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Simple Summary

Colorectal liver metastasis (CRLM) represents a major clinical challenge in oncology, af-
fecting 25–50% of colorectal cancer patients and significantly impacting survival. This
review synthesizes current evidence on prognostic factors influencing CRLM management,
encompassing clinical (e.g., tumor burden, anatomic distribution, timing of metastases),
biological (e.g., CEA levels, inflammatory markers), and molecular (e.g., RAS/BRAF muta-
tions, MSI status, HER2 alterations) determinants. The treatment paradigm for CRLM is
inherently multidisciplinary, integrating surgical resection, systemic chemotherapy (e.g.,
FOLFOX, FOLFIRI), and local ablative therapies. Despite the recent advances, clinical
decision-making remains complex. This landscape underscores the need for standardized
yet personalized approaches. Emerging tools like artificial intelligence (AI) could bridge
these gaps by synthesizing molecular data, imaging, and treatment outcomes into predictive
algorithms. While AI has shown promise in other malignancies, its application to CRLM re-
mains nascent, representing an untapped opportunity to optimize therapeutic sequencing.

Abstract

Background: Colorectal liver metastasis (CRLM) represents a major clinical challenge in on-
cology, affecting 25–50% of colorectal cancer patients and significantly impacting survival.
While multimodal therapies—including surgical resection, systemic chemotherapy, and
local ablative techniques—have improved outcomes, prognosis remains heterogeneous due
to variations in tumor biology, patient factors, and institutional practices. Methods: This
review synthesizes current evidence on prognostic factors influencing CRLM management,
encompassing clinical (e.g., tumor burden, anatomic distribution, timing of metastases),
biological (e.g., CEA levels, inflammatory markers), and molecular (e.g., RAS/BRAF mu-
tations, MSI status, HER2 alterations) determinants. Results: Key findings highlight the
critical role of molecular profiling in guiding therapeutic decisions, with RAS/BRAF muta-
tions predicting resistance to anti-EGFR therapies and MSI-H status indicating potential
responsiveness to immunotherapy. Emerging tools like circulating tumor DNA (ctDNA)
and radiomics offer promise for dynamic risk stratification and early recurrence detection,
while the gut microbiome is increasingly recognized as a modulator of treatment response.
Conclusions: Despite advancements, challenges persist in standardizing resectability cri-
teria and integrating multidisciplinary approaches. Current guidelines (NCCN, ESMO,
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ASCO) emphasize personalized strategies but lack granularity in terms of incorporating
novel biomarkers. This exhaustive review underscores the imperative for the development
of a unified, biomarker-integrated framework to refine CRLM management and improve
long-term outcomes.

Keywords: colorectal liver metastases; prognostic factors; molecular profiling; precision
medicine; artificial intelligence

1. Introduction
Colorectal cancer (CRC) is the third most prevalent malignancy and the second lead-

ing cause of cancer-related mortality worldwide [1]. Despite gradual improvements in
survival over recent decades, driven by advances in screening, systemic therapies, and
surgical techniques, approximately 25–50% of patients develop colorectal liver metastasis
(CRLM), the most common means of metastatic spread [2]. CRLM presents a significant
clinical challenge: untreated, median survival rarely exceeds 12–24 months [3]. However,
with multimodal management, including liver-directed therapies and modern systemic
treatments, long-term survival is now achievable, with 5-year survival rates reaching 71%
after R0 resection in selected patients [4].

The treatment paradigm for CRLM is inherently multidisciplinary, integrating surgical
resection, systemic chemotherapy (e.g., FOLFOX, FOLFIRI), and local ablative therapies.
Surgical resection remains the cornerstone of curative-intent treatment, yet only 20–30%
of patients are initially eligible due to anatomical constraints, inadequate future liver
remnant, or extrahepatic disease. Innovations such as portal vein embolization, two-stage
hepatectomy, and ALPPS have expanded resectability criteria, while non-surgical options
(e.g., ablation, Y90 radioembolization) offer alternatives for both resectable and unresectable
cases [5].

Despite these advances, clinical decision-making remains complex. Heterogeneity in
tumor biology (e.g., RAS/BRAF mutations), patient comorbidities, and institutional pref-
erences often leads to inconsistent treatment strategies. While consensus guidelines (e.g.,
NCCN, ESMO) provide frameworks for chemotherapy and resection, they lack granularity
in terms of integrating molecular profiling and dynamic response assessment [6]. More-
over, disparities persist in defining resectability, with medical oncologists and surgeons
frequently diverging in their assessments [7,8].

This landscape underscores the need for standardized yet personalized approaches.
Emerging tools like artificial intelligence (AI) could bridge these gaps by synthesizing
molecular data, imaging, and treatment outcomes into predictive algorithms. While AI has
shown promise in other malignancies, its application to CRLM remains nascent, represent-
ing an untapped opportunity to optimize therapeutic sequencing [9].

This exhaustive review examines current evidence and guidelines for CRLM man-
agement (NCCN, ESMO, ASCO), highlighting critical gaps in consensus, particularly the
underutilization of molecular profiling and the absence of unified decision-making protocols.

2. Materials and Methods
This narrative review was conducted to synthesize and critically appraise current evi-

dence regarding the multidisciplinary management of colorectal liver metastases (CRLM),
with emphasis on surgical strategies, systemic therapies, molecular profiling, and the
evolving role of artificial intelligence (AI) in clinical decision-making.
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A purposeful literature search was performed using PubMed, MEDLINE, and Scopus
databases, covering publications from January 2000 to April 2025. Search terms included
combinations of “colorectal liver metastases,” “CRLM,” “surgical resection,” “chemotherapy,”
“molecular profiling,” “resectability criteria,” “artificial intelligence,” “multidisciplinary care,”
and “guideline adherence.” Only articles published in English were considered. Preference
was given to high-quality clinical trials, systematic reviews, meta-analyses, international
guidelines (e.g., NCCN, ESMO, ASCO), and expert consensus statements. Selected studies
were evaluated for relevance based on title and abstract, followed by full-text assessment.

Articles were included if they addressed one or more of the following topics:

• Evidence-based treatment modalities for CRLM (surgery, chemotherapy, local therapies);
• Guideline recommendations for resectability and sequencing of therapies;
• Role of molecular markers (e.g., KRAS, NRAS, BRAF, MSI) in clinical decision-making;
• Use of decision-support tools or AI in managing CRLM;
• Barriers to standardized care in real-world settings.

Exclusion criteria included single-case reports, non-peer-reviewed materials, and
articles unrelated to CRLM or without clinical relevance to management decision-making.

Each study was appraised for methodological rigor, significance, and contribution to
the overarching clinical framework. Particular attention was paid to areas of controversy
or divergence among guidelines, variation in surgical indications, and discrepancies in
resectability assessments between disciplines. Evidence was narratively synthesized, with
emphasis on

• Consistency or conflict among guidelines;
• Gaps in integrating molecular and imaging data into treatment algorithms;
• Emerging evidence on the role of AI or predictive tools;
• Implications for future clinical pathways and research.

Through this structured narrative approach, we aim not only to consolidate current
knowledge but also to highlight unresolved questions, areas of consensus deficiency, and
the potential for innovation in CRLM management.

3. Results
This section examines factors influencing prognosis in CRLM.

3.1. Clinical Prognostic Factors

a. Patient demographic characteristics

Gender-based differences significantly impact the management and outcomes of
CRLM. While surgical resection remains the cornerstone of curative treatment for CRLM,
women are notably 23% less frequently treated with surgery than men, even after ac-
counting for patient and tumor characteristics [10]. This underrepresentation in surgical
treatment may help explain observed differences in survival [11]. Women are also more
likely to present with right-sided primary tumors and BRAF mutations, both associated
with poorer prognosis. Nonetheless, hormonal factors, particularly the potential protective
role of estrogen, may contribute to better survival outcomes in women [12]. In terms of
chemotherapy, gender influences both tolerability and efficacy. Women are more prone
to neurotoxicity from oxaliplatin and to hand–foot syndrome from capecitabine, often
requiring dose adjustments that can affect therapeutic efficacy [13]. However, women typi-
cally present with fewer comorbidities than men, which may contribute to better systemic
treatment tolerance and allow for more optimal dosing. While response rates are generally
similar between sexes, women may derive greater benefit from targeted therapies, such as
anti-EGFR agents, likely due to differences in tumor biology [14]. Overall, women with
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CRLM demonstrate better OS and RFS values than men. The median OS ranges from
40 to 60 months in women versus 35 to 50 months in men, while the RFS is typically 12
to 24 months in women compared to 10 to 20 months in men. These differences may be
attributable to a combination of biological, hormonal, and treatment-related factors [15]
(Figure 1).

Figure 1. The impact of gender on the overall survival (OS) and recurrence-free survival (RFS).

Age significantly influences the management of CRLM, impacting decisions regard-
ing surgery, chemotherapy, local ablation, and survival outcomes. In most studies and
guidelines, individuals aged 65 and older are considered “elderly”, a definition endorsed
by the WHO. Some of the literature further stratifies this population into “young-old”
(65–74 years), “middle-old” (75–84 years), and “old-old” (≥85 years), although these dis-
tinctions are less relevant in routine oncologic decision-making [16]. Chronological age
alone is insufficient to guide treatment choices. Comorbidities, functional reserve, and
biological age often better reflect a patient’s ability to tolerate therapies. Elderly patients
typically present with higher comorbidity burdens and reduced physiological reserve, war-
ranting a tailored approach. Tools like the G8 or comprehensive geriatric assessment are
recommended to assess frailty and guide decision-making [17]. Individualized treatment
strategies that weigh therapeutic benefit against potential harm are critical, especially when
quality of life is a major concern. Several studies have focused on treatment options in this
population. The PANDA trial evaluates the efficacy of panitumumab combined with FOL-
FOX in patients over 70 years with RAS/BRAF wild-type metastatic colorectal cancer [18].
Importantly, age alone should not exclude patients from curative-intent treatments. Al-
though elderly patients are offered surgery less often, growing evidence shows that, when
appropriately selected, they can achieve outcomes comparable to younger individuals [19].
Perioperative complications, such as infections or cardiovascular events, may occur more
frequently but can often be mitigated with adequate preoperative optimization [19].

Surgical outcomes in high-volume centers are encouraging. Liver resections in elderly
patients do not significantly differ in 30-day mortality compared to younger cohorts. Five-
year OS rates reach 30–40 % in selected elderly patients. For younger patients (<70 years),
median OS after liver resection ranges from 40 to 60 months, while fit elderly patients
(≥70 years) achieve OS values between 30 and 50 months. Recurrence-free survival (RFS)
also shows a slight age-related decline, ranging from 12 to 24 months in younger patients
and 10 to 20 months in older individuals, likely due to the lower use of adjuvant ther-
apy [20,21]. Systemic chemotherapy remains a key component of treatment in elderly
patients, although it is more commonly administered at reduced intensity. Toxicities such
as oxaliplatin-induced neuropathy or myelosuppression are more frequent, prompting
the use of monotherapy (e.g., 5-FU or capecitabine) or doublet regimens (e.g., FOLFOX or
CAPOX) [22]. Despite receiving less combination therapy, response rates in elderly patients
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remain comparable to those observed in younger cohorts. However, the OS benefit may be
somewhat attenuated, likely reflecting the cautious treatment strategies often adopted in
this population. For patients unfit for surgery, local ablation techniques, including radiofre-
quency ablation, microwave ablation, or cryoablation, offer effective alternatives [23,24].
These minimally invasive procedures are particularly suitable for elderly patients with
small, unresectable lesions (<3 cm), providing good local control, shorter recovery times,
and fewer complications. Although recurrence rates are higher than after surgery, survival
benefits remain significant in well-selected patients [25]. Recent guidelines from ESMO,
NCCN, and ASCO converge on the importance of personalized treatment in elderly adults
with CRLM [26]. They emphasize comprehensive geriatric assessment and advise against
using age as the sole criterion to exclude patients from surgery or systemic therapy. Shared
decision-making remains essential, particularly when balancing survival with quality of life.
In conclusion, while age influences treatment planning, it should not constitute a barrier.
With appropriate geriatric assessment, patient selection, and individualized treatment,
elderly patients can safely benefit from aggressive and potentially curative therapies.

The ASA physical status classification helps estimate perioperative risk by assess-
ing preoperative health. An ASA score ≥3 indicates significant comorbidities associated
with higher complication rates, prolonged recovery, and the need for adjusted treatment
plans [27]. This evaluation is essential in multidisciplinary decision-making to balance
oncologic benefit and procedural safety. A comprehensive MDT approach, including sur-
geons, oncologists, hepatologists, and anesthesiologists, is recommended to assess surgical
eligibility. Preoperative evaluation should systematically consider cardiovascular, pul-
monary, and renal conditions, along with frailty and functional status, which are often
more predictive of outcomes than age alone [28]. After initial assessment, these factors can
be collectively referred to as major comorbidities requiring careful optimization. While
an ASA score ≥3 does not preclude liver resection, it remains a valuable tool to guide
multidisciplinary decisions regarding surgical approach, extent of resection, and perioper-
ative care [29]. Indeed, ASA ≥ 3 patients may benefit from preoperative risk mitigation
and tailored adjuvant therapies to improve outcomes [30]. These high-risk patients may
benefit from targeted preoperative optimization, such as cardiopulmonary assessment,
physiotherapy and glycemic control, and from tailored perioperative protocols. Minimally
invasive approaches, including laparoscopic and robotic liver resections, are preferred in
this context due to their lower complication rates [31]. Enhanced recovery after surgery
(ERAS) programs, built on standardized elements like preoperative counseling, optimized
pain control and early mobilization, further reducing morbidity and hospital length of stay.
In high-risk patients, parenchymal-sparing strategies can be particularly valuable in order
to preserve liver function and minimize postoperative morbidity [32].

For patients who are not candidates for surgery, locoregional therapies such as ra-
diofrequency ablation and microwave ablation remain valuable alternatives [33]. However,
an ASA score ≥ III may limit feasibility due to comorbidities like cardiac instability or
impaired pulmonary function [34]. In selected cases, transarterial chemoembolization
and selective internal radiation therapy can serve as palliative options for liver-dominant
disease when systemic therapy alone proves insufficient. Regarding chemotherapy, higher
ASA scores are associated with reduced tolerance to intensive regimens such as FOLFOXIRI,
and a greater risk of toxicity [35]. As a result, treatment is often adjusted with dose reduc-
tions or simplified protocols like capecitabine monotherapy in frail patients. ASA status is
therefore a useful tool for tailoring treatment intensity to balance efficacy with safety.

b. Number and size of liver metastases

The number of lesions in CRLM patients serves as a critical prognostic factor, directly
influencing therapeutic options and long-term outcomes. Patients with 1–3 metastases
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typically experience favorable survival after resection, with 5-year OS rates ranging from
50% to 60% [36]. In contrast, those with ≥4 lesions face greater biological and technical
challenges, necessitating multimodal strategies to optimize results. For instance, in the
CELIM study, median disease-free survival (DFS) decreased from 16.8 months in patients
with fewer than five metastases to 2.5 months in those with more than 10 metastases [37].

For low-burden disease (1–3 lesions), R0 resection is achievable in approximately
80% of cases through anatomic or parenchymal-sparing approaches [38]. Laparoscopic
resection is increasingly favored for peripheral lesions (<3 cm). In high-burden disease
(≥4 lesions), two-stage hepatectomy with portal vein embolization expands resectabil-
ity, achieving R0 rates of 50–60% [39]. The ALPPS procedure, considered for rapid liver
hypertrophy, carries higher morbidity (~40%). Parenchymal-sparing resections are priori-
tized to preserve function without compromising oncologic outcomes [40]. Neoadjuvant
chemotherapy with regimens such as FOLFOX or FOLFIRI, combined with targeted agents
like bevacizumab or cetuximab, can downsize tumors in 40% of cases, enabling resection in
30% of initially unresectable patients [41]. Bevacizumab improves response but requires a
6-week washout period before surgery [42]. Anti-EGFR agents (cetuximab/panitumumab)
boost resectability in RAS wild-type tumors. Adjuvant therapy reduces recurrence risk,
particularly in patients with ≥4 metastases, with CAPOX or FOLFOX commonly used for
6 months post-resection [43]. Locoregional therapies offer alternative treatment options to
surgery for lesions with specific features, but they may also be used in conjunction with
surgery or systemic therapy in a multidisciplinary strategy to achieve local control and
preserve hepatic parenchyma. Ablation techniques such as radiofrequency ablation and
microwave ablation are effective for lesions < 3 cm, with 70% local control and a median
OS of 30 months [44]. Transarterial radioembolization and transarterial chemoembolization
have response rates of 50%, with a median OS of 24 months in chemo-refractory cases.
These therapies are often combined with systemic chemotherapy for a synergistic effect [45].

