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antigen 19-9 (CA19-9) and carbohydrate antigen 125 (CA125) have remained controversial.
Methods: This retrospective longitudinal cohort included 3539 CRC patients who underwent curative resec-

tion. Distinct trajectory groups were identified by the latent class growth mixed model. Patients were
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grouped into subgroups jointly by CEA, CA19-9, and CA125 according to preoperative levels and longitudinal
trajectories, respectively. The end points were overall survival (OS) and recurrence-free survival (RFS).
Findings: Three distinct trajectory groups were characterized for serum CEA, CA19-9, and CA125: low-stable,

Trajectories early-rising, and later-rising. Jointly, patients were grouped into six preoperative (trajectory) joint groups.
Overall survival Compared with the three-low group, the adjusted hazard ratios (HRs) and 95% confidence intervals (CIs)
Recurrence-free survival associated with death were 1.87 (1.29-2.70), 3.82 (2.37-6.17), 1.87 (0.97-3.61), 2.81 (1.93-4.11), and 4.99

(2.80-8.86) for the CEA-high, CA19-9-high, CA125-high, two-high, and three-high group, respectively. And
compared with the three-stable trajectory group, the corresponding HRs (95% Cls) were 1.59 (1.10-2.30),
1.55 (0.77-3.10), 6.25 (4.02-9.70), 4.05 (2.73-6.02), and 12.40 (5.77-26.70) for the five rising trajectory
groups, respectively. Similar associations between joint groups and RFS were observed. Notably, the trajec-
tory joint group still had prognostic significance after adjusting for preoperative levels. The CA19-9-high
group (HR: 3.82, 95% CI: 2.37-6.17) was associated with higher risk of death than the two-high group (HR:
2.81,95% CI: 1.93-4.11). Likewise, for the CA125-rising trajectory group and two-rising trajectory group, the
HRs (95% Cls) were 6.13 (3.75-10.00) and 3.99 (2.63-6.05) for death, and 3.08 (2.07-4.58) and 2.10 (1.52-

2.90) for recurrence.

Interpretation: In addition to CEA, the dynamic measurements of CA19-9 and CA125 are recommended to

monitor the prognosis of CRC patients.

Abbreviations: CRC, colorectal cancer; CEA, carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9; CA125, carbohydrate antigen 125; OS, overall survival; RFS, recurrence-

free survival; LCGMM, latent class growth mixed model; HR, hazard ratio; CI, confidence interval
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Research in context

Evidence before this study
We searched PubMed for articles published up to Dec 30, 2020,

with the terms “colorectal cancer”, “prognosis”, “serum tumor
markers”. Carcinoembryonic antigen (CEA) is the most com-
monly used marker for CRC, and the preoperative and postop-
erative serum CEA are both associated with the CRC outcomes.
In addition to CEA, the prognostic significance of carbohydrate
antigen 19-9 (CA19-9) and carbohydrate antigen 125 (CA125)
have also been extensively studied in CRC. However, it is
unclear whether CA19-9 and CA125 should be considered sup-
plements to CEA for prognostic surveillance of CRC. Besides,
most previous studies focused on preoperative or postoperative
serum tumor markers in a single or limited number of measure-
ments, with the trajectories not well characterized.

Added value of this study

This retrospective longitudinal cohort identified three distinct
trajectory groups for serum carcinoembryonic antigen (CEA),
carbohydrate antigen 19-9 (CA19-9), and carbohydrate antigen
125 (CA125), characterized by low-stable, early-rising, and
later-rising. The longitudinal trajectory was an independent
risk factor for prognosis. Compared with preoperative levels,
trajectories could further reflect patient's response to surgery
and adjuvant therapy, and provided dynamic information. The
relative contributions of the preoperative and trajectory joint
group of the three markers to predict survival were equivalent
to and higher than that of pathological stage, respectively. Com-
pared with patients with no elevated markers, those who had
one or more elevated markers had higher risks of death and
recurrence. Patients identified in the CA19-9-high and CA125-
rising group in the joint analyses had HRs exceeding the two-
high (rising) group, providing new insights into the prognostic
value of CA19-9 and CA125 in CRC patients with normal CEA.

