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Abstract: (1) Background: Up to 50% of patients with colorectal cancer either have synchronous
colorectal liver metastases (CRLM) or develop CRLM over the course of their disease. Surgery and
thermal ablation are the most common local treatment options of choice. Despite development and
improvement in local treatment options, (local) recurrence remains a significant clinical problem.
Many different imaging modalities can be used in the follow-up after treatment of CRLM, lacking
evidence-based international consensus on the modality of choice. In this systematic review, we
evaluated 8F-FDG-PET-CT performance after surgical resection, thermal ablation, radioembolization,
and neoadjuvant and palliative chemotherapy based on current published literature. (2) Methods:
A systematic literature search was performed on the PubMed database. (3) Results: A total of
31 original articles were included in the analysis. Only one suitable study was found describing
the role of F-FDG-PET-CT after surgery, which makes it hard to draw a firm conclusion. 18p.
FDG-PET-CT showed to be of additional value in the follow-up after thermal ablation, palliative
chemotherapy, and radioembolization. F-FDG-PET-CT was found to be a poor to moderate predictor
of pathologic response after neoadjuvant chemotherapy. (4) Conclusions: 18E_FDG-PET-CT is superior
to conventional morphological imaging modalities in the early detection of residual disease after
thermal ablation and in the treatment evaluation and prediction of prognosis during palliative
chemotherapy and after radioembolization, and ¥ F-FDG-PET-CT could be considered in selected
cases after neoadjuvant chemotherapy and surgical resection.

Keywords: positron emission tomography; colorectal cancer; colorectal liver metastases; follow-up

1. Introduction

Colorectal cancer (CRC) is the third most common and the second most lethal cancer
worldwide. In 2020, the estimated cases of CRC were 1.9 million, with 0.9 million deaths.
Incidence of CRC in 2040 is predicted to increase to 3.4 million cases due to population
aging [1]. Metastases occur most commonly in the liver. Up to 50% of patients with
colorectal cancer either have synchronous colorectal liver metastases (CRLM) or develop
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CRLM over the course of their disease [2]. For curative treatment, surgical resection is
the treatment of choice. However, a large number of patients are deemed irresectable at
diagnosis. Anatomical variants, size and location of the lesions, the number of lesions,
the number of segments involved, and the presence of extrahepatic disease affect the
possibility of (curative) resection. A second treatment option with curative intent is thermal
ablation (i.e., radiofrequency ablation (RFA) and microwave ablation (MWA)), which uses
hyperthermia to induce tumor cell death. These local treatment methods are less invasive
than surgery and serve as an alternative for patients whose condition does not permit
resection or when the location of the metastasis is less suitable for surgical resection [3].
Neoadjuvant chemotherapy is mostly used as preoperative treatment in potentially locally
treatable disease, although it is not routinely used as a neoadjuvant treatment option prior to
resection. If surgical treatment and thermal ablation are not directly feasible, chemotherapy
could be used as a neoadjuvant treatment option to provide a bridge to surgery. Frequently
prescribed chemotherapy agents include fluorouracil (5-FU), leucovorin, capecitabine,
oxaliplatin, bevacizumab, and irinotecan [2]. Often, a combination of chemotherapeutics is
used [4]. When local treatment options are not possible and/or neoadjuvant chemotherapy
has failed, radioembolization (RE) with yttrium-90 (°%Y)- or holmium-166 (1¢°*Ho)-loaded
microspheres has been used increasingly for palliative treatment purposes [5,6]. For more
advanced (extrahepatic) disease/inoperable CRLM, chemotherapy may be prescribed as
palliative treatment.

Despite development and improvement in local treatment options, unsuccessful treat-
ment remains a significant clinical problem, leading to local and/or distant tumor recur-
rence. Many different imaging modalities can be used in the follow-up after treatment of
CRLM. Currently, contrast-enhanced computed tomography (ceCT) is the recommended
imaging modality based on the European Society of Medical Oncology (ESMO) guide-
lines [6,7]. Angiogenic alterations can be visualized after administration of intravenous
contrast ceCT and can be indicative for various malignant processes. Changes in tumor
perfusion may appear before pathologic morphological alterations in response to therapy.
However, lesions <10 mm can be missed on CT and may be difficult to distinguish from
benign lesions [8]. Magnetic resonance (MR) imaging is also widely used in the evalua-
tion of CRLM because of its superiority in soft tissue resolution, multiparametric tissue
characterization, and detection of subcentimetric lesions [9]. The use of diffusion-weighted
(DWI) MR imaging and liver-specific contrast agents have further improved the sensitivity
and specificity for intrahepatic lesion detection [10]. DWI is a functional MR technique
that measures the Brownian motion of water molecules in biological tissues, which is
restricted by an increase in cellularity and architectural tissue changes. Consequently, water
diffusion properties are altered in tumors because of the coexistence of dense cellularity,
fibrosis, necrosis, neovascularization, and hemorrhage. This results in a higher apparent
diffusion coefficient (ADC). Positron-emission tomography (PET) using the radiotracer ®F-
fluorodeoxyglucose (!8F-FDG) can be valuable in the differentiation of treatment-induced
morphological changes and residual viable tumor tissue after local curative-intent treat-
ment (i.e., surgery and or thermal ablation) and to assess pathological response during or
after neoadjuvant chemotherapy.

In a palliative setting, (early) evaluation of response to treatment of CRLM is crucial as
it allows for early switching of therapy and predicts survival. Response to treatment as as-
sessed on ceCT and MR imaging is determined by the Response Evaluation Criteria in Solid
Tumors (RECIST) and Choi criteria (Table 1). However, morphological changes in the liver
after radioembolization (RE) and palliative chemotherapy may hamper accurate treatment
evaluation and restaging of CRLM based on RECIST and/or Choi criteria. ®F-FDG-PET-CT
can also be used in the treatment evaluation after RE and response to palliative chemother-
apy [8]. The glucose analogue ®F-FDG is taken up by malignant cells in which short-term
tumor response can be evaluated. '8F-FDG activity is commonly semi-quantitively assessed
by the maximum standardized uptake value (SUVax). The SUV value is a semiquantita-
tive measurement of tracer uptake in a manually or semiautomatically defined volume of
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interest (VOI) normalized to the administered dose of the radiotracer and the total body
weight or lean body mass, and is positively correlated with tumor metabolic activity [11].
Other semiquantitative clinical parameters used in PET are peak SUV (SUVpeax), mean
SUV within the tumor (SUV yean), metabolic (active) tumor volume (MTV), and total lesion
glycolysis (TLG, a product of SUVnean and MTV) [12-15]. The low spatial resolution of PET
and the physiological uptake of liver parenchyma make it difficult to identify small lesions.
The initially, relatively high costs compared with ceCT alone and additional exposure to
radiation were factors delaying the clinical implementation of ®F-FDG-PET-CT for CRLM.
The current new-generation PET/CT scanners, however, have increased sensitivity, allow-
ing administration of a lower dose of the radiotracer and/or higher patient throughput,
which reduces radiation exposure and costs. Moreover, standardized criteria for image
interpretation and documentation in the treatment evaluation of systemic therapy and
RE were lacking until recently. Similar to RECIST and Choi criteria, the PERCIST and
EORTC PET criteria were developed for an objective evaluation after systemic treatment of
CRLM [16] (Table 1).

Table 1. Overview and comparison of international consensus-based criteria for ®F-FDG-PET-CT
evaluation (EORTC PET criteria and PERCIST criteria) [16] and CT evaluation (RECIST 1.1 criteria
and Choi criteria) after systemic treatment and radioembolization [17-19].

Category

EORTC PET Criteria PERCIST Criteria RECIST 1.1 Criteria Choi Criteria

Complete metabolic response

Complete resolution of
¥F-FDG uptake

Complete resolution of

Disappearance of
¥F-FDG uptake

Disappearance of lesions . .
enhancing lesions

Partial metabolic response

SUVax reduction of >25%

Tumor diameter
declined >30%

>30% decrease in target

1 0
tumor(s) 1SF-FDG SUV Tumor density decreased >15%

Stable disease

No CR, PR, or PD No CR, PR, or PD No CR, PR, or PD No CR, PR, or PD

Progressive disease

Increase in "8F-FDG uptake in

increase in SUV pnax > 25 %;
visible increase in extent of
I8F-FDG uptake (20% in LD)

New lesions; increase
>20% in the sum of the
LDs and absolute increase
of >5 mm

Over 30% increase in 8 F-FDG
SUV nax or new 8F-FDG
avid lesions

new metastatic lesions; . . .
o New lesions; increase >20% in

tumor density

CR: complete response; EORTC: European Organization for Research and Treatment of Cancer; LD: longest
diameter/longest axis; PD: progressive disease; PERCIST: PET Response Criteria in Solid Tumors; PR: partial
response; RECIST: Response Criteria in Solid Tumors; SUV: standardized uptake value.

There is a lack of evidence-based international consensus and there are inconsistent
results on the use of the imaging modality of choice in the posttreatment evaluation after
both curative-intent and palliative treatment of CRLM. Therefore, the ability of F-FDG-
PET-CT in the detection of residual CRLM after surgery, thermal ablation, and neoadjuvant
chemotherapy was evaluated in this systematic review. Second, the accuracy of '¥F-FDG-
PET-CT in the evaluation of response to treatment and prediction of survival after palliative
chemotherapy and RE was studied. In the first part of this systematic review, the role of
B FDG-PET-CT after curative-intent treatment is summarized; secondly, BB FDG-PET-CT
performance during and after palliative treatment options is evaluated. Finally, a number of
highlights regarding future perspectives of PET imaging are addressed in the third section.

2. Method
The PubMed online database was searched on 8 July 2021. Keywords of the search

included “colorectal neoplasms”, “neoplasm metastases”, “positron emission tomography
computed tomography”, and “follow-up”. Articles were included when: (1) patients were
treated for colorectal liver metastases; (2) the value of 8 F-FDG-PET(-CT) was evaluated
in the follow-up after local or systematic treatment; (3) manuscripts were available in
English; systematic reviews, reviews, conference abstracts, and meta-analyses were ex-
cluded from analysis in this manuscript. Studies that included less than 10 patients and
studies not discriminating CRLM from primary liver tumors and other liver metastases
were also excluded.

Reviewing was performed independently by two authors (O.D.B. and M.M.E.B.)

during the entire process to decrease the risk of selection bias, following PRISMA guide-
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lines [20]. In case of discrepancies between the two readers, the manuscripts were evaluated
again by both readers to achieve consensus.

3. Results

A total of 367 studies, published December 2004 and before July 2021 were included
for initial identification. After filtering for “in-human studies” only, 361 manuscripts were
selected for screening purposes. Both O.D.B. and M.M.E.B. screened all manuscripts and
based on title and abstract agreed on excluding 304 articles for various reasons (e.g., studies
focused on: imaging prior to treatment, imaging of primary colorectal tumors, no PET-CT
in title, reviews, conference abstracts, meta-analyses and case reports). It was unanimously
decided to read 57 full-text articles. Both reviewers selected finally the same 24 articles, and
consensus was reached for 6 other articles, resulting in 30 manuscripts for final inclusion in
this systematic review, which were subdivided per treatment strategy: 1 article focused
solely on 8F-FDG-PET-CT performance after surgery, 7 articles focused on RFA and/or
MWA, 9 articles studied the value of ¥F-FDG-PET-CT after neoadjuvant chemotherapy,
6 articles analyzed F-FDG-PET-CT during and after palliative chemotherapy, and 7 articles
were included on 8F-FDG-PET-CT in the follow-up after radioembolization. Reasons for
exclusion and the review process are summarized in the PRISMA flow chart, displayed in
Figure 1.

