush, J.; Schwartz, L.H.; Aerts, H. Artificial intelligence in radiology. Nat. Rev. Cancer 2018, 18,
500-510. [CrossRef]

Reig, B.; Heacock, L.; Geras, K.J.; Moy, L. Machine learning in breast MRI. J. Magn. Reson. Imaging 2020, 52, 998-1018. [CrossRef]
Santone, A.; Brunese, M.C.; Donnarumma, F.; Guerriero, P.; Mercaldo, F,; Reginelli, A.; Miele, V.; Giovagnoni, A.; Brunese, L.
Radiomic features for prostate cancer grade detection through formal verification. Radiol. Med. 2021, 126, 688—697. [CrossRef]
[PubMed]

Granata, V.; Fusco, R.; Barretta, M.L.; Picone, C.; Avallone, A.; Belli, A.; Patrone, R.; Ferrante, M.; Cozzi, D.; Grassi, R.; et al.
Radiomics in hepatic metastasis by colorectal cancer. Infect. Agent Cancer 2021, 16, 39. [CrossRef] [PubMed]

Wesdorp, N.J.; van Goor, V].; Kemna, R.; Jansma, E.P.; van Waesberghe, J.; Swijnenburg, R.J.; Punt, C.J.A.; Huiskens, J.;
Kazemier, G. Advanced image analytics predicting clinical outcomes in patients with colorectal liver metastases: A systematic
review of the literature. Surg. Oncol. 2021, 38, 101578. [CrossRef]

Santone, A.; Belfiore, M.P,; Mercaldo, F,; Varriano, G.; Brunese, L. On the Adoption of Radiomics and Formal Methods for
COVID-19 Coronavirus Diagnosis. Diagnostics 2021, 11, 293. [CrossRef] [PubMed]

Brunese, L.; Mercaldo, F.; Reginelli, A.; Santone, A. Formal methods for prostate cancer Gleason score and treatment prediction
using radiomic biomarkers. Magn. Reson. Imaging 2020, 66, 165-175. [CrossRef]

Brunese, L.; Mercaldo, F; Reginelli, A.; Santone, A. Radiomics for Gleason Score Detection through Deep Learning. Sensors 2020,
20, 5411. [CrossRef] [PubMed]

Francesco, N.D.; Lettieri, G.; Santone, A.; Vaglini, G. GreASE: A Tool for Efficient “Nonequivalence” Checking. ACM Trans. Softw.
Eng. Methodol. (TOSEM) 2014, 23, 1-26. [CrossRef]

Gradara, S.; Santone, A.; Villani, M.L. Using heuristic search for finding deadlocks in concurrent systems. Inf. Comput. 2005, 202,
191-226. [CrossRef]

Fedorov, A.; Beichel, R.; Kalpathy-Cramer, J.; Finet, J.; Fillion-Robin, J.C.; Pujol, S.; Bauer, C.; Jennings, D.; Fennessy, F,;
Sonka, M.; et al. 3D Slicer as an image computing platform for the Quantitative Imaging Network. Magn. Reson. Imaging 2012, 30,
1323-1341. [CrossRef] [PubMed]

van Griethuysen, J.J.M.; Fedorov, A.; Parmar, C.; Hosny, A.; Aucoin, N.; Narayan, V.; Beets-Tan, R.G.H.; Fillion-Robin, J.C.;
Pieper, S.; Aerts, H. Computational Radiomics System to Decode the Radiographic Phenotype. Cancer Res. 2017, 77, e104—e107.
[CrossRef] [PubMed]

Eibe, F.; Hall, M.A.; Witten, L.H. The WEKA Workbench. Online Appendix for “Data Mining: Practical Machine Learning Tools and
Techniques”; Morgan Kaufmann: Burlington, MA, USA, 2016.

Hatt, M.; Vallieres, M.; Visvikis, D.; Zwanenburg, A. IBSI: An international community radiomics standardization initiative. J.
Nucl. Med. 2018, 59 (Suppl. S1), 287.

Hennessy, M.; Milner, R. Algebraic Laws for Nondeterminism and Concurrency; Association for Computing Machinery: New York,
NY, USA, 1985; Volume 32, pp. 137-161.

Milner, R. A Calculus of Communicating Systems; Springer: Berlin/Heidelberg, Germany, 1982.