Implications of all the available evidence

These findings suggest that dynamic measurements of CEA,
CA19-9 and CA125 will contribute to the identification of high-
risk postoperative CRC patients. In addition to CEA, the dynamic
measurements of CA19-9 and CA125 should be recommended
to monitor the prognosis of CRC patients.

1. Introduction

Colorectal cancer (CRC) is a common malignancy globally [1]. It is
vital to design personalized monitoring programs for CRC patients
with high risks of recurrence and death. Currently, carcinoembryonic
antigen (CEA) is the most commonly used marker for CRC, suggested
to be measured preoperatively and every 3-6 months postoperatively
by guidelines [2-4]. In addition to CEA, the prognostic significances of
carbohydrate antigen 19-9 (CA19-9) [5,6] and carbohydrate antigen
125 (CA125) [7-9] have also been extensively studied in CRC.

Current guidelines of CRC recommend routine monitoring of peri-
operative CEA. However, clinical benefits of additional measurements
of other markers, such as CA19-9 and CA125, remain controversial.

Although the results of meta-analysis showed significant associations
between preoperative CA19-9, CA125 and prognosis, related studies
reported heterogeneous results (Supplementary Appendix A).
Stiksma et al. suggested that CA19-9 could be used to monitor the
disease progression of CRC patients without elevated CEA [10], while
the European Group on Tumour Markers guidelines disapproved that
the follow-up of CA19-9 provided more prognostic information than
CEA [11]. Although studies have reported that CRC patients with
simultaneously positive preoperative CEA, CA19-9, and CA125 had
the worst prognosis, it is unclear whether CA19-9 and CA125 should
be considered supplements to CEA for prognostic surveillance of CRC
[12,13].

Previous studies focused on preoperative or postoperative tumor
markers in a single or limited number of measurements, ignoring the
longitudinal trajectories [14-16]. Yang et al. analysed multiple tumor
markers simultaneously, however, only preoperative levels were
involved in their studies [12,13]. Trajectories of tumor markers can
reflect dynamic changing patterns during the perioperative period,
and provide more information on the relationships of tumor markers
with prognosis of CRC patients [17]. We suppose that joint trajectory
groups of these tumor markers may better guide the postoperative
monitoring.

This longitudinal cohort study aims to identify the trajectories of
CEA, CA19-9, and CA125 within three years after surgery, and evalu-
ate the impact of these three tumor markers jointly on CRC outcomes
in terms of preoperative levels and longitudinal trajectories.

2. Methods
2.1. Ethics

This multicenter retrospective study was approved by the ethics
committee of the Yunnan Cancer Hospital (KY2019141), the ethics
committee of the Sixth Affiliated Hospital, Sun Yat-sen University
(2021ZSLYEC-051), and the ethics committee of Guangdong Provin-
cial People's Hospital (GDREC2020011H). The requirement for
informed consent was waived by the board, owing to the study's ret-
rospective nature. All the patient data in the survey were anony-
mized.

2.2. Patients

All consecutive CRC patients undergoing curative resection for
stage I to IIl colorectal adenocarcinoma, without neoadjuvant treat-
ment, between January 2011 and February 2019 were retrospectively
identified from Yunnan Cancer Hospital, Sixth Affiliated Hospital of
Sun Yat-sen University, and Guangdong Provincial People’s Hospital
in China. Patients with preoperative measurement and three or more
measurements within 36 months after surgery were included in the
trajectory analysis of CEA, CA19-9, or CA125. Joint analyses were
implemented in participants who met the inclusion criteria of the
three trajectory analyses simultaneously. The specific inclusion and
exclusion process is shown in Figure S1 (Supplementary Appendix
B).

2.3. Serum marker determination

Preoperative measurement was defined as the value closest to the
time of surgery within four weeks before surgery, and postoperative
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measurements were repeatedly measured after surgery, with differ-
ent intervals and times for participants. All measurements were
made by chemiluminescence immunoassay using the COBAS 800
e602 immunoassay analyser (Roche Diagnostics, Tokyo, Japan) at
Yunnan Cancer Hospital, Alinity immunoassay analyser (Abbott Diag-
nostics, Chicago, USA) at the Sixth Affiliated Hospital of Sun Yat-sen
University, and UniCel DxI 800 immunoassay analyser (Beckman
Coulter, USA) at Guangdong Provincial People’s Hospital, following
World Health Organization standard methods (code 73/601).