The size of lesions is a critical determinant of prognosis and therapeutic decision-
making. Patients with smaller lesions (<5 cm) consistently demonstrate superior outcomes,
including a median OS of 60 months compared to 40 months for larger tumors, and 5-year
survival rates of 50% versus 30% for lesions ≥5 cm [46]. Additionally, smaller tumors are
associated with longer disease-free survival (24 vs. 12 months). Larger metastases correlate
with higher recurrence rates, both intrahepatic and systemic, reflecting more aggressive
tumor biology [47]. A study from Iran reported a median OS of 43 months for patients
undergoing liver metastasectomy, with 1-, 3-, and 5-year survival rates of 91%, 56%, and
42%, respectively. Factors such as tumor size >6 cm, major hepatectomy, rectal primary
tumor site, and involved margin <1 mm were associated with decreased OS [48].

For small lesions (<5 cm), R0 resection is achievable in 80% of cases, often with
straightforward anatomic or parenchymal-sparing approaches [49]. These procedures
are associated with lower postoperative morbidity and excellent long-term survival. In
contrast, large CRLM (≥5 cm) require advanced techniques such as two-stage hepatectomy,
portal vein embolization, or ALPPS to optimize resectability. Even with successful resection,
the median OS remains 30–36 months, underscoring the need for adjuvant strategies [50].
Neoadjuvant chemotherapy (FOLFOX/FOLFIRI ± biologics) can downstage 30–40% of
initially unresectable large CRLM, enabling surgery [51]. Bevacizumab improves responses
but requires a 6-week washout pre-surgery. Anti-EGFR agents (cetuximab/panitumumab)
enhance outcomes in KRAS wild-type tumors. Adjuvant chemotherapy reduces recurrence
risk, particularly in large CRLM, with FOLFOX preferred [52]. Ablation techniques such as
radiofrequency ablation or microwave ablation offer effective treatment for lesions < 3 cm,
with 70% local control and median OS of 30 months. Transarterial radioembolization
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(TARE) or chemoembolization provides response rates of 50% and median OS of 24 months
in chemo-refractory cases [53].

c. Anatomic distribution (unilateral/bilateral)

The anatomical distribution of CRLM (unilateral versus bilateral) significantly influ-
ences prognosis and treatment strategies. Unilateral CRLM, accounting for approximately
40–50% of cases, predominantly affects the right hepatic lobe due to its dominant portal
blood flow [54]. Surgical resection in these cases yields a 5-year OS rate exceeding 50%,
with recurrence rates lower than those observed in bilateral disease [55]. Conversely, bilat-
eral CRLM, more common in synchronous presentations, is associated with higher tumor
burden and increased risk of intrahepatic recurrence, leading to shorter DFS even after
resection [56]. For unilateral CRLM, standard lobectomy or segmentectomy achieves R0
resection rates above 80%, with durable survival outcomes. Parenchymal-sparing resec-
tions are preferred when feasible to preserve liver function. In bilateral CRLM, two-stage
hepatectomy, including techniques like ALPPS or portal vein embolization, is employed
to maximize resectability [57]. Despite technical challenges, R0 resection is attainable in
approximately 60% of selected cases. Notably, a propensity score-matched analysis revealed
no significant difference in 5-year OS between patients with bilobar and unilobar CRLM
undergoing resection, with rates of 46% and 49%, respectively [58,59].

Neoadjuvant chemotherapy with regimens such as FOLFOX or FOLFIRI, combined
with targeted agents like bevacizumab or cetuximab, can convert 30–40% of initially
unresectable cases to operable status. Locoregional therapies, including ablation and
transarterial chemoembolization, offer a median OS of 24–30 months in chemo-refractory
cases [60,61]. A study reported a 5-year OS rate of 44.6% among patients who underwent
liver resection after portal vein embolization [62] (Table 1).

Table 1. Clinical prognostic factors in CRLM.

FACTOR IMPACT ON PROGNOSIS MANAGEMENT
IMPLICATIONS

KEY
REFERENCES

GENDER
Women: 23% less likely to undergo

surgery; better OS (40–60 vs.
35–50 months in men)

Consider hormonal factors and
tailored chemotherapy dosing (e.g.,

oxaliplatin adjustments).
[10–15]

AGE Elderly (≥65): OS 30–50 months vs.
40–60 months in younger patients

Use geriatric assessments (G8,
CGA) to guide treatment intensity. [16–20]

ASA SCORE ≥3
Higher perioperative complications;
OS drops to 36 months with major

vascular invasion

Prehabilitation, minimally
invasive surgery, and ERAS

protocols recommended.
[27–32]

NUMBER OF
METASTASES

1–3 lesions: 5-year OS 50–60%;
≥4 lesions: DFS drops to

2.5 months

Neoadjuvant chemotherapy
(FOLFOX/FOLFIRI ± biologics) to

downsize tumors.
[36–41]

SIZE OF
METASTASES

<5 cm: OS 60 months; ≥5 cm:
OS 40 months

Two-stage hepatectomy or ALPPS
for large lesions. [46–50]

ANATOMIC
DISTRIBUTION

Unilateral: 5-year OS > 50%;
bilateral: higher recurrence risk

Portal vein embolization or ALPPS
for bilobar disease. [54–59]

EXTRAHEPATIC
METS

Lung (solitary: 5-year OS 71%;
multiple: 48%); Peritoneal
(PCI < 10: 5-year OS 53%)

Aggressive local therapy
(resection/SBRT) for

oligometastatic disease.
[63–75]
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d. Extrahepatic metastases

Pulmonary metastases
Pulmonary involvement is the most frequent extrahepatic metastatic site in CRLM. The

number and size of lung metastases are key prognostic indicators. Patients with fewer than
three lesions show better outcomes and are often candidates for curative-intent surgery,
whereas a higher number of nodules suggests systemic dissemination and poorer progno-
sis. Patients with a solitary lung metastasis have a 5-year OS rate of approximately 71%;
patients with multiple lung metastases (≥2) exhibit a significantly lower 5-year OS rate of
around 48% [63]. Lesions larger than 2–3 cm are associated with decreased survival and
higher lymphatic spread, while small nodules (<1 cm) may indicate early dissemination;
however, numerous subcentimeter lesions can still represent aggressive disease. Surgical
resection remains feasible in selected patients, although when more than ten nodules are
present, R0 resection becomes unlikely [64]. Unilateral pulmonary disease offers better
prognostic prospects than bilateral metastases. Synchronous metastases (diagnosed within
six months of the primary tumor) are associated with worse survival (around 17.6 months)
compared to metachronous lesions (18.5 months approximately) [65]. Lymph node in-
volvement, particularly in the hilar or mediastinal areas, markedly worsens prognosis and
often precludes surgery [66,67]. Deep-seated lesions, located more than 2 cm from the
pleural surface, are technically challenging and associated with higher local recurrence
rates, often requiring alternative approaches like stereotactic body radiotherapy (SBRT).
In contrast, peripheral lesions are amenable to minimally invasive wedge resections. The
treatment strategy involves individualized sequencing of surgery, systemic chemotherapy
(e.g., FOLFOX or FOLFIRI ± targeted therapies), and local ablation when surgery is con-
traindicated [68]. Favorable outcomes are observed in cases of solitary, peripherally located,
and metachronous metastases without lymph node involvement, with 5-year survival rates
ranging from 30% to 50% following combined hepatic and pulmonary metastasectomy [69].

Peritoneal metastases
The management of concomitant CRLM and peritoneal metastases is complex, relying

heavily on the Peritoneal Cancer Index (PCI). Patients with PCI < 10 achieve the best
outcomes (a 5-year survival rate of 53%), while PCI scores between 10 and 20 are associated
with a 5-year survival rate of 23%. This conditions may still allow for cytoreductive surgery
combined with hyperthermic intraperitoneal chemotherapy (HIPEC) [70]. A PCI > 20 is
generally associated with poor prognosis (5-year survival rate of 12%) and limited surgical
benefit [71]. Complete macroscopic resection (CC-0/1) is mandatory for curative intent,
and resectable liver metastases do not contraindicate CRS+HIPEC when peritoneal disease
is manageable, as shown by Elias et al. [72]. Landmark studies (Verwaal et al., Quenet
et al.) established the superiority of cytoreductive surgery HIPEC over chemotherapy
alone in selected patients. For borderline-resectable cases, neoadjuvant chemotherapy
(FOLFOX/FOLFIRI ± bevacizumab) can enable downstaging [73]. Optimal outcomes are
achieved when a low or intermediate PCI is combined with controlled hepatic disease,
while systemic therapy remains central in high-PCI cases. Ongoing research focuses on
refining patient selection and surgical indications [74,75].

Bone metastases
Bone metastases, although less frequent, present unique challenges in CRLM. Prog-

nosis depends heavily on metastatic burden. Patients with oligometastatic bone disease
(1–3 lesions) benefit from aggressive local therapy, with 2-year survival rates of 35–50% fol-
lowing surgical resection or SBRT, particularly for lesions compromising mechanical stabil-
ity or neurological function [76,77]. Diffuse bone involvement typically mandates systemic
therapy (FOLFOX/FOLFIRI ± bevacizumab), yielding a median OS of 12–18 months [78].
Bone-modifying agents (bisphosphonates, denosumab) reduce skeletal events by 40%.
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The Mirels score guides prophylactic stabilization, improving 1-year mobility by 60% in
high-risk fractures [79]. Combining local control and systemic therapy improves 5-year
survival to 28% in oligometastatic settings, compared to less than 10% in diffuse disease [80].
Emerging data suggest that a subset of oligometastatic patients may achieve 3-year survival
with optimized combinatorial strategies, although further validation is needed [81].

Brain metastases
Brain metastases indicate a highly aggressive disease course in CRLM. Three fac-

tors guide management: metastatic burden, lesion characteristics, and patient fitness.
Oligometastatic brain disease (1–3 lesions) treated with local therapies achieves a median
OS of 8–12 months [82]. Stereotactic radiosurgery (SRS) provides 1-year local control
rates of 70–80%, while surgical resection improves survival to 10–14 months in solitary
lesions [83]. For larger (>3 cm) symptomatic metastases, surgery reduces mortality from
the mass effect by 50% compared to SRS alone [84]. Deep-seated or eloquent-area lesions
favor SRS, achieving 1-year progression-free survival of 60% [85]. Multifocal disease often
requires whole-brain radiotherapy (WBRT), associated with a median OS of 4–6 months
and significant neurocognitive decline (30–40%) [86]. Systemic therapies have limited
efficacy; regorafenib achieves intracranial response rates of only 5–15%. Multidisciplinary
management combining local therapies and systemic strategies leads to 2-year survival
rates of 20–25% in carefully selected patients [87,88].

e. Characteristics of primary tumor

The histological features of primary colorectal tumors play a critical role in de-
termining prognosis and guiding treatment strategies for CRLM. Key factors such as
lymph node involvement, tumor differentiation, vascular emboli, perineural invasion,
and microsatellite instability (MSI) status influence tumor behavior and therapeutic re-
sponse [89,90]. Lymph node positivity is associated with more aggressive disease, correlating
with higher rates of liver metastases and poorer survival outcomes. Patients with lymph
node-positive tumors have a 5-year survival rate of approximately 18.1%, compared to
23.2% for node-negative cases, justifying the use of aggressive systemic therapies, including
adjuvant chemotherapy [91]. Tumor differentiation also significantly impacts prognosis.
Well-differentiated (G1) tumors exhibit a 5-year survival rate of 68.9%, whereas poorly dif-
ferentiated (G3) tumors show a sharp decline to 39.5%. Poor differentiation often warrants
consideration of neoadjuvant chemotherapy prior to surgery, whereas surgery alone may
suffice for well-differentiated tumors in the absence of other high-risk features [92]. Histo-
logical markers such as vascular emboli and perineural invasion indicate a higher likelihood
of hematogenous dissemination and recurrence, supporting early initiation of systemic
therapy and intensified postoperative surveillance [93].

Microsatellite instability (MSI) status represents a distinct prognostic and therapeutic
dimension. In early-stage colorectal cancer, high-MSI (MSI-H) tumors are associated with a
favorable prognosis. However, in metastatic settings, MSI-H tumors often show resistance
to standard fluoropyrimidine-based chemotherapy while exhibiting exceptional responses
to immunotherapy. In patients undergoing metastatectomy, median survival for MSI-H
metastatic CRC can reach up to 33.8 months [94].

Right-sided colon cancer
Right-sided colon cancer is characterized by distinct molecular features, including

higher rates of microsatellite instability, BRAF mutations, and CpG island methylation.
These tumors frequently present at an advanced stage, with more aggressive biological
behavior and lower responsiveness to systemic therapies, particularly to anti-EGFR agents
like cetuximab. Consequently, patients with resected right-sided colon cancer liver metas-
tases exhibit a 5-year OS rate of approximately 27.3% [95]. Although immunotherapy
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shows promise for MSI-H RSCC, treatment options for MSS right-sided colon cancer
remain limited.

Left-sided colon cancer
In contrast, left-sided colon cancer more often harbors RAS and BRAF wild-type

profiles and displays higher EGFR expression, rendering these tumors more responsive
to anti-EGFR therapies. Patients with left-sided colon cancer -derived CRLM tend to
achieve better chemotherapy sensitivity, higher resectability rates, and improved long-term
outcomes. For resected left-sided colon cancer liver metastases, the 5-year OS rate reaches
approximately 51.8% [96]. Complex surgical strategies such as two-stage hepatectomy or
ALPPS are more feasible in left-sided colon cancer due to more favorable tumor biology [97].

Rectal cancer
Although biologically close to left-sided colon cancer, rectal cancers demonstrate

distinct metastatic patterns, with a higher incidence of synchronous liver metastases and a
greater propensity for extrahepatic spread [98]. Their pelvic location and frequent need
for neoadjuvant chemoradiation require tailored management strategies, including total
neoadjuvant therapy or coordinated surgical approaches. Patients with resected rectal
cancer and CRLM achieve a 5-year OS rate of approximately 60.8%, though the complexity
of pelvic disease often necessitates highly integrated systemic and surgical treatment
plans [99].

f. Timing of onset (synchronous vs. metachronous)

Synchronous CRLM are defined as liver metastases identified at the time of the primary
colorectal cancer diagnosis or within a short time frame thereafter. Recent studies indicate
that the incidence of synchronous CRLM ranges from 13.8% to 17.1%, with approximately
20% of colorectal cancer patients presenting with metastatic disease at diagnosis [100].
Prognostically, the presence of synchronous liver metastases is associated with a poorer
outcome compared to metachronous metastases. Five-year survival rates for patients with
synchronous CRLM have been reported between 20% and 50%, depending on factors
such as the extent of liver involvement and the feasibility of surgical resection [101]. The
liver-first approach, where liver metastases are addressed before the primary tumor, has
shown promising results, particularly in patients with multiple bilobar metastases, offering
improved survival outcomes [102,103].

Primary tumor location directly informs therapeutic strategies. In right-sided colon
cancer, VEGF inhibitors (e.g., bevacizumab) are generally favored over anti-EGFR ther-
apies, with immunotherapy prioritized for high-MSI tumors [104]. In left-sided colon
cancer, maximizing anti-EGFR efficacy in RAS wild-type cases and pursuing aggressive
surgical strategies is often feasible and beneficial. For rectal cancer, a multimodal approach
(integrating pelvic and hepatic disease control) is critical to optimizing outcomes [105].

Asymptomatic colorectal cancer and resectable synchronous CRLM
In this favorable scenario, preoperative chemotherapy is recommended, as supported

by a 91% consensus among experts [106]. Four to six cycles are advised. Data from the
LiverMetSurvey show no survival advantage for chemotherapy-first methods compared
to surgery-first methods, with 5-year survival rates of 42% versus 47%, respectively [107].
This likely reflects selection bias, as patients undergoing primary tumor resection first
had less extensive disease. For mid- and low-intensity rectal cancers, radiotherapy is
often necessary, and the simultaneous resection of the primary tumor and metastases
should be avoided [108]. For colonic and upper rectal tumors, one-stage surgery is not
recommended for complex tumors, high-risk patients, or when major hepatectomy (P3
segments) is planned [105]. Irrespective of the primary tumor status, one-stage resection is
associated with a lower 5-year survival (40%) compared to liver-first (47%) or colon-first
(44%) strategies [109]. Chemotherapy-first (±radiotherapy) treatment is recommended,
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followed either by staged surgery or, in selected patients with limited hepatic disease and
easily resectable primary tumors, a one-stage procedure [110,111]. However, no strong
evidence clearly favors chemotherapy-first treatment over colon-first strategies.

Asymptomatic colorectal cancer and non-resectable synchronous CRLM
In this scenario, initial chemotherapy is the consensus method to achieve resectability.