Identification of studies via PubMed database

Records identified from Records removed before screoung:
PubMed: (n=367) Animal studies removed (n=6)

Identificati
on
v

Records excluded on title and abstract (n=304)

Records screened onfitle and Reviews, meta-analyses, conferenceabstracts,
abstract E—— case-reports
(n=361) Imaging of primary tumor

Imaging prior to treatment

Screening

|

Reports assessed for eligibility

(n=57)

Reports excluded afterreading full text:
Non-specificCRLM(n=4)
Focusing on pre-reatment imaging (n=3)
————t No PET-CT dataavailable (n=11)

Focus on primary tumor (n=6)
Otherreasons (n=3)

Studies included in systematic
review (n=30)
Surgery=1
Thermal ablation =7
Neoadjuvant chemotherapy =9
Palliative chemotherapv =6
Radicembolization=7

Figure 1. PRISMA flow chart.

3.1. B8F-FDG-PET-CT Performance after Surgical Resection

The main aims of diagnostic follow-up after local treatment of CRLM are early non-
invasive detection of residual tumors and local tumor progression and the detection of
new intrahepatic metastases and extrahepatic disease. Anatomical imaging by ceCT is
the recommended imaging modality based on the ESMO guidelines and is therefore
traditionally the most frequently performed diagnostic imaging modality for patients
suffering from resectable CRLM. MR imaging may be superior to ceCT for the early
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detection of local tumor progression, but it is less suitable for detecting extrahepatic disease.
The caveat of PET/MR imaging is that it yields decreased sensitivity for detecting lung
metastases, for which CT is the modality of choice. The adoption of integrated '8F-FDG-PET-
CT combines anatomical and metabolic imaging. The addition of '¥F-FDG-PET provides
complementary metabolic information that enables the detection of malignant disease at
unexpected sites or in morphologically normal structures that may be easily overlooked on
morphological imaging [8,21,22].

Only one suitable study was found to have studied the role of '¥F-FDG-PET imaging
after surgical resection of CRLM. Vigano et al. [23] compared 8F-FDG-PET-CT with CT
or MR imaging in 107 patients with recurrence of CRLM after liver resection. These pa-
tients were rediscussed in a multidisciplinary team meeting after an additional PET-CT.
Sensitivity of local liver recurrences for CT and MR imaging and 8F-FDG-PET-CT were
100% and 96.7%, respectively. In comparison with CT or MR imaging, 24 additional, extra-
hepatic, malignant sites were discovered by 8F-FDG-PET-CT. '®F-FDG-PET-CT, therefore,
altered treatment strategy in 16 patients. Fifteen patients did not undergo surgery due to
extrahepatic disease, which was only detected on "®F-FDG-PET-CT.

Summary

Although only one study was published specifically on the 8F-FDG-PET-CT perfor-
mance after surgical resection of CRLM, 8F-FDG-PET-CT seems to have an additional
value for the detection of extra hepatic recurrences (mainly lymph node metastases, bone
metastases, and peritoneal carcinomatosis). ¥ F-FDG-PET-CT has low false positive and
false negative rates (3.1% and 1.3%, respectively) in detecting extrahepatic disease. In the
detection of local recurrences in the liver, additional ¥ F-FDG-PET-CT, however, does not
seem to contribute to follow-up after resection compared with ceCT alone [24,25].

3.2. 8F-FDG-PET-CT after Thermal Ablation

The additional metabolic information provided by F-FDG-PET may be especially
useful after local treatment with thermal ablation since treatment-induced changes are
difficult to differentiate from residual viable tumor tissue on morphological imaging. Here
the role of 18 F-FDG-PET-CT after thermal ablation is summarized. ®F-FDG-PET-CT timing
can be divided in three categories: (1) immediate IBE_-FDG-PET-CT (i.e., within minutes
after completion of ablation); (2) early I8E-.FDG-PET-CT (i.e., within 2448 h after ablation);
and (3) follow-up '8F-FDG-PET-CT (i.e., weeks-months post-treatment).

In a small retrospective cohort study in 11 patients with 16 CRLM, pre- and post-
ablation PET-CTs were made for the detection of residual tumor after RFA. Post-ablation
scans were made within 48 h after treatment [26]. '8F-FDG-PET and 8F-FDG-PET-CT
accuracy was 68% for detecting residual disease within 48 h, and ®F-FDG-PET-CT iden-
tified five local recurrences in four patients during later follow-up that were not found
on ceCT, leading to earlier reintervention. Local recurrence in the ablation zone occurred
in six patients during later follow-up (mean follow-up 393 days) despite negative early
8F-FDG-PET-CT.

Kuehl et al. [27] compared 18E_FDG-PET, '8F-FDG-PET-CT and MR imaging perfor-
mance for the detection of local recurrence after RFA in 16 patients. All patients received a
baseline 18 F-FDG-PET-CT 48 h prior to ablation, immediately after RFA, and at follow-up (1,
3, and every 6 months post-RFA). Confirmation by histology or ceCT combined with clinical
parameters served as reference standard. Focal uptake on '®F-FDG-PET in the ablation
zone was seen as local recurrence. Local recurrence on contrast-enhanced (gadolinium) MR
imaging was concluded when morphologically detectable tumor (hypointense lesion on
T1 sequence, hyperintense on T2) was found in or around (1 cm) the ablation zone. In total,
I8F_FDG-PET-CT missed 13 lesions, of which 4 were missed at the 24 h post-RFA scan, and
5 were missed at 1 month post-RFA. MR imaging missed eight lesions of which three were
missed 24 h post-RFA and at 3 months, and two were missed at 1 month after RFA. No
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significant difference in diagnostic value was found between ¥F-FDG-PET-CT and MR
imaging over the course of the follow-up.

In a large retrospective cohort study by Sahin et al. [28] "®F-FDG-PET performance
was analyzed in 134 patients with 8F-FDG-PET scans available before laparoscopic thermal
ablation. Post-ablation follow-up ®F-FDG-PET-CT scans (the timing of F-FDG-PET-CT
varied) were requested and made at the discretion of the surgeon or the oncologist in
82 patients with 180 lesions; 72% of these patients showed rising serum CEA levels. Follow-
up 8F-FDG-PET-CT performance was superior to ceCT in 11 of 51 patients (22%) and
inferior to ceCT in 2 of 51 patients (4%) diagnosed with local recurrence.

Liu et al. [29] studied the efficacy of early '8F-FDG-PET-CT scanning after percuta-
neous RFA in 12 patients with 20 suspected lesions. All patients received an F-FDG-PET-
CT within two weeks prior to RFA, within 24 h post-ablation, and at 1-, 3-, and 6-month
follow-up. Clinical and radiological follow-up was considered as the reference standard.
A lesion was considered local recurrence when showing corresponding morphology on CT
and/or metabolic activity on '®F-FDG-PET imaging. Three out of twenty lesions showed lo-
cal recurrence on early F-FDG-PET-CT. All early '8F-FDG-PET-CT findings corresponded
to results during 1-, 3-, and 6-month follow-up. No comparison was made with other
imaging modalities.

Nielsen et al. [30] included 79 patients with a total of 179 RFA-treated lesions and
studied '8F-FDG-PET-CT performance for detecting local recurrence. Local recurrence was
classified when 8F-FDG-PET showed focally increased FDG uptake in the original tumor
periphery that could not be correlated with inflammation (i.e., a rim-shaped enhancement
pattern). Follow-up (imaging) data or histopathology was chosen as reference standard.
They found local recurrence in 30 of 79 (38%) patients, which were all detectable by 18F-
FDG-PET imaging; local recurrence was missed by ceCT in three patients (10%).

Cornelis and colleagues [31] examined the ability of immediate F-FDG-PET-CT and
ceCT to predict local treatment failure 1 year after thermal ablation in 21 patients. Patients
received a split-dose of BE-FDG (i.e., one-third of the standard dose prior to ablation and a
second dose, equivalent to two-thirds of the average dose, upon completion of the ablation
procedure) for intraprocedural guidance and direct postprocedural assessment of treatment
success. 8F-FDG-PET-CT scans were acquired just before and directly after the ablation
with the patient positioned in the same bed position. Recurrence was predicted accurately
on BE-FDG-PET-CT with sensitivity and specificity of 100% and 85.7%, respectively.

In another study performed by Cornelis et al. [32], the value of an immediate '8F-
FDG-PET-CT after thermal ablation of 62 ablation zones in 39 patients using the same
split-dose protocol was evaluated. SUV ratios were calculated in post-ablation ®F-FDG-
PET-CTs and were correlated with histopathological analysis of biopsies. The SUV ratio
was calculated as follows: (VOI ablation zone SUV y,,x—VOI healthy liver SUVyean)/ VOI
healthy liver SUVmean. Most patients (74%) received MWA, and median follow-up time was
22.5 months. Local tumor progression was found in 37% of treated tumors. Significantly
higher SUV ratios were found in tumors developing local recurrence compared with
adequately treated CRLM.

Summary

I8R-FDG-PET-CT seems to play an important role as a diagnostic imaging modality
in the follow-up after thermal ablation of CRLM. In this regard, two strategies can be
distinguished: early post-ablation ®F-FDG-PET-CT (i.e., within 24-48 h) and follow-up
8F-FDG-PET-CT 1-3 months after treatment. In general, independent of early (within
48 h) imaging, multiple studies show a clinical superiority of '¥F-FDG-PET-CT over ceCT
in detecting local tumor progression after thermal ablation. The improved accuracy of
follow-up imaging underlines the incremental interest for minimally invasive local ablation
therapy. The increased sensitivity resulted in the detection of smaller tumors, which are
more amenable to local treatment and which can postpone systemic therapy. An example
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of the value for detecting residual disease 3 months after ablations is provided in Figure 2,
and an overview of included studies and results is summarized in Table 2.

Figure 2. Follow-up ceCT image three months after RFA, suggesting clear ablation margins (black
arrow) and no residual tumor (A). Simultaneous F-FDG-PET-CT image of the same patient showing
high focal FDG uptake in the tumor periphery (white arrow) strongly suspected of residual disease
(B). Three months later, CEA levels had risen, and the focal FDG uptake had spread, confirming
tumor residue at the ablation site.

3.3. B8F-FDG-PET-CT as Response-Monitoring Modality after Neoadjuvant Chemotherapy

Multiple studies have been conducted to evaluate the performance of '®F-FDG-PET-CT
after chemotherapy, both in neoadjuvant and palliative settings. Predicting pathological
response to treatment is important during and after neoadjuvant chemotherapy to deter-
mine (early) treatment response and for the optimal timing of local curative treatment.
Different outcome measures of PET-CT were compared with various diagnostic meth-
ods in the treatment response evaluation of chemotherapy in CRLM, and many different
chemotherapeutics were used. In this chapter, '¥F-FDG-PET-CT performance for response
evaluation after neoadjuvant chemotherapy is described. Additionally, studies may be
divided into three categories by timing of '8F-FDG-PET-CT imaging: (1) early treatment
response monitoring; (2) mid-treatment response monitoring; and (3) end-of-treatment
response evaluation prior to local treatment.

Sensitivity and specificity of ¥ F-FDG-PET-CT were compared with ceCT imaging in
48 patients after receiving neoadjuvant chemotherapy and in 27 patients without neoadju-
vant chemotherapy, prior to surgery [33]. Sensitivity and specificity of 1*F-FDG-PET-CT
for the detection of CRLM were significantly lower in the group receiving neoadjuvant
treatment, and ceCT showed higher sensitivity and specificity in both groups compared
with 18F-FDG-PET-CT.

The role of standardized added metabolic activity (SAM) measurement in 8F-FDG-
PET-CT was studied prospectively in 18 patients receiving neoadjuvant chemotherapy
before surgery [34]. Patients were classified into one of four response categories, according
to RECIST criteria. The SAM was calculated by drawing a VOI (VOI;) and a larger VOI
(VOI,) around VOI; and subsequently subtracting background signal in (VOI,-VOI;) from
the background in VOI;. In contrast with assessment according to RECIST, SUV pax and
SAM differed significantly between responders and non-responders. High follow-up
SUVmax and low ASAM were significantly correlated with worse PFS and OS; however,
ASUVmax was no predictor of PFS and OS. No correlation of metabolic and pathologic
response was described in this study.
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Table 2. Summary of literature studying PET-CT performance after thermal ablation of colorectal liver metastases.

