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Objective: To evaluate the diagnostic value of maximum standardized uptake value (SUVmax), total lesion glycolysis (TLG), and 
metabolic tumor volume (MTV) in 18F-FDG PET/CT combined with serum forkhead box protein M1 (FOXM1) for detecting lymph 
node metastasis (LNM) in colorectal cancer (CRC).
Methods: A retrospective study was conducted on 107 CRC patients who underwent 18F-FDG PET/CT and serum FOXM1 testing, 
with postoperative pathology as the reference standard. Patients were divided into LNM-positive (n=52) and LNM-negative (n=55) 
groups. PET/CT metabolic parameters (SUVmax, TLG, MTV) and serum FOXM1 levels were compared, correlations were analyzed 
by Spearman’s test, and receiver operating characteristic (ROC) curves were plotted to assess diagnostic efficacy.
Results: SUVmax was significantly higher in LNM-negative patients, whereas TLG, MTV, and serum FOXM1 were higher in LNM- 
positive patients (all P<0.05). Serum FOXM1 showed negative correlation with SUVmax (r=−0.356) and positive correlation with 
TLG and MTV (r=0.564, 0.549). The combined model of SUVmax, TLG, MTV, and FOXM1 yielded the highest diagnostic 
performance (AUC=0.971, sensitivity=92.2%, specificity=94.3%).
Conclusion: SUVmax, TLG, MTV, and FOXM1 are interrelated and, when combined, provide superior diagnostic value for CRC 
LNM, though validation in larger, multicenter cohorts is needed.
Keywords: 18F-FDG PET/CT, SUVmax, TLG, MTV, serum FOXM1, colorectal cancer, lymph node metastasis

Introduction
Colorectal cancer (CRC) is one of the most prevalent malignant tumors worldwide, characterized by high incidence and 
mortality rates. Early diagnosis and timely treatment are crucial for improving patient survival.1,2 Lymph node metastasis 
(LNM) in CRC significantly affects prognosis and therapeutic strategies, as the number and location of metastatic lymph 
nodes determine clinical staging and treatment planning.3,4 Traditional imaging methods such as CT and MRI have 
limitations in detecting micrometastases and assessing tumor metabolic activity.5,6

Fluorodeoxyglucose (18F-FDG) positron emission tomography/computed tomography (PET/CT) has increasingly 
been applied in oncology diagnostics due to its ability to integrate anatomical and metabolic imaging, providing detailed 
information on tumor metabolism and volume.7,8 Among PET/CT metabolic parameters, maximum standardized uptake 
value (SUVmax), total lesion glycolysis (TLG), and metabolic tumor volume (MTV) are widely recognized as sensitive 
indicators of tumor activity.9,10 Recent studies have further highlighted PET/CT’s accuracy in lymph node staging for 
CRC, demonstrating improved detection of small metastases and prognostic value. For instance, a study by Xu et al 
assessed the quantification of intratumoral metabolic heterogeneity using 18F-FDG PET, highlighting its predictive value 
for LNM in CRC patients.11 Another study by Liu et al explored the prognostic significance of 18F-FDG PET-defined 
heterogeneity parameters, emphasizing their role in predicting clinical outcomes in CRC.12

Clinical Interventions in Aging 2025:20 2447–2455                                                         2447
© 2025 Zhu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Clinical Interventions in Aging                                                         

Open Access Full Text Article

Received: 24 June 2025
Accepted: 25 October 2025
Published: 8 December 2025

C
lin

ic
al

 In
te

rv
en

tio
ns

 in
 A

gi
ng

 d
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0009-0006-7697-2553
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


Serum forkhead box protein M1 (FOXM1), a transcription factor involved in cell proliferation and metastasis, has 
been implicated in CRC progression and drug resistance.13,14 Emerging evidence suggests that combining molecular 
biomarkers with imaging parameters may enhance diagnostic accuracy. For instance, Xu et al and Long et al reported that 
FOXM1 levels correlate with tumor aggressiveness and may complement metabolic imaging.15,16 However, studies 
evaluating the joint diagnostic performance of serum FOXM1 and 18F-FDG PET/CT parameters in CRC LNM remain 
scarce. Therefore, this study retrospectively analyzed clinical data from 107 CRC patients to investigate the combined 
diagnostic value of SUVmax, TLG, MTV, and serum FOXM1 for CRC LNM, aiming to provide a novel, multi-parameter 
diagnostic approach with potential clinical application.