Optimal regimens include doublets or triplets plus biologics. Data from the LiverMetSurvey
show similar 5-year survival between chemotherapy-first and colectomy-first approaches
(31% vs. 33%), although a selection bias likely exists [112,113]. If CRLM becomes resectable,
the preferred approach is to prioritize liver resection before primary tumor surgery. Ac-
cording to the LiverMetSurvey, the 5-year survival rate was 42% for liver-first, compared
to 33% for colon-first surgery and 28% for one-stage surgery [114,115]. In rectal cancer,
short-course radiotherapy followed by chemotherapy, or chemotherapy followed by ra-
diotherapy with resection of CRLM during the interval, are considered valid strategies.
Preoperative chemotherapy aimed at sphincter preservation alone is not recommended
according to NICE guidelines [116]. In summary, the recommended strategy is to initiate
optimal chemotherapy first to achieve liver metastasis resectability, then proceed with
hepatic resection followed by primary tumor surgery.

Symptomatic colorectal cancer and resectable synchronous CRLM
Patients presenting with symptomatic colorectal cancer such as bleeding, obstruction,

or perforation, require tailored management. Bleeding is usually manageable with blood
transfusions, and it is recommended to proceed with chemotherapy first, while 25% favor
immediate tumor resection [117]. For bowel perforation, surgery is necessary: the resection
of the primary tumor is preferred when feasible (right hemicolectomy for right-sided
tumors, sigmoid colectomy for sigmoid tumors), while stoma creation is recommended
when surgery is technically challenging (e.g., low anterior resection, total mesorectal
excision) [118]. In cases of obstruction, stenting is generally discouraged due to poor
outcomes and should be reserved for elderly patients with easily resectable lesions; it is
not advised for right-sided or rectal tumors, especially when anti-angiogenic therapies are
planned [119]. For proven complete occlusion, primary tumor resection is necessary, with
the possibility of surgery with stoma or considering stenting when possible according to
the position [120]. In summary, for perforated or obstructive tumors, the resection of the
primary tumor is indicated first, followed by chemotherapy and liver surgery; for bleeding
tumors without obstruction, chemotherapy is the preferred initial approach.

Symptomatic colorectal cancer and non-resectable synchronous CRLM
In patients with symptomatic colorectal cancer and non-resectable CRLM, the goal

remains to achieve liver metastases resectability. Surgery of the primary tumor should be
reserved for cases of bowel perforation or occlusion, while systemic chemotherapy should
be initiated in other cases to downsize both the metastases and the primary tumor [121].
The use of stents is generally discouraged given the high risk of complications. In summary,
for perforated or occlusive tumors, primary tumor resection should precede chemotherapy,
with subsequent liver surgery if downsizing is achieved. For tumors causing anemia due
to bleeding, induction chemotherapy should be initiated first to control both primary and
metastatic disease, followed by surgery of the dominant tumor burden, typically the liver,
through a reverse approach [118,119].

g. Resectability criteria and strategies to optimize surgical eligibility in CRLM

Definition of Resectability
Resectability traditionally requires the complete resection of all visible disease tissue

with negative microscopic margins (R0), while preserving a sufficient volume of functional
liver parenchyma. Typically, a future liver remnant (FLR) of at least 20–30% of the total
liver volume is necessary in patients with normal liver function, and higher thresholds
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(30–40%) are recommended in cases of chemotherapy-induced liver injury or underlying
liver disease [122].

Recent concepts extend the definition beyond purely technical feasibility. “Oncological
resectability” emphasizes achieving durable disease control, integrating factors such as
tumor biology (RAS/BRAF mutation status, response to systemic therapy) and patient’s
general condition into surgical decision-making [123,124]. Some centers now consider
resection even in cases of bilobar, multifocal metastases, provided complete macroscopic
removal is achievable in combination with systemic therapy.

Anatomical and functional constraints
Resectability is impacted by the involvement of major vascular and biliary structures.

Portal vein infiltration, hepatic vein invasion (especially the three main hepatic veins), and
biliary obstruction must be carefully evaluated. For instance, median OS decreases from 60
to 36 months, and recurrence rates more than double, reflecting both the technical difficulty
of resection and the tumor’s inherent aggressiveness [125]. Indeed, these metastases often
necessitate modified surgical approaches, as conventional hepatectomy techniques risk
leaving positive margins or compromising essential vascular patency. Hepatic vein invasion
significantly impacts survival, reducing median OS from 60 to 36 months, with 5-year sur-
vival dropping from 50% to 30% compared to cases without vein involvement. In selected
patients, R0 resection with vein reconstruction can achieve an OS of 30–36 months [126].
Neoadjuvant FOLFOX therapy enables resection in about 30% of cases, with adjuvant
therapy improving DFS. Advanced surgical techniques allow for vascular reconstruction
when necessary, but they increase complexity and perioperative risk. Biliary involvement
similarly lowers OS, reducing median survival to 30–36 months compared to 60 months
in non-involved cases. While resection with biliary reconstruction remains feasible, it
increases the risk of liver dysfunction [123].

Preservation of adequate liver function is critical. Preoperative liver volumetry, dy-
namic liver function tests (e.g., indocyanine green retention rate, LiMAx test), and imaging-
based assessments are used to the predict postoperative hepatic reserve. Particular attention
is needed in patients previously exposed to hepatotoxic chemotherapy (e.g., oxaliplatin,
irinotecan) [127].

Technical strategies to optimize resectability

• Portal vein embolization (PVE): This is the standard method to induce hypertrophy of
the future liver remnant. It achieves 10–20% FLR growth within 3–8 weeks. Morbidity
is low (~2–5%), and the dropout rate for resection is about 20%. Two-stage hepatectomy
(TSH) offers 35–45% 5-year survival rates when completed, though up to 20–30% of
patients may experience progression and dropout between stages [128].

• Liver venous deprivation (LVD): This combines the embolization of the portal vein
and the hepatic vein of the liver to be resected. This leads to more rapid and greater
hypertrophy (~40–50% FLR increase within 2–4 weeks) compared to PVE alone. Early
data suggest a comparable safety profile [129].

• Associating liver partition and portal vein ligation for staged hepatectomy (ALPPS):
ALPPS, which induces rapid hypertrophy (~70–80% in 7–10 days), carries a 5–10%
mortality risk but offers faster liver regeneration. Minimally invasive resections have
reduced morbidity by up to 40%, improving recovery times and patient outcomes.
It is indicated mainly in highly selected patients with insufficient FLR and good
performance status [130].

Oncological strategies to optimize resectability
Triplet regimens (FOLFOXIRI ± targeted agents) improve response rates com-

pared to doublets (FOLFOX, FOLFIRI), offering greater potential for tumor shrinkage.
FOLFIRI + Bevacizumab offer a median OS approximately 30.2 months and a median
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progression free survival of approximately 12.4 months. FOLFIRI + Cetuximab offer a
median OS approximately 31.9 months and a median progression free survival of approxi-
mately 11.7 months, compared to doublets median OS of approximately 29.8 months and a
progression free survival of around 9.7 months. Quadruplet combinations with targeted
therapies (e.g., anti-EGFR or anti-VEGF depending on RAS/BRAF status) may further
enhance resectability in selected patients [131].

Patients with initially unresectable CRLM may become eligible for resection after
effective systemic therapy. Reported secondary resection rates after conversion therapy
range from 15 to 40%, depending on disease burden and chemotherapy regimens used [132].
Tumor response, assessed using imaging (RECIST criteria) and biochemical markers (CEA
drop), guides the re-evaluation for surgical intervention (Table 2).

Table 2. Strategies to optimize resectability in CRLM.

STRATEGY DESCRIPTION OUTCOMES KEY CONSIDERATIONS
PORTAL VEIN

EMBOLIZATION
Induces FLR hypertrophy

(10–20% growth in 3–8 weeks).
5-year OS 35–45%; 20–30%

dropout due to progression. Low morbidity (2–5%).

ALPPS Rapid FLR growth (70–80% in
7–10 days).

Higher morbidity (40%);
mortality 5–10%.

Reserved for
selected patients.

NEOADJUVANT
CHEMOTHERAPY

FOLFOX/FOLFIRI ± biologics;
resectability in 30–40% of

initially unresectable.

Bevacizumab requires
6-week washout; anti-EGFR

for RAS WT.

Monitor for liver injury
(sinusoidal obstruction).

3.2. Biological Prognostic Factors

a. Pre- and postoperative CEA levels

Carcinoembryonic antigen (CEA) remains a key biomarker in the management of
CRLM, with well-established prognostic significance. Patients presenting with normal
CEA levels (<5 ng/mL) exhibit a median OS of approximately 60 months, compared to
40 months in patients with elevated CEA levels. Furthermore, normal preoperative CEA
is associated with a higher likelihood of achieving R0 resections, with a two-fold increase
in the probability of obtaining negative microscopic margins during liver surgery [133].
Elevated CEA levels are indicative of a more aggressive disease phenotype and are asso-
ciated with the need for intensified multimodal therapy. In these patients, neoadjuvant
chemotherapy is often required to reduce tumor burden before surgical intervention, with
the potential addition of targeted therapies such as bevacizumab or cetuximab in cases
with favorable molecular profiles [134]. The postoperative monitoring of CEA is critical, as
elevated postoperative levels are predictive of early recurrence [135]. Serial measurements
of CEA have become an integral part of treatment planning, guiding both systemic therapy
adjustments and surgical strategies. The prognostic value of CEA is further enhanced when
combined with emerging biomarkers such as circulating tumor DNA (ctDNA), allowing
for a more dynamic assessment of tumor behavior [136,137]. Current research focuses on
refining CEA thresholds to improve risk stratification and to further personalize treatment
pathways for patients with CRLM [138,139].

b. Inflammatory markers: Neutrophil–Lymphocyte Ratio and PLR The Platelet–
Lymphocyte Ratio

Easily calculated from routine blood counts, the neutrophil–lymphocyte ratio and
platelet–lymphocyte ratio reflect the interplay between systemic inflammation and immune
competence. An elevated preoperative neutrophil–lymphocyte ratio is consistently associ-
ated with poorer outcomes in CRLM, including reduced overall and disease-free survival
after liver resection [140,141]. Biologically, it reflects a pro-tumor environment, where neu-
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trophils promote progression and lymphopenia weakens immune defense. Postoperative
spikes in the neutrophil–lymphocyte ratio also correlate with early recurrence, making it a
valuable tool for dynamic monitoring [142,143].

Similarly, an elevated platelet–lymphocyte ratio before surgery predicts worse prog-
nosis, likely due to platelet-derived tumor-promoting factors and impaired lymphocyte-
mediated immunity. In MSI-H CRLM, a high platelet–lymphocyte ratio may also sug-
gest reduced responsiveness to immunotherapy [144,145]. Composite scores combining
neutrophil–lymphocyte ratio and PLR offer enhanced risk stratification but remain investi-
gational. While not yet endorsed by major guidelines, the accessibility and reproducibility
of these biomarkers support their potential integration into future risk-adapted treatment
strategies [146]. Larger validation studies and correlations with molecular tools like ctDNA
are needed to confirm their role in personalizing CRLM care [147,148].

c. Nutritional and functional reserve: the role of albumin, sarcopenia and nutritional status

The nutritional and metabolic status of patients with CRLM, reflected in biomarkers
such as serum albumin and sarcopenia, is a key determinant of systemic inflammation,
physiological reserve, and treatment tolerance. These factors significantly influence surgical
risk, chemotherapy response, and long-term survival [149]. Serum albumin, synthesized
by the liver, reflects both nutritional state and inflammatory burden. Hypoalbuminemia
(typically <3.5 g/dL) is associated with impaired hepatic function, chronic catabolism,
and altered drug metabolism [150]. Clinically, it correlates with increased postoperative
complications (infections, delayed recovery), reduced chemotherapy tolerance (frequent
dose reductions), and poorer survival following resection [151].

Sarcopenia, defined by the loss of muscle mass and strength, further amplifies these
risks. Although commonly assessed by imaging at the L3 vertebral level, its clinical impact
is clear: it is linked to 30–50% higher postoperative complication rates, longer ICU stays,
and up to 40% lower progression-free survival during systemic therapy [152]. Five-year OS
drops below 45% in sarcopenic patients, compared to over 65% in those with preserved mus-
cle mass [153,154]. These biomarkers also guide clinical action. Preoperatively, nutritional
optimization (following ESPEN guidelines) aims to correct hypoalbuminemia through
targeted support, while prehabilitation programs combining protein supplementation
and resistance training can reverse sarcopenia within 8–12 weeks. During chemotherapy,
sarcopenic patients often require dose reductions (e.g., 20% for oxaliplatin), and hypoal-
buminemia calls for close metabolic monitoring to prevent toxicity. When both albumin
levels are low and sarcopenia is present, a shift toward palliative strategies may be appro-
priate; conversely, albumin >3.8 g/dL combined with preserved muscle mass supports
more aggressive, curative-intent approaches. Emerging pharmacologic strategies, such as
ghrelin agonists, and the integration of biomarker-driven decision pathways may further
personalize CRLM management [155,156]. For now, the early identification and correction
of these modifiable factors remain essential to improve outcomes and tailor care.

d. Pharmacological sensibility

Hypersensitivity reactions to commonly used chemotherapeutic agents (including
oxaliplatin, irinotecan, and 5-fluorouracil (5-FU)) are a critical concern in CRLM man-
agement. Oxaliplatin hypersensitivity affects approximately 10–20% of patients, often
presenting as acute infusion reactions. Irinotecan, though less frequently allergenic, can
induce cholinergic syndromes and rare hypersensitivity events. 5-FU reactions are un-
common but potentially severe, typically linked to dihydropyrimidine dehydrogenase
deficiency, which compromises drug metabolism and exacerbates toxicity [157]. Targeted
therapies also carry immunogenic risks. Cetuximab induces infusion-related reactions
in up to 20% of patients, while bevacizumab can cause rare but serious hypersensitivity
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responses [158,159]. Management strategies, including premedication with corticosteroids
and antihistamines or desensitization protocols, enable continuation of these effective
treatments despite previous reactions [160]. Pharmacogenetic testing plays an increasing
role in tailoring CRLM therapy. Dihydropyrimidine dehydrogenase deficiency, present in
3–5% of the population, reduces clearance of 5-FU and capecitabine, heightening the risk of
myelosuppression and mucositis. Routine dihydropyrimidine dehydrogenase deficiency
mutation screening and uracil plasma level measurements identify at-risk patients, allow-
ing dose adjustment or alternative regimens like TAS-102 or irinotecan [161,162]. Similarly,
UGT1A1 polymorphisms, particularly UGT1A1*28, impair irinotecan metabolism and raise
the risk of neutropenia and diarrhea, warranting dose reductions for homozygous carriers.
Thymidylate synthase expression levels also modulate 5-FU sensitivity, with high expres-
sion predicting reduced efficacy. Emerging biomarkers such as microRNAs regulating
thymidylate synthase offer additional predictive potential [163]. A personalized approach
integrating allergy risk assessment, pharmacogenetic profiling, and protocol adaptation, is
essential for maximizing therapeutic efficacy while minimizing toxicity. These strategies are
now supported by major oncology guidelines, reinforcing the central role of individualized
medicine in managing metastatic colorectal cancer [164].

3.3. Molecular and Histopathological Prognostic Factors

a. KRAS, NRAS and BRAF mutations

KRAS mutations are present in approximately 35–45% of metastatic colorectal cancer
cases, with NRAS mutations occurring in a smaller subset [165]. These mutations are pivotal
in the RAS-MAPK signaling pathway, leading to constitutive activation that promotes
tumorigenesis. In the context of CRLM, RAS mutations are associated with resistance to
anti-EGFR therapies, such as cetuximab and panitumumab. Patients with RAS-mutated
CRLM undergoing liver resection exhibit a median OS of approximately 55.3 months, with
a 5-year survival rate of 46.6% [166]. In contrast, RAS wild-type patients demonstrate
superior outcomes, underscoring the prognostic significance of RAS mutation status in
treatment planning.

BRAF mutations, particularly the V600E variant, are less common in CRLM but are as-
sociated with a more aggressive disease course. The incidence of BRAF mutations in CRLM
ranges from 1% to 6.1%, with V600E being the predominant subtype. These mutations are
linked to rapid tumor progression and poor prognosis [167]. A multicenter study involving
105 patients with BRAF-mutated CRLM reported a median OS of 16.2 months, with a 1-year
survival rate of 65% and a 3-year rate of 16% [168,169]. Notably, surgical resection of both
the primary tumor and CRLM significantly improved survival outcomes, highlighting the
potential benefit of aggressive surgical intervention in this subset of patients. The presence
of KRAS, NRAS, and BRAF mutations necessitates tailored therapeutic strategies. For
RAS-mutated tumors, anti-EGFR therapies are generally ineffective; thus, treatment regi-
mens often incorporate anti-VEGF agents like bevacizumab [170,171]. In BRAF-mutated
cases, the addition of targeted therapies, such as BRAF inhibitors, in combination with
MEK inhibitors, has shown promise in clinical trials [172,173]. In conclusion, the muta-
tional landscape of CRLM profoundly influences therapeutic decisions and prognostication.
Comprehensive molecular profiling is essential for optimizing treatment strategies and
improving patient outcomes.

b. MSI-H Status

MSI-H tumors exhibit a high mutational burden, leading to increased neoantigen
expression and enhanced immunogenicity. This profile renders them particularly respon-
sive to immune checkpoint inhibitors such as pembrolizumab and nivolumab [174]. In
CRLM, MSI-H status has been associated with significantly improved OS when treated
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with immune checkpoint inhibitors. A population-based study utilizing the National
Cancer Database reported an adjusted hazard ratio (aHR) of 0.57 (95% CI: 0.43–0.77) for
OS in MSI-H patients receiving immunotherapy compared to chemotherapy. In a notable
UK-based trial, 32 patients with stage II/III MSI-H colorectal cancer were treated with
pembrolizumab prior to surgery. Results indicated that 59% of patients had no detectable
cancer post-treatment, suggesting a potential for immunotherapy to obviate the need for
surgery and chemotherapy [175,176].

