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ABSTRACT

Introduction: There is no consensus on the optimal surveillance interval for patients undergoing resection of colorectal liver
metastases (CRLM). We sought to assess the timing and intensity of recurrence following curative-intent resection of CRLM
utilizing a recurrence-free survival (RFS) hazard function analysis.

Methods: Patients with CRLM who underwent curative-intent resection were identified from a multi-institutional database.
The RFS hazard function was used to plot hazard rates and identify the peak of recurrence over time.

Results: Among 1804 patients, the median RFS was 19.9 months. In the analytic cohort, the RFS hazard curve peaked at
5.9 months (peak hazard rate: 0.054) and gradually declined, indicative of early recurrence. In subgroup analyses, patients with
high and medium tumor burden scores (TBS) had RFS hazard peaks at 4.9 months (peak hazard rate: 0.060) and 5.8 months
(peak hazard rate: 0.054), respectively. In contrast, patients with low TBS had a later peak at 7.5 months, with the lowest peak
hazard rate of 0.047.

Conclusions: The recurrence peak for CRLM patients occurred approximately 6 months postsurgery, highlighting the need for
intensified early postoperative surveillance. Patients with high TBS experienced earlier recurrence, underscoring the impor-
tance of close monitoring, particularly during the first 6 months after surgery.

1 | Introduction which poses a significant challenge in disease management [2].

Hepatic resection remains the cornerstone of curative-intent
Colorectal cancer (CRC) is a major contributor to cancer-related treatment for CRLM. However, recurrence rates following resec-
mortality worldwide, ranking as the second leading cause of  tion remain high with 50-75% of patients experiencing disease
cancer deaths in the United States [1]. Approximately 50% of pa- relapse even after successful resection [3, 4]. Recent advancements
tients with CRC develop colorectal liver metastases (CRLM), in surgical techniques and systemic chemotherapy have expanded
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therapeutic options for recurrent disease, offering potential for
improved outcomes, particularly with early intervention [5]. This
underscores the importance of robust postoperative surveillance
strategies to optimize timely treatment as it may improve prog-
nosis for patients with recurrent CRLM [6].

To date, postoperative surveillance for CRLM typically involves
cross-sectional imaging and serum carcinoembryonic antigen
(CEA) monitoring [7-10]. However, there is no consensus on the
optimal surveillance intervals [6]. For instance, the European
Society for Medical Oncology (ESMO) guidelines recommend
imaging measurements every 3 months for the first 2 years, while
the National Comprehensive Cancer Network (NCCN) guide-
lines suggest imaging every 3-6 months [7, 8]. In contrast, the
Japanese Society for Cancer of the Colon and Rectum (JSCCR)
advises computed tomography (CT) scans every 6 months during
the first 3 years, and the American Society of Colon and Rectal
Surgeons (ASCRS) recommends imaging once every 12 months
[9, 10]. These variations highlight the need to better understand
recurrence trends over time and personalize postoperative sur-
veillance strategies for patients.

To date, recurrence and survival outcomes have been analyzed
using Kaplan-Meier analyses, which demonstrate the cumula-
tive risk over time [11]. Although useful, these curves do not
provide insight into the real-time risk of recurrence for patients
who remain under observation [11]. In contrast, the hazard
function offers a more dynamic perspective by estimating the
instantaneous risk of recurrence at specific time points, allow-
ing for a more detailed understanding of when patients are at
the highest risk for recurrence [12]. Although this method has
been used to evaluate recurrence timing in breast cancer, CRC,
hepatocellular carcinoma, and intrahepatic cholangiocarci-
noma, few studies have applied it to the field of CRLM
[6, 11-15].

As such, the current study sought to examine the timing and
intensity of recurrence after curative-intent resection of CRLM
using the hazard function. We also investigated how clinical
factors, including tumor burden score (TBS), Kirsten rat sar-
coma oncogene (KRAS) mutation status, and the receipt of
adjuvant chemotherapy, impacted the timing and intensity of
peak recurrence. By identifying these factors, the data may
inform more individualized follow-up strategies for patients
with CRLM undergoing hepatic resection.

2 | Methods

2.1 | Study Population and Data Collection

An international, multi-institutional database was utilized to
identify patients who underwent curative-intent liver resection
for CRLM between 2000 and 2023 [16]. Patients who underwent
palliative surgery, R2 resection, previous hepatectomy, or had
extrahepatic metastases before liver resection were excluded.
Additionally, records with missing data on tumor character-
istics (i.e., tumor size and number) or long-term outcomes were
also excluded. The study was approved by the Institutional
Review Board of each participating institution.