Materials and Methods
General Information
A retrospective analysis was conducted on 107 patients with pathologically CRC admitted to our hospital from 
April 2021 to July 2024. Inclusion criteria were: (1) age ≥18 years, no gender restriction; (2) newly diagnosed CRC 
without prior treatment; (3) standardized 18F-FDG PET/CT scans and serum biomarker testing; (4) complete clinical and 
follow-up data; (5) voluntary participation and informed consent. Exclusion criteria included: (1) prior chemotherapy, 
radiotherapy, targeted therapy, or surgery; (2) non-primary CRC or prior malignancy in other sites; (3) severe comorbid
ities affecting normal physiology; pregnancy or lactation; (4) incomplete PET/CT or serum data; (5) inability to comply 
with study procedures. All patients underwent radical surgery. Based on postoperative histopathology, patients were 
divided into Group A (n=52, LNM) and Group B (n=55, no LNM) (Supplementary Information 1).

Ethical approval was obtained from the 960th Hospital of the PLA Joint Logistics Support Force Medical Ethics 
Committee (Approval No.: CRC24-ZD01011). The study adhered to the Declaration of Helsinki, with anonymized data 
handling and laboratory personnel blinded to imaging results to minimize bias.

PET/CT Examination
Whole-body 18F-FDG PET/CT was performed after at least 4 hours of fasting, with blood glucose levels below 
160 mg/dL. Patients were instructed to hydrate and empty their bladder prior to scanning. 18F-FDG was 
administered intravenously at a dose of 4.0 MBq/kg. After injection, patients rested supine for approximately 
50 minutes. Low-dose CT was performed for attenuation correction, followed by whole-body PET imaging from 
skull base to mid-thigh. Lesion regions of interest (ROI) were delineated using PETVCAR software to extract 
metabolic parameters, including maximum standardized uptake value (SUVmax), metabolic tumor volume (MTV), 
and total lesion glycolysis (TLG). MTV and TLG were calculated using a 40% SUVmax threshold. Images were 
independently interpreted by two experienced nuclear medicine physicians; discrepancies were resolved by 
discussion.

Serum FOXM1 Detection
Fasting venous blood samples (5 mL) were collected preoperatively. Serum was separated by centrifugation and stored at 
4°C until analysis. FOXM1 concentrations were measured using a human ELISA kit according to the manufacturer’s 
instructions, with laboratory personnel blinded to PET/CT results. Optical density (OD) was measured at 450 nm, and 
concentrations were calculated from a standard curve. All procedures were performed according to the standardized 
protocol to ensure accuracy and repeatability.

LNM Assessment
Postoperative histopathology served as the gold standard for LNM. A median of 14 lymph nodes (range 8–24) were 
dissected per patient, and only histologically confirmed metastatic nodes were considered positive. No diagnoses were 
based solely on imaging or follow-up.
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Statistical Analysis
Graphs were created using GraphPad Prism 8, and data were processed using SPSS 22.0 software. Continuous variables 
were presented as mean ± SD or median (IQR) as appropriate. Group comparisons were performed using independent 
sample t-tests. Categorical data were expressed as n (%) and analyzed using chi-square tests. Spearman correlation 
coefficients (with 95% CI) assessed relationships among SUVmax, MTV, TLG, and FOXM1. ROC curves were used to 
evaluate diagnostic performance. AUC comparisons between individual parameters and the combined model were 
performed using DeLong’s test to support the superiority of the combined model.

To address potential overfitting due to the modest sample size (n=107), internal validation was conducted using 
bootstrap resampling (1000 iterations). Multivariable logistic regression was performed to adjust for potential confoun
ders, including tumor location, CEA levels, and MSI status. Statistical significance was set at P<0.05.

Sample size calculation: Based on an expected AUC of 0.85, α = 0.05, and 80% power (β = 0.2), at least 50 patients 
with LNM were required, consistent with our study design.

Results
Comparison of Basic Information Between Group A and Group B
A total of 107 CRC patients were included, with 52 patients in Group A (lymph node-positive) and 55 in Group 
B (lymph node-negative). No missing data were observed for baseline characteristics. Tumor long diameter was 
measured using preoperative imaging (CT or MRI) along the longest axis. The baseline characteristics, including gender, 
age, degree of differentiation, and tumor long diameter, showed no significant differences between groups (P > 0.05), 
indicating comparability (Table 1).

Comparison of SUVmax, TLG, and MTV Levels Between Group A and Group B
The SUVmax, MTV, and TLG levels in Group A were 12.09 ± 4.85, 16.54 ± 3.11, and 159.08 ± 47.36, respectively. In 
Group B, the levels were 15.86 ± 5.32, 8.97 ± 3.15, and 112.19 ± 30.27, respectively. SUVmax in Group B was higher 
than in Group A (P < 0.05), while MTV and TLG were lower in Group B compared to Group A (P < 0.05). See Figure 1.