In contrast, MSS tumors, characterized by proficient DNA mismatch repair and lower
mutational burdens, demonstrate limited responsiveness to immune checkpoint inhibitors.
A study analyzing 21,951 mCRC patients found no significant survival advantage with
immunotherapy in the MSS cohort (aHR: 0.94; 95% CI: 0.69–1.29) [177]. Furthermore, the
presence of liver metastases in MSS mCRC patients has been associated with resistance
to immunotherapy. A cohort study indicated that MSS patients without liver metastases
may derive clinical benefits from PD-1/PD-L1 inhibitors, whereas those with CRLM ex-
hibited poor responses [178,179]. Beyond treatment response, MSI status holds prognostic
significance in CRLM. A national analysis revealed that patients with MSI tumors undergo-
ing metastasectomy had a median OS of 33.2 months, compared to 41.1 months in MSS
patients [180,181]. This finding underscores the complex interplay between molecular
characteristics and clinical outcomes in CRLM (Figure S1 in Supplementary Materials).

c. HER2/neu Alterations

Although HER2 is a well-established oncogene in breast and gastric cancers, it has
recently gained recognition as a clinically significant biomarker in approximately 3–5% of
CRLM, particularly among KRAS/NRAS wild-type tumors [182]. This molecular subset
exhibits distinct biological behavior, often associated with left-sided primary tumors and a
more aggressive clinical course. HER2 amplification (detected in 2–5% of cases) confers
innate resistance to anti-EGFR therapies, even in otherwise eligible patients, underscoring
its dual prognostic and therapeutic relevance [183,184].

Recent advances in targeted therapies have shown encouraging results. Dual HER2
blockade strategies, such as trastuzumab combined with pertuzumab, have demonstrated
response rates ranging from 30% to 50% [185,186]. Furthermore, newer antibody-drug con-
jugates, such as trastuzumab deruxtecan, are showing expanding potential in early-phase
studies [187]. Nonetheless, resistance mechanisms (particularly involving co-alterations in
PIK3CA or PTEN) highlight the importance of comprehensive molecular profiling to guide
treatment selection.

Reflecting this paradigm shift, both ESMO and NCCN guidelines now recommend
routine HER2 testing in RAS wild-type mCRC, particularly for left-sided tumors, estab-
lishing HER2 as a clinically actionable target within contemporary precision oncology
strategies [188,189].

d. POLE, POLD1 and PD-L1

Mutations in the exonuclease domains of the POLE and POLD1 genes (present in
~1–2% and <1% of colorectal cancers, respectively) lead to a hypermutated phenotype
characterized by defective DNA proofreading [190]. These alterations are associated with
high tumor mutational burden and a notably favorable prognosis, even in microsatellite-
stable (MSS) tumors. In CRLM, POLE-mutated patients demonstrate robust responses
to immune checkpoint inhibitors, with outcomes comparable to those seen in MSI-H
tumors. Similar trends are emerging for POLD1 mutations, though data remain more
limited [191]. These genomic alterations also appear to enhance sensitivity to platinum-
based chemotherapy and may co-occur with other actionable mutations, supporting their
inclusion in comprehensive molecular profiling.



Cancers 2025, 17, 2539 17 of 35

In parallel, the immune microenvironment of CRLM reveals unique PD-L1 dynamics,
with metastatic lesions often expressing higher levels than their primary tumor coun-
terparts, likely reflecting liver-specific immune editing. In MSI-H tumors, high PD-L1
expression correlates with favorable prognosis and strong responses to PD-1/PD-L1 block-
ade. In contrast, PD-L1 upregulation in MSS tumors may signify immune evasion and
portend poorer outcomes [192,193]. Patients with high PD-L1 expression in liver metastases
have significantly poorer outcomes. A study involving 62 patients reported a 3-year OS
rate of 65.5% and a 3-year RFS rate of 34.7% in this group. In contrast, those with low
PD-L1 expression had 3-year OS and RFS rates of 92.7% and 83.8%, respectively. While
immunotherapy remains largely ineffective in unselected MSS populations, early-phase
studies exploring combinatorial regimens—such as PD-1 inhibitors with anti-VEGF or
CTLA-4 agents—are showing potential in biomarker-defined subgroups [194,195]. Reflect-
ing these insights, ESMO and NCCN guidelines now recommend testing for POLE/POLD1
mutations in MSS CRC with high tumor mutational burden particularly in right-sided tu-
mors. Although routine PD-L1 testing is currently limited to MSI-H cases, ongoing research
may soon broaden its utility in the evolving immunotherapy landscape of CRLM [196,197].

e. Tumor budding, lymphovascular and perineural invasion

Tumor budding, lymphovascular invasion, and perineural invasion are established
histopathological markers of aggressive behavior in colorectal cancer. Tumor budding,
characterized by isolated tumor cells or small clusters at the invasive front, is associated
with poor prognosis in primary colorectal cancer, correlating with increased risk of lymph
node metastasis and poor survival outcomes. However, its prognostic value in CRLM
remains less clear, with studies suggesting that tumor budding in CRLM may not indepen-
dently predict survival outcomes [198]. Tumor budding, defined as single cells or small
clusters of tumor cells at the invasive front, is strongly associated with poor OS and RFS in
primary colorectal cancer. In one study, high-grade tumor budding was linked to a 5-year
RFS of 75.6% versus 92.1% in low-grade cases (p = 0.001), with corresponding 5-year OS
rates of 93.7% vs. 100%, respectively [199,200].

Lymphovascular invasion, defined as the presence of tumor cells within lymphatic or
blood vessels, is a significant adverse prognostic factor in both primary colorectal cancer
and CRLM. In primary colorectal cancer, lymphovascular invasion is associated with higher
rates of recurrence and decreased OS. For instance, a meta-analysis reported a hazard ratio
(HR) for OS of 2.15 (95% CI 1.72–2.68) in lymphovascular invasion patients [201]. In
CRLM, the presence of lymphovascular invasion in the primary tumor has been linked
to poorer survival after liver metastasis resection [202]. Perineural invasion, the invasion
of tumor cells along nerves, is also a poor prognostic indicator in colorectal cancer. In
primary tumor, perineural invasion is associated with increased risk of recurrence and
decreased OS [203]. In CRLM, perineural invasion in the primary tumor has been identified
as an independent predictor of poor OS, with a HR of 2.36 (95% CI 1.16–4.82) [204]. In
patients undergoing liver resection for CRLM, the presence of perineural invasion in the
primary tumor is associated with markedly poorer outcomes, with a 5-year OS of only
29.9% and a recurrence rate of 68.2% [205,206]. These findings underscore the importance
of assessing these histopathological features in both primary colorectal cancer and CRLM,
as they provide valuable prognostic information that can guide treatment decisions and
patient management.

f. Histological growth patterns of liver metastases (pushing vs. replacement patterns)

CRLM exhibits distinct histological growth patterns (HGPs) at the tumor-liver in-
terface, which have been associated with prognosis following surgical resection. The
three primary HGPs are as follows:
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• Desmoplastic Growth Pattern (dHGP) characterized by a fibrous rim separating tumor
cells from the liver parenchyma, often accompanied by dense immune cell infiltration.
This pattern is associated with better OS and DFS. For instance, a study reported a
median DFS of 22 months in patients with dHGP [207],

• Replacement Growth Pattern (rHGP): Tumor cells infiltrate and replace hepatocytes
with minimal desmoplastic reaction and inflammatory cell infiltration. This pattern
is associated with poorer prognosis, with a hazard ratio for OS of 2.15 compared to
dHGP [208]. Patients with rHGP exhibit significantly poorer OS compared to those
with pHGP. A study involving 217 patients reported a median OS of 22.8 months for
rHGP, compared to 44.2 months for pHGP. Cox regression analysis indicated that the
hazard ratio (HR) for death in rHGP patients was approximately 2.5 times higher than
in pHGP patients (HR: 0.41, 95% CI: 0.22–0.75, p = 0.004). Regarding RFS, rHGP is also
associated with worse outcomes. In a cohort of 110 patients undergoing liver resection
for CRLM, the DFS rate was significantly lower in patients with rHGP compared to
those with pHGP (20.2% vs. 40.5%, p = 0.05) [209].

• Pushing Growth Pattern (pHGP): Tumor cells push aside liver parenchyma without
invading hepatocytes, leading to compression without a desmoplastic rim. This
pattern is less common but also associated with poor prognosis, with a hazard ratio
for DFS of 5.4 compared to dHGP [210,211] (Table 3).

Table 3. Molecular prognostic factors in CRLM.

BIOMARKER PREVALENCE PROGNOSTIC
IMPACT

THERAPEUTIC
IMPLICATIONS

KEY
REFERENCES

RAS
MUTATIONS 35–45%

Median OS 55.3 months;
resistance to anti-
EGFR therapies

Bevacizumab preferred
over cetuximab. [165–169]

BRAF V600E 1–6.1% Median OS 16.2 months;
aggressive biology

BRAF/MEK inhibitors (e.g.,
encorafenib + binimetinib). [167–173]

MSI-H 5–15%
Favorable with

immunotherapy (HR 0.57
for OS vs. chemotherapy)

Pembrolizumab/nivolumab
in first-line. [174–181]

HER2 AMPLI-
FICATION 3–5% (KRAS WT)

Resistance to anti-EGFR;
response to trastuzumab
+ pertuzumab (30–50%

response rate)

Dual HER2 blockade or
trastuzumab deruxtecan. [182–189]

POLE/POLD1 1–2%
Hypermutated pheno-

type; favorable response
to immunotherapy

Checkpoint inhibitors (even
in MSS tumors). [190–197]

3.4. Emerging Prognostic Factors from Precision Medicine

a. Circulating tumor DNA (ctDNA): detection of minimal residual disease, early recur-
rence prediction

Circulating tumor DNA (ctDNA) has emerged as a highly sensitive biomarker for
detecting minimal residual disease and predicting early recurrence in colorectal cancer,
including patients with CRLM. Numerous studies have demonstrated that ctDNA can
detect minimal residual disease in patients even when traditional imaging methods show
no evidence of disease [212]. In contrast, ctDNA offers a molecular-level insight, detecting
tumor-derived DNA fragments shed into the bloodstream from residual cancer cells even
when imaging is negative.

For instance, a study by Tie et al. (2016) found that ctDNA positivity after surgery
for CRC was associated with a significantly higher risk of recurrence, with a RFS rate of
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just 29% for ctDNA-positive patients, compared to 81% for ctDNA-negative patients [213].
This finding highlights ctDNA as an effective biomarker for minimal residual disease that
standard imaging cannot yet identify.

Additionally, ctDNA has been shown to provide early detection of recurrence. A
study in patients with CRLM who underwent liver metastasectomy revealed that ctDNA
was detectable in 50–70% of cases at 6–12 months post-resection, even before clinical or
radiological signs of recurrence [214]. Early ctDNA detection following surgery has been
linked to a high risk of early recurrence, with 50–60% of ctDNA-positive patients relapsing
within 6–12 months. In contrast, only 10–20% of ctDNA-negative patients showed recur-
rence within the same period. This highlights ctDNA’s potential in guiding postoperative
surveillance and tailoring adjuvant therapy for high-risk patients [215,216]. These data
underscore the utility of ctDNA as a lead indicator of recurrence, enabling oncologists to
identify high-risk patients who may benefit from intensified surveillance or earlier initiation
of adjuvant therapies.

Furthermore, serial ctDNA monitoring during systemic therapy or after liver resection
provides real-time insights into treatment efficacy and resistance development. The OS for
patients who remained ctDNA-negative during follow-up was significantly better, with
5-year OS rates of 80% compared to 50% in ctDNA-positive patients. These findings suggest
that ctDNA analysis can be a valuable tool for early intervention, guiding adjustments in
therapeutic strategies, such as the initiation of second-line therapies or targeted treatments,
to prevent relapse and improve survival outcomes. Incorporating ctDNA analysis into
clinical practice could significantly enhance the personalization of treatment in CRLM,
helping to identify high-risk patients earlier and enabling tailored interventions that could
improve both DFS and OS in the postoperative setting [217,218]. By detecting recurrence
months before imaging, ctDNA enables earlier therapeutic interventions that have the
potential to improve disease-free survival (DFS) and overall survival (OS). Future clinical
trials are warranted to validate ctDNA-guided treatment algorithms, optimize timing and
frequency of ctDNA testing, and explore the integration of ctDNA with other biomarkers
for enhanced predictive accuracy (Figure S2 in Supplementary Materials).

b. Radiomics: role of quantitative imaging analysis in risk prediction

Radiomics, the extraction of quantitative features from medical images, has emerged
as a promising tool for assessing tumor heterogeneity and predicting clinical outcomes
in CRLM. By analyzing texture, shape, and intensity patterns in imaging modalities such
as computed tomography (CT) and magnetic resonance imaging, radiomics can provide
insights into tumor biology that are not apparent through conventional imaging. Recent
studies have demonstrated the potential of radiomics in predicting survival and recurrence
in CRLM patients. For instance, a study involving 197 patients with CRLM identified
several radiomic features associated with OS [219]. Notably, features such as sphericity,
correlation, and entropy were found to be statistically significant, with hazard ratios indi-
cating their prognostic value. These findings suggest that radiomic analysis can serve as a
non-invasive method to stratify patients based on their risk of poor outcomes [220]. Further-
more, radiomics has been applied to assess the risk of recurrence following treatments like
microwave ablation. A study involving 318 patients with recurrent CRLM demonstrated
that radiomic features extracted from pre-ablation CT images could predict local tumor pro-
gression [221]. The constructed radiomics nomogram showed high predictive performance,
with a concordance index (C-index) of 0.912 in the training cohort and 0.89 in the validation
cohort. Patients identified as high-risk for local tumor progression had significantly lower
3-year progression-free survival rates compared to low-risk patients, underscoring the
utility of radiomics in guiding therapeutic decisions [222]. Despite these promising results,
the clinical implementation of radiomics faces challenges such as data standardization,
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reproducibility, and generalizability. Variability in imaging protocols and analysis methods
can impact the consistency of radiomic features across different institutions and platforms.
Addressing these issues through standardized imaging protocols and validation studies is
crucial for the widespread adoption of radiomics in clinical practice [223] (Figure 2).

Figure 2. The radiomics workflow.

c. Gut microbiome: influence on immune response and tumor progression

The gut microbiome plays a crucial role in modulating immune responses and tumor
progression in colorectal cancer, including the development of CRLM. Recent studies have
shown that specific gut bacteria can influence the tumor microenvironment and treatment
responses. For instance, the presence of Fusobacterium nucleatum within the tumor has
been linked to enhanced PD-L1 expression and an increased immune response to PD-1
checkpoint inhibitors, suggesting a dual role of this bacterium as both a pathogen and a
potential enhancer of immunotherapy [224]. Additionally, dysbiosis in the gut microbiome,
such as an overabundance of Desulfovibrio in patients with CRLM, has been associated with
an inflammatory environment both in the gut and liver, facilitating liver metastasis. These
microbial alterations can modulate local and systemic immune responses, influencing both
disease progression and therapeutic outcomes [225,226]. Clinical studies have demon-
strated that microbiome dysbiosis is linked to a higher incidence of early recurrence and
poorer survival outcomes in CRLM patients. For example, an analysis of 114 patients with
colorectal cancer found that the presence of Bacteroides fragilis was associated with poorer
disease-free survival, while Collinsella aerofaciens was associated with a worse systemic
prognostic score, indicating a less favorable tumor microenvironment [227,228]. These find-
ings suggest that gut microbiome composition can significantly impact treatment responses
and prognosis in CRLM patients. As such, gut microbiome analysis may emerge as a
complementary diagnostic and prognostic tool, offering personalized treatment strategies
to improve clinical outcomes (Table 4).
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Table 4. Emerging prognostic tools in CRLM.

TOOL APPLICATION CLINICAL UTILITY LIMITATIONS KEY
REFERENCES

CTDNA

Detects minimal residual
disease; predicts

recurrence (50–60%
relapse if +postop)

Guides adjuvant therapy
decisions; early interven-

tion for high-risk patients.

Standardization
and cost. [212–218]

RADIOMICS
Quantifies tumor

heterogeneity (e.g.,
sphericity, entropy)

Predicts local
progression post-ablation

(AUC 0.89–0.91).