2.2 | Variables and Outcomes of Interest

Patient clinicodemographic variables included age, sex, year
of surgery (i.e., 2000-2010 or 2011-2023), receipt of pre-
operative systemic chemotherapy, primary tumor location
(i.e., colon or rectum), T-category (i.e., T1/T2/T3 or T4) and
lymph node involvement of primary tumor, KRAS mutational
status, timing of CRLM diagnosis (i.e., synchronous or me-
tachronous), disease-free interval (DFI) (i.e., < 12 months or
> 12 months), CEA levels at the time of CRLM diagnosis, the
extent of hepatectomy (i.e., major or minor hepatectomy),
tumor number, tumor size, TBS, pathological margin status,
posthepatectomy severe complications, and receipt of adju-
vant chemotherapy. The American Joint Committee on
Cancer (AJCC) 8th edition staging manual was used for
T-category classification [17]. Synchronous metastasis was
defined as the presence of both a primary colorectal
tumor and CRLM at the time of diagnosis [4]. TBS was
computed using the formula: TBS?=(maximum CRLM
diameter)® + (number of CRLM)?* [18]. Patients were catego-
rized into 3 groups (low TBS: < 3; medium TBS: >3 to <9;
high TBS: >9), as previously described [18]. DFI was defined
as the duration from resection of primary tumor to liver
metastasis [19]. Liver resection was defined as major (>3
segments) or minor (<2 segments) according to the “New
World” terminology [20]. The severity of postoperative
complications was defined according to the Clavien-Dindo
classification system (grade I-V); severe complications were
defined as Clavien-Dindo grade > III [21].

The primary outcomes of interest included recurrence-free
survival (RFS), defined as the time elapsed between the date
of liver resection and the recurrence, either confirmed on
biopsy or using evidence of a suspicious lesion on follow-up
imaging. Overall survival (OS) was defined as the time
interval between the date of hepatectomy for CRLM and the
date of death or last follow-up. Following curative-intent
hepatectomy, patients were monitored for recurrence based
on serum tumor markers and imaging, such as CT, and/or
magnetic resonance imaging. Patients were followed once
every 3 to 4 months during the first 3 years, once every
6 months during the 4th and 5th years, and then annually
[22]. The treatment of tumor recurrence was decided based
on consensus among the multidisciplinary team at each
institution.

2.3 | Statistical Analysis

Descriptive statistics were presented as median values with
interquartile ranges (IQR) for continuous variables and as
frequencies with percentages (%) for categorical variables.
For the variables of interest, the RFS hazard function was
applied to plot the hazard rates and the peak of recurrence
over time. The kernel smoothing method provided estimates
of hazard function from right-censored data [23]. Recurrence
was defined as an event, and the units of measure for hazard
rates were events per month. All statistical analyses were
performed using R version 4.2.3 (R Project for Statistical
Computing, Vienna, Austria).
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3 | Results
3.1 | Baseline Cohort Characteristics

Among 1,804 patients who underwent curative-intent hepatec-
tomy for CRLM, median age was 62 years (IQR: 53-69). Most
patients were male (n=1089, 60.4%), and the majority of sur-
gical procedures were performed between 2011 and 2023
(n=1344, 74.5%). Approximately one-third of patients received
preoperative systemic chemotherapy (n =600, 33.3%). The pri-
mary tumor was most frequently located in the colon (n = 1270,
70.4%) and were classified as T1-T3 disease (n = 1614, 89.5%).
Lymph node metastases of primary tumor were present in 986
(54.7%) patients. KRAS mutations were identified in 266 (14.7%)
patients, while 455 (25.2%) patients had wild-type KRAS. A total
of 1117 (61.9%) patients had a short DFI of less than 12 months,
and the median serum CEA level at the time of CRLM diagnosis
was 10.0 ng/mL (IQR: 3.7-41.8). The median number of tumors
was 2 (IQR: 1-3), and the median largest tumor size was 3.0 cm
(IQR: 1.8-4.5), with a median TBS of 4.0 (IQR: 2.6-5.7). Most
patients had a medium TBS (n = 1081, 59.9%), while fewer had
low (n =577, 32.0%) or high (n =146, 8.1%) TBS. Less than one-
half of patients underwent major hepatectomy (n =853, 47.3%),
and 551 (30.5%) patients had a positive resection margin (R1
resection). Additionally, 920 (51.0%) patients received adjuvant
chemotherapy (Table 1).