2.4. Surveillance protocol and outcome

The surveillance protocol was detailed in previous study [18]. In
this study, the follow-up ended on June 30, 2020. The primary end-
point was overall survival (OS). The secondary endpoint was recur-
rence-free survival (RFS), and recurrence included the local
recurrence and distant metastases. The RFS time was defined as the
time from surgery to a confirmed recurrence. All recurrent cases
were confirmed via histology of biopsy samples or positive imaging.

2.5. Covariates

Covariates included age, sex, surgical approach (open resection or
laparoscopic resection), primary site (colon or rectum), tumor differ-
entiation, TNM stage, lymph node yield, mucinous (colloid) type,
lymphovascular invasion, perineural invasion, and adjuvant chemo-
therapy. Preoperative levels of CEA, CA19-9 and CA125 were addi-
tionally adjusted in the associations between their trajectories and
CRC outcomes.

2.6. Statistical analysis

Due to the high intra-variability of these tumor markers, values of
CEA, CA19-9, and CA125 were truncated to ten times the upper limits
of their reference intervals [19] to facilitate the fitting of the trajecto-
ries. Logarithms of these measurements were used for trajectory fit-
ting due to their non-normality.

A latent class growth mixed model (LCGMM) was used to deter-
mine different trajectory patterns of perioperative CEA, CA19-9, and
CA125. LCGMM divides heterogeneous populations by estimating
latent classes, and fits the individual curve through a linear mixed
model [20,21]. We set the longitudinal measurements as linear or
nonlinear functions of time (months between each measurement
date and the surgery date), expressed as time, the quadratic or cubic
term of time, and traversed 2-5 potential groups [17,22]. Participat-
ing province and its interaction with time polynomials were also
included in our models to account for the pattern differences of
regions. The optimal number of groups and the best fitting shape
were determined according to the Bayesian information criterion
while ensuring that each group had an acceptable proportion of the
population and posterior probability (Supplementary Appendix B).
LCGMM was implemented with package “lcmm” (version 1.9.2) in R
(version 3.6.3). The associations between trajectory groups and CRC
outcomes were evaluated by cox proportional hazard models, with
age, sex, and preoperative levels adjusted.

The cut-off values for preoperative CEA, CA19-9, and CA125 were
set the upper limits of their reference intervals. Patients were
assigned into dichotomous preoperative groups (low or high) of each
marker based on corresponding cut-off value, and dichotomous tra-
jectory groups (stable or rising) of each marker based on correspond-
ing trajectory patterns. In the joint analysis, comprehensively
considering the three markers, preoperative (trajectory) joint groups
were formed based on the number of high (rising) markers, and the
one-high (rising) group was further subdivided based on the positive
marker. Characteristics across different joint groups were compared
using Kruskal-Wallis tests for continuous variables, described as

median [quartile] and x? tests for categorical variables, described as
number (%).

Survival curve of each group was drawn using the OS or RES esti-
mated by Kaplan-Meier, and log-rank test was performed to deter-
mine the overall difference between groups. Cox proportional hazard
models were used to investigate the associations between the joint
groups and outcomes. Three models were used: model 1 with no
covariate; model 2 with adjustment for age, sex; model 3 with fur-
ther adjustment for primary site, surgical approach, tumor differenti-
ation, pathology stage, lymph node yield, mucinous (colloid) type,
lymphovascular invasion, perineural invasion, and adjuvant chemo-
therapy. We further adjusted preoperative markers in the analysis of
trajectory joint group. The relative importance of each variable to
predict OS and RFS was evaluated using the x? proportion test, per-
formed with Harrell's rms R package (version 3.6.3).

2.7. Subgroup analysis

To study potential heterogeneity, we stratified participants by
participating province, sex, primary site, surgical approach, pathology
stage, tumor differentiation, lymph node yield, and adjuvant chemo-
therapy, repeated the cox analysis in each subgroup, and included
the multiplication term to test the existence of interaction.

All statistical analyses mentioned above were performed using R
software (version 3.6.3; http://www.R-project.org).