Reproducibility across
imaging protocols. [219–223]

GUT MICRO-
BIOME

Fusobacterium nucleatum
linked to PD-L1

expression; B. fragilis
worsens DFS

Potential for microbiome
modulation (e.g., probiotics)
to enhance immunotherapy.

Causality not
established. [224–228]

4. Discussion
The prognostic assessment of CRLM remains a dynamic and multifaceted challenge.

Although numerous prognostic factors have been identified, including tumor burden,
molecular alterations, inflammatory markers, and imaging characteristics, the current body
of evidence is limited by heterogeneity in study design, endpoints, and patient selection.
Most available studies are retrospective, often monocentric, and vary in their definitions of
key variables such as resectability and recurrence, thereby limiting their generalizability.
The lack of standardization in data collection and analysis underscores the urgent need
for prospective validation of proposed prognostic models across diverse populations and
treatment settings (Figure S3 in Supplementary Materials).

1. In this complex landscape, no single prognostic factor can adequately capture the
full spectrum of recurrence risk or survival potential. Integrating diverse factors—clinical
(e.g., number and size of metastases, ASA score), biological (e.g., CEA dynamics, nutri-
tional status), molecular (e.g., RAS/BRAF mutations, MSI, HER2, POLE/POLD1), and
imaging-based (e.g., radiomic features, anatomical distribution)—can substantially enhance
predictive accuracy [229,230]. This combinatorial approach is not only more reflective of
the biological reality of CRLM but also more actionable in a multidisciplinary context.
For instance, early postoperative CEA elevation combined with ctDNA positivity and
non-desmoplastic histologic growth patterns may identify patients at very high risk of
recurrence, warranting intensified surveillance and systemic therapy. Conversely, the
absence of high-risk features across domains may justify a de-escalation strategy in selected
cases [231,232].

2. These observations support the transition toward a personalized medicine paradigm.
Advances in liquid biopsy, radiomics, and multi-omic profiling now allow for dynamic
and individualized risk stratification. Circulating tumor DNA enables early detection of
minimal residual disease and can precede radiological recurrence by months. Radiomic
analysis of preoperative imaging can non-invasively characterize tumor phenotype and
aggressiveness. Combined with clinicopathological and molecular data, these modalities
are poised to inform tailored therapeutic sequencing, intensity of surveillance, and patient
counseling [233,234].

3. Artificial intelligence (AI) represents a major frontier in this evolution, offering
the ability to process and integrate complex, high-dimensional datasets into clinically
relevant predictions. Recent studies have demonstrated the superiority of AI-driven
models, particularly those based on machine learning and deep learning, in predicting
survival and recurrence in patients with CRLM. For instance, a model using gradient-
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boosted trees trained on over 1000 CRLM patients achieved an AUC of 0.773 for OS and
0.635 for recurrence, significantly outperforming traditional statistical models. Another
study utilizing gradient-boosted decision trees identified a high-risk subgroup—20% of
patients—with a median OS of only 23 months compared to 52 months in the low-risk
group (p = 0.005), reinforcing the clinical utility of such algorithms [235]. A multi-center
effort further validated a random forest model predicting progression-free and OS at 1, 3,
and 5 years, with AUCs consistently above 0.70 in both internal and external cohorts [236].

These models demonstrate that AI can move beyond descriptive risk assessment
to enable individualized prognostic forecasting. Importantly, their adaptive nature al-
lows real-time updates as new data become available, making them suitable for iterative
treatment planning. However, several barriers remain. The interpretability of complex
models, integration into clinical workflows, and validation across diverse populations
are essential prerequisites for broader implementation. Moreover, AI systems must be
embedded within ethical frameworks that ensure transparency, reproducibility, and equity
in care delivery [237,238]. In centers that do not have access to a complete multidisciplinary
team, AI can serve as a critical tool in bridging the gap, enabling clinicians to evaluate
patients and make informed decisions for timely referrals to tertiary centers. By leveraging
AI’s capacity for individualized prognostic forecasting, healthcare providers can assess
patient risk profiles and predict outcomes with a level of precision that was previously
unattainable. These models can be integrated into clinical workflows, allowing for real-time
updates and iterative treatment planning. However, successful implementation depends
on overcoming barriers such as ensuring the interpretability of complex models, integrating
them seamlessly into daily practice, and validating them across diverse patient populations.
Additionally, as AI becomes more integrated into clinical decision-making, it must be
aligned with ethical frameworks that prioritize transparency, reproducibility, and equitable
access to care [239,240]. To translate these innovations into practice, large-scale, prospective,
multicenter studies are needed. These should not only validate existing AI models but also
evaluate their impact on clinical decision-making, patient outcomes, and healthcare effi-
ciency. International collaboration will be critical to ensure generalizability and to establish
standards for data harmonization, model training, and regulatory oversight. Additionally,
future clinical trials should incorporate AI-driven stratification strategies to identify pa-
tients who may benefit from novel therapies or altered surveillance paradigms [241–243].
Despite the promising advances in artificial intelligence (AI) for colorectal liver metastases
(CRLM) prognosis and diagnosis, several challenges hinder its widespread clinical adop-
tion. Key obstacles include the “black-box” nature of many AI models, which can limit
interpretability and clinician trust. Additionally, regulatory frameworks for AI applications
in healthcare remain underdeveloped, creating uncertainty around validation, safety, and
ethical considerations. Addressing these barriers through transparent model development,
rigorous prospective validation, and clear regulatory guidance will be essential for the
successful integration of AI tools into routine CRLM management [244].

5. Conclusions
The prognosis of patients with CRLM is shaped by a complex interplay of clinical, bio-

logical, molecular, and imaging factors. While traditional indicators such as tumor burden
and mutational status remain essential, their predictive power increases markedly when
integrated into composite risk models. The convergence of serum biomarkers (e.g., CEA dy-
namics), molecular alterations (e.g., RAS, BRAF, MSI, HER2, POLE/POLD1), ctDNA-based
minimal residual disease detection, and quantitative imaging (radiomics) offers an unprece-
dented opportunity to personalize both treatment and surveillance strategies. Artificial
intelligence is poised to play a transformative role in this paradigm shift. By synthesizing
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high-dimensional data from multiple sources, AI-based decision-support tools can provide
individualized risk forecasts and guide therapeutic sequencing with greater precision than
conventional approaches. Recent machine learning models have demonstrated strong
prognostic performance, validating their potential for clinical integration.

However, the successful adoption of these tools will require prospective validation,
model interpretability, and seamless integration into multidisciplinary workflows. A
global effort toward data harmonization, multi-institutional collaboration, and regulatory
guidance is now essential. In this evolving landscape, personalized prognostication using
AI-enhanced, multimodal algorithms has the potential to refine risk-adapted care, reduce
recurrence, and improve long-term survival in patients with CRLM.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers17152539/s1, Figure S1: Colorectal cancer (CRC) patho-
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Clinical, molecular, and emerging biomarkers in CRC; Figure S3: The impact of prognostic factors on
the decisional algorithm in CRLM. References [245–250] are cited in the Supplementary Materials.
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120. Ihnát, P.; Vávra, P.; Zonča, P. Treatment strategies for colorectal carcinoma with synchronous liver metastases: Which way to go?
World. J. Gastroenterol. 2015, 21, 7014–7021. [CrossRef] [PubMed] [PubMed Central]

121. Adam, R.; Delvart, V.; Pascal, G.; Valeanu, A.; Castaing, D.; Azoulay, D.; Giacchetti, S.; Paule, B.; Kunstlinger, F.; Ghémard, O.;
et al. Rescue surgery for unresectable colorectal liver metastases downstaged by chemotherapy: A model to predict long-term
survival. Ann. Surg. 2004, 240, 644–657; discussion 657–658. [CrossRef] [PubMed] [PubMed Central]

122. Accardo, C.; Vella, I.; di Francesco, F.; Rizzo, S.; Calamia, S.; Tropea, A.; Bonsignore, P.; Li Petri, S.; Gruttadauria, S. Multimodal
treatment of colorectal liver metastases: Where are we? Current strategies and future perspectives. Biosci. Trends 2025, ahead
of print. [CrossRef] [PubMed]

123. Welsh, F.K.; Tekkis, P.P.; John, T.G.; Rees, M. Predictive models in colorectal liver metastases--can we personalize treatment and
outcome? Dig. Surg. 2008, 25, 406–412. [CrossRef] [PubMed]

124. Worni, M.; Shah, K.N.; Clary, B.M. Colorectal cancer with potentially resectable hepatic metastases: Optimizing treatment. Curr.
Oncol. Rep. 2014, 16, 407. [CrossRef] [PubMed]

125. Huiskens, J.; Bolhuis, K.; Engelbrecht, M.R.; De Jong, K.P.; Kazemier, G.; Liem, M.S.; Verhoef, C.; de Wilt, J.H.; Punt, C.J.; van
Gulik, T.M.; et al. Outcomes of resectability assessment of the Dutch Colorectal Cancer Group Liver Metastases Expert Panel. J.
Am. Coll. Surg. 2019, 229, 523–532.e2. [CrossRef] [PubMed]

126. 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] [PubMed Central]

127. Mohammad, W.M.; Martel, G.; Mimeault, R.; Fairfull-Smith, R.J.; Auer, R.C.; Balaa, F.K. Evaluating agreement regarding the
resectability of colorectal liver metastases: A national case-based survey of hepatic surgeons. HPB 2012, 14, 291–297. [CrossRef]
[PubMed]

128. Mattar, R.E.; Al-Alem, F.; Simoneau, E.; Hassanain, M. Preoperative selection of patients with colorectal cancer liver metastasis
for hepatic resection. World J. Gastroenterol. 2016, 22, 567–581. [CrossRef] [PubMed] [PubMed Central]

129. Giuliante, F.; Ardito, F.; Ferrero, A.; Aldrighetti, L.; Ercolani, G.; Grande, G.; Ratti, F.; Giovannini, I.; Federico, B.; Pinna, A.D.;
et al. Tumor progression during preoperative chemotherapy predicts failure to complete 2-stage hepatectomy for colorectal liver
metastases: Results of an Italian multicenter analysis of 130 patients. J. Am. Coll. Surg. 2014, 219, 285–294. [CrossRef]

130. Lau, W.Y.; Lai, E.C.; Lau, S.H. Associating liver partition and portal vein ligation for staged hepatectomy: The current role and
development. Hepatobiliary Pancreat. Dis. Int. 2017, 16, 17–26. [CrossRef]

131. Chen, F.L.; Wang, Y.Y.; Liu, W.; Xing, B.C. Neoadjuvant chemotherapy improves overall survival in resectable colorectal liver
metastases patients with high clinical risk scores—A retrospective, propensity score matching analysis. Front. Oncol. 2022,
12, 973418. [CrossRef]

https://doi.org/10.1245/s10434-021-10220-w
https://www.ncbi.nlm.nih.gov/pubmed/34212254
https://pmc.ncbi.nlm.nih.gov/articles/PMC8590998
https://doi.org/10.1016/j.hpb.2018.01.005
https://www.ncbi.nlm.nih.gov/pubmed/29456199
https://doi.org/10.1111/j.1477-2574.2012.00597.x
https://www.ncbi.nlm.nih.gov/pubmed/23297723
https://pmc.ncbi.nlm.nih.gov/articles/PMC3719918
https://doi.org/10.21037/ls-22-42
https://doi.org/10.31744/einstein_journal/2024RW0596
https://www.ncbi.nlm.nih.gov/pubmed/39661858
https://pmc.ncbi.nlm.nih.gov/articles/PMC11634356
https://pmc.ncbi.nlm.nih.gov/articles/PMC11634356
https://doi.org/10.1007/BF00316981
https://www.ncbi.nlm.nih.gov/pubmed/7740812
https://doi.org/10.1097/SLA.0000000000003848
https://www.ncbi.nlm.nih.gov/pubmed/32209911
https://doi.org/10.1093/bjs/znad124
https://www.ncbi.nlm.nih.gov/pubmed/37442562
https://pmc.ncbi.nlm.nih.gov/articles/PMC10416695
https://doi.org/10.3748/wjg.v21.i22.7014
https://www.ncbi.nlm.nih.gov/pubmed/26078580
https://pmc.ncbi.nlm.nih.gov/articles/PMC4462744
https://doi.org/10.1097/01.sla.0000141198.92114.f6
https://www.ncbi.nlm.nih.gov/pubmed/15383792
https://pmc.ncbi.nlm.nih.gov/articles/PMC1356466
https://doi.org/10.5582/bst.2025.01012
https://www.ncbi.nlm.nih.gov/pubmed/40101984
https://doi.org/10.1159/000184731
https://www.ncbi.nlm.nih.gov/pubmed/19212112
https://doi.org/10.1007/s11912-014-0407-z
https://www.ncbi.nlm.nih.gov/pubmed/25129331
https://doi.org/10.1016/j.jamcollsurg.2019.08.1445
https://www.ncbi.nlm.nih.gov/pubmed/31520695
https://doi.org/10.1634/theoncologist.2012-0121
https://www.ncbi.nlm.nih.gov/pubmed/22962059
https://pmc.ncbi.nlm.nih.gov/articles/PMC3481888
https://doi.org/10.1111/j.1477-2574.2012.00440.x
https://www.ncbi.nlm.nih.gov/pubmed/22487066
https://doi.org/10.3748/wjg.v22.i2.567
https://www.ncbi.nlm.nih.gov/pubmed/26811608
https://pmc.ncbi.nlm.nih.gov/articles/PMC4716060
https://doi.org/10.1016/j.jamcollsurg.2014.01.063
https://doi.org/10.1016/S1499-3872(16)60174-1
https://doi.org/10.3389/fonc.2022.973418


Cancers 2025, 17, 2539 30 of 35

132. Adam, R.; Avisar, E.; Ariche, A.; Giachetti, S.; Azoulay, D.; Castaing, D.; Kunstlinger, F.; Levi, F.; Bismuth, F. Five-year survival
following hepatic resection after neoadjuvant therapy for nonresectable colorectal. Ann. Surg. Oncol. 2001, 8, 347–353. [CrossRef]

133. Araujo, R.L.; Gönen, M.; Allen, P.J.; DeMatteo, R.; Kingham, P.; Jarnagin, W.; D’Angelica, M.; Fong, Y. Positive postoperative CEA
is a strong predictor of recurrence for patients after resection for colorectal liver metastases. Ann. Surg. Oncol. 2015, 22, 3087–3093.
[CrossRef]

134. He, Y.; Ma, X.; Chen, K.; Liu, F.; Cai, S.; Han-Zhang, H.; Hou, T.; Xiang, J.; Peng, J. Perioperative circulating tumor DNA in
colorectal liver metastases: Concordance with metastatic tissue and predictive value for tumor burden and prognosis. J. Clin.
Oncol. 2020, 38 (Suppl. 15), e16020. [CrossRef] [PubMed]

135. Mao, R.; Zhao, J.J.; Bi, X.Y.; Zhang, Y.F.; Li, Z.Y.; Zhou, J.G.; Wu, X.L.; Xiao, C.; Zhao, H.; Cai, J.Q. A postoperative scoring system
for post-hepatectomy early recurrence of colorectal liver metastases. Oncotarget 2017, 8, 102531–102539. [CrossRef]

136. Nevola, R.; Ruocco, R.; Criscuolo, L.; Villani, A.; Alfano, M.; Beccia, D.; Imbriani, S.; Claar, E.; Cozzolino, D.; Sasso, F.C.; et al.
Predictors of early and late hepatocellular carcinoma recurrence. World J. Gastroenterol. 2023, 29, 1243–1260. [CrossRef]

137. Park, J.K.; Lee, Y.J.; Lee, J.H. Prognostic significance of tissue and serum CEA expression after resection of colorectal liver
metastases. J. Surg. Oncol. 2010, 102, 274–280. [CrossRef]

138. Tan, M.C.B.; Castaldo, E.T.; Gao, F.; Chari, R.S.; Linehan, D.C.; Wright, J.K.; Hawkins, W.G.; Siegel, B.A.; Delbeke, D.; Pinson, C.W.;
et al. A prognostic system applicable to patients with resectable liver metastasis from colorectal carcinoma staged by positron
emission tomography with [18F]fluoro-2-deoxy-D-glucose: Role of primary tumor variables. J. Am. Coll. Surg. 2008, 206, 857–868.
[CrossRef] [PubMed]

139. Yang, H.; Wang, J.; Li, Z.; Yang, Y.; Yang, L.; Zhang, Y.; Shi, Y.; Cao, Y.; Zhou, J.; Wang, Z.; et al. Risk factors and outcomes of early
relapse after curative resection of intrahepatic cholangiocarcinoma. Front. Oncol. 2019, 9, 854. [CrossRef] [PubMed]