Author Year Study Type N Ablation Technique Timing of PET-CT Reference Standard Median FUP Results
PET-CT was more accurate for
. . Baseline; <48 h Clinical parameters; evaluation of the ablation zone
Veit et al. [26] 2005 Retrospective 13 RFA post-ablation ceCT, PET-CT, and MRI +12 months than CT alone, although not
statistically significant.
Baseline;<24 h after ablation PET-CT and MRI have
Kuehl et al. [27] 2008 Prospective 16 RFA 1,3, 6, and every Histology; CEA; ceCT 22 months comparable sensitivity and
6 months post-ablation specificity for detection of LR.
Sahin et al. [28] 2012 Prospective 82 RFA Variable; o rd.ere(.i on specific Clinical parameters; ceCT 29 months PET-CT is superior to CT in
indication detecting LR.
Baseline; <24 h after ablation . L .
. . ! Follow-up imaging, i.e., Early PET-CT effectively
Liu et al. [29] 2012 Prospective 12 RFA 1,3,6,and every.é months final PET.CT NR detects and predicts LR.
post-ablation
. . Baseline; <12 months . . PET-CT accurately predicts LR
Nielsen et al. [30] 2013 Prospective 79 RFA post-ablation Follow-up imaging NR within 1 year after freatment.
Cornelis et al. [31] 2016 Retrospective 21 MWA, RFA Base}:frt\ee; Iarlrjllanﬁgrllately Clinical parameters; ceCT 1 year SUV and TRC ratio predict LR.
Cornelis et al. [32] 2018 Prospective 39 MWA, RFA, IE Baseline; Immediately ceCT 22.5 months SUV ratios predict LR in

after ablation

patients with negative biopsies.

CEA: carcinoembryonic antigen; FUP: follow-up; IE: irreversible electroporation; LR: local recurrence; MWA: microwave ablation; NR: not reported; RFA: radiofrequency ablation; SUV:
standardized uptake value; TRC: tissue radioactivity concentration.
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IBE-FDG-PET-CT was compared with superparamagnetic iron oxide-enhanced (SPIO)
MR imaging in 19 patients after completion of neoadjuvant chemotherapy by
Bacigalupo et al. [35] SPIO-MR imaging detected 125 out of the 136 metastases, where
I8F-FDG-PET-CT detected only 71 lesions. Metastases were confirmed with intraoperative
ultrasound and/or pathology results as reference standard. Differences in sensitivity were
detected in lesions <15 mm and lesions between 15 and 30 mm. In lesions >30 mm, no
difference in sensitivity was observed between either imaging strategy. No data on the
exact timing of imaging after chemotherapy and the time interval between imaging and
surgery were reported.

Garcia Vincente et al. [36] specifically described the role of ¥ F-FDG-PET-ceCT. Nine-
teen patients with CRLM were evaluated with R FDG-PET-CT, 18F-FDG-PET, and ceCT
after completion (i.e., after four cycles) of neoadjuvant chemotherapy. A total of 105 CRLM
were detected after neoadjuvant chemotherapy. Histology was chosen as reference standard
when patients underwent resection after neoadjuvant chemotherapy, and evaluation by a
multidisciplinary team meeting was considered as the reference standard when a patient
did not undergo surgery. ROC analysis showed values of 0.691 (p = 0.149), 0.957 (p = 0.001),
and 0.974 (p < 0.005) for '8F-FDG-PET, ceCT, and 8F-FDG-PET-CT, respectively. Addition-
ally, a significant correlation was found between lesion size and ceCT and ®F-FDG-PET
performance. A stratified analysis was performed for the lesions on 8F-FDG-PET greater
than 10 mm and lesions smaller than 10 mm. A non-significant higher sensitivity was
found for lesions >10 mm.

Burger et al. [37] studied 69 patients who received an F-FDG-PET-CT between 2 and
7 weeks after neoadjuvant chemotherapy (within 8 weeks prior to surgery). Change in
SUV (ASUV) before and after chemotherapy was compared with a histopathological tumor
regression grade (TRG). In TRG 1-3, no viable tumor cells to maximum 50% tumor cells
were present; in TRG 4-5, tumor cells were found in 50-100% of the histological specimen.
A significant correlation between ASUV and TRG with an area under the curve (AUC)
of 0.773 was found. An optimal cut-off point of 41% ASUV was measured to distinguish
responders (TRG 1-3) from non-responders (TRG 4-5).

The predictive value of "®F-FDG-PET-CT for pathologic response to neoadjuvant
chemotherapy was assessed in 34 patients by Nishioka et al. [38]. ¥ F-FDG-PET-CT scans
were made within 1 month prior to surgery, and only 10 patients also received an '8F-
FDG-PET-CT scan before initiation of chemotherapy. A moderate correlation (r = 0.660,
p < 0.001) was found between the SUV nean and tumor viability in general. However, when
low SUVean and low SUVax were correlated with a tumor viability lower than 10%,
both parameters showed to be strong predictors of tumor viability <10% (AUC 0.916 and
AUC 0.887, respectively).

A direct comparison between metabolic response measured on ®F-FDG-PET-CT
and pathologic response as assessed after resection in 14 patients receiving neoadjuvant
chemotherapy was made by Tan et al. [39]. Of the 34 lesions that showed complete
metabolic response on I8E-FDG-PET-CT, 29 (85%) lesions still had viable tumor cells on
pathology assessment.

In a small prospective analysis by De Bruyne et al. [40], the predictive value of dynamic
contrast-enhanced MR imaging (DCE-MR imaging) and '8F-FDG-PET-CT was analyzed
before and after completion (i.e., after five cycles) of neoadjuvant treatment. MR imaging
was evaluated by RECIST, and '8F-FDG-PET-CT imaging was evaluated following EORTC
criteria. Baseline parameters on DCE-MR imaging were not predictive for overall survival
(OS) and progression-free survival (PFS). Baseline SUV nax did not differ between the group
of responders and the group of non-responders. Decrease in SUV y,« at follow-up, however,
was correlated with increased PFS. No correlation of the change in SUV a1 (ASUVpax) and
pathologic response was performed in this analysis.

Lastoria et al. [41] imaged 33 patients prior to chemotherapy and after one cycle of
neoadjuvant chemotherapy. Metabolic response was evaluated with SUVyax and TLG.
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Compared with RESIST criteria, measured with CT imaging, SUVmax and TLG had superior
predictive values for PFS and OS.

Summary

The analyzed studies used different treatment regimes, imaging timepoints, and as-
sessment criteria. Three studies assessed metabolic response on ¥F-FDG-PET-CT using
SUVmean, SUVmax, and ASUV as predictors of pathologic response and concluded poor-
to-moderate predictive performance. Multiple parameters such as SUVyayx, MTV, and
TLG seem to have a predictive value on patient outcomes and could be used as a prog-
nostic marker for the prediction of long-term outcomes in CRLM treated by neoadjuvant
chemotherapy and surgery. Accordingly, the vast majority of the evaluated articles have
positive outcomes on the performance of '®F-FDG-PET-CT after neoadjuvant chemotherapy
for CRLM. Typical findings on '®F-FDG-PET-CT before and after neoadjuvant therapy is
displayed in Figure 3, and an overview of included studies and results is summarized in
Table 3.

Figure 3. '8F-FDG PET-CT images of a patient before and after receiving neoadjuvant chemotherapy.
I8F-FDG PET-CT fusion image with high focal FDG uptake in segment 4A indicative of a colorectal
liver metastasis, white arrow (A); '8F-FDG PET-CT fusion image after 3 cycles of neoadjuvant
chemotherapy (FOLFOXIRI-bevacuzimab) showing solely physiological FDG uptake in healthy liver
parenchyma (B) indicating a complete metabolic response.

3.4. 8F-FDG-PET-CT as Response Monitoring during and after Palliative Chemotherapy

Response monitoring during palliative chemotherapy is also pivotal because some
patients initially deemed irresectable may show a good response to chemotherapy, making
them suitable for curative-intent local therapy. Moreover, response monitoring of palliative
chemotherapy is useful when deciding which chemotherapeutic agent is best suitable for
an individual patient. Early evaluation of response to treatment enables the physician
to switch to another chemotherapeutic regimen early during treatment or, if possible, to
temporarily halt chemotherapy.

Heijmen et al. [42] assessed the value of 18F-FDG-PET-CT after three cycles of chemother-
apy in 39 patients. A total of 5 patients received neoadjuvant chemotherapy, and 35 patients
received palliative chemotherapy. Prechemotherapy and postchemotherapy SUVyax and
TLG on "®F-FDG-PET-CT and ADC and T2*MR on T1.5 MR images were measured to
predict the response to systemic treatment. A high SUVax, TLG, low ADC, and high
T2*MR prior to treatment were correlated with a shorter OS. Low ADC before treatment
was associated with shorter PFS. A decrease in SUV .y and increase in ADC was seen after
one week of chemotherapy. These parameters were significantly correlated with each other,
but were not predictive of OS or PFS.
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Table 3. Summary of literature studying PET-CT performance after neoadjuvant chemotherapy of colorectal liver metastases.

Author Year Study Type N Timing of PET-CT Reference Standard Median FUP Results
Bascline Aft Sensitivity for detection of residual disease after
Lubezky et al. [33] 2007 Prospective 75 aseine Altter Histopathology NR chemotherapy was 65% for CT
completion of chemotherapy and 49% for PET-CT.
y . Baseline After . Follow-up SUVax, SAM, and ASAM were
Mertens et al. [34] 2013 Prospective 18 completion of chemotherapy Histopathology 53 months prognostic for PFS and OS.
. . . Overall per-lesion sensitivity to detect residual
Bacigalupo et al. [35] 2010 Retrospective 19 Aftcieigg’zﬁflsital;; of Surglcalﬁ;{:é;?;gﬁégljs’ and 13 months disease was 92% for SPIO-MRI and
52% for PET-CT.
Baseline After Sensitivity for detection of residual disease was
Garcia Vicente et al. [36] 2013 Prospective 19 CT and histopathology 6 months 38% for PET, 91% for ceCT, and 95% for PET-CT;
4 cycles i o .
specificity was 100% for all modalities.
. Baseline After . ASUVax > 41% was significantly
Burger et al. [37] 2013 Retrospective 23 completion of chemotherapy Histopathology NR correlated with TRG.
A moderate correlation (r = 0.660) between
After completion of SUVmean and tumor viability was found. However,
Nishioka et al. [38] 2018 Retrospective 34 cieigotﬁeia;y ° Histopathology NR for the prediction of tumor viability <10%
SUVmean and SUV o were accurate predictors
(AUC 0.916 and 0.887, respectively).
. Baseline After . 29 of 34 (85%) lesions displaying CMR showed
Tan etal. [59] 2007 Prospective 14 completion of chemotherapy Histopathology NR viable tumor cells at histopathology.
Baseline Aft Low follow-up SUV .« as well as quantitative
De Bruyne et al. [40] 2012 Prospective 19 aseine Alter Histopathology 31 months DCE-MRI parameters were prognostic
completion of chemotherapy factors for PFS
Lastoria et al. [41] 2013 Prospective 33 Baseline After RECIST and histopathology 30 months ASUVimax and ATLG were significantly predictive

1cycle

for PFS and OS.

AUC: area under the curve; CMR: complete metabolic response; FUP: follow-up; NR: not reported; OS: overall survival; PFS: progression-free survival; RECIST: Response Evaluation
Criteria in Solid Tumors; SAM: standardized added metabolic activity; ASAM: change in standardized added metabolic activity; ATLG: change in total lesion glycolysis; SPIO-MRI:
superparamagnetic iron oxide MR imaging; SUV yax: maximum standardized uptake volume; ASUVnax: change in maximum standardized uptake volume; SUVnean: mean standardized
uptake value; ATLG: change total lesion glycolysis; TRG: tumor regression grade.
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In a prospective phase II trial, response evaluation based on 8F-FDG-PET-CT PERCIST
criteria was compared with RECIST criteria on ceCT in 61 patients receiving palliative
treatment (cetuximab —irinotecan) [43]. Imaging was performed within 2 weeks prior to the
initiation of treatment and after every four cycles of chemotherapy. None of the patients
reached complete response based on ceCT and '®F-FDG-PET-CT, 11 patients (18%) had
partial response (RECIST) compared with partial metabolic response in 34 patients (56%)
according to PERCIST criteria. OS was significantly longer for patients considered as partial
metabolic response compared with patients with stable metabolic disease. No significant
difference in OS was observed between patients in the partial response and stable disease
groups, based on RECIST.