2.8. Role of the funding source

The funding sources had no role in the study design, data collec-
tion, analysis, interpretation, or writing of the manuscript. T.Z., D.Y.,
and Z.L. had full access to the raw data of the study database. The cor-
responding author had full access to all of the data and the final
responsibility to submit for publication.

3. Results

Of the 3539 patients who underwent surgery for colorectal cancer
without preoperative therapy between January 2011 and December
2018 at participating centers, 2160, 2067, and 2061 patients were
enrolled in the trajectory analysis of CEA, CA19-9, and CA125, with
17,836 (2.37% truncated), 16,933 (1.38% truncated), and 17,031
(0.08% truncated) measurements, respectively. The measurements
number of all three markers ranged from 4-21, with a median of 8.
The longitudinal measurement time of trajectory fitting was set to 36
months after surgery, resulting in a median [inter-quartile range] of
12.10 [6.30-22.18], 12.03 [6.27-21.95], 11.67 [6.23-22.10] months for
CEA, CA19-9, and CA125.

The model fitting results of LCGMM are summarized in Table S1-
S3 (Supplementary Appendix B). According to the selection criteria,
the cubic curves with three potential groups was optimal for all three
tumor markers (Supplementary Appendix B). The trajectories of
perioperative tumor markers are shown in Figure 1. Serum CEA,
CA19-9, and CA125 all had three similar trajectory groups, named as
low-stable, early-rising, and later-rising according to their shapes. In
the low-stable group, the three markers remained stable at low levels
(CEA: 5 ng/ml; CA19-9: 37 U/ml; CA125: 35 U/ml) during three years
after surgery, with no significant increase or decrease. In the early-
rising group, these three markers peaked first and then fell to normal
in the early postoperative period (approximately 1.5 years after sur-
gery). Similarly, in the later-rising group, the peak appeared in 1.5-
3 years after surgery. The proportions of the three trajectory groups
were 77.78%, 13.47%, 8.75% for CEA; 90.57%, 5.47%, 3.97% for CA19-9;
94.23%, 2.04%, 3.74% for CA125. The clinicopathological characteris-
tics by trajectory groups are summarized in Table S4-S6 (Supple-
mentary Appendix B).
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Figure 1. Trajectories of perioperative CEA (a), CA19-9 (b) and CA125 (c) in colorectal cancer patients

The associations of CEA, CA19-9, and CA125 trajectory groups
with OS and RFS are summarized in Table 1. Compared with the low-
stable group, the early-rising and later-rising groups both had higher
risks of death (HR and 95% confidence interval (CI): 1.6 (1.2-2.3) and
2.4 (1.6-3.4) for CEA, 2.4 (1.6-3.8) and 2.4 (1.5-3.9) for CA19-9, 14.5
(9.5-22.2) and 4.9 (3.1-7.8) for CA125). Similar associations between
trajectory groups and RFS were observed.

A total of 1974 patients included in all above three trajectory anal-
yses were used for subsequent joint analyses. This cohort for joint
analysis had a median follow-up time of 42.8 (inter-quantile range:
31.6-59.3) months, with 233 (11.8%) deaths and 452 (22.9%) recur-
rences. The characteristics of 1974 patients by survival outcomes are
summarized in Table S7 (Supplementary Appendix B). People who
died during follow-up were more likely to have higher age, patholog-
ical stage, the proportions of lymphovascular invasion, perineural
invasion and adjuvant chemotherapy, as well as lower differentiation
degree, the proportions of colon cancer and open resection.

Patients belonging to the early-rising and later-rising trajectory
groups of CEA, CA19-9, and CA125 were classified into the trajectory-
rising group of each marker. Jointly, patients were classified into six
preoperative (trajectory) groups: three-low (three-stable), CEA-high