3.2 | Hazard Functions of the Entire Cohort

After a median follow-up duration of 29.9 months (IQR:
14.8-51.4), the median RFS was 19.9 months (95% CI:
18.2-22.3) with a 5-year RFS of 30.8% (95% CI: 28.3-33.5). The
median OS was 57.7 months (95% CI: 51.7-63.1) with a 5-year
OS of 49.2% (95% CI: 46.3-52.4) (Figure 1). The hazard func-
tions for RFS and OS of the entire cohort were evaluated. The
RFS hazard curve peaked at 5.9 months (hazard rate: 0.054) and
gradually declined with a long tail, indicative of relatively early
recurrence. In contrast, the OS hazard curve remained rela-
tively flat, with consistently low hazard rates throughout
(Figure 2A). Among the 1,009 patients (55.9%) who experienced
a recurrence, 443 patients (24.6%) had intrahepatic recurrence
only, while 503 patients (27.9%) experienced extrahepatic
recurrence (Table 1). RFS hazard curves, stratified by recur-
rence site, demonstrated similar recurrence patterns across
different sites (Figure 2B).

3.3 | Hazard Functions Stratified by Clinical
Factors

Hazard functions for disease recurrence stratified by TBS were
examined. For patients with high and medium tumor burden,
the RFS hazard curve peaked at 4.9 months (peak hazard rate:
0.060) and 5.8 months (peak hazard rate: 0.054), respectively. In
contrast, the RFS hazard curve for patients with low TBS
peaked at 7.5 months with the lowest peak hazard rate of 0.047
(Figure 3). RFS hazard functions were then analyzed based on
KRAS mutation status. Among patients with KRAS wild-type
status, the RFS hazard curve peaked at 5.6 months with a peak

TABLE 1 | Clinicopathological characteristics of the analytic

cohort.
All patients
Characteristics n=1804
Age, years, median (IQR) 62 [53, 69]
Sex, male, n (%) 1089 (60.4)
Year of surgery, 2011-2023, n (%) 1344 (74.5)
Preoperative systemic chemotherapy, 600 (33.3)
n (%)
Location of primary tumor, rectum, 534 (29.6)
n (%)
T category of primary tumor, n (%)
T1/2/3 1614 (89.5)
T4 190 (10.5)
Lymph node metastases of primary 986 (54.7)
tumor, n (%)
KRAS, n (%)
wild 455 (25.2)
Mutated 266 (14.7)
Unknown 1083 (60.0)
Timing of liver metastases, 963 (53.4)
synchronous, n (%)
Disease-free interval, < 12 months, 1117 (61.9)

n (%)
CEA, ng/mL, median (IQR)

10.0 [3.7, 41.8]

The extent of hepatectomy, major 853 (47.3)
hepatectomy, n (%)
Tumor number, median (IQR) 2 (1, 3]
Largest tumor size, cm, median (IQR) 3.0 [1.8, 4.5]
Tumor burden score, median (IQR) 4.0 [2.6, 5.7]
Low, n (%) 577 (32.0)
Medium, n (%) 1081 (59.9)
High, n (%) 146 (8.1)
Margin status, R1, n (%) 551 (30.5)
Severe postoperative complications, 174 (9.6)
n (%)
Adjuvant chemotherapy, n (%) 920 (51.0)
Recurrence after liver resection, n (%) 1009 (55.9)
Intrahepatic only 443 (24.6)
Extrahepatic recurrence 503 (27.9)
Unknown 61 (3.4)

Abbreviations: CEA, carcinoembryonic antigen; KRAS, Kirsten rat sarcoma

oncogene.

hazard rate of 0.052, whereas patients with KRAS mutations
exhibited a higher peak hazard rate of 0.063 at a similar
recurrence peak of 5.5 months (Figure S1).