Nemeth et al. [44] prospectively studied the relation of metabolic changes on ®F-FDG-
PET-CT to PFS in 53 patients after two cycles (8 days after the second cycle) of combined
chemotherapy. A total of 10 out of 53 patients received neoadjuvant chemotherapy prior
to liver resection during the study period, and 43 patients were treated with palliative
chemotherapy. Metabolic response was assessed according to adapted EORTC criteria.
Baseline and percentage change (A) in SUVyax, TLG, SAM, and normalized SAM (NSAM)
were calculated. SAM and NSAM were both correlated with PFS and OS, whereas neither
SUVmax and TLG nor ASUVpax and ATLG were predictors of PFS and OS.

In a retrospective analysis in 40 patients receiving palliative chemotherapy, the correla-
tion of a complete metabolic response on I8E_FDG-PET-CT and PFS and OS was studied [45].
The authors found that patients achieving complete metabolic response had improved
PFS and OS. Moreover, patients with low baseline SUV .« were more likely to maintain
complete metabolic response.

To predict early tumor response, Hyun Kim et al. [46] evaluated 17 patients who un-
derwent '8F-FDG-PET-CT before and after the first cycle of chemotherapy. Non-responders
after 1 cycle of chemotherapy were assigned to second-line or third-line chemotherapy.
Different baseline values and reduction rates of the parameters of F-FDG-PET-CT and
3D perfusion CT were compared between responders and non-responders. Significant
differences between responders and non-responders were found in reduction rates of 30%
of MTV and TLG on 8F-FDG-PET-CT. On perfusion, CT blood flow and the flow extraction
product showcased a higher decrease in responders compared with non-responders.

Correa-Gallego et al. [47] evaluated the use of 8F_FDG-PET-CT after hepatic arterial
infusion pump (HAIP) with chemotherapy. A baseline I8E-FDG-PET-CT and a '®F-FDG-
PET-CT after three and six cycles of induction chemotherapy was made in 49 patients with
unresectable CRLM. Metabolic response was measured with ASUVmax, ASUVmean, and
ATLG. Outcome measures were conversion to resection, OS, PFS, and disease-free survival
(DFS). ASUVpmax and ATLG were not higher in patients who were deemed resectable
after chemotherapy compared with patients who could not undergo resection. Moreover,
metabolic parameters did not correlate with OS, PFS, and DFS and could not be used as
prognostic parameters in the response to HAIP-chemotherapy. The authors suggest the
poor performance of ¥ F-FDG-PET-CT in HAIP-chemotherapy may be a result of decreased
hexokinase activity as a result of the chemotherapy’s hepatotoxicity.

Summary

I8F-FDG-PET-CT seems to be a suitable imaging technique for assessing response
to treatment during and after palliative chemotherapy. Multiple studies have shown the
predictive value of metabolic response evaluation on 8F-FDG-PET-CT for PFS and OS,
whereas only one study evaluating chemotherapy via HAIP concluded that ®F-FDG-PET-
CT was not predictive of PFS and OS. Both traditional metabolic parameters (SUVpax and
TLG) and more complex parameters (SAM and NSAM) are suitable for response evaluation
and can be useful for prediction of PFS and OS. An overview of included studies and
results is summarized in Table 4.
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Table 4. Summary of literature studying PET-CT performance after palliative chemotherapy of colorectal liver metastases.

Author Year Study Type N Timing of PET-CT Reference Standard Median FUP Results

Pretreatment, high SUVmax, high TLG, low ADC, and
high T2* were associated with a shorter OS. Low

Baseline After

Heijmen et al. [42] 2015 Prospective 39 Aftirv;ecelzles RECIST 16 months pretreatment ADC value was associated
4 with shorter PFS.
Baseline OS was significantly longer for patients with a PMR
Skougaard et al. [43] 2014 Prospective 61 After every RECIST NR Fompared with patients Wth SMD.; no significant
4 eveles difference was found for patients with PR compared
y with patients with SD.
"y . Baseline After SAM2 and NSAM2 are significant
Nemeth et al. [44] 2020 Prospective 53 2 cycles EORTC 24 months predictors for PFS and OS.

Baseline Every
Chiu et al. [45] 2018 Retrospective 40 3 months after completion RECIST 47 months
of chemotherapy

OS was longer in patients with CMR compared with
patients with PMD (HR 5.329).

Baseline After A significant difference in baseline SUVmean, ATLG3o,
Kim et al. [46] 2012 Prospective 17 1 evel RECIST NR and AMTV3y was found between responders
cycle and non-responders.

Baseline After
Correa-Gallego et al. [47] 2015 Prospective 49 3 cycles RECIST and histopathology 38 months
After 6 cycles

No correlation between PET-parameters
and PFS and OS was found.

ADC: apparent diffusion coefficient; CMR: complete metabolic response; EORTC: European Organization for Research and Treatment of Cancer; FUP: follow-up; AMTV: change in
metabolic tumor volume; NR: not reported; NSAM2: normalized standardized added metabolic activity after chemotherapy; OS: overall survival; PFS: progression-free survival; PMD:
progressive metabolic disease; RECIST: Response Evaluation Criteria in Solid Tumors; SAM2: standardized added metabolic activity after chemotherapy; SMD: stable metabolic disease;
SUVmean: mean standardized uptake volume; TLG: total lesion glycolysis; ATLG: change in lesion glycolysis.
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3.5. 8F-FDG-PET-CT after Radioembolization

Zerizer et al. [17] compared EORTC PET criteria with RECIST and Choi criteria in
25 patients with 121 CRLM 6-8 weeks after treatment with *°Y-RE. Imaging parameters
were correlated with changes in tumor markers and 2-year PFS rates. Significantly more
patients showed partial response to treatment according to PET criteria compared with
both RECIST and Choi criteria. Moreover, metabolic response on ®F-FDG-PET-CT imaging
was strongly correlated with normalization of tumor markers and was a better predictor
of PFS.

The efficacy of RE evaluated by BF-FDG-PET-CT parameters was studied by
Soydal et al. [48] in 2013 in 35 patients. They calculated MTV pre- and posttreatment
and the change in TLG six weeks after treatment. A ATLG of 26.5 was calculated as the
cut-off for responders and non-responders. Mean survival for responders was 20.76 (£2.71)
months and 11.32 (£1.18) months for non-responders, respectively.

In a German study performed by Sabet et al. [49], the predictive value of metabolic
response 4 weeks after RE on 8F-FDG-PET-CT was evaluated in 51 patients. Three CRLMs
with the highest SUVhax were identified as target lesions in every patient; a 50% decrease
in tumor-to-background ratio was seen as metabolic response. Early metabolic responders,
i.e., 4 weeks after treatment, had significantly longer OS than non-responders (10 months
vs. 4 months, respectively).

RECIST 1.1, tumor attenuation criteria, Choi criteria, and EORTC PET criteria were
studied in a retrospective analysis in 25 patients (46 target lesions) for response assessment
and prediction of hepatic PFS after RE by Shady et al. [50]. A statistically significant
correlation between a change in tumor attenuation, measured in HU, and SUV ax change
was seen. Moreover, assessments following Choi criteria, tumor attenuation, and EORTC
PET criteria were found to be predictors of hepatic PFS.

A retrospective study including 49 patients with 119 target CRLM compared the
RECIST criteria with metabolic response on 8E_FDG-PET-CT, based on SUVmax, SUVpeak,
MTV, and TLG for prediction of treatment response and OS [51]. Response assessment by
MTV and TLG showed a statistically significant correlation with prediction of OS. Response
measured with SUVmax and SUVpeqx and no progression of disease based on RECIST were
not associated with prolonged OS.

In a study including 38 CRLM patients treated with RE, anatomic response assessed
with MR imaging was compared with metabolic tumor response evaluated with '¥F-FDG-
PET-CT [52]. All patients received a baseline MR imaging and I8E_FDG-PET-CT prior
to treatment and at 1 and 3 months, respectively, after treatment with *Y microspheres.
Anatomic response assessment on MR imaging was performed following RECIST 1.1 cri-
teria with longest tumor diameter (LTD) as variable, and the metabolic response was
quantitatively assessed based on total liver TLG (sum of all TLG values). One month after
treatment, objective response rates were 11% and 39% for RECIST and total liver TLG,
respectively. At three months after treatment, the objective response rates were 24% and
33% for RECIST and total liver TLG, respectively. Moreover, a decrease in total liver TLG at
1 and 3 months after treatment was associated with an increase in OS; LTD reduction was
found to be significantly correlated with longer OS only 3 months after treatment. Thus
8F-FDG-PET-CT enabled response prediction 1 month after treatment, whereas prediction
based on CT was only possible 3 months after treatment.

Sager et al. [53] compared RECIST and PERCIST criteria after Y RE in 19 patients
with a total of 42 CRLM, with therapy response as the primary outcome measurement for
the evaluation of treatment response. A total of 12 out of 42 lesions (29%) were catego-
rized as partial response, 14 (33%) as progressive disease, and 16 (38%) as stable disease
according to PERCIST criteria. Comparable results were reported for RECIST criteria.
Although patients with progressive disease based on RECIST and PERCIST criteria seemed
to have impaired survival compared with responders, this survival benefit did not reach
statistical significance.
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Summary

Multiple parameters such as SUVax, MTV, and TLG seem to have a predictive value
on patient outcomes and could be used as a prognostic marker for the prediction of
long-term outcomes in CRLM treated by radioembolization. The additional value of 13F-
FDG-PET-CT imaging compared with ceCT imaging is shown in Figure 4, and an overview
of included studies and results is summarized in Table 5.

“Pre-radioefbolisation

Figure 4. 1®F-FDG PET-CT images before and 6 weeks after radioembolization. Coronal PET-only
images (left panel), fused 8F_FDG PET-CT images (A,C), and contrast-enhanced CT images (B,D).
Pretreatment '8F-FDG PET-CT and contrast-enhanced CT images show multiple hepatic lesions (A,B).
Posttreatment 8 F-FDG PET-CT imaging shows a partial metabolic response (C), whereas contrast-
enhanced CT imaging suggests progressive disease. Adapted from: The role of early '®F-FDG PET/CT
in prediction of progression-free survival after 90Y radioembolization: comparison with RECIST
and tumour density criteria. I. Zerizer et al. Eur ] Nucl Med Mol Imaging. 2012 Sep;39(9):1391-9.
doi: 10.1007/s00259-012-2149-1. Epub 2012 May 30.

3.6. Future Perspectives
3.6.1. Tumor-Targeted PET Tracers

Several novel PET tracers have been studied in CRLM patients in recent years, with
varying degrees of success. A pilot study in 10 patients using a prostate-specific membrane
antigen (PSMA) tracer, ®*Ga-PSMA-11, found low PET avidity in CRLM and concluded
68Ga-PSMA-11 not to be a suitable tracer for the detection of CRLM [54]. The nucleoside ana-
logue 3'-fluoro-3'deoxythymidine (FLT) tracer, I8E_FLT, was studied in 18 CRLM patients
receiving neoadjuvant chemotherapy [55]. The authors concluded that '®F-FLT uptake
might be a predictive imaging biomarker for early treatment response after chemother-
apy. However, this study was published in 2013, and no further research supporting this
hypothesis has been published since.