Table 1

(CEA-rising), CA19-9-high (CA19-9-rising), CA125-high (CA125-ris-
ing), two-high (two-rising) and three-high (three-rising). Patients in
CEA-high (CEA-rising) group had high (rising) CEA with low (stable)
CA19-9 and CA125. Similarly, Patients in CA19-9-high (CA19-9-ris-
ing) and CA125-high (CA125-rising) groups had only high (rising)
CA19-9 and CA125. Consistency between the preoperative and trajec-
tory joint group is shown in Table 2. The kappa coefficient of the two
joint methods was 0.399, showing a non-negligible difference.
Patients' characteristics by joint groups are summarized in Table S8-
S9 (Supplementary Appendix B). Compared with the three-low
(three-stable) group, the group with at least one high (rising)
markers had more features associated with poor prognosis. Though
the three-rising group had a small number of patients, patients in
this group had a lower degree of differentiation and a higher N stage
(Table S8-S9 in Supplementary Appendix B). Compared with other
groups, the CA125-rising group and three-rising group had relatively
higher metastasis rate (Table S10-S11 in Supplementary Appendix
B). Though no significant associations were noted between joint
groups and site of metastasis, CA125-rising group showed a predis-
position to liver metastasis (Table S12-S13 in Supplementary
Appendix B).

Cox proportional hazard regression analysis of the effect of CEA, CA19-9 and CA125 trajectory groups on CRC outcomes

CEA trajectory groups CA19-9 trajectory groups CA125 trajectory groups

Hazard Ratio (95% CI) P Value Hazard Ratio (95% CI)  PValue Hazard Ratio (95% CI) P Value
Death
Early-rising vs. Low-stable 1.6 (1.2-2.3) 0.006 2.4(1.6-3.8) < 0.001 14.5(9.5-22.2) < 0.001
Later-rising vs. Low-stable 2.4 (1.6-3.4) <0.001 24(1.5-3.9) <0.001 49(3.1-7.8) < 0.001
Recurrence
Early-rising vs. Low-stable 1.5(1.1-1.9) 0.003 1.5(1.1-2.1) 0.027 7.6(5.2-11.0) < 0.001
Later-rising vs. Low-stable 1.6 (1.2-2.1) 0.003 14(1.0-2.1) 0.105 2.1(1.4-3.1) < 0.001

Note: For CEA trajectory groups, age, sex (female vs. male) and preoperative CEA were adjusted; For CA19-9 trajectory groups, age, sex (female
vs. male) and preoperative CA19-9 were adjusted; For CA125 trajectory groups, age, sex (female vs. male) and preoperative CA125 were

adjusted.

Table 2

Consistency between preoperative and trajectory joint groups
Preoperative joint groups Trajectory joint groups Total

Three-stable ~ CEA-rising ~ CA19-9-rising  CA125-rising  Two-rising  Three-rising

Three-low 898 9 13 18 4 1 943 (47.8)
CEA-high 228 229 4 8 16 1 486 (24.6)
CA19-9-high 65 3 35 5 10 2 120(6.1)
CA125-high 64 3 0 25 0 1 93 (4.7)
Two-high 106 68 22 12 73 5 286 (14.5)
Three-high 11 6 9 3 14 3 46(2.3)
Total 1372 (69.5) 318(16.1) 83(4.2) 71(3.6) 117(5.9) 13(0.7) 1974 (100)

Fleiss' Kappa = 0.399, P < 0.001

Note: Data are presented as number or number (%) of patients.
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Figure 2. Kaplan—Meier curves of overall survival for the preoperative joint groups (a) and trajectory joint groups (b) of CEA, CA19-9 and CA125 in colorectal cancer patients Overall
P values were calculated using log-rank test of the six preoperative and trajectory joint groups

The Kaplan—Meier curves of OS for the preoperative and trajec-
tory joint groups are shown in Figure 2. As shown in Figure 2a, the
5-year OS rates are 92.1%, 83.4%, 75.1%, 85.9%, 70.1%, 57.8% for three-
low, CEA-high, CA19-9-high, CA125-high, two-high, and three-high
group, respectively. As shown in Figure 2b, the 5-year OS rates are
90.1%, 81.5%, 84.2%, 54.0%, 58.3%, 26.7% for three-stable, CEA-rising,
CA19-9-rising, CA125-rising, two-rising, and three-rising group,
respectively. The Kaplan—Meier curves of RFS are shown in Figure S2
(Supplementary Appendix B). The 5-year RFS rates were 82.3%,
71.7%, 63.7%, 78.1%, 62.2%, 46.2% for the preoperative joint groups
(Figure S2a), and 78.6%, 70.4%, 84.1%, 49.3%, 52.5%, 32.3% for the tra-
jectory joint groups (Figure S2b). The overall P (log-rank test) were
all < 0.001.