Individuals who did not receive adjuvant chemotherapy ex-
perienced an earlier recurrence peak at 4.8 months with a
higher peak rate of 0.058 versus individuals who received
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FIGURE 1 | Kaplan-Meier estimates of recurrence-free survival (RFS) and overall survival (OS) in all populations.
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FIGURE 2 | (A) Smoothed hazard functions for recurrence and overall survival in the entire cohort. (B) Smoothed hazard functions for
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adjuvant chemotherapy (recurrence peak: 7.3 months, peak
rate: 0.050). In contrast, the recurrence rate at 12 months
postsurgery was lower among patients who did versus did not
receive adjuvant chemotherapy (Figure 4). Recurrence hazard
patterns were then examined relative to adjuvant chemotherapy
stratified according to TBS (Figure S2). Of note, among patients
with a high TBS, the hazard rate among individuals who did not
receive adjuvant therapy peaked at 3.7 months (peak hazard
rate: 0.069) versus 6.5 months (peak hazard rate: 0.054) among
individuals who received adjuvant therapy (Figure S2A). Simi-
larly, among patients with an intermediate TBS, the hazard rate
in the non-adjuvant cohort peaked at 4.5 months (peak hazard
rate: 0.063) compared with a peak at 7.5 months (peak hazard
rate: 0.048) among patients who received adjuvant therapy
(Figure S2B). In contrast, patients with a low TBS had similar
hazard functions regardless of receipt of adjuvant chemo-
therapy (adjuvant vs. nonadjuvant chemotherapy: peak time:
8.4 vs. 7.1 months, peak hazard rate: 0.049 vs. 0.041)
(Figure S2C).

4 | Discussion

Despite hepatic resection being the only curative-intent treat-
ment option for CRLM, recurrence remains common ranging
from 50% to 75% after curative-intent resection [3, 4]. To date,
improvements in surgical techniques and chemotherapy have
broadened treatment options for recurrent CRLM, giving some
patients the opportunity for extended survival [5]. For instance,
repeat hepatectomy and lung resection can be associated with
improved outcomes in a subset of patients with recurrence after
initial CRLM resection [4, 24-28]. Consequently, vigilant post-
operative surveillance is crucial to ensure early detection of
recurrence and to avoid missed opportunities for timely inter-
vention [5, 6]. Although several guidelines recommend post-
operative surveillance strategies for patients with stage IV
colorectal cancer, including patients with CRLM, no uniform
consensus exists on the optimal approach [7-10]. The
inconsistency in surveillance recommendations is partly due to

an incomplete understanding of the timing and patterns of
recurrence risk, including when recurrence is most likely to
occur after CRLM surgery. Therefore, the current study was
important because we utilized a large, international, multi-
institutional database to characterize the dynamic risk of
recurrence after curative-intent resection of CRLM. Of note,
through the use of hazard functions, the patients who under-
went hepatectomy for CRLM peaked at 5.9 months, indicative
of relatively early recurrence. In particular, patients with a
higher tumor burden, and individuals who did not receive
adjuvant chemotherapy had higher and earlier recurrence
peaks within 5 months of surgery. In addition, recurrence
hazard peak rates and peak timing were analyzed in relation to
TBS and the administration of adjuvant chemotherapy. These
findings help better understand the recurrence dynamics in
CRLM, aiding in prediction, patient counseling, and guiding
future management decisions regarding surveillance.

Survival calculated using the Kaplan-Meier analysis denotes the
cumulative probability of an event for the entire cohort [29]. In
contrast, hazard rates provide information about the risk of an
event at a specific time point, making this approach more ideal
for determining surveillance intervals [12, 29]. Findings in the
current study demonstrated that the RFS curve declined sharply
within the first 3 years after surgery but then reached a plateau
with a more gradual decline. Hallet et al. reported that 89.1% of
recurrences developed within 3 years in a retrospective multi-
institutional cohort study of 2320 patients undergoing initial
hepatectomy for CRLM [30]. Although major CRC guidelines
from NCCN, ESMO, ASCR, and JSCCR have proposed sur-
veillance protocols for resected stage IV CRC, the recommended
intervals vary widely from 3 to 12 months [7-10]. Of note, in the
current hazard function analysis, the recurrence risk peaked
around 6 months after surgery and gradually declined over the
next 3 years. These data suggest that intensified surveillance
may be particularly important within the first 3 years, particu-
larly around the 6-month mark, to detect early recurrences. In
turn, reducing the intensity of surveillance after the third
postoperative year is justified based on the data.
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FIGURE 4 |