More recently, fibroblast-activation-protein inhibitors (FAPI) have proven to be of great
potential in preclinical and clinical studies as a PET tracer for various solid tumors. Fibrob-
last activation protein (FAP) is overexpressed by cancer-associated fibroblasts (CAFs) in
several cancer types [56]. ®®Ga-FAPI PET-CT showed higher uptake than '8F-FDG PET-CT
in gastric, duodenal, and colorectal adenocarcinoma liver metastases (SUVnax 9.7 vs. 5.2)
in a study performed by Pang et al. [57]. One more advantage of ®Ga-FAPI PET-CT over
I8BE_FDG PET-CT is the low background SUVpax in the liver (1.69 vs. 2.77), improving
tumor-to-background ratios even further [58]. In a retrospective cohort study of 14 patients
with CRLM, an SUVax value of 9.54 was measured on ®8Ga-FAPI PET-CT. Unfortunately,
no comparison was made with I8E_-FDG PET-CT [59].
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Table 5. Summary of literature studying PET-CT performance after radioembolization of colorectal liver metastases.

Author Year Study Type N Timing of PET-CT Imaging Evaluation Parameters Reference Standard Results
ASUVax was a significant predictor of PFS, while
Zerizer et al. [17] 2012 Retrospective 25 Baseline; 6-8 weeks after RE ASUV nax and LTD ceCT: RECIST 1.1 and Choi criteria response assessed by RECIST and tumor attenuation
did not predict PFS.
Soydal et al. [48] 2013 Retrospective 35 Baseline; 6 weeks after RE ATLG, AFTV and ASUV jax oS ATLG was not a significant predictor of OS.
Sabet et al. [49] 2015 Retrospective 51 Baseline; 4 weeks after RE >50% ATLR (3] A decrease of >50% of TLG was a significant predictor
of prolonged OS.
s o Response determined by EORTC PET criteria, Choi
Shady et al. [50] 2016 Retrospective 25 Baseline; <10 weeks after RE EORTC PET cr1ter1§, Cho.l cr_1ter1a, ceCT: RECIST 1.1 criteria, and tumor attenuation criteria were predictors
tumor attenuation criteria .
of hepatic PFS.
Response by >30% AMTYV and ATLG were
. L ASUV max; ASUVpeak; . significantly correlated with OS, whereas response by
Shady et al. [51] 2016 Retrospective 49 Baseline; <12 weeks after RE AMTV; ATLC ceCT: RECIST 1.1 ASUV pyax, ASUV ey, and RECIST
did not correlate with OS.
. Baseline; 1 month . . ATLG was more sensitive than ALTD
Jongen et al. [52] 2018 Prospective 38 after RE; 3 months after RE ALTD; ATLG MRI: RECIST 1.1 for prediction of OS.
Sager et al. [53] 2019 Retrospective 19 Baseline; 6 weeks after RE Mean .tumor CT and/or MRI: RECIST 1.1 PERCIST criteria are more reliable than RECIST criteria
volume; uMTV for treatment response evaluation.

AFTV: change in functional tumor volume; FUP: follow-up; LTD: longest tumor diameter; MAMAV: mean attenuation in metabolic active volume; uMTV: mean metabolic tumor volume;
OS: overall survival; PERCIST: PET Response Criteria In Solid Tumors; RECIST 1.1: Response Evaluation Criteria in Solid Tumors; RE: radioembolization; TLG: total lesion glycolysis;
SUVmax: maximum standardized uptake value; SUVpeak: peak standardized uptake value; PFS: progression-free survival; SV: structural volume; MASV: mean attenuation in structural
volume; TLR: tumor-to-liver ratio.
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Sahin and colleagues [60] performed a one-to-one comparison between ®®Ga-DOTA.-
FAPI PET-CT and '8F-FDG PET-CT in 15 patients with CRLM. The differences in measured
median SUV .« were 5.5 and 5.0 (p = 0.25) in ®¥Ga-DOTA-FAPI and '8F-FDG PET-CT,
respectively. A significantly different median tumor-to-background ratio of 4.5 vs. 1.3
(p < 0.05) was found.

One drawback of PET-CT imaging with FAPI is the relatively high uptake in fibrotic
and cirrhotic livers, leading to higher background signals and thus lower—and in one case
even negative—tumor-to-background ratios [61] in patients with cirrhotic liver disease [62].

3.6.2. PET-MR Imaging

18F-FDG-PET-MR imaging has been introduced as a very promising imaging technique
simultaneously using the metabolic features of '®F-FDG-PET and the anatomic and func-
tional features of MR imaging that display higher soft tissue contrast resolutions than CT.
Moreover, MR imaging provides more than only anatomical information when combining
different sequences and by using MR contrast agents. However, little is known about the
potential role of '¥F-FDG-PET-MR in the assessment of treatment success of CRLM. 18F-
FDG-PET-MR was shown to be comparable in diagnostic accuracy of liver lesions compared
with 8F-FDG-PET-CT imaging in several studies [63-65], and some studies concluded
superiority of '®F-FDG-PET-MR over ®F-FDG-PET-CT [66-68]. This increased accuracy is
mainly explained by the superior soft tissue contrast of MR imaging compared with CT.
Another additional benefit of MR imaging over CT is that it does not use ionizing radiation.
More recently, two large observational studies concluded that "®F-FDG-PET-MR improves
lesion detection in several cancer types and decreases false-negative rates, although no
clear subanalysis confirmed this statement specifically for patients with CRLM [69,70].

Only two reports have studied '®F-FDG-PET-MR performance after neoadjuvant
chemotherapy. In a short retrospective case series including 15 patients receiving chemother-
apy, imaging data of '¥F-FDG PET-CT and '8F-FDG-PET-MR were retrospectively correlated
with histology or follow-up imaging as reference standard [65]. ¥F-FDG-PET-DWI-MR
yielded significantly higher sensitivity and specificity compared with F-FDG-PET-CT for
the initial detection of CRLM. No subanalysis was performed to study '8F-FDG-PET-DWI-
MR performance in detecting local tumor recurrence and/or in evaluating residual disease.
A second retrospective study including 55 patients with CRLM concluded that 8F-FDG-
PET-MR has significantly better sensitivity in detecting residual CRLM than multidetector
CT in patients who had received chemotherapy recently (i.e., within the 3 months prior
to 18F—FDG—PET—MR). However, 18F-FDG-PET-MR did not outperform gadolinium MR
imaging [67].

3.6.3. Radiomics

Radiomics aims to extract a large number of quantitative features from medical imag-
ing to provide clinicians with additional information from existing imaging invisible to the
human eye [71]. Combining several features in a multiparametric model is challenging for
the human eye and brain and is therefore not reproducible. The machine-learning approach
in radiomics incorporates all clinical and imaging features available and can subsequently
aid the clinician in decision making for patient-specific treatment and prediction of patient
outcomes. Typical workflow for radiomics consist of: (1) standardized image acquisition;
(2) manual or automated segmentation of the tumor(s); (3) extraction of a large number
of imaging features (e.g., intensity, shape, texture); (4) analysis of features’ relationship to
treatment efficacy and/or patient outcome [72,73].

In recent years, several studies have been published that specifically focus on radiomics
in metastatic colorectal cancer, but only two studied radiomic features in PET, although
not specifically describing radiomics in treatment evaluation after local therapy [74,75].
In a retrospective study including 99 patients receiving palliative chemotherapy three
(local) intensity, four morphological, two intensity histogram, and one intensity—volume
histogram radiomic features in PET imaging, acquired prior to chemotherapy, were ana-
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lyzed and correlated with anatomical change per lesion, treatment benefit, PFS, and OS [74].
The authors concluded that tumor volume, tumor heterogeneity, and non-sphericity are
negatively correlated with the benefit of treatment and subsequent survival. A second
trial studied whether using radiomic PET features, 41 in total were explored, could serve
as a prognostic model in 52 patients with CRLM [75]. They demonstrated the poor prog-
nostic value of commonly used SUV parameters (SUV peax and SUVmax) compared with
number of CRLM, MTV, and TLG. However, combining one or more radiomic features in a
multivariate analysis increased prognostic accuracy, with hazard ratios for PFS and OS of
4.02 (95% CI1.67-9.7) and 4.29 (95% CI 2.15-8.57), respectively.

More extensive research has been performed in the applications of radiomics in CRLM
using other imaging modalities (e.g., CT and MR imaging) [73,76-79].

4. Discussion

In this systematic review, we studied the role of F-FDG-PET-CT for evaluation
of treatment for CRLM. We focused on five main treatment modalities—i.e., surgery,
thermal ablation (RFA and MWA), neoadjuvant chemotherapy, palliative chemotherapy,
and radioembolization. ¥ F-FDG-PET-CT performance has been evaluated as a diagnostic
imaging modality for detecting residual disease after neoadjuvant chemotherapy and
thermal ablation. Remarkably, only one study was found to describe the role of ¥ F-FDG-
PET-CT imaging after surgery, preventing a solid recommendation after this treatment
modality. Furthermore, 1®F-FDG-PET-CT imaging was evaluated for the assessment of
treatment response and prediction of survival.

Studies on 8F-FDG-PET-CT scans during follow-up after RFA and/or MWA should
be analyzed with caution since data on the exact timing of the follow-up moment are
sometimes not available. However, in addition, these studies conclude that the metabolic
changes in and around the ablation cavity are easier to interpret than subtle morphological
changes, which may be present on ceCT. In general, independent of early (within 48 h)
imaging or follow-up imaging (>3 months), multiple studies show a clinical superiority of
I8E_FDG-PET-CT over ceCT in detecting local tumor progression after thermal ablation.

IBE-FDG-PET-CT parameters showed poor-to-moderate correlation with histopatho-
logical findings for smaller lesions and similar correlation with histopathology compared
with morphological imaging techniques. For this reason, current imaging modalities, in-
cluding "®F-FDG-PET-CT, cannot provide a reliable indication that predicts a complete
(pathologic) response and thus should only be used to determine whether a patient can be
treated locally after neoadjuvant therapy.

Multiple parameters such as SUVyax, MTV, and TLG seem to have a predictive value
on patient outcomes and could be used as prognostic markers for the prediction of long-
term outcomes in CRLM treated with palliative chemotherapy.

The role of '8F-FDG-PET-CT imaging in treatment evaluation after RE has been studied
thoroughly. Based on the studies evaluated in this systematic review, '8F-FDG-PET-CT
seems to outperform MR imaging and CT for response assessment and prediction of
overall survival.

Currently, no data on treatment evaluation of ®F-FDG-PET-MR after surgical resection,
thermal ablation, and radioembolization are available in the literature. Therefore, the exact
role of ¥ F-FDG-PET-MR after local treatment of CRLM remains uncertain. A novel PET
tracer that has recently received a lot of attention and is being researched intensively is
FAPI. Although initial results seem promising, additional research is required before any
conclusive statements can be made on the exact role FAPI-PET-CT could play in treatment
evaluation of CRLM.

Some limitations of this review should be addressed. First, in all treatment categories
heterogeneity in patients and patient characteristics between studies was found. Second,
studies used a variety of methods and outcome measures, complicating the interpretation
and comparability of the results summarized in this report. Nevertheless, to the best of
our knowledge, we included the best currently available evidence to provide recommen-
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dations for the role of PET-CT imaging during follow-up after treatment of colorectal
liver metastases.

5. Conclusions

In conclusion, the role of BF-FDG-PET-CT for treatment evaluation of CRLM is
strongly dependent on the treatment option chosen and the setting in which it is used.
The use of ¥ F-FDG-PET-CT is not justified regularly after neoadjuvant chemotherapy, and
the exact role of ¥ F-FDG-PET-CT after surgery remains unclear and needs to be further
evaluated. In contrast, 8F-FDG-PET-CT seems superior to ceCT and MR imaging for
the early detection of residual vital tumor tissue (<48 h after ablation) and local tumor
progression up to 1 year after thermal ablation and for treatment response evaluation after
radioembolization and palliative chemotherapy.

In addition, novel PET tracers and '®F-FDG-PET-MR imaging may be of significant
added value in the near future. The relatively unexplored field of radiomics, although
its first results are promising, is still in its infancy and may provide novel insights on the
abovementioned conclusions over the next few years.