140. Papakonstantinou, M.; Fiflis, S.; Christodoulidis, G.; Giglio, M.C.; Louri, E.; Mavromatidis, S.; Giakoustidis, D.; Papadopoulos,
V.N.; Giakoustidis, A. Neutrophil-to-lymphocyte ratio as a prognostic factor for survival in patients with colorectal liver
metastases: A systematic review. World J. Clin. Oncol. 2022, 13, 822–834. [CrossRef] [PubMed]

141. Guo, G.; Hu, X.; Gao, T.; Zhou, H.; Li, B.; Zhou, C.; Yu, B.; Wang, G. Potential impact of platelet-to-lymphocyte ratio on prognosis
in patients with colorectal cancer: A systematic review and meta-analysis. Front. Surg. 2023, 10, 1139503. [CrossRef]

142. Zhang, J.; Zhang, H.Y.; Li, J.; Shao, X.Y.; Zhang, C.X. The elevated NLR, PLR and PLT may predict the prognosis of patients with
colorectal cancer: A systematic review and meta-analysis. Oncotarget 2017, 8, 68837–68846. [CrossRef]

143. Wang, J.; Li, J.; Wei, S. The ratio of platelets to lymphocytes predicts the prognosis of metastatic colorectal cancer: A review and
meta-analysis. Front. Oncol. 2021, 11, 5877. [CrossRef]

144. Chen, Q.; Li, G.L.; Zhu, H.Q.; Yu, J.D.; Chen, Z.P.; Wu, J.Y.; Lin, Z.Y.; Wan, Y.L. The neutrophil-to-lymphocyte ratio and lactate
dehydrogenase combined in predicting liver metastasis and prognosis of colorectal cancer. Front. Med. 2023, 10, 1205897.
[CrossRef]

145. Yamamoto, T.; Kawada, K.; Obama, K. Inflammation-related biomarkers for the prediction of prognosis in colorectal cancer
patients. Int. J. Mol. Sci. 2021, 22, 8002. [CrossRef]

146. Lu, C.; Gao, P.; Yang, Y.; Chen, X.; Wang, L.; Yu, D.; Song, Y.; Xu, Q.; Wang, Z. Prognostic evaluation of platelet to lymphocyte
ratio in patients with colorectal cancer. Oncotarget 2017, 8, 86287–86295. [CrossRef]

147. Bhattacharjee, D.; Quirke, P. What is the role of the neutrophil: Lymphocyte ratio in colorectal cancer? Turk. J. Color. Dis. 2021, 31,
1–12. [CrossRef]

148. Polk, N.; Budai, B.; Hitre, E.; Patócs, A.; Mersich, T. High neutrophil-to-lymphocyte ratio (NLR) and systemic immune-
inflammation index (SII) are markers of longer survival after metastasectomy of patients with liver-only metastasis of rectal
cancer. Pathol. Oncol. Res. 2022, 28, 1610315. [CrossRef]

149. Amini, N.; Spolverato, G.; Gupta, R.; Margonis, G.A.; Kim, Y.; Wagner, D. Defining the impact of preoperative hypoalbuminemia
on outcomes of patients undergoing hepatic resection for colorectal liver metastases. HPB 2016, 18, 124–131.

150. Liu, Y.W.; Lu, C.C.; Chang, C.D.; Lee, K.C.; Chen, H.H.; Yeh, W.S.; Hu, W.H.; Tsai, K.L.; Yeh, C.H.; Wee, S.Y.; et al. Prognostic
value of sarcopenia in patients with colorectal liver metastases undergoing hepatic resection. Sci. Rep. 2020, 10, 6459. [CrossRef]
[PubMed] [PubMed Central]

151. Peng, P.D.; van Vledder, M.G.; Tsai, S.; de Jong, M.C.; Makary, M.; Ng, J.; Edil, B.H.; Wolfgang, C.L.; Schulick, R.D.; Choti, M.A.;
et al. Sarcopenia negatively impacts short-term outcomes in patients undergoing hepatic resection for colorectal liver metastasis.
HPB 2011, 13, 439–446. [CrossRef] [PubMed] [PubMed Central]

152. Weimann, A.; Braga, M.; Carli, F.; Higashiguchi, T.; Hübner, M.; Klek, S.; Laviano, A.; Ljungqvist, O.; Lobo, D.N.; Martindale, R.;
et al. ESPEN guideline: Clinical nutrition in surgery. Clin. Nutr. 2017, 36, 623–650. [CrossRef]

153. Joglekar, S.; Asghar, A.; Mott, S.L.; Johlin, F.C.; Ehlers, A.P.; Mezhir, J.J. Sarcopenia is an independent predictor of complications
following pancreatectomy for adenocarcinoma. J. Surg. Oncol. 2015, 111, 771–775. [CrossRef]

154. Parmar, C.; Dadar, M.; Marignol, L.; McDonough, M.; Sheikh, K.; O’Reilly, D. Prognostic value of sarcopenia in patients with liver
metastases from colorectal cancer. Cancer Imaging 2021, 21, 55.

https://doi.org/10.1007/s10434-001-0347-3
https://doi.org/10.1245/s10434-014-4358-2
https://doi.org/10.2147/CMAR.S240869
https://www.ncbi.nlm.nih.gov/pubmed/32184665
https://doi.org/10.18632/oncotarget.20934
https://doi.org/10.3748/wjg.v29.i8.1243
https://doi.org/10.1002/jso.21702
https://doi.org/10.1016/j.jamcollsurg.2007.12.023
https://www.ncbi.nlm.nih.gov/pubmed/18471711
https://doi.org/10.3389/fonc.2019.00854
https://www.ncbi.nlm.nih.gov/pubmed/31555597
https://doi.org/10.5306/wjco.v13.i10.822
https://www.ncbi.nlm.nih.gov/pubmed/36337307
https://doi.org/10.3389/fsurg.2023.1139503
https://doi.org/10.18632/oncotarget.18575
https://doi.org/10.1155/2021/9699499
https://doi.org/10.3389/fmed.2023.1205897
https://doi.org/10.3390/ijms22158002
https://doi.org/10.18632/oncotarget.21141
https://doi.org/10.4274/tjcd.galenos.2020.2020-9-3
https://doi.org/10.3389/pore.2022.1610315
https://doi.org/10.1038/s41598-020-63644-x
https://www.ncbi.nlm.nih.gov/pubmed/32296122
https://pmc.ncbi.nlm.nih.gov/articles/PMC7160152
https://doi.org/10.1111/j.1477-2574.2011.00301.x
https://www.ncbi.nlm.nih.gov/pubmed/21689226
https://pmc.ncbi.nlm.nih.gov/articles/PMC3133709
https://doi.org/10.1016/j.clnu.2017.02.013
https://doi.org/10.1002/jso.23862


Cancers 2025, 17, 2539 31 of 35

155. Dolan, R.D.; Almasaudi, A.S.; Dieu, L.B.; Horgan, P.G.; McMillan, D.C. The relationship between nutritional status, systemic
inflammation, and survival in patients with colorectal liver metastases. Ann. Surg. Oncol. 2021, 28, 1909–1916.

156. Bo, Z.; Chen, Z.; Chen, B.; Yang, J.; Zhao, Z.; Yang, Y.; Ma, J.; He, Q.; Yu, H.; Zheng, C.; et al. Development of sarcopenia-based
nomograms predicting postoperative complications of benign liver diseases undergoing hepatectomy: A multicenter cohort
study. Front. Nutr. 2023, 10, 1040297. [CrossRef] [PubMed] [PubMed Central]

157. Song, X.; Long, S.R.; Barber, B.; Kassed, C.A.; Healey, M.; Jones, C.; Zhao, Z. Systematic review on infusion reactions associated
with chemotherapies and monoclonal antibodies for metastatic colorectal cancer. Curr. Clin. Pharmacol. 2012, 7, 56–65. [CrossRef]
[PubMed] [PubMed Central]

158. Seymour, M.T.; Maughan, T.S.; Ledermann, J.A.; Topham, C.; James, R.; Gwyther, S.J.; Smith, D.B.; Shepherd, S.; Maraveyas, A.;
Ferry, D.R.; et al. Different strategies of sequential and combination chemotherapy for patients with poor prognosis advanced
colorectal cancer (MRC FOCUS): A randomised controlled trial. Lancet 2007, 370, 143–152. [CrossRef]

159. Van Kuilenburg, A.B.; Meinsma, R.; Zoetekouw, L.; Van Gennip, A.H. High prevalence of the IVS14 + 1G>A mutation in the
dihydropyrimidine dehydrogenase gene of patients with severe 5-fluorouracil-associated toxicity. Pharmacogenetics 2002, 12,
555–558. [CrossRef]

160. Lenz, H.J.; Van Cutsem, E.; Khambata-Ford, S.; Mayer, R.J.; Gold, P.; Stella, P.; Mirtsching, B.; Cohn, A.L.; Pippas, A.W.; Azarnia, N.
Multicenter phase II and translational study of cetuximab in metastatic colorectal carcinoma refractory to irinotecan, oxaliplatin,
and fluoropyrimidines. J. Clin. Oncol. 2006, 24, 4914–4921. [CrossRef]

161. Hurwitz, H.; Fehrenbacher, L.; Novotny, W.; Cartwright, T.; Hainsworth, J.; Heim, W.; Berlin, J.; Baron, A.; Griffing, S.; Holmgren,
E.; et al. Bevacizumab plus irinotecan, fluorouracil, and leucovorin for metastatic colorectal cancer. N. Engl. J. Med. 2004, 350,
2335–2342. [CrossRef]

162. Ruzzo, A.; Graziano, F.; Loupakis, F.; Rulli, E.; Canestrari, E.; Santini, D.; Catalano, V.; Ficarelli, R.; Maltese, P.; Bisonni, R.; et al.
Pharmacogenetic profiling in patients with advanced colorectal cancer treated with first-line FOLFOX-4 chemotherapy. J. Clin.
Oncol. 2007, 25, 1247–1254. [CrossRef]

163. Hu, Z.Y.; Yu, Q.; Pei, Q.; Guo, C. Dose-dependent association between UGT1A1*28 genotype and irinotecan-induced neutropenia:
Low doses also increase risk. Clin. Cancer Res. 2010, 16, 3832–3842. [CrossRef] [PubMed]

164. Lecomte, T.; Ferraz, J.M.; Zinzindohoué, F.; Loriot, M.A.; Tregouet, D.A.; Landi, B.; Berger, A.; Cugnenc, P.H.; Jian, R.; Beaune, P.;
et al. Thymidylate synthase gene polymorphism predicts toxicity in colorectal cancer patients receiving 5-fluorouracil-based
chemotherapy. Clin. Cancer Res. 2004, 10, 5880–5888. [CrossRef] [PubMed]

165. Levin-Sparenberg, E.; Bylsma, L.C.; Lowe, K.; Sangare, L.; Fryzek, J.P.; Alexander, D.D. A systematic literature review and
meta-analysis describing the prevalence of KRAS, NRAS, and BRAF gene mutations in metastatic colorectal cancer. J. Gastrointest.
Oncol. 2020, 11, 1234–1245. [CrossRef] [PubMed]

166. Margonis, G.A.; Buettner, S.; Andreatos, N.; Kim, Y.; Wagner, D.; Sasaki, K.; Beer, A.; Schwarz, C.; Løes, I.M.; Smolle, M.; et al.
Association of BRAF mutations with survival and recurrence in surgically treated patients with metastatic colorectal liver cancer.
JAMA Surg. 2018, 153, e180996. [CrossRef]

167. Søreide, K.; Sandvik, O.M.; Søreide, J.A. KRAS mutation in patients undergoing hepatic resection for colorectal liver metastasis:
A biomarker of cancer biology or a byproduct of patient selection? Cancer 2014, 120, 3862–3865. [CrossRef]

168. Rhaiem, R.; Rached, L.; Tashkandi, A.; Bouché, O.; Kianmanesh, R. Implications of RAS Mutations on Oncological Outcomes
of Surgical Resection and Thermal Ablation Techniques in the Treatment of Colorectal Liver Metastases. Cancers 2022, 14, 816.
[CrossRef]

169. Yaeger, R.; Cercek, A.; Chou, J.F.; Sylvester, B.E.; Kemeny, N.E.; Hechtman, J.F.; Ladanyi, M.; Rosen, N.; Weiser, M.R.; Capanu, M.;
et al. BRAF mutation predicts for poor outcomes after metastasectomy in patients with metastatic colorectal cancer. Cancer 2014,
120, 2316–2324. [CrossRef]

170. Saravani, K.; Salarzaei, M.; Parooie, F. Effect of KRAS and BRAF mutations in metastatic colorectal cancer patients: A systematic
review and meta-analysis based on tumor sidedness and KRAS subtypes. Hum. Antibodies 2021, 29, 275–284. [CrossRef]

171. Javed, S.; Benoist, S.; Devos, P.; Truant, S.; Guimbaud, R.; Lièvre, A.; Sefrioui, D.; Cohen, R.; Artru, P.; Dupré, A.; et al. Prognostic
factors of BRAF V600E colorectal cancer with liver metastases: A retrospective multicentric study. World J. Surg. Oncol. 2022,
20, 131. [CrossRef] [PubMed] [PubMed Central]

172. Gong, J.; Cho, M.; Fakih, M. RAS and BRAF in metastatic colorectal cancer management. J. Gastrointest. Oncol. 2016, 7, 687–704.
[CrossRef]

173. Clarke, C.N.; Kopetz, E.S. BRAF mutant colorectal cancer as a distinct subset of colorectal cancer: Clinical characteristics, clinical
behavior, and response to targeted therapies. J. Gastrointest. Oncol. 2016, 7, 604–617.

174. Niu, C.G.; Zhang, J.; Rao, A.V.; Joshi, U.; Okolo, P. Comparative effectiveness of immunotherapy and chemotherapy in patients
with metastatic colorectal cancer stratified by microsatellite instability status. World J. Gastroenterol. 2024, 15, 540–548. [CrossRef]

https://doi.org/10.3389/fnut.2023.1040297
https://www.ncbi.nlm.nih.gov/pubmed/36845061
https://pmc.ncbi.nlm.nih.gov/articles/PMC9950394
https://doi.org/10.2174/157488412799218806
https://www.ncbi.nlm.nih.gov/pubmed/22299770
https://pmc.ncbi.nlm.nih.gov/articles/PMC3363055
https://doi.org/10.1016/S0140-6736(07)61087-3
https://doi.org/10.1097/00008571-200210000-00007
https://doi.org/10.1200/JCO.2006.06.7595
https://doi.org/10.1056/NEJMoa032691
https://doi.org/10.1200/JCO.2006.08.1844
https://doi.org/10.1158/1078-0432.CCR-10-1122
https://www.ncbi.nlm.nih.gov/pubmed/20562211
https://doi.org/10.1158/1078-0432.CCR-04-0169
https://www.ncbi.nlm.nih.gov/pubmed/15355920
https://doi.org/10.14740/gr1167
https://www.ncbi.nlm.nih.gov/pubmed/33224365
https://doi.org/10.1001/jamasurg.2018.0996
https://doi.org/10.1002/cncr.28979
https://doi.org/10.3390/cancers14030816
https://doi.org/10.1002/cncr.28729
https://doi.org/10.3233/HAB-210451
https://doi.org/10.1186/s12957-022-02594-2
https://www.ncbi.nlm.nih.gov/pubmed/35461290
https://pmc.ncbi.nlm.nih.gov/articles/PMC9034502
https://doi.org/10.21037/jgo.2016.06.12
https://doi.org/10.5306/wjco.v15.i4.540


Cancers 2025, 17, 2539 32 of 35

175. Le, D.T.; Diaz Jr, L.A.; Kim, T.W.; Van Cutsem, E.; Geva, R.; Jäger, D.; Hara, H.; Burge, M.; O’Neil, B.H.; Kavan, P.; et al.
Pembrolizumab for previously treated, microsatellite instability-high/mismatch repair-deficient advanced colorectal cancer:
Final analysis of KEYNOTE-164. J. Clin. Oncol. 2023, 41, 1234–1242. [CrossRef]

176. Greco, L.; Rubbino, F.; Dal Buono, A.; Laghi, L. Microsatellite Instability and Immune Response: From Microenvironment Features
to Therapeutic Actionability-Lessons from Colorectal Cancer. Genes 2023, 14, 1169. [CrossRef] [PubMed] [PubMed Central]

177. Overman, M.J.; McDermott, R.; Leach, J.L.; Lonardi, S.; Lenz, H.J.; Morse, M.A.; Desai, J.; Hill, A.; Axelson, M.; Moss, R.A.;
et al. Nivolumab in patients with metastatic DNA mismatch repair-deficient or microsatellite instability-high colorectal cancer
(CheckMate 142): An open-label, multicentre, phase 2 study. Lancet Oncol. 2017, 18, 1182–1191; Erratum in Lancet Oncol. 2017,
18, 510. https://doi.org/10.1016/S1470-2045(17)30638-1. [CrossRef] [PubMed] [PubMed Central]

