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Objectives

Mantle cell lymphoma (MCL) represents a group of highly heterogeneous tumors, leading to a poor prognosis. Early prognosis prediction may guide the choice of therapeutic regimen. Thus, the purpose of this study was to investigate the potential application value of heterogeneity index (HI) in predicting the prognosis of MCL.



Methods

A total of 83 patients with histologically proven MCL who underwent baseline fluorine-18-fluorodeoxyglucose positron emission tomography/computed tomography (18F-FDG PET/CT) were retrospectively enrolled. The clinicopathologic index and PET/CT metabolic parameters containing maximum and mean standard uptake value (SUVmax and SUVmean), metabolic tumor volume (MTV), total lesion glycolysis (TLG), and HI were evaluated. Receiver operating characteristic (ROC) curve analyses were performed to determine the optimal cutoff values of the parameters for progression-free survival (PFS) and overall survival (OS). Univariate and multivariate Cox regression were used to assess relationships between risk factors and recurrence. Kaplan–Meier plots were applied for survival analyses.



Results

In univariate analyses, age [HR = 2.51, 95% CI = 1.20–5.24, p = 0.041 for body weight (BW)] and HI-BW (HR = 4.17, 95% CI = 1.00–17.38, p = 0.050) were significantly correlated with PFS. In multivariate analyses, age (HR = 2.61, 95% CI = 1.25–5.47, p = 0.011 for BW) and HI-BW (HR = 4.41, 95% CI = 1.06–18.41, p = 0.042) were independent predictors for PFS, but not for OS. B symptoms (HR = 5.00, 95% CI = 1.16–21.65, p = 0.031 for BW) were an independent prognostic factor for OS, but not for PFS. The other clinicopathologic index and PET/CT metabolic parameters were not related to outcome survival in MCL.



Conclusion

The age and HI derived from baseline PET/CT parameters were significantly correlated with PFS in MCL patients.
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Introduction

Mantle cell lymphoma (MCL) is a group of invasive small B-cell lymphoma derived from primary and secondary lymphoid follicle mantle lymphocytes, accounting for 3% to 10% of all non-Hodgkin lymphoma (NHL) (1). According to the 2016 WHO classification, MCL is divided into classical, inert leukemic non-nodal, and in situ mantle cell tumor subtypes (2, 3). As most patients with MCL are diagnosed at advanced stage (Ann Arbor III–IV), the prognosis is very poor (4). Thus, a comprehensive assessment before treatment may benefit patients with MCL (5).

MCL international prognostic index (MIPI) score is usually used in the prognosis evaluation of MCL, which classifies the patients into low-risk, medium-risk, and high-risk groups (6). In 2008, a combined biologic index (MIPI-b), integrating MIPI and the Ki-67 index, was established as a prognostic tool for treatment response, recurrence, and survival prediction of MCL (7). In 2016, Hoster et al. demonstrated that a modified combination of Ki-67 index and MIPI (MIPI-c) could further divide MCL patients into four groups with different prognosis (8). Other biologic markers (e.g., p53 and microRNAs) have also been combined with MIPI as the prognostic tools (9, 10). Although these biologic markers are promising, they could not adequately be consistent with the heterogeneity of clinical outcomes. Herein, it is urgent to find more comprehensive prognostic factors of MCL (8).

Fluorine-18-fluorodeoxyglucose positron emission tomography/computed tomography (18F-FDG PET/CT) is a recommended and useful tool to evaluate the prognosis and treatment response of MCL (4). Bailly et al. (11) demonstrated a significant correlation between maximum standard uptake value (SUVmax) with progression-free survival (PFS) and overall survival (OS) using a threshold value of 10.3, while no significant correlation was observed with a threshold value of 4.7. However, Bodet-Milin et al. (12) and Hosein et al. (13) reported no significant association between SUVmax with PFS or OS using a threshold value of 6.0. Furthermore, metabolic tumor volume (MTV) was considered significant with PFS and OS only for univariate analyses. Moreover, another study reported a significant difference in PFS and OS with MTV and total lesion glycolysis (TLG) (14).

The above results showed that the potential role of the parameters in MCL prognostication were controversial and no shared prognostic indexes to identify this subset of NHL are available currently. The reason may be related to the heterogeneity of MCL. At present, MCL is considered to be a group of tumors with strong heterogeneity in biology, morphology, immunophenotype, and clinical process (15–17). The heterogeneity index (HI) of SUV measured by PET/CT is a potential index that is associated with tumor heterogeneity (18–21). Gong et al. showed that HI measured at baseline 18F-FDG PET/CT was a potential predicator for first-line treatment outcome in triple-negative breast cancer patients (21). Lee et al. revealed that HI may be a useful prognostic marker in uterine leiomyosarcoma (19). However, there are few heterogeneity-related factors that have been investigated in MCL. In this study, we aim to investigate the relationship between survival outcome with clinicopathologic and PET/CT parameters, and to verify the potential application of HI derived from PET/CT in predicting the prognosis of MCL.