Pérez, B. Reasoning about clinical guidelines based on algebraic data types and constraint logic programming. J. Biomed. Inform.
2019, 92, 103134. [CrossRef] [PubMed]


http://doi.org/10.1038/bjc.2014.351
http://doi.org/10.1177/2050640614552463
http://doi.org/10.1007/s00261-017-1190-8
http://www.ncbi.nlm.nih.gov/pubmed/28555265
http://doi.org/10.1007/s00261-020-02624-1
http://www.ncbi.nlm.nih.gov/pubmed/32583138
http://doi.org/10.1097/01.sla.0000128305.90650.71
http://doi.org/10.1007/s00330-017-5111-6
http://www.ncbi.nlm.nih.gov/pubmed/29164382
http://doi.org/10.3390/cancers12102881
http://doi.org/10.1016/j.ejrad.2017.04.019
http://doi.org/10.1038/s41568-018-0016-5
http://doi.org/10.1002/jmri.26852
http://doi.org/10.1007/s11547-020-01314-8
http://www.ncbi.nlm.nih.gov/pubmed/33394366
http://doi.org/10.1186/s13027-021-00379-y
http://www.ncbi.nlm.nih.gov/pubmed/34078424
http://doi.org/10.1016/j.suronc.2021.101578
http://doi.org/10.3390/diagnostics11020293
http://www.ncbi.nlm.nih.gov/pubmed/33673394
http://doi.org/10.1016/j.mri.2019.08.030
http://doi.org/10.3390/s20185411
http://www.ncbi.nlm.nih.gov/pubmed/32967291
http://doi.org/10.1145/2560563
http://doi.org/10.1016/j.ic.2005.07.004
http://doi.org/10.1016/j.mri.2012.05.001
http://www.ncbi.nlm.nih.gov/pubmed/22770690
http://doi.org/10.1158/0008-5472.CAN-17-0339
http://www.ncbi.nlm.nih.gov/pubmed/29092951
http://doi.org/10.1016/j.jbi.2019.103134
http://www.ncbi.nlm.nih.gov/pubmed/30831315

J. Clin. Med. 2022, 11, 31 10 of 10

39.

40.

41.

42.

Horak, T.; Coenen, N.; Metzger, N.; Hahn, C.; Flemisch, T.; Mendez, J.; Dimov, D.; Finkbeiner, B.; Dachselt, R. Visual Analysis of
Hyperproperties for Understanding Model Checking Results. IEEE Trans. Vis. Comput. Graph. 2021. [CrossRef] [PubMed]
Mitchell, A.J. Sensitivity x PPV is a recognized test called the clinical utility index (CUI+). Eur. . Epidemiol. 2011, 26, 251-252;
author reply 252. [CrossRef]

Liang, M,; Cai, Z.; Zhang, H.; Huang, C.; Meng, Y.; Zhao, L.; Li, D.; Ma, X.; Zhao, X. Machine Learning-based Analysis of Rectal
Cancer MRI Radiomics for Prediction of Metachronous Liver Metastasis. Acad. Radiol. 2019, 26, 1495-1504. [CrossRef] [PubMed]
Simpson, A.L.; Doussot, A.; Creasy, ]. M.; Adams, L.B.; Allen, PJ.; DeMatteo, R.P.; Gonen, M.; Kemeny, N.E.; Kingham, T.P;
Shia, J.; et al. Computed Tomography Image Texture: A Noninvasive Prognostic Marker of Hepatic Recurrence After Hepatectomy
for Metastatic Colorectal Cancer. Ann. Surg. Oncol. 2017, 24, 2482-2490. [CrossRef]


http://doi.org/10.1109/TVCG.2021.3114866
http://www.ncbi.nlm.nih.gov/pubmed/34587083
http://doi.org/10.1007/s10654-011-9561-x
http://doi.org/10.1016/j.acra.2018.12.019
http://www.ncbi.nlm.nih.gov/pubmed/30711405
http://doi.org/10.1245/s10434-017-5896-1

	Introduction 
	Materials and Methods 
	Dataset 
	Image Acquisition and Segmentation 
	Radiomics Feature Extraction and Reduction 
	Formal Methodology 
	Outcome Extraction 

	Results 
	Discussion 
	Limitations 
	Conclusions 
	References