Author Contributions: Conceptualization, O.D.B., M.C.B,, D.E.O.-L., D.D.D.R,, EH.Pv.\V,, R.-].S,,
ALV, ]S DM. and L.-Fd.G.-O.; methodology, O.D.B., EH.Pv.V,, ].S.D.M. and L.-Ed.G.-O; in-
vestigation, O.D.B. and M.M.E.B,; resources, O.D.B.,, M.M.E.B. and S.v.M.; writing—original draft
preparation, O.D.B., M.M.E.B., S.v.M. and EH.P.v.V,; writing—review and editing, M.C.B., D.E.O.-L.,
D.D.D.R, R.-].S.,, ALV. and L.-F.d.G.-O; visualization, O.D.B. and M.M.E.B.; supervision, EH.WK.,
R.-J.S., ALV, ].S.D.M. and L.-Ed.G.-O. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Acknowledgments: We acknowledge the support with regard to the systematic literature search by
Claudia Pees of the Walaeus Scientific Library at the LUMC.

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

References

1.  Xi, Y; Xu, P. Global colorectal cancer burden in 2020 and projections to 2040. Transl. Oncol. 2021, 14, 101174. [CrossRef] [PubMed]

2. Mitchell, D.; Puckett, Y.; Nguyen, Q.N. Literature Review of Current Management of Colorectal Liver Metastasis. Cureus 2019,
11, €3940. [CrossRef] [PubMed]

3. Achterberg, EB.; Kapiteijn, E.; Ceha, H.M.; Hartgrink, H.H.; Swijnenburg, R.]. Developments in the local treatment of colorectal
liver metastases. Ned. Tijdschr. Voor Oncol. 2018, 15, 39—-48.

4. Lee, H.Y;; Woo, LS. Perioperative Systemic Chemotherapy for Colorectal Liver Metastasis: Recent Updates. Cancers 2021, 13, 4590.
[CrossRef] [PubMed]

5. vanden Hoven, A.F; Rosenbaum, C.E; Elias, S.G.; de Jong, H-W.; Koopman, M.; Verkooijen, H.M.; Alavi, A.; van den Bosch, M.A.;
Lam, M.G. Insights into the Dose-Response Relationship of Radioembolization with Resin 90Y-Microspheres: A Prospective
Cohort Study in Patients with Colorectal Cancer Liver Metastases. J. Nucl. Med. 2016, 57, 1014-1019. [CrossRef] [PubMed]

6.  Van Cutsem, E.; Cervantes, A.; Adam, R.; Sobrero, A.; Van Krieken, J.H.; Aderka, D.; Aranda Aguilar, E.; Bardelli, A.; Benson, A;
Bodoky, G.; et al. ESMO consensus guidelines for the management of patients with metastatic colorectal cancer. Ann. Oncol. 2016,
27,1386-1422. [CrossRef]

7. Tirumani, S.H.; Kim, KW,; Nishino, M.; Howard, S.A.; Krajewski, KM.; Jagannathan, J.P.,; Cleary, ].M.; Ramaiya, N.H,;
Shinagare, A.B. Update on the role of imaging in management of metastatic colorectal cancer. Radiographics 2014, 34, 1908-1928.
[CrossRef]

8. Van Cutsem, E.; Verheul, HM.W.; Flamen, P.; Rougier, P,; Beets-Tan, R.; Glynne-Jones, R.; Seufferlein, T. Imaging in Colorectal
Cancer: Progress and Challenges for the Clinicians. Cancers 2016, 8, 81. [CrossRef]

9. Hazhirkarzar, B.; Khoshpouri, P.; Shaghaghi, M.; Ghasabeh, M.A.; Pawlik, T.M.; Kamel, LR. Current state of the art imaging
approaches for colorectal liver metastasis. Hepatobiliary Surg. Nutr. 2020, 9, 35-48. [CrossRef]

10. Asato, N.; Tsurusaki, M.; Sofue, K.; Hieda, Y.; Katsube, T.; Kitajima, K.; Murakami, T. Comparison of gadoxetic acid-enhanced
dynamic MR imaging and contrast-enhanced computed tomography for preoperative evaluation of colorectal liver metastases.
Jpn. J. Radiol. 2017, 35, 197-205. [CrossRef]

11. Wong, T.Z.; Khandani, A.H.; Sheikh, A. Chapter 11—Nuclear Medicine. In Clinical Radiation Oncology (Fourth Edition);

Gunderson, L.L., Tepper, ].E., Eds.; Elsevier: Philadelphia, PA, USA, 2016; pp. 206-216.


http://doi.org/10.1016/j.tranon.2021.101174
http://www.ncbi.nlm.nih.gov/pubmed/34243011
http://doi.org/10.7759/cureus.3940
http://www.ncbi.nlm.nih.gov/pubmed/30937238
http://doi.org/10.3390/cancers13184590
http://www.ncbi.nlm.nih.gov/pubmed/34572817
http://doi.org/10.2967/jnumed.115.166942
http://www.ncbi.nlm.nih.gov/pubmed/26912436
http://doi.org/10.1093/annonc/mdw235
http://doi.org/10.1148/rg.347130090
http://doi.org/10.3390/cancers8090081
http://doi.org/10.21037/hbsn.2019.05.11
http://doi.org/10.1007/s11604-017-0622-2

Diagnostics 2022, 12, 715 20 of 23

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kim, Y.I; Lee, H.S.; Choi, J.Y. Prognostic Significance of Pretreatment I8E-FDG PET/CT Volumetric Parameters in Patients With
Colorectal Liver Metastasis: A Systematic Review and Meta-analysis. Clin. Nucl. Med. 2021, 46, 206-213. [CrossRef] [PubMed]
Ulaner, G.A. Chapter 2—FDG PET/CT Performance and Reporting. In Fundamentals of Oncologic PET/CT; Ulaner, G.A., Ed,;
Elsevier: Amsterdam, The Netherlands, 2019; pp. 5-8.

Im, H.J.; Bradshaw, T.; Solaiyappan, M.; Cho, S.Y. Current Methods to Define Metabolic Tumor Volume in Positron Emission
Tomography: Which One is Better? Nucl. Med. Mol. Imaging 2018, 52, 5-15. [CrossRef] [PubMed]

Larson, S.M.; Erdi, Y.; Akhurst, T.; Mazumdar, M.; Macapinlac, H.A.; Finn, R.D.; Casilla, C.; Fazzari, M.; Srivastava, N.;
Yeung, H.W.; et al. Tumor Treatment Response Based on Visual and Quantitative Changes in Global Tumor Glycolysis Using
PET-FDG Imaging. The Visual Response Score and the Change in Total Lesion Glycolysis. Clin. Positron Imaging 1999, 2, 159-171.
[CrossRef]

Wahl, R.L.; Jacene, H.; Kasamon, Y.; Lodge, M.A. From RECIST to PERCIST: Evolving Considerations for PET response criteria in
solid tumors. J. Nucl. Med. 2009, 50 (Suppl. 1), 1225-150S. [CrossRef]

Zerizer, I.; Al-Nahhas, A.; Towey, D.; Tait, P.; Ariff, B.; Wasan, H.; Hatice, G.; Habib, N.; Barwick, T. The role of early 18F-FDG
PET/CT in prediction of progression-free survival after °°Y radioembolization: Comparison with RECIST and tumour density
criteria. Eur. J. Nucl. Med. Mol. Imaging 2012, 39, 1391-1399. [CrossRef]

Kim, H.D.; Kim, B.J.; Kim, H.S.; Kim, J.H. Comparison of the morphologic criteria (RECIST) and metabolic criteria (EORTC and
PERCIST) in tumor response assessments: A pooled analysis. Korean . Intern. Med. 2019, 34, 608-617. [CrossRef]

Eisenhauer, E.A.; Therasse, P.; Bogaerts, J.; Schwartz, L.H.; Sargent, D.; Ford, R.; Dancey, J.; Arbuck, S.; Gwyther, S,;
Mooney, M.; et al. New response evaluation criteria in solid tumours: Revised RECIST guideline (version 1.1). Eur. ]. Cancer 2009,
45,228-247. [CrossRef]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BM] 2021, 372, n71.
[CrossRef]

Aarntzen, E.; Heijmen, L.; Oyen, W.J.G. I8F_FDG PET/CT in Local Ablative Therapies: A Systematic Review. . Nucl. Med. 2018,
59, 551-556. [CrossRef]

Lin, Y.M.; Paolucci, I.; Brock, K.K.; Odisio, B.C. Image-Guided Ablation for Colorectal Liver Metastasis: Principles, Current
Evidence, and the Path Forward. Cancers 2021, 13, 3926. [CrossRef]

Vigano, L.; Lopci, E.; Costa, G.; Rodari, M.; Poretti, D.; Pedicini, V.; Solbiati, L.; Chiti, A.; Torzilli, G. Positron Emission Tomography-
Computed Tomography for Patients with Recurrent Colorectal Liver Metastases: Impact on Restaging and Treatment Planning.
Ann. Surg. Oncol. 2017, 24, 1029-1036. [CrossRef] [PubMed]

Maffione, A.M.; Lopci, E.; Bluemel, C.; Giammarile, F; Herrmann, K.; Rubello, D. Diagnostic accuracy and impact on management
of F-FDG PET and PET/CT in colorectal liver metastasis: A meta-analysis and systematic review. Eur. J. Nucl. Med. Mol.
Imaging 2015, 42, 152-163. [CrossRef] [PubMed]

Samim, M.; Molenaar, 1.Q.; Seesing, M.E].; van Rossum, PS.N.; van den Bosch, M.; Ruers, T.].M.; Borel Rinkes, LH.M.;
van Hillegersberg, R.; Lam, M.; Verkooijen, H.M. The diagnostic performance of 1I8E-FDG PET/CT, CT and MRI in the treatment
evaluation of ablation therapy for colorectal liver metastases: A systematic review and meta-analysis. Surg. Oncol. 2017, 26, 37-45.
[CrossRef] [PubMed]

Veit, P.; Antoch, G.; Stergar, H.; Bockisch, A.; Forsting, M.; Kuehl, H. Detection of residual tumor after radiofrequency ablation of
liver metastasis with dual-modality PET/CT: Initial results. Eur. Radiol. 2006, 16, 80-87. [CrossRef]

Kuehl, H.; Antoch, G.; Stergar, H.; Veit-Haibach, P.; Rosenbaum-Krumme, S.; Vogt, F.; Frilling, A.; Barkhausen, J.; Bockisch, A.
Comparison of FDG-PET, PET/CT and MRI for follow-up of colorectal liver metastases treated with radiofrequency ablation:
Initial results. Eur. |. Radiol. 2008, 67, 362-371. [CrossRef]

Sahin, D.A.; Agcaoglu, O.; Chretien, C.; Siperstein, A.; Berber, E. The utility of PET/CT in the management of patients with
colorectal liver metastases undergoing laparascopic radiofrequency thermal ablation. Ann. Surg. Oncol. 2012, 19, 850-855.
[CrossRef]

Liu, Z.Y.; Chang, Z.H.; Lu, Z.M.; Guo, Q.Y. Early PET/CT after radiofrequency ablation in colorectal cancer liver metastases: Is it
useful? Chin. Med. J. 2010, 123, 1690-1694.