The associations of joint groups with outcomes are shown in
Table 3. In preoperative joint analysis, compared with the three-low
group, the HRs (95%Cls) for death were 1.87 (1.29-2.70), 3.82 (2.37-
6.17), 1.87 (0.97-3.61), 2.81 (1.93-4.11), 4.99 (2.80-8.86) for the CEA-
high, CA19-9-high, CA125-high, two-high, and three-high group,
respectively. Meanwhile, the corresponding HRs (95%Cls) for recur-
rence were 1.63 (1.28-2.07), 2.19 (1.53-3.14), 1.47 (0.92-2.37), 2.24
(1.72-2.91), 3.50 (2.21-5.53). In trajectory joint analysis, compared
with the three-stable group, the HRs (95%Cls) for death were 1.59

Table 3

(1.10-2.30), 1.55 (0.77-3.10), 6.25 (4.02-9.70), 4.05 (2.73-6.02), 12.40
(5.77-26.70) for the CEA-rising, CA19-9-rising, CA125-rising, two-ris-
ing, and three-rising group, respectively. Meanwhile, the correspond-
ing HRs (95%Cls) for recurrence were 1.28 (1.00-1.64), 0.86 (0.49-
1.50), 3.32 (2.29-4.80), 2.28 (1.68-3.11), 5.64 (2.74-11.60). The trajec-
tory joint group still had significant prognostic significance after
adjusting for preoperative CEA, CA19-9 and CA125. The results with
different covariates adjusted are shown in Table $S14-S17 (Supple-
mentary Appendix B). The associations were robust across different
models. The relative variable importance analysis showed that the
most important variables were trajectory joint group, AJCC 8th ed.
stage and preoperative joint group. The prognostic values of the pre-
operative and trajectory joint group of the three markers were equiv-
alent to and higher than that of the pathological stage (Figure S3 in
Supplementary Appendix B).

According to preoperative patients’ characteristics, exploratory
subgroup analyses are shown in Figure S4-S7 (Supplementary
Appendix B). This subgroup analyses of OS and RFS found similar
results with those for the overall population. For preoperative joint
group, there were statistically significant interactions between the
surgical approach and the CEA-high and CA125-high group for OS
(HR (95% CI) of interaction: 0.39 (0.18-0.85) and 0.24 (0.06-0.90), P

Cox proportional hazard regression analysis of the effect of preoperative and trajectory joint groups on CRC outcomes

Preoperativejoint model

Trajectoryjoint model

Trajectory joint model adjusted preoperative levels

Outcome Hazard Ratio (95% CI) P Value Hazard Ratio (95% CI) P Value Hazard Ratio (95% CI) PValue
Death

Three-low (stable) Reference Reference Reference

CEA-high (rising) 1.87(1.29-2.70) 0.001 1.59(1.10-2.30) 0.013  1.60(1.09-2.35) 0.015
CA19-9-high (rising)  3.82(2.37-6.17) <0.001 1.55(0.77-3.10) 0.220  1.52(0.76-3.05) 0.242
CA125-high (rising) 1.87(0.97-3.61) 0.063  6.25(4.02-9.70) <0.001  6.13(3.75-10.00) < 0.001
Two-high (rising) 2.81(1.93-4.11) <0.001  4.05(2.73-6.02) <0.001  3.99(2.63-6.05) < 0.001
Three-high (rising) 4.99(2.80-8.86) <0.001 12.40 (5.77-26.70) <0.001 12.00 (5.37-26.60) <0.001
Recurrence

Three-low (stable) Reference Reference Reference

CEA-high (rising) 1.63(1.28-2.07) < 0.001 1.28 (1.00-1.64) 0.051 1.24(0.96-1.61) 0.099
CA19-9-high (rising)  2.19(1.53-3.14) <0.001  0.86(0.49-1.50) 0.589  0.83(0.48-1.47) 0.530
CA125-high (rising) 1.47 (0.92-2.37) 0.110  3.32(2.29-4.80) <0.001  3.08(2.07-4.58) < 0.001
Two-high (rising) 2.24(1.72-2.91) <0.001  2.28(1.68-3.11) <0.001  2.10(1.52-2.90) < 0.001
Three-high (rising) 3.50(2.21-5.53) <0.001 5.64(2.74-11.60) <0.001 5.18 (2.51-10.70) <0.001