178. Bullock, A.J.; Schlechter, B.L.; Fakih, M.G.; Tsimberidou, A.M.; Grossman, J.E.; Gordon, M.S.; Wilky, B.A.; Pimentel, A.;
Mahadevan, D.; Balmanoukian, A.S.; et al. Botensilimab plus balstilimab in relapsed/refractory microsatellite stable metastatic
colorectal cancer: A phase 1 trial. Nat. Med. 2024, 30, 2558–2567. [CrossRef]

179. Barzi, A.; Azad, N.S.; Yang, Y.; Tsao-Wei, D.; Rehman, R.; Fakih, M.; Iqbal, S.; El-Khoueiry, A.B.; Millstein, J.; Jayachandran, P.;
et al. Phase I/II study of regorafenib (rego) and pembrolizumab (pembro) in refractory microsatellite stable colorectal cancer
(MSSCRC). JCO 2022, 40, 15. [CrossRef]

180. Andre, T.; Elez, E.; Van Cutsem, E.; Jensen, L.H.; Bennouna, J.; Mendez, G.; Schenker, M.; de la Fouchardiere, C.; Limon, M.L.;
Yoshino, T.; et al. Nivolumab plus Ipilimumab in Microsatellite-Instability-High Metastatic Colorectal Cancer. N. Engl. J. Med.
2024, 391, 2014–2026. [CrossRef] [PubMed]

181. Shao, B.; Yin, Y.S.; Wei, Y.N.; Dong, P.; Ning, H.F.; Wang, G.Z. Combining with immunotherapy is an emerging trend for local
treatment of colorectal cancer liver metastases: A bibliometric analysis. Front. Oncol. 2025, 15, 1490570. [CrossRef] [PubMed]
[PubMed Central]

182. Siena, S.; Di Bartolomeo, M.; Raghav, K.; Masuishi, T.; Loupakis, F.; Kawakami, H.; Yamaguchi, K.; Nishina, T.; Fakih, M.; Elez, E.;
et al. Trastuzumab deruxtecan (DS-8201) in patients with HER2-expressing metastatic colorectal cancer (DESTINY-CRC01): A
multicentre, open-label, phase 2 trial. Lancet Oncol. 2021, 22, 779–789. [CrossRef]

183. Raghav, K.; Loree, J.M.; Morris, J.S.; Overman, M.J.; Yu, R.; Meric-Bernstam, F.; Menter, D.; Korphaisarn, K.; Kee, B.; Muranyi, A.;
et al. Validation of HER2 amplification as a predictive biomarker for anti–epidermal growth factor receptor antibody therapy in
metastatic colorectal cancer. JCO Precis. Oncol. 2019, 3, 1–13. [CrossRef]

184. Sawada, K.; Nakamura, Y.; Yamanaka, T.; Kuboki, Y.; Yamaguchi, D.; Yuki, S.; Yoshino, T.; Komatsu, Y.; Sakamoto, N.; Okamoto,
W.; et al. Prognostic and predictive value of HER2 amplification in patients with metastatic colorectal cancer. Clin. Color. Cancer.
2018, 17, 198–205. [CrossRef]

185. Strickler, J.H.; Cercek, A.; Siena, S.; André, T.; Ng, K.; Van Cutsem, E.; Wu, C.; Paulson, A.S.; Hubbard, J.M.; Coveler, A.L.; et al.
Tucatinib plus trastuzumab for chemotherapy-refractory, HER2-positive, RAS wild-type unresectable or metastatic colorectal
cancer (MOUNTAINEER): A multicentre, open-label, phase 2 study. Lancet Oncol. 2023, 24, 496–508. [CrossRef]

186. Sart Sartore-Bianchi, A.; Trusolino, L.; Martino, C.; Bencardino, K.; Lonardi, S.; Bergamo, F.; Zagonel, V.; Leone, F.; Depetris, I.;
Martinelli, E.; et al. Dual-targeted therapy with trastuzumab and lapatinib in treatment-refractory, KRAS codon 12/13 wild-type,
HER2-positive metastatic colorectal cancer (HERACLES): A proof-of-concept, multicentre, open-label, phase 2 trial. Lancet Oncol.
2016, 17, 738–746. [CrossRef]

187. Chen, P.C.; Yeh, Y.M.; Chu, C.T.; Su, P.F.; Chiu, P.H.; Lin, B.W.; Chen, S.H.; Lin, P.C.; Lee, C.T.; Chen, H.H.W.; et al. HER2
amplification in colorectal cancer with brain metastasis: A propensity score matching study. Eur. J. Cancer 2023, 181, 62–69.
[CrossRef]

188. Chang, J.; Xu, M.; Wang, C.; Huang, D.; Zhang, Z.; Chen, Z.; Zhu, X.; Li, W. Dual HER2 targeted therapy with pyrotinib and
trastuzumab in refractory HER2 positive metastatic colorectal cancer: A result from HER2-FUSCC-G study. Nat. Commun. 2023,
14, 3332. [CrossRef]

189. Zumwalt, T.J.; Goel, A. Immunotherapy of Metastatic Colorectal Cancer: Prevailing Challenges and New Perspectives. Curr.
Color. Cancer Rep. 2015, 11, 125–140. [CrossRef] [PubMed] [PubMed Central]

190. Wei, X.L.; Luo, X.; Sheng, H.; Wang, Y.; Chen, D.L.; Li, J.N.; Wang, F.H.; Xu, R.H. PD-L1 expression in liver metastasis: Its clinical
significance and discordance with primary tumor in colorectal cancer. J. Transl. Med. 2020, 18, 475. [CrossRef] [PubMed] [PubMed
Central]

191. Zhang, J.; Dang, F.; Ren, J.; Wei, W. Role of stromal PD-L1 expression in colorectal liver metastasis. BMC Cancer 2023, 23, 1–9.
192. Gorzo, A.; Galos, D.; Volovat, S.R.; Lungulescu, C.V.; Burz, C.; Sur, D. Landscape of Immunotherapy Options for Colorectal

Cancer: Current Knowledge and Future Perspectives beyond Immune Checkpoint Blockade. Life 2022, 12, 229. [CrossRef]
[PubMed] [PubMed Central]

193. Cohen, R.; Hain, E.; Buhard, O.; Guilloux, A.; Bardier, A.; Kaci, R.; Bertheau, P.; Renaud, F.; Bibeau, F.; Fléjou, J.F.; et al. Association
of Polymerase e Mutations with Exceptional Response to PD-1 Inhibition in Microsatellite Stable Metastatic Colorectal Cancer.
JAMA Oncol. 2020, 6, 927–932.

https://doi.org/10.1016/j.ejca.2023.02.016
https://doi.org/10.3390/genes14061169
https://www.ncbi.nlm.nih.gov/pubmed/37372349
https://pmc.ncbi.nlm.nih.gov/articles/PMC10298406
https://doi.org/10.1016/S1470-2045(17)30638-1
https://doi.org/10.1016/S1470-2045(17)30422-9
https://www.ncbi.nlm.nih.gov/pubmed/28734759
https://pmc.ncbi.nlm.nih.gov/articles/PMC6207072
https://doi.org/10.1038/s41591-024-03083-7
https://doi.org/10.1200/JCO.2022.40.4_suppl.015
https://doi.org/10.1056/NEJMoa2402141
https://www.ncbi.nlm.nih.gov/pubmed/39602630
https://doi.org/10.3389/fonc.2025.1490570
https://www.ncbi.nlm.nih.gov/pubmed/40236647
https://pmc.ncbi.nlm.nih.gov/articles/PMC11996661
https://doi.org/10.1016/S1470-2045(21)00086-3
https://doi.org/10.1200/PO.18.00226
https://doi.org/10.1016/j.clcc.2018.05.006
https://doi.org/10.1016/S1470-2045(23)00150-X
https://doi.org/10.1016/S1470-2045(16)00150-9
https://doi.org/10.1016/j.ejca.2022.12.019
https://doi.org/10.1016/j.clcc.2022.07.003
https://doi.org/10.1007/s11888-015-0269-2
https://www.ncbi.nlm.nih.gov/pubmed/26441489
https://pmc.ncbi.nlm.nih.gov/articles/PMC4591512
https://doi.org/10.1186/s12967-020-02636-x
https://www.ncbi.nlm.nih.gov/pubmed/33308232
https://pmc.ncbi.nlm.nih.gov/articles/PMC7730753
https://pmc.ncbi.nlm.nih.gov/articles/PMC7730753
https://doi.org/10.3390/life12020229
https://www.ncbi.nlm.nih.gov/pubmed/35207516
https://pmc.ncbi.nlm.nih.gov/articles/PMC8878674


Cancers 2025, 17, 2539 33 of 35

194. Mandal, R.; Samstein, R.M.; Lee, K.W.; Havel, J.J.; Wang, H.; Krishna, C.; Sabio, E.Y.; Makarov, V.; Kuo, F.; Blecua, P.; et al. Genetic
diversity of tumors with mismatch repair deficiency influences anti–PD-1 immunotherapy response. Science 2019, 364, 485–491.
[CrossRef]

195. Chang, L.; Chang, M.; Chang, H.M.; Chang, F. Microsatellite Instability: A Predictive Biomarker for Cancer Immunotherapy.
Appl. Immunohistochem. Mol. Morphol. 2018, 26, e15–e21. [CrossRef]

196. Briggs, S.; Tomlinson, I. Germline and somatic polymerase ε and δ mutations define a new class of hypermutated colorectal and
endometrial cancers. J. Pathol. 2013, 230, 148–153. [CrossRef]

197. Luchini, C.; Bibeau, F.; Ligtenberg, M.J.L.; Singh, N.; Nottegar, A.; Bosse, T.; Miller, R.; Riaz, N.; Douillard, J.Y.; Andre, F.; et al.
ESMO recommendations on microsatellite instability testing for immunotherapy in cancer, and its relationship with PD-1/PD-L1
expression and tumor mutational burden: A systematic review-based approach. Ann. Oncol. 2019, 30, 1232–1243. [CrossRef]

198. Schrock, A.B.; Ouyang, C.; Sandhu, J.; Sokol, E.; Jin, D.; Ross, J.S.; Miller, V.A.; Lim, D.; Amanam, I.; Chao, J.; et al. Tumor
mutational burden is predictive of response to immune checkpoint inhibitors in MSI-high metastatic colorectal cancer. Ann.
Oncol. 2019, 30, 1096–1103. [CrossRef]

199. Stenzinger, A.; Allen, J.D.; Maas, J.; Stewart, M.D.; Merino, D.M.; Wempe, M.M.; Dietel, M. Tumor mutational burden stan-
dardization initiatives: Recommendations for consistent tumor mutational burden assessment in clinical samples to guide
immunotherapy treatment decisions. Genes Chromosomes Cancer 2019, 58, 578–588. [CrossRef]

200. Mitrovic, B.; Schaeffer, D.F.; Riddell, R.H.; Kirsch, R. Tumor budding in colorectal carcinoma: Time to take notice. Mod. Pathol.
2012, 25, 1315–1325. [CrossRef]

201. Yuan, H.; Dong, Q.; Zheng, B.; Hu, X.; Xu, J.B.; Tu, S. Lymphovascular invasion is a high risk factor for stage I/II colorectal cancer:
A systematic review and meta-analysis. Oncotarget 2017, 8, 46565–46579. [CrossRef]

202. Knijn, N.; Mogk, S.C.; Teerenstra, S.; Simmer, F.; Nagtegaal, I.D. Perineural Invasion is a Strong Prognostic Factor in Colorectal
Cancer: A Systematic Review. Am. J. Surg. Pathol. 2016, 40, 103–112. [CrossRef] [PubMed]

203. Hu, G.; Li, L.; Hu, K. Clinical implications of perineural invasion in patients with colorectal cancer. Medicine 2020, 99, e19525.
[CrossRef]

204. Yang, Y.; Huang, X.; Sun, J.; Gao, P.; Song, Y.; Chen, X.; Zhao, J.; Wang, Z. Prognostic value of perineural invasion in colorectal
cancer: A meta-analysis. J. Gastrointest. Surg. 2015, 19, 1113–1122. [CrossRef] [PubMed]

205. Kaya, T.; Dursun, A. Can lymphovascular and perineural invasion be additional staging criteria in colorectal cancer? J. Coll.
Physicians Surg. Pak. 2021, 30, 657–662. [CrossRef]

206. Huh, J.W.; Lee, W.Y.; Shin, J.K.; Park, Y.A.; Cho, Y.B.; Kim, H.C.; Yun, S.H. A novel histologic grading system based on
lymphovascular invasion, perineural invasion, and tumor budding in colorectal cancer. J. Cancer Res. Clin. Oncol. 2019, 145,
471–477. [CrossRef]

207. Nielsen, K.; Rolff, H.C.; Eefsen, R.L.; Vainer, B. The morphological growth patterns of colorectal liver metastases are prognostic
for overall survival. Mod. Pathol. 2014, 27, 1641–1648. [CrossRef] [PubMed]

208. Latacz, E.; Höppener, D.; Bohlok, A.; Leduc, S.; Tabariès, S.; Fernández Moro, C.; Lugassy, C.; Nyström, H.; Bozóky, B.; Floris, G.;
et al. Histopathological growth patterns of liver metastasis: Updated consensus guidelines for pattern scoring, perspectives and
recent mechanistic insights. Br. J. Cancer 2022, 127, 988–1013. [CrossRef] [PubMed] [PubMed Central]

209. Zaharia, C.; Veen, T.; Lea, D.; Kanani, A.; Alexeeva, M.; Søreide, K. Histopathological growth pattern in colorectal liver metastasis
and the tumor immune microenvironment. Cancers 2023, 15, 181. [CrossRef]

210. Van den Eynden, G.G.; Bird, N.C.; Majeed, A.W.; Van Laere, S.; Dirix, L.Y.; Vermeulen, P.B. The histological growth pattern of
colorectal cancer liver metastases has prognostic value. Clin. Exp. Metastasis 2012, 29, 541–549. [CrossRef] [PubMed]

211. Eefsen, R.L.; Vermeulen, P.B.; Christensen, I.J.; Laerum, O.D.; Mogensen, M.B.; Rolff, H.C.; Van den Eynden, G.G.; Høyer-Hansen,
G.; Osterlind, K.; Vainer, B.; et al. Growth pattern of colorectal liver metastasis as a marker of recurrence risk. Clin. Exp. Metastasis
2015, 32, 369–381. [CrossRef] [PubMed]

212. Reinert, T.; Petersen, L.M.S.; Henriksen, T.V.; Larsen, M.Ø.; Rasmussen, M.H.; Johansen, A.F.B.; Øgaard, N.; Knudsen, M.;
Nordentoft, I.; Vang, S.; et al. Circulating tumor DNA for prognosis assessment and postoperative management in colorectal
cancer patients with liver metastases undergoing local treatment. Cancer 2022, 128, 1106–1118.

213. Tie, J.; Cohen, J.D.; Lahouel, K.; Lo, S.N.; Wang, Y.; Kosmider, S.; Wong, R.; Shapiro, J.; Lee, M.; Harris, S.; et al. Circulating tumor
DNA analysis guiding adjuvant therapy in stage II colon cancer. N. Engl. J. Med. 2022, 386, 2261–2272. [CrossRef]

214. NCCN Updates ctDNA Stance in Colon, Rectal, and MCC Guidelines. OncLive. Published March 2024. Available online:
https://www.onclive.com/view/nccn-updates-ctdna-stance-in-colon-rectal-and-mcc-guidelines (accessed on 30 March 2025).