Smoothed hazard functions for recurrence stratified by receipt of adjuvant chemotherapy.
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Tumor morphology has been recognized as a key predictor of
outcomes in patients with CRLM [19]. Several previous studies
have incorporated morphologic characteristics, such as tumor
size and number, to develop prediction models of oncological
outcomes [31-34]. However, most models have incorporated
tumor size and number as categorical variables based on arbi-
trary cut-off values [31-34]. Assessing CRLM size and number
as continuous variables may, however, offer a more accurate
reflection of overall tumor burden [35]. Notably, Sasaki and
colleagues introduced and validated the “Tumor Burden Score”
(TBS), which incorporates both tumor size and number into a
composite continuous variable [18]. In fact, TBS outperformed
binary tumor morphology categorizations used in other studies
[18, 35, 36]. In the current study, individuals with higher tumor
burden had earlier and higher recurrence peaks compared with
patients who had a low tumor burden. Of note, among patients
with high TBS, the recurrence peak was 4.9 months after sur-
gery suggesting the importance of early surveillance after
resection of high TBS CRLM. In turn, intensity of surveillance
may be tailored relative to TBS, allowing for a more personal-
ized approach and potentially minimizing unnecessary sur-
veillance for patients at lower risk. Similarly, recent studies
have highlighted the prognostic importance of KRAS mutation
status among patients with CRLM [35, 37]. RAS mutations are
detected in roughly 15%-35% of individuals with resectable
CRLM and have been linked to worse OS and shorter RFS
survival after surgical resection [35]. In the current study,
among patients with KRAS wild-type status, the RFS hazard
curve peaked at 5.6 months with a peak hazard rate of 0.052. In
contrast, patients with KRAS mutations demonstrated a higher
peak hazard rate of 0.063, with a similar recurrence peak at
5.5 months. Consistent with these results, a previous single-
institution analysis had reported that patients with KRAS
mutations had a higher recurrence risk, but the timing of
recurrence was comparable [6]. These findings suggest that,
while increasing the overall likelihood of recurrence, KRAS
mutations may not alter the timing of recurrence.

Another important finding of the current study was the dem-
onstration that the shape of hazard function curves differed
among patients who did versus did not receive adjuvant
chemotherapy. Although the peak recurrence time of patients
who did not receive adjuvant chemotherapy was earlier than
individuals who received adjuvant chemotherapy, the hazard
rate was higher among individuals treated with adjuvant
chemotherapy after around 9 months following surgery. This
finding indicated that the primary effect of adjuvant chemo-
therapy may be to delay relapse. In turn, patients treated with
adjuvant chemotherapy tend to relapse somewhat later than
patients who did not receive adjuvant chemotherapy. This phe-
nomenon may be one of the reasons why several clinical trials of
CRLM adjuvant chemotherapy have demonstrated superiority in
RFS but not in OS [38-40]. The current study also demonstrated
that patients with medium or high TBS who did not receive
adjuvant chemotherapy had an earlier and higher recurrence
peak compared with individuals who received adjuvant chemo-
therapy. In contrast, patients with a low-TBS had similar recur-
rence patterns regardless of receipt of adjuvant chemotherapy.
These results indicated that adjuvant chemotherapy had minimal
impact on recurrence among patients in the low-TBS group.
Indeed, several investigators have argued that patients who may

benefit from adjuvant chemotherapy share very specific char-
acteristics, including larger tumors or a greater number of
metastases [41-43]. These findings suggest that TBS can serve as
a useful criterion to select patients for adjuvant chemotherapy.

The findings of the current study should be interpreted with
several limitations in mind. Although a strength, the multi-
institutional nature of the database may have introduced het-
erogeneity into patient selection and surgical techniques among
the participating centers. The criteria for administering post-
operative adjuvant chemotherapy, along with variations in
treatment duration and regimen, differed across centers and
countries. While appropriate surveillance theoretically leads to
early recurrence detection, timely therapeutic intervention, and
improved prognosis, it remains unclear whether postoperative
surveillance is associated with improved OS among patients
with CRLM following curative surgery.

In conclusion, the application of the hazard function was used
to assess risk, rates, and timing patterns of recurrence following
curative-intent surgery for CRLM. The peak recurrence time
among CRLM patients who underwent resection was around
6 months, underscoring the importance of early postoperative
surveillance. In particular, patients with high TBS had earlier
recurrence peaks, highlighting the need for close monitoring
within the first 6 months after hepatic resection of CRLM.
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