Note: For preoperative and trajectory joint model, age, sex (female vs. male), primary site (rectum vs. colon), surgical approach (open resection vs. laparo-
scopic resection), tumor differentiation (poor-undifferentiated & moderate vs. well), pathology stage (Ill— I), lymph node yield (>12 vs. <12), mucinous
(colloid) type (yes vs. no), lymphovascular invasion (yes vs. no), perineural invasion (yes vs. no), and adjuvant chemotherapy (yes vs. no). For Trajectory
joint model adjusted preoperative levels, preoperative CEA, preoperative CA19-9 and preoperative CA125 were further included for adjustment.
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(Cox model) = 0.018 and 0.034). For trajectory joint group, there were
statistically significant interactions between the surgical approach
and the CA125-rising group for OS (HR (95% CI) of interaction: 0.37
(0.15-0.87), P (Cox model) = 0.023), between the tumor differentia-
tion and the two-rising group for OS and RFS (HR (95% CI) of interac-
tion: 2.91 (1.47-5.73) and 1.64 (1.00-2.67), P (Cox model) = 0.002 and
0.048), between the primary site and the three-rising group for OS
and RFS (HR (95% CI) of interaction: 14.13 (2.60-76.75) and 6.49
(1.51-27.94), P (Cox model) = 0.002 and 0.012), between the AJCC 8th
ed. stage and the three-rising group for OS (HR (95% CI) of interac-
tion: 0.39 (0.17-0.91), P (Cox model) = 0.030).

4. Discussion

In the current study, we identified trajectories of CEA, CA19-9 and
CA125 within three years after surgery, and evaluated their impact
jointly on CRC outcomes. CEA, CA19-9, and CA125 all had three longi-
tudinal patterns, characterized by low-stable, early-rising, and later-
rising. The rising groups were associated with increased risks of
recurrence and death than the stable group. And the joint groups’
associations with OS and RFS were significant, independent of exist-
ing prognostic factors. Consistency test showed that there was a non-
negligible difference between the preoperative and the trajectory
joint group, and the trajectory joint group still had prognostic signifi-
cance after adjusting for preoperative levels of the three markers.
The trajectory joint group was the most important variable to predict
survival. Compared with patients with no elevated markers, those
who had one or more elevated markers had higher risks of poor prog-
nosis. Patients identified in the CA19-9-high and CA125-rising group
were high-risk patients, with HRs exceeding the two-high (rising)
group. To our knowledge, this is the first longitudinal cohort study
exploring the relationships between trajectory groups of multiple
tumor markers and outcomes.

In the trajectory analysis, ascending levels of tumor markers indi-
cated poor prognosis, which is consistent with other studies [23,24].
It has been reported that CEA generally dropped to normal within 4-
6 weeks after resection in CRC patients [25-27], and a continued CEA
rising after surgery often implied incomplete resection and occult
metastasis, which indicated recurrence [25,26]. Previous studies on
the dynamic patterns of CEA in CRC also found a rapid elevation
group and a slow elevation group, which supports our conclusion to
some extent [28]. It is worth noting that the trajectory was a compre-
hensive reflection of all aspects of the tumor, including response to
surgery and adjuvant therapy, which may account for the appearance
of a peak in the rising group. After multivariate adjustment, the tra-
jectory grouping of each marker was still significant, indicating that
it was an independent predictor of recurrence and death of CRC.
Therefore, changes in serial levels of tumor markers are important in
the postoperative surveillance of CRC [29], and close attention should
be given to patients whose tumor markers show a rising trend.

Multicenter, large-sample longitudinal data were used to illus-
trate the significance of considering these three markers syntheti-
cally. Both the preoperative and the trajectory joint analysis pointed
to a positive correlation between the number of elevated markers
and the outcomes of recurrence and death, supported by the study of
You et al [30]. Both preoperative CEA and CA19-9 were independent
risk predictors, with a higher risk of single elevation of CA19-9 than
CEA. This is in line with previous studies that endorsed preoperative
CA19-9, an additional method to monitor CRC progression in patients
with normal CEA [31-33]. However, during longitudinal follow-up,
our results showed that there was insufficient evidence to support
the prognostic benefit of routine postoperative measurements of
CA19-9, according with the American Society of Clinical Oncology’s
recommendations for the use of gastrointestinal tumor markers [34].
Similarly, postoperative monitoring recommended by European Soci-
ety for Medical Oncology [4] and National Comprehensive Cancer