Nielsen, K.; van Tilborg, A.A.; Scheffer, H.].; Meijerink, M.R.; de Lange-de Klerk, E.S.; Meijer, S.; Comans, E.E,; van den Tol, M.P.
PET-CT after radiofrequency ablation of colorectal liver metastases: Suggestions for timing and image interpretation. Eur. J.
Radiol. 2013, 82, 2169-2175. [CrossRef]

Cornelis, F; Sotirchos, V.; Violari, E.; Sofocleous, C.T.; Schoder, H.; Durack, ]J.C.; Siegelbaum, R.H.; Maybody, M.; Humm, J;
Solomon, S.B. 8F-FDG PET/CT Is an Immediate Imaging Biomarker of Treatment Success after Liver Metastasis Ablation. J.
Nucl. Med. 2016, 57, 1052-1057. [CrossRef]

Cornelis, EH.; Petre, E.N.; Vakiani, E.; Klimstra, D.; Durack, J.C.; Gonen, M.; Osborne, J.; Solomon, S.B.; Sofocleous, C.T.
Immediate Postablation F-FDG Injection and Corresponding SUV Are Surrogate Biomarkers of Local Tumor Progression After
Thermal Ablation of Colorectal Carcinoma Liver Metastases. ]. Nucl. Med. 2018, 59, 1360-1365. [CrossRef]


http://doi.org/10.1097/RLU.0000000000003479
http://www.ncbi.nlm.nih.gov/pubmed/33443946
http://doi.org/10.1007/s13139-017-0493-6
http://www.ncbi.nlm.nih.gov/pubmed/29391907
http://doi.org/10.1016/S1095-0397(99)00016-3
http://doi.org/10.2967/jnumed.108.057307
http://doi.org/10.1007/s00259-012-2149-1
http://doi.org/10.3904/kjim.2017.063
http://doi.org/10.1016/j.ejca.2008.10.026
http://doi.org/10.1136/bmj.n71
http://doi.org/10.2967/jnumed.117.198184
http://doi.org/10.3390/cancers13163926
http://doi.org/10.1245/s10434-016-5644-y
http://www.ncbi.nlm.nih.gov/pubmed/27807727
http://doi.org/10.1007/s00259-014-2930-4
http://www.ncbi.nlm.nih.gov/pubmed/25319712
http://doi.org/10.1016/j.suronc.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/28317583
http://doi.org/10.1007/s00330-005-2767-0
http://doi.org/10.1016/j.ejrad.2007.11.017
http://doi.org/10.1245/s10434-011-2059-7
http://doi.org/10.1016/j.ejrad.2013.08.024
http://doi.org/10.2967/jnumed.115.171926
http://doi.org/10.2967/jnumed.117.194506

Diagnostics 2022, 12, 715 21 of 23

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Lubezky, N.; Metser, U.; Geva, R.; Nakache, R.; Shmueli, E.; Klausner, ].M.; Even-Sapir, E.; Figer, A.; Ben-Haim, M. The role and
limitations of 18-fluoro-2-deoxy-D-glucose positron emission tomography (FDG-PET) scan and computerized tomography (CT)
in restaging patients with hepatic colorectal metastases following neoadjuvant chemotherapy: Comparison with operative and
pathological findings. J. Gastrointest. Surg. 2007, 11, 472-478. [CrossRef] [PubMed]

Mertens, J.; De Bruyne, S.; Van Damme, N.; Smeets, P.; Ceelen, W.; Troisi, R.; Laurent, S.; Geboes, K.; Peeters, M.; Goethals, L; et al.
Standardized added metabolic activity (SAM) in 18F-FDG PET assessment of treatment response in colorectal liver metastases.
Eur. J. Nucl. Med. Mol. Imaging 2013, 40, 1214-1222. [CrossRef] [PubMed]

Bacigalupo, L.; Aufort, S.; Eberlé, M.C.; Assenat, E.; Ychou, M.; Gallix, B. Assessment of liver metastases from colorectal
adenocarcinoma following chemotherapy: SPIO-MRI versus FDG-PET/CT. Radiol. Med. 2010, 115, 1087-1100. [CrossRef]
[PubMed]

Garcia Vicente, A.M.; Dominguez Ferreras, E.; Sanchez Pérez, V.; Poblete Garcia, V.M.; Villa Guzman, J.C.; Jiménez Aragon, F;
Pineda Pineda, M.D.; Molino Trinidad, C.; Soriano Castrejon, A. Response assessment of colorectal liver metastases with contrast
enhanced CT/18F-FDG PET. Eur. J. Radiol. 2013, 82, e255-e261. [CrossRef]

Burger, L. A.; Schwarz, E.I; Samarin, A.; Breitenstein, S.; Weber, A.; Hany, T.F. Correlation between therapy response assessment
using FDG PET/CT and histopathologic tumor regression grade in hepatic metastasis of colorectal carcinoma after neoadjuvant
therapy. Ann. Nucl. Med. 2013, 27, 177-183. [CrossRef] [PubMed]

Nishioka, Y.; Yoshioka, R.; Gonoi, W.; Sugawara, T.; Yoshida, S.; Hashimoto, M.; Shindoh, J. Fluorine-18-fluorodeoxyglucose
positron emission tomography as an objective substitute for CT morphologic response criteria in patients undergoing chemother-
apy for colorectal liver metastases. Abdom. Radiol. 2018, 43, 1152-1158. [CrossRef]

Tan, M.C,; Linehan, D.C.; Hawkins, W.G.; Siegel, B.A.; Strasberg, S.M. Chemotherapy-induced normalization of FDG uptake
by colorectal liver metastases does not usually indicate complete pathologic response. . Gastrointest. Surg. 2007, 11, 1112-1119.
[CrossRef]

De Bruyne, S.; Van Damme, N.; Smeets, P.; Ferdinande, L.; Ceelen, W.; Mertens, J.; Van de Wiele, C.; Troisi, R.; Libbrecht, L.;
Laurent, S.; et al. Value of DCE-MRI and FDG-PET/CT in the prediction of response to preoperative chemotherapy with
bevacizumab for colorectal liver metastases. Br. J. Cancer 2012, 106, 1926-1933. [CrossRef]

Lastoria, S.; Piccirillo, M.C.; Caraco, C.; Nasti, G.; Aloj, L.; Arrichiello, C.; de Lutio di Castelguidone, E.; Tatangelo, F.; Ottaiano, A.;
Iaffaioli, R.V.; et al. Early PET/CT scan is more effective than RECIST in predicting outcome of patients with liver metastases
from colorectal cancer treated with preoperative chemotherapy plus bevacizumab. J. Nucl. Med. 2013, 54, 2062-2069. [CrossRef]
Heijmen, L.; ter Voert, E.E.; Oyen, W.J.; Punt, C.]J.; van Spronsen, D.].; Heerschap, A.; de Geus-Oei, L.E; van Laarhoven, H.W.
Multimodality imaging to predict response to systemic treatment in patients with advanced colorectal cancer. PLoS ONE 2015,
10, e0120823. [CrossRef]

Skougaard, K.; Johannesen, H.H.; Nielsen, D.; Schou, J.V,; Jensen, B.V.; Hogdall, E.V.; Hendel, HW. CT versus FDG-PET/CT
response evaluation in patients with metastatic colorectal cancer treated with irinotecan and cetuximab. Cancer Med. 2014, 3,
1294-1301. [CrossRef]

Nemeth, Z.; Wijker, W.; Lengyel, Z.; Hitre, E.; Borbely, K. Metabolic Parameters as Predictors for Progression Free and Overall
Survival of Patients with Metastatic Colorectal Cancer. Pathol. Oncol. Res. 2020, 26, 2683-2691. [CrossRef] [PubMed]

Chiu, KW.H.; Lam, K.O.; An, H,; Cheung, G.T.C.; Lau, ].K.S,; Choy, T.S.; Lee, V.H.F. Long-term outcomes and recurrence pattern
of 8F-FDG PET-CT complete metabolic response in the first-line treatment of metastatic colorectal cancer: A lesion-based and
patient-based analysis. BMIC Cancer 2018, 18, 776. [CrossRef]

Kim, D.H.; Kim, S.H.; Im, S.A.; Han, S.W.; Goo, ]. M.; Willmann, ].K,; Lee, E.S.; Eo, ].S.; Paeng, ].C.; Han, ] K,; et al. Intermodality
comparison between 3D perfusion CT and I8F_FDG PET/CT imaging for predicting early tumor response in patients with liver
metastasis after chemotherapy: Preliminary results of a prospective study. Eur. ]. Radiol. 2012, 81, 3542-3550. [CrossRef] [PubMed]
Correa-Gallego, C.; Gavane, S.; Grewal, R.; Cercek, A.; Klimstra, D.S.; Gewirtz, A.N.; Kingham, T.P,; Fong, Y.; DeMatteo, R.P;
Allen, PJ.; et al. Prospective evaluation of 18F—ﬂuorodeoxyglucose positron emission tomography in patients receiving hepatic
arterial and systemic chemotherapy for unresectable colorectal liver metastases. HPB 2015, 17, 644—-650. [CrossRef]

Soydal, C.; Kucuk, O.N.; Gecim, E.I; Bilgic, S.; Elhan, A.H. The prognostic value of quantitative parameters of 18F_FDG PET/CT
in the evaluation of response to internal radiation therapy with yttrium-90 in patients with liver metastases of colorectal cancer.
Nucl. Med. Commun. 2013, 34, 501-506. [CrossRef] [PubMed]

Sabet, A.; Meyer, C.; Aouf, A.; Sabet, A.; Ghamari, S.; Pieper, C.C.; Mayer, K.; Biersack, H.J.; Ezziddin, S. Early post-treatment
FDG PET predicts survival after 90Y microsphere radioembolization in liver-dominant metastatic colorectal cancer. Eur. J. Nucl.
Med. Mol. Imaging 2015, 42, 370-376. [CrossRef]

Shady, W.; Sotirchos, V.S.; Do, R.K.; Pandit-Taskar, N.; Carrasquillo, J.A.; Gonen, M.; Sofocleous, C.T. Surrogate Imaging
Biomarkers of Response of Colorectal Liver Metastases After Salvage Radioembolization Using 90Y-Loaded Resin Microspheres.
AJR Am. ]. Roentgenol. 2016, 207, 661-670. [CrossRef]

Shady, W.; Kishore, S.; Gavane, S.; Do, RK.; Osborne, J.R.; Ulaner, G.A.; Gonen, M.; Ziv, E.; Boas, FE.; Sofocleous, C.T. Metabolic
tumor volume and total lesion glycolysis on FDG-PET/CT can predict overall survival after (90)Y radioembolization of colorectal
liver metastases: A comparison with SUVmax, SUVpeak, and RECIST 1.0. Eur. . Radiol. 2016, 85, 1224-1231. [CrossRef]


http://doi.org/10.1007/s11605-006-0032-8
http://www.ncbi.nlm.nih.gov/pubmed/17436132
http://doi.org/10.1007/s00259-013-2421-z
http://www.ncbi.nlm.nih.gov/pubmed/23636802
http://doi.org/10.1007/s11547-010-0560-x
http://www.ncbi.nlm.nih.gov/pubmed/20574703
http://doi.org/10.1016/j.ejrad.2012.12.029
http://doi.org/10.1007/s12149-012-0670-8
http://www.ncbi.nlm.nih.gov/pubmed/23233085
http://doi.org/10.1007/s00261-017-1287-0
http://doi.org/10.1007/s11605-007-0218-8
http://doi.org/10.1038/bjc.2012.184
http://doi.org/10.2967/jnumed.113.119909
http://doi.org/10.1371/journal.pone.0120823
http://doi.org/10.1002/cam4.271
http://doi.org/10.1007/s12253-020-00865-5
http://www.ncbi.nlm.nih.gov/pubmed/32661836
http://doi.org/10.1186/s12885-018-4687-9
http://doi.org/10.1016/j.ejrad.2012.02.012
http://www.ncbi.nlm.nih.gov/pubmed/22459347
http://doi.org/10.1111/hpb.12421
http://doi.org/10.1097/MNM.0b013e32835f9427
http://www.ncbi.nlm.nih.gov/pubmed/23478586
http://doi.org/10.1007/s00259-014-2935-z
http://doi.org/10.2214/AJR.15.15202
http://doi.org/10.1016/j.ejrad.2016.03.029

Diagnostics 2022, 12, 715 22 of 23

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Jongen, ].M.].; Rosenbaum, C.; Braat, M.; van den Bosch, M.; Sze, D.Y.; Kranenburg, O.; Borel Rinkes, LH.M.; Lam, M.; van den
Hoven, A.F. Anatomic versus Metabolic Tumor Response Assessment after Radioembolization Treatment. |. Vasc. Interv. Radiol.
2018, 29, 244-253. [CrossRef]