Comparison of Serum FOXM1 Levels Between Group A and Group B
The serum FOXM1 level in Group A was 47.96 ± 8.03, while in Group B, it was 32.05 ± 9.16. The serum FOXM1 level 
in Group B was lower than in Group A (P < 0.05). See Figure 2.

Correlation Analysis Among SUVmax, TLG, MTV, and FOXM1
Spearman correlation analysis showed: FOXM1 negatively correlated with SUVmax (r = −0.356, 95% CI: −0.541 to 
−0.132, P < 0.05); FOXM1 positively correlated with MTV (r = 0.564, 95% CI: 0.367–0.712) and TLG (r = 0.549, 95% 

Table 1 Comparison of Basic Information Between Group A and Group B (x� s, n[%])

Group A (n=52) Group B (n=55) t/x2 P

Gender – – 1.163 0.280

Male 30 (57.69) 26 (47.27) – –

Female 22 (42.31) 29 (52.73) – –
Age (years) 70.49±7.83 72.26±8.15 1.144 0.255

Degree of Differentiation – – 3.293 0.069

Low differentiation 27 (51.92) 19 (34.55) – –
Moderate differentiation 25 (48.08) 36 (65.45) – –

Tumor long diameter (cm) – – 2.058 0.151

<5 24 (46.15) 33 (60.00) – –
≥5 28 (53.85) 22 (40.00) – –
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CI: 0.343–0.701, P < 0.05); SUVmax negatively correlated with MTV (r = −0.431, 95% CI: −0.610 to −0.214) and TLG 
(r = −0.264, 95% CI: −0.470 to −0.047); MTV positively correlated with TLG (r = 0.443, 95% CI: 0.238–0.618, P < 
0.05). See Table 2 and Figures 3–5.

Figure 2 Comparison of Serum FOXM1 Levels Between Group A and Group B. 
Notes: Inter-group comparison, *P < 0.05; Group A (n=52), Group B (n=55).

Figure 1 Comparison of SUVmax, TLG, and MTV Levels Between Group A and Group B (x� s). 
Notes: Inter-group comparison, *P < 0.05; Group A (n=52), Group B (n=55).

Table 2 Correlation Analysis Among SUVmax, TLG, 
MTV, and FOXM1 (n=107)

Parameter SUVmax MTV TLG FOXM1

SUVmax 1.000 – – –

MTV −0.431 1.000 – –
TLG −0.264 0.443 1.000 –

FOXM1 −0.356 0.564 0.549 1.000
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Diagnostic Value Analysis of Various Parameters for CRC LNM
ROC curve analysis showed the combination of SUVmax, MTV, TLG, and FOXM1 achieved the highest diagnostic 
accuracy: AUC = 0.97, sensitivity = 92.2% (95% CI: 83.7–97.0%), specificity = 94.3% (95% CI: 85.9–98.2%). 
Individual parameters had lower performance, and “MPM” (multi-parameter model) was defined as the combination 
of SUVmax, MTV, and TLG. Hosmer-Lemeshow test indicated good calibration (P = 0.61), supporting model reliability. 
See Table 3 and Figure 6.

Figure 3 Correlation Analysis of MTV, TLG, and FOXM1 with SUVmax (n=107).

Figure 4 Correlation Analysis of TLG and FOXM1 with MTV (n=107).
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Discussion
LNM is one of the common metastatic pathways of CRC and plays a critical role in tumor staging assessment and the 
formulation of individualized treatment strategies.17,18 The presence of LNM often indicates that the disease has 
progressed to a locally advanced or systemic dissemination stage,19 and it is associated with poor patient prognosis. 
Therefore, accurate evaluation of LNM can not only optimize treatment strategies but also provide a more precise basis 
for prognosis prediction.

At present, 18F-FDG PET/CT has received widespread attention in tumor diagnosis, especially its metabolic parameters 
(such as SUVmax, MTV, and TLG). Previous studies20–22 have demonstrated that these parameters can reflect tumor metabolic 
activity and burden, and are closely related to tumor aggressiveness and staging. The results of this study showed that the 
SUVmax of LNM patients was significantly lower than that of non-metastatic patients (P<0.05), while the levels of MTV and 
TLG were significantly higher (P<0.05). ROC curve analysis further revealed that among individual indicators, MTV had the 
highest diagnostic efficacy, TLG had the strongest specificity, whereas the diagnostic value of SUVmax was relatively limited. 
Notably, SUVmax showed an “abnormally reduced” phenomenon in LNM patients, which may be related to partial volume 
effects in small metastatic lymph nodes, decreased peak metabolic activity caused by intratumoral necrosis, or measurement bias 
due to threshold setting. Similar results have also been reported in previous studies by Yang & Liu,23 suggesting that SUVmax 
alone may not reliably reflect metastatic activity in CRC and should be interpreted with caution. In contrast, MTV and TLG, 
which reflect the overall metabolic burden of tumors, demonstrated more significant clinical advantages in the diagnosis of LNM.