215. Kou, M.; Deng, Y. Circulating tumor DNA as a predictive biomarker for treatment response and survival in metastatic colorectal
cancer. Int. J. Color. Dis. 2024, 39, 203. [CrossRef] [PubMed] [PubMed Central]

216. NCCN Strengthens Guidance on ctDNA in Colon Cancer, Rectal Cancer, and Merkel Cell Carcinoma. Published March 2024.
Available online: https://www.natera.com/company/news/nccn-strengthens-guidance-on-ctdna-in-colon-cancer-rectal-cancer-
and-merkel-cell-carcinoma/ (accessed on 30 March 2025).

https://doi.org/10.1126/science.aau0447
https://doi.org/10.1097/PAI.0000000000000575
https://doi.org/10.1002/path.4185
https://doi.org/10.1093/annonc/mdz116
https://doi.org/10.1093/annonc/mdz134
https://doi.org/10.1002/gcc.22733
https://doi.org/10.1038/modpathol.2012.94
https://doi.org/10.18632/oncotarget.15425
https://doi.org/10.1097/PAS.0000000000000518
https://www.ncbi.nlm.nih.gov/pubmed/26426380
https://doi.org/10.1097/MD.0000000000019860
https://doi.org/10.1007/s11605-015-2761-z
https://www.ncbi.nlm.nih.gov/pubmed/25663635
https://doi.org/10.29271/jcpsp.2021.06.657
https://doi.org/10.1007/s00432-018-2804-4
https://doi.org/10.1038/modpathol.2014.4
https://www.ncbi.nlm.nih.gov/pubmed/24851832
https://doi.org/10.1038/s41416-022-01859-7
https://www.ncbi.nlm.nih.gov/pubmed/35650276
https://pmc.ncbi.nlm.nih.gov/articles/PMC9470557
https://doi.org/10.3390/cancers15010181
https://doi.org/10.1007/s10585-012-9469-1
https://www.ncbi.nlm.nih.gov/pubmed/22476470
https://doi.org/10.1007/s10585-015-9715-4
https://www.ncbi.nlm.nih.gov/pubmed/25822899
https://doi.org/10.1056/NEJMoa2200075
https://www.onclive.com/view/nccn-updates-ctdna-stance-in-colon-rectal-and-mcc-guidelines
https://doi.org/10.1007/s00384-024-04785-7
https://www.ncbi.nlm.nih.gov/pubmed/39681775
https://pmc.ncbi.nlm.nih.gov/articles/PMC11649706
https://www.natera.com/company/news/nccn-strengthens-guidance-on-ctdna-in-colon-cancer-rectal-cancer-and-merkel-cell-carcinoma/
https://www.natera.com/company/news/nccn-strengthens-guidance-on-ctdna-in-colon-cancer-rectal-cancer-and-merkel-cell-carcinoma/


Cancers 2025, 17, 2539 34 of 35

217. Bartolomucci, A.; Nobrega, M.; Ferrier, T.; Dickinson, K.; Kaorey, N.; Nadeau, A.; Castillo, A.; Burnier, J.V. Circulating tumor
DNA to monitor treatment response in solid tumors and advance precision oncology. NPJ Precis. Oncol. 2025, 9, 84. [CrossRef]
[PubMed] [PubMed Central]

218. Marmorino, F.; Prisciandaro, M.; Giordano, M.; Ortolan, E.; Crucitta, S.; Manca, P.; Antoniotti, C.; Valenti, M.M.; Danesi, R.; Conca,
V.; et al. Circulating Tumor DNA as a Marker of Minimal Residual Disease After Radical Resection of Colorectal Liver Metastases.
JCO Precis. Oncol. 2022, 6, e2200244. [CrossRef] [PubMed]

219. Peoples, J.J.; Hamghalam, M.; James, I.; Wasim, M.; Gangai, N.; Kang, H.C.; Rong, X.J.; Chun, Y.S.; Do, R.K.G.; Simpson,
A.L. Finding reproducible and prognostic radiomic features in variable slice thickness contrast-enhanced CT of colorectal liver
metastases. arXiv 2025, arXiv:2501.11221. [CrossRef]

220. Hu, H.; Chi, J.C.; Zhai, B.; Guo, J.H. CT-based radiomics analysis to predict local progression of recurrent colorectal liver
metastases after microwave ablation. Medicine 2023, 102, e36586. [CrossRef]

221. Zhang, G.; Liu, P.; Wang, G.; He, X.; Xu, L.; Wang, Y.; Li, W.; Peng, W. Local Tumor Progression Predictive Model Based on MRI
for Colorectal Cancer Liver Metastases after Radiofrequency Ablation. Discov. Med. 2024, 36, 765–777. [CrossRef] [PubMed]

222. Wang, Y.; Ma, L.Y.; Yin, X.P.; Gao, B.L. Radiomics and Radiogenomics in Evaluation of Colorectal Cancer Liver Metastasis. Front.
Oncol. 2022, 11, 689509. [CrossRef] [PubMed] [PubMed Central]

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

224. Wang, X.; Fang, Y.; Liang, W.; Wong, C.C.; Qin, H.; Gao, Y.; Liang, M.; Song, L.; Zhang, Y.; Fan, M.; et al. Fusobacterium nucleatum
facilitates anti-PD-1 therapy in microsatellite stable colorectal cancer. Cancer Cell 2025, 43, 564–574. [CrossRef] [PubMed]

225. Mima, K.; Sukawa, Y.; Nishihara, R.; Qian, Z.R.; Yamauchi, M.; Inamura, K.; Kim, S.A.; Masuda, A.; Nowak, J.A.; Nosho, K.; et al.
Fusobacterium nucleatum and T cells in colorectal carcinoma. JAMA Oncol. 2015, 1, 653–661. [CrossRef] [PubMed]

226. Ding, X.; Ting, N.L.; Wong, C.C.; Huang, P.; Jiang, L.; Liu, C.; Lin, Y.; Li, S.; Liu, Y.; Xie, M.; et al. Bacteroides fragilis promotes
chemoresistance in colorectal cancer, and its elimination by phage VA7 restores chemosensitivity. Cell Host Microbe 2025, 33,
941–956.e10. [CrossRef] [PubMed]

227. Sakamoto, Y.; Mima, K.; Ishimoto, T.; Ogata, Y.; Imai, K.; Miyamoto, Y.; Akiyama, T.; Daitoku, N.; Hiyoshi, Y.; Iwatsuki, M.; et al.
Fusobacterium nucleatum in colorectal cancer liver metastases. J. Hepatobiliary Pancreat. Sci. 2024, 31, 345–352. [CrossRef]

228. Sivan, A.; Corrales, L.; Hubert, N.; Williams, J.B.; Aquino-Michaels, K.; Earley, Z.M.; Benyamin, F.W.; Lei, Y.M.; Jabri, B.; Alegre,
M.L.; et al. Commensal Bifidobacterium promotes antitumor immunity and facilitates anti-PD-L1 efficacy. Science 2015, 350,
1084–1089. [CrossRef]

229. Marmorino, F.; Faggioni, L.; Rossini, D.; Gabelloni, M.; Goddi, A.; Ferrer, L.; Conca, V.; Vargas, J.; Biagiarelli, F.; Daniel, F.; et al.
The prognostic value of radiomic features in liver-limited metastatic colorectal cancer patients from the TRIBE2 study. Future
Oncol. 2023, 19, 1601–1611. [CrossRef]

230. Granata, V.; Fusco, R.; De Muzio, F.; Cutolo, C.; Setola, S.V.; Grassi, R.; Grassi, F.; Ottaiano, A.; Nasti, G.; Tatangelo, F.; et al.
Radiomics textural features by MR imaging to assess clinical outcomes following liver resection in colorectal liver metastases. La
Radiol. Medica 2022, 127, 461–470. [CrossRef]

231. Hao, M.; Wang, K.; Ding, Y.; Li, H.; Liu, Y.; Ding, L. Which patients are prone to suffer liver metastasis? A review of risk factors of
metachronous liver metastasis of colorectal cancer. Eur. J. Med. Res. 2022, 27, 130. [CrossRef] [PubMed]

232. Karami, P.; Elahi, R. Radiomics-based artificial intelligence (AI) models in colorectal cancer (CRC) diagnosis, metastasis detection,
prognosis, and treatment response. arXiv 2024, arXiv:2406.12467. [CrossRef]

233. Jing, H.H.; Hao, D.; Liu, X.J.; Cui, M.J.; Xue, K.J.; Wang, D.S.; Zhang, J.H.; Lu, Y.; Tian, G.Y.; Liu, S.L. Development and validation
of a radiopathomics model for predicting liver metastases of colorectal cancer. Eur. Radiol. 2025, 35, 3409–3417. [CrossRef]
[PubMed] [PubMed Central]

234. Hu, H.; Chi, J.C.; Zhai, B.; Guo, J.H. A CT-based radiomics tumor quality and quantity model to predict early recurrence after
radical surgery for colorectal liver metastases. Clin. Transl. Oncol. 2023, 25, 4553. [CrossRef]

235. Saber, R.; Henault, D.; Rebolledo, R.; Turcotte, S.; Kadoury, S. Prediction of a T-cell/MHC-I-based immune profile for colorectal
liver metastases from CT images using ensemble learning. arXiv 2023, arXiv:2303.04149. [CrossRef]

236. Li, X.; Xiao, H.; Weng, W.; Xu, X.; Shi, Y. MPBD-LSTM: A Predictive Model for Colorectal Liver Metastases Using Time Series
Multi-phase Contrast-Enhanced CT Scans. arXiv 2024, arXiv:2412.01973.

237. Elforaici, M.E.; Montagnon, E.; Perdigon Romero, F.; Le, W.T.; Azzi, F.; Trudel, D.; Nguyen, B.; Turcotte, S.; Tang, A.; Kadoury, S.
Semi-supervised ViT knowledge distillation network with style transfer normalization for colorectal liver metastases survival
prediction. arXiv 2023, arXiv:2311.10305. [CrossRef]

238. Bodalal, Z.; Bogveradze, N.; Ter Beek, L.C.; van den Berg, J.G.; Sanders, J.; Hofland, I.; Trebeschi, S.; Groot Lipman, K.B.W.;
Storck, K.; Hong, E.K.; et al. Radiomic signatures from T2W and DWI MRI are predictive of tumour hypoxia in colorectal liver
metastases. Insights Into Imaging 2023, 14, 133. [CrossRef]

https://doi.org/10.1038/s41698-025-00876-y
https://www.ncbi.nlm.nih.gov/pubmed/40122951
https://pmc.ncbi.nlm.nih.gov/articles/PMC11930993
https://doi.org/10.1200/PO.22.00244
https://www.ncbi.nlm.nih.gov/pubmed/36356286
https://doi.org/10.59275/j.melba.2024-24gc
https://doi.org/10.1097/MD.0000000000036586
https://doi.org/10.24976/Discov.Med.202436183.72
https://www.ncbi.nlm.nih.gov/pubmed/38665025
https://doi.org/10.3389/fonc.2021.689509
https://www.ncbi.nlm.nih.gov/pubmed/35070948
https://pmc.ncbi.nlm.nih.gov/articles/PMC8776634
https://doi.org/10.3390/cancers13215547
https://doi.org/10.1016/j.ccell.2025.02.023
https://www.ncbi.nlm.nih.gov/pubmed/40068601
https://doi.org/10.1001/jamaoncol.2015.1377
https://www.ncbi.nlm.nih.gov/pubmed/26181352
https://doi.org/10.1016/j.chom.2025.05.004
https://www.ncbi.nlm.nih.gov/pubmed/40446807
https://doi.org/10.1002/jhbp.1105
https://doi.org/10.1126/science.aac4255
https://doi.org/10.2217/fon-2023-0406
https://doi.org/10.1007/s11547-022-01477-6
https://doi.org/10.1186/s40001-022-00759-z
https://www.ncbi.nlm.nih.gov/pubmed/35879739
https://doi.org/10.48550/arXiv.2406.12467
https://doi.org/10.1007/s00330-024-11198-1
https://www.ncbi.nlm.nih.gov/pubmed/39621056
https://pmc.ncbi.nlm.nih.gov/articles/PMC12081500
https://doi.org/10.1007/s12094-024-03645-8
https://doi.org/10.48550/arXiv.2303.04149
https://doi.org/10.1016/j.media.2024.103346
https://doi.org/10.1186/s13244-023-01474-x


Cancers 2025, 17, 2539 35 of 35

239. Taghavi, M.; Trebeschi, S.; Simões, R.; Meek, D.B.; Beckers, R.C.J.; Lambregts, D.M.J.; Verhoef, C.; Houwers, J.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]

240. Yang, Y.; Wei, H.; Fu, F.; Wei, W.; Wu, Y.; Bai, Y.; Li, Q.; Wang, M. Preoperative prediction of lymphovascular invasion of colorectal
cancer by radiomics based on 18F-FDG PET-CT and clinical factors. Front. Radiol. 2023, 3, 1212382. [CrossRef] [PubMed]

241. Dercle, L.; Lu, L.; Schwartz, L.H.; Qian, M.; Tejpar, S.; Eggleton, P.; Zhao, B.; Piessevaux, H. Radiomics response signature for
identification of metastatic colorectal cancer sensitive to therapies targeting EGFR pathway. J. Natl. Cancer Inst. 2020, 112, 902–912.
[CrossRef]

242. Bera, K.; Braman, N.; Gupta, A.; Velcheti, V.; Madabhushi, A. Predicting cancer outcomes with radiomics and artificial intelligence
in radiology. Nat. Rev. Clin. Oncol. 2022, 19, 132–146. [CrossRef]

243. Rompianesi, G.; Pegoraro, F.; Ceresa, C.D.; Montalti, R.; Troisi, R.I. Artificial intelligence in the diagnosis and management of
colorectal cancer liver metastases. World J. Gastroenterol. 2022, 28, 108–122. [CrossRef]

244. Moaven, O.; Tavolara, T.E.; Valenzuela, C.D.; Corvera, C.U.; Cha, C.H.; Stauffer, J.A.; Niazi, M.K.K. Machine learning models for
predicting the outcomes of surgical treatment of colorectal liver metastases. J. Am. Coll. Surg. 2023, 367, 884–893. [CrossRef]

245. Rieser, C.J.; Hoehn, R.S.; Zenati, M.; Hall, L.B.; Kang, E.; Zureikat, A.H.; Lee, A.; Ongchin, M.; Holtzman, M.P.; Pingpank, J.F.; et al.
Impact of Socioeconomic Status on Presentation and Outcomes in Colorectal Peritoneal Metastases Following Cytoreduction and
Chemoperfusion: Persistent Inequalities in Outcomes at a High-Volume Center. Ann. Surg. Oncol. 2021, 28, 3522–3531; Erratum in
Ann. Surg. Oncol. 2021, 28 (Suppl. 3), 875. https://doi.org/10.1245/s10434-021-10045-7. [CrossRef] [PubMed] [PubMed Central]

246. Sell, N.M.; Shafique, N.; Lee, H.; Lee, G.C.; Tanabe, K.K.; Ferrone, C.R.; Blaszkowsky, L.S.; Hong, T.S.; Wo, J.; Qadan, M.
Socioeconomic determinants of the surgical treatment of colorectal liver metastases. Am. J. Surg. 2020, 220, 952–957. [CrossRef]
[PubMed]

247. Vallance, A.E.; van der Meulen, J.; Kuryba, A.; Braun, M.; Jayne, D.G.; Hill, J.; Cameron, I.C.; Walker, K. Socioeconomic differences
in selection for liver resection in metastatic colorectal cancer and the impact on survival. Eur. J. Surg. Oncol. 2018, 44, 1588–1594.
[CrossRef] [PubMed]

248. Charlson, M.E.; Pompei, P.; Ales, K.L.; MacKenzie, C.R. A new method of classifying prognostic comorbidity in longitudinal
studies: Development and validation. J. Chronic Dis. 1987, 40, 373–383. [CrossRef] [PubMed]

249. Zhang, X.; Wang, X.; Wang, M.; Gu, J.; Guo, H.; Yang, Y.; Liu, J.; Li, Q. Effect of comorbidity assessed by the Charlson Comorbidity
Index on the length of stay, costs, and mortality among colorectal cancer patients undergoing colorectal surgery. Curr. Med. Res.
Opin. 2022, 39, 187–195. [CrossRef] [PubMed]

250. Lam, C.S.N.; Bharwani, A.A.; Chan, E.H.Y.; Chan, V.H.Y.; Au, H.L.H.; Ho, M.K.; Rashed, S.; Kwong, B.M.H.; Fang, W.; Ma, K.W.;
et al. A machine learning model for colorectal liver metastasis post-hepatectomy prognostications. Hepatobiliary Surg. Nutr. 2023,
12, 495–506. [CrossRef] [PubMed] [PubMed Central]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00261-020-02624-1
https://www.ncbi.nlm.nih.gov/pubmed/32583138
https://doi.org/10.3389/fradi.2023.1212382
https://www.ncbi.nlm.nih.gov/pubmed/37614530
https://doi.org/10.1093/jnci/djaa017
https://doi.org/10.1038/s41571-021-00560-7
https://doi.org/10.3748/wjg.v28.i1.108
https://doi.org/10.1097/XCS.0000000000000573
https://doi.org/10.1245/s10434-021-10045-7
https://doi.org/10.1245/s10434-021-09627-2
https://www.ncbi.nlm.nih.gov/pubmed/33687614
https://pmc.ncbi.nlm.nih.gov/articles/PMC8184539
https://doi.org/10.1016/j.amjsurg.2020.02.019
https://www.ncbi.nlm.nih.gov/pubmed/32107013
https://doi.org/10.1016/j.ejso.2018.05.024
https://www.ncbi.nlm.nih.gov/pubmed/29895508
https://doi.org/10.1016/0021-9681(87)90171-8
https://www.ncbi.nlm.nih.gov/pubmed/3558716
https://doi.org/10.1080/03007995.2022.2139053
https://www.ncbi.nlm.nih.gov/pubmed/36269069
https://doi.org/10.21037/hbsn-21-453
https://www.ncbi.nlm.nih.gov/pubmed/37601005
https://pmc.ncbi.nlm.nih.gov/articles/PMC10432293

	Introduction 
	Materials and Methods 
	Results 
	Clinical Prognostic Factors 
	Biological Prognostic Factors 
	Molecular and Histopathological Prognostic Factors 
	Emerging Prognostic Factors from Precision Medicine 

	Discussion 
	Conclusions 
	References