Sager, S.; Akgiin, E.; Uslu-Besli, L.; Asa, S.; Akovali, B.; Sahin, O.; Yeyin, N.; Demir, M.; Abugbeitah, M.; Giilsen, E; et al.
Comparison of PERCIST and RECIST criteria for evaluation of therapy response after yttrium-90 microsphere therapy in patients
with hepatocellular carcinoma and those with metastatic colorectal carcinoma. Nucl. Med. Commun. 2019, 40, 461-468. [CrossRef]
Cuda, TJ.; Riddell, A.D.; Liu, C.; Whitehall, V.L.; Borowsky, J.; Wyld, D.K.; Burge, M.E.; Ahern, E.; Griffin, A.; Lyons, N.J.R,; et al.
PET Imaging Quantifying 68Ga-PSMA-11 Uptake in Metastatic Colorectal Cancer. J. Nucl. Med. 2020, 61, 1576-1579. [CrossRef]

Hong, Y.S.; Kim, H.O.; Kim, K.P;; Lee, ].L.; Kim, H.J.; Lee, S.J.; Lee, S.J.; Oh, S.J.; Kim, J.S.; Ryu, ].S.; et al. 3’-Deoxy—3’-18F-
fluorothymidine PET for the early prediction of response to leucovorin, 5-fluorouracil, and oxaliplatin therapy in patients with
metastatic colorectal cancer. . Nucl. Med. 2013, 54, 1209-1216. [CrossRef]

Siveke, J.T. Fibroblast-Activating Protein: Targeting the Roots of the Tumor Microenvironment. J. Nucl. Med. 2018, 59, 1412-1414.
[CrossRef]

Pang, Y.; Zhao, L.; Luo, Z.; Hao, B.; Wu, H.; Lin, Q.; Sun, L.; Chen, H. Comparison of 68Ga-FAPI and 8F-FDG Uptake in Gastric,
Duodenal, and Colorectal Cancers. Radiology 2021, 298, 393-402. [CrossRef]

Giesel, FL.; Kratochwil, C.; Lindner, T.; Marschalek, M.M.; Loktev, A.; Lehnert, W.; Debus, ].; Jager, D.; Flechsig, P;
Altmann, A.; et al. %8Ga-FAPI PET/CT: Biodistribution and Preliminary Dosimetry Estimate of 2 DOTA-Containing FAP-
Targeting Agents in Patients with Various Cancers. |. Nucl. Med. 2019, 60, 386-392. [CrossRef]

Koerber, S.A.; Staudinger, F; Kratochwil, C.; Adeberg, S.; Haefner, M.F.; Ungerechts, G.; Rathke, H.; Winter, E.; Lindner, T,
Syed, M.; et al. The Role of 68Ga-FAPI PET/CT for Patients with Malignancies of the Lower Gastrointestinal Tract: First Clinical
Experience. J. Nucl. Med. 2020, 61, 1331-1336. [CrossRef]

Sahin, E.; Elboga, U.; Celen, Y.Z.; Sever, ON,; Cayirly, Y.B.; Cimen, U. Comparison of 68Ga-DOTA-FAPI and 8FDG PET/CT
imaging modalities in the detection of liver metastases in patients with gastrointestinal system cancer. Eur. . Radiol. 2021,
142,109867. [CrossRef]

Zhao, L.; Gu, J.; Fu, K; Lin, Q.; Chen, H. 68Ga-FAPI PET/CT in Assessment of Liver Nodules in a Cirrhotic Patient. Clin. Nucl.
Med. 2020, 45, e430-e432. [CrossRef]

Dendl, K.; Koerber, S.A.; Kratochwil, C.; Cardinale, J.; Finck, R.; Dabir, M.; Novruzov, E.; Watabe, T.; Kramer, V.;
Choyke, PL.; et al. FAP and FAPI-PET/CT in Malignant and Non-Malignant Diseases: A Perfect Symbiosis? Cancers
2021, 13, 4946. [CrossRef]

Beiderwellen, K.; Geraldo, L.; Ruhlmann, V.; Heusch, P.; Gomez, B.; Nensa, F.; Umutlu, L.; Lauenstein, T.C. Accuracy of ['8FIFDG
PET/MRI for the Detection of Liver Metastases. PLoS ONE 2015, 10, e0137285. [CrossRef] [PubMed]

Reiner, C.S.; Stolzmann, P.; Husmann, L.; Burger, L. A.; Hiillner, M.W.; Schaefer, N.G.; Schneider, PM.; von Schulthess, G.K,;
Veit-Haibach, P. Protocol requirements and diagnostic value of PET/MR imaging for liver metastasis detection. Eur. J. Nucl. Med.
Mol. Imaging 2014, 41, 649-658. [CrossRef] [PubMed]

Brendle, C.; Schwenzer, N.F.; Rempp, H.; Schmidt, H.; Pfannenberg, C.; la Fougére, C.; Nikolaou, K.; Schraml, C. Assessment of
metastatic colorectal cancer with hybrid imaging: Comparison of reading performance using different combinations of anatomical
and functional imaging techniques in PET/MRI and PET/CT in a short case series. Eur. |. Nucl. Med. Mol. Imaging 2016, 43,
123-132. [CrossRef] [PubMed]

Zhou, N.; Meng, X; Zhang, Y.; Yu, B.; Yuan, J.; Yu, ].; Zhu, H.; Yang, Z. Diagnostic Value of Delayed PET/MR in Liver Metastasis
in Comparison With PET/CT. Front. Oncol. 2021, 11, 717687. [CrossRef] [PubMed]

Lee, D.H.; Lee, ] M.; Hur, B.Y;; Joo, I; Yi, N.J.; Suh, K.S.; Kang, K.W.; Han, ] K. Colorectal Cancer Liver Metastases: Diagnostic
Performance and Prognostic Value of PET/MR Imaging. Radiology 2016, 280, 782-792. [CrossRef]

Kirchner, J.; Sawicki, L.M.; Deuschl, C.; Griineisen, J.; Beiderwellen, K.; Lauenstein, T.C.; Herrmann, K.; Forsting, M.; Heusch, P;
Umutly, L. 18 F-FDG PET/MR imaging in patients with suspected liver lesions: Value of liver-specific contrast agent Gadobenate
dimeglumine. PLoS ONE 2017, 12, e0180349. [CrossRef]

Martin, O.; Schaarschmidt, B.M.; Kirchner, J.; Suntharalingam, S.; Grueneisen, ]J.; Demircioglu, A.; Heusch, P.; Quick, H.H.;
Forsting, M.; Antoch, G.; et al. PET/MRI Versus PET/CT for Whole-Body Staging: Results from a Single-Center Observational
Study on 1,003 Sequential Examinations. J. Nucl. Med. 2020, 61, 1131-1136. [CrossRef]

Mayerhoefer, M.E.; Prosch, H.; Beer, L.; Tamandl, D.; Beyer, T.; Hoeller, C.; Berzaczy, D.; Raderer, M.; Preusser, M.;
Hochmair, M.; et al. PET/MRI versus PET/CT in oncology: A prospective single-center study of 330 examinations focusing on
implications for patient management and cost considerations. Eur. J. Nucl. Med. Mol. Imaging 2020, 47, 51-60. [CrossRef]

van Timmeren, J.E.; Cester, D.; Tanadini-Lang, S.; Alkadhi, H.; Baessler, B. Radiomics in medical imaging-“how-to” guide and
critical reflection. Insights Imaging 2020, 11, 91. [CrossRef]

Lambin, P; Rios-Velazquez, E.; Leijenaar, R.; Carvalho, S.; van Stiphout, R.G.; Granton, P.; Zegers, C.M.; Gillies, R.; Boellard, R.;
Dekker, A.; et al. Radiomics: Extracting more information from medical images using advanced feature analysis. Eur. |. Cancer
2012, 48, 441-446. [CrossRef]

Fiz, E; 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] [PubMed]


http://doi.org/10.1016/j.jvir.2017.09.024
http://doi.org/10.1097/MNM.0000000000001014
http://doi.org/10.2967/jnumed.119.233312
http://doi.org/10.2967/jnumed.112.117010
http://doi.org/10.2967/jnumed.118.214361
http://doi.org/10.1148/radiol.2020203275
http://doi.org/10.2967/jnumed.118.215913
http://doi.org/10.2967/jnumed.119.237016
http://doi.org/10.1016/j.ejrad.2021.109867
http://doi.org/10.1097/RLU.0000000000003015
http://doi.org/10.3390/cancers13194946
http://doi.org/10.1371/journal.pone.0137285
http://www.ncbi.nlm.nih.gov/pubmed/26335246
http://doi.org/10.1007/s00259-013-2654-x
http://www.ncbi.nlm.nih.gov/pubmed/24346415
http://doi.org/10.1007/s00259-015-3137-z
http://www.ncbi.nlm.nih.gov/pubmed/26224536
http://doi.org/10.3389/fonc.2021.717687
http://www.ncbi.nlm.nih.gov/pubmed/34527587
http://doi.org/10.1148/radiol.2016151975
http://doi.org/10.1371/journal.pone.0180349
http://doi.org/10.2967/jnumed.119.233940
http://doi.org/10.1007/s00259-019-04452-y
http://doi.org/10.1186/s13244-020-00887-2
http://doi.org/10.1016/j.ejca.2011.11.036
http://doi.org/10.3390/cancers12102881
http://www.ncbi.nlm.nih.gov/pubmed/33036490

Diagnostics 2022, 12, 715 23 of 23

74.

75.

76.

77.

78.

79.

van Helden, E.J.; Vacher, Y.J.L.; van Wieringen, W.N.; van Velden, FH.P,; Verheul, HM.W.; Hoekstra, O.S.; Boellaard, R.; Menke-
van der Houven van Oordt, C.W. Radiomics analysis of pre-treatment ['8F]JFDG PET/CT for patients with metastatic colorectal
cancer undergoing palliative systemic treatment. Eur. |. Nucl. Med. Mol. Imaging 2018, 45, 2307-2317. [CrossRef] [PubMed]
Rahmim, A.; Bak-Fredslund, K.P.; Ashrafinia, S.; Lu, L.; Schmidtlein, C.R.; Subramaniam, R.M.; Morsing, A.; Keiding, S.;
Horsager, J.; Munk, O.L. Prognostic modeling for patients with colorectal liver metastases incorporating FDG PET radiomic
features. Eur. J. Radiol. 2019, 113, 101-109. [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. Agents Cancer 2021, 16, 39. [CrossRef]

de la Pinta, C.; Castillo, M.E.; Collado, M.; Galindo-Pumarifio, C.; Pefia, C. Radiogenomics: Hunting Down Liver Metastasis in
Colorectal Cancer Patients. Cancers 2021, 13, 5547. [CrossRef]

Staal, F.C.R.; van der Reijd, D.].; Taghavi, M.; Lambregts, D.M.].; Beets-Tan, R.G.H.; Maas, M. Radiomics for the Prediction of
Treatment Outcome and Survival in Patients With Colorectal Cancer: A Systematic Review. Clin. Colorectal. Cancer 2021, 20, 52-71.
[CrossRef]

Wesdorp, N.J.; van Goor, V.]J.; 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]


http://doi.org/10.1007/s00259-018-4100-6
http://www.ncbi.nlm.nih.gov/pubmed/30094460
http://doi.org/10.1016/j.ejrad.2019.02.006
http://www.ncbi.nlm.nih.gov/pubmed/30927933
http://doi.org/10.1186/s13027-021-00379-y
http://doi.org/10.3390/cancers13215547
http://doi.org/10.1016/j.clcc.2020.11.001
http://doi.org/10.1016/j.suronc.2021.101578

	Introduction 
	Method 
	Results 
	18F-FDG-PET-CT Performance after Surgical Resection 
	18F-FDG-PET-CT after Thermal Ablation 
	18F-FDG-PET-CT as Response-Monitoring Modality after Neoadjuvant Chemotherapy 
	18F-FDG-PET-CT as Response Monitoring during and after Palliative Chemotherapy 
	18F-FDG-PET-CT after Radioembolization 
	Future Perspectives 
	Tumor-Targeted PET Tracers 
	PET-MR Imaging 
	Radiomics 


	Discussion 
	Conclusions 
	References