In recent years, FOXM1 has attracted attention due to its critical role in various malignancies. As a transcription factor, 
FOXM1 is highly expressed in hepatocellular carcinoma, breast cancer, lung cancer, and brain tumors,24–27 and is closely 

Table 3 Diagnostic Value Analysis of Various Parameters for CRC LNM

Parameter Cut-Off Value AUC 95% CI P Sensitivity (%) Specificity (%)

SUVmax <14.05 0.713 0.611–0.797 <0.001 76.5 61.9
MTV >11.73 cm3 0.842 0.765–0.914 <0.001 76.9 84.3

TLG >156.59 g 0.725 0.622–0.809 <0.001 45.2 95.8

FOXM1 >38.13 pg/mL 0.896 0.821–0.943 <0.001 90.3 82.7
MPM - 0.891 0.813–0.937 <0.001 88.3 86.9

Combined - 0.971 0.918–0.989 <0.001 92.2 94.3

Figure 5 Correlation Analysis of FOXM1 with TLG (n=107).
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related to tumor proliferation, angiogenesis, metastasis, and drug resistance.28,29 Studies30 have shown that abnormal 
FOXM1 expression can enhance tumor invasiveness by regulating glucose uptake and metabolic pathways. In this study, 
serum FOXM1 levels in CRC patients with LNM were significantly higher than those in non-metastatic patients (P<0.05), 
and the AUC and sensitivity of FOXM1 in diagnosing LNM were superior to any single PET/CT metabolic parameter. This 
result is consistent with recent studies on FOXM1 as a biomarker,31–33 further confirming its potential application value 
in CRC.

Correlation analysis revealed that FOXM1 was negatively correlated with SUVmax, but positively correlated with 
MTV and TLG, suggesting that FOXM1 may influence PET/CT metabolic features by regulating tumor metabolic 
activity. Previous studies34,35 have confirmed that inhibition of FOXM1 can reduce glucose uptake and metabolic 
capacity of cells by downregulating key glycolytic enzymes (such as HK1, HK2, and Glut1), which is consistent with 
the findings of this study.

Notably, when serum FOXM1 was combined with PET/CT metabolic parameters, the diagnostic performance of 
LNM was further improved, with the AUC reaching 0.971. This combined model not only improved sensitivity and 
specificity but also has translational potential: in clinical practice, it can assist in preoperative patient stratification, guide 
surgical planning, and identify high-risk populations requiring adjuvant therapy, providing practical value beyond 
traditional imaging.

However, this study also has several limitations: (1) the sample size was relatively small, including only 107 
CRC patients, limiting the generalizability of the results; (2) the single-center retrospective design introduced 
inherent selection bias; (3) lack of external validation and prospective confirmation; (4) absence of molecular 
pathological stratification (such as KRAS and MSI status), which may affect FOXM1 expression and PET/CT 
parameter performance; (5) potential confounding factors (such as lifestyle and family history) were not fully 
considered. Future studies should conduct multicenter prospective cohort research and explore machine learning 
models that combine PET/CT parameters with serum biomarkers to optimize risk prediction.

In conclusion, the combined application of 18F-FDG PET/CT metabolic parameters and serum FOXM1 provides 
a promising new strategy for diagnosing CRC LNM. By improving diagnostic accuracy and clinical feasibility, this 
approach is expected to promote the development of individualized treatment plans and prognosis evaluation, thereby 
improving long-term survival and quality of life for patients.

Figure 6 ROC Curve of Diagnostic Value of Various Parameters for CRC LNM.
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Conclusion
This study demonstrates that the combination of SUVmax, MTV, TLG, and serum FOXM1 exhibits relatively high 
diagnostic accuracy for LNM in CRC. The findings suggest that this multi-parameter approach has potential clinical 
value for preoperative patient stratification and individualized treatment planning. However, these results should be 
interpreted as preliminary. Their reliability and generalizability require further validation in larger, multicenter, prospec
tive studies before routine clinical implementation.

Disclosure
The authors report no conflicts of interest in this work.
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