Network [35] does not include CA19-9. In addition, the association
between preoperative CA125 and CRC outcomes were marginally sig-
nificant, which may be due to the small number of patients in the
CA125-high group. A rising trend of CA125 after surgery indicated a
poor prognosis, which may be related to liver metastasis [9] and peri-
toneal dissemination [8] of CRC. Whether to regard CA125 as a prog-
nostic marker for postoperative follow-up of CRC needs to be verified
by standardized randomized clinical trials. Although patients in other
elevated groups accounted for lower proportions than the CEA ele-
vated group in joint analyses, they were worthy of attention due to
their specificity and high risks.

In the subgroup analysis, we observed that the HR for death in
stage III patients with two rising markers was 3.9, lower than that in
stage I or Il patients with three rising markers, estimated to be 25
and 45, respectively. Likewise, results of a preoperative marker study
demonstrated that stage IIl patients with fewer positive markers had
longer disease-free survival and OS compared with stage II patients
with more markers [30]. This suggested an interaction between the
number of elevated tumor markers and pathological stage. The mech-
anisms of these interactions found in the subgroup analyses are
unclear and need to be explored in further research. In application,
the combined detection of multiple tumor markers may be helpful
for clinicians to find out high-risk patients failed to be identified by
clinicopathological characteristics alone, and then give focused atten-
tion and early treatment.

Our study had several strengths and limitations. The large-scale
multicenter longitudinal cohort ensured our findings were robust in
different conditions. The application of LCGMM characterized the
longitudinal trajectories of tumor markers over the 36-month sur-
veillance after surgery, in which at least four (median = 8) available
marker measurements for each patient were used to reflect the over-
all profile. Compared with preoperative levels, trajectories can fur-
ther reflect patient's response to surgery and adjuvant therapy, and
provide dynamic information. And evaluating CEA, CA19-9 and
CA125 jointly in terms of preoperative levels and trajectories pro-
vided more comprehensive information for the monitoring of tumor
markers. The relative contribution of the trajectory joint group to
predict OS and RFS exceeded the pathological stage, indicating the
importance of dynamic measurements of multiple markers. And the
poor prognosis of the CA125-rising and CA19-9-high group provided
new ideas for further research on the clinical significance of CA19-9
and CA125 for the prognosis of colorectal cancer. One limitation of
this study is that different immunoassays were performed in the
measurements of tumor markers at the three centers. Though harmo-
nization of the results obtained using the three immunoassays has
not yet been achieved, system-specific reference intervals were con-
sidered. Moreover, the truncation of measurements in the trajectory
analysis may change the highest point of the trajectory, but had little
effect on the grouping of patients. A reported restrictive cubic spline
showed that the HRs associated with prognosis of preoperative CEA
remain unchanged when CEA exceeds 20ng/ml [17], supporting the
rationality of truncation. Another limitation is the timing point, and
the frequency of postoperative measurements were not controlled.
We will further focus on the associations of these trajectory groups
with CRC outcomes by prospective cohort. Besides, we did not control
for other factors that can lead to false-positive elevation of these
tumor markers, such as tobacco use [36], as this is hard to truthfully
ascertain from patients [37]. In addition, diabetes, diseases of liver,
pancreas and ovaries may also increase CEA, CA19-9 and CA125. If
the interference of these factors cannot be ruled out in the practical
application, false positives may be caused [38]. Patients lacking the
Lewis antigen may show a false negative of CA19-9, without fucosyl-
transferase enzyme needed to produce CA 19-9, although the number
is small (approximately 5% of the population) [39]. Clinicians should
be cautious when using these markers to manage CRC patients.
Though our study was multi-center, only data from South China was
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contained, which is not yet representative of the wider population
due to heterogeneity between regions. A large-scale prospective
cohort study need to be conducted for generalisability.

In conclusion, the longitudinal trajectories can provide additional
prognostic information independent of preoperative levels, and the
simultaneously dynamic measurements of CEA, CA19-9, and CA125
are recommended to monitor the prognosis of CRC patients.
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