Materials and Methods


Patients

We retrospectively identified MCL patients with pathological results who had undergone baseline 18F-FDG PET/CT from Fudan University Shanghai Cancer Center (FUSCC) between January 2011 and December 2020. Patients were excluded if they had no baseline 18F-FDG PET/CT, had a previous cancer history, had undergone surgery before 18F-FDG PET/CT scan, or had incomplete clinical data or follow-up (Figure 1). All patients were treated according to the latest Chinese Lymphoma Guidelines Consensus. The study was approved by the Ethics Committee of FUSCC and informed consents were waived.




Figure 1 | Flow chart of patient selection and exclusion.



A total of 83 patients with histologically proven MCL were recruited into this study. We reviewed the medical records of these patients and the following clinical, laboratory, and biological features: age, sex, body mass index (BMI), Ann Arbor stage, B symptoms, bulky disease, splenomegaly, lactate dehydrogenase (LDH), β2-microglobulin levels, MIPI score, Ki-67 proliferation index, and metabolic features derived from the baseline 18F-FDG PET/CT scans. The LDH and β2-microglobulin levels were divided into two groups with the cutoff value of 245 U/L and 2.8 mg/L, respectively. Bulky disease was defined with CT when the mass was ≥10 cm, while splenomegaly was defined when the maximum length diameter of spleen was >13 cm (22). The patients were divided into high Ki-67 (>20%) and low Ki-67 (≤20%) groups according to the Ki-67 expression level. Patients with a MIPI score higher than 2 were classified in the high MIPI score group.



18F-FDG PET/CT Acquisition and Reconstruction Parameters

All the patients underwent baseline 18F-FDG PET/CT imaging using a Siemens biograph PET/CT scanner (Knoxville, Tennessee, USA). The patients were fasted for at least 6 h and the blood glucose was maintained below 10 mmol/L before the examination. Each patient was intravenously injected with 18F-FDG at a dose of 3.7 MBq/kg and continued to rest for approximately 60 min before a PET/CT scan from the head to the mid-thigh was performed. Before PET scanning, a CT scan was performed with the following parameters: 120 kV, 80–250 mA, slice thickness 5 mm, and 0.5 s per rotation. PET images were reconstructed using a three-dimensional ordered subsets expectation maximum (OSEM) algorithm with CT for attenuation.



Imaging Interpretation

PET and CT scans were fused and reviewed using the Fusion Viewer software from the manufacturer. The PET/CT images were read by two experienced nuclear medicine physicians blinded to the prior reports. For quantitative analyses, region of interest (ROI) was drawn using Syngo.via software (Siemens) over the regions of tumors. The SUVmax and mean standard uptake value (SUVmean) adjusted to body weight (BW), lean body mass (LBM), and body surface area (BSA) were automatically generated. MTV was calculated automatically according to the threshold of 41% SUVmax in hypermetabolic regions, and TLG was calculated as SUVmean × MTV (23). HI was calculated as dividing SUVmax by SUVmean to evaluate the heterogeneity of tumors (24).



Statistical Analyses

All statistical analyses were carried out using SPSS software (version 26.0, IBM, New York, USA). Receiver operating characteristic (ROC) curve analyses for PFS and OS of 5 years were performed to determine the optimal cutoff values of the parameters, and parameters with an area under the ROC curve (AUC) greater than 0.5 were retained for further analyses. PFS was defined from the date of baseline 18F-FDG to the first disease progression, recurrence, or death (months), and progression/recurrence was considered when the number or dimension of previous lesion increased or new lesion appeared. OS was defined from the date of baseline PET/CT scan until the time of death due to any cause, or the date of last follow-up. Univariate and multivariate Cox regression were used to determine factors in relation to PFS and OS, and variables with a p-value of less than 0.1 in the univariate analyses were included in the further multivariate analyses. Kaplan–Meier plots were performed for survival curves, and the log-rank test were used to determine differences between two curves. A p-value of less than 0.05 was defined as statistically significant.




Results


Patient Characteristics

The characteristics of the 83 MCL patients (64 men and 19 women; average age, 59.76 years; range 43–76 years) are presented in Table 1 and Supplementary Table S1. The average BMI was 23.20 kg/m2 with a range of 16.02–30.80 kg/m2. All patients were staged according to the Ann Arbor system, of whom 1% were stage I, 6% stage II, 22% stage III, and 71% stage IV. Of the 83 patients, 13 (16%) had B symptoms, 19 (23%) had bulky disease, and 27 (33%) had splenomegaly status. High LDH and β2-microglobulin levels were presented in 11 (13%) and 25 (30%) patients, respectively. Fifty-two (63%) patients had high MIPI score of >2 and high Ki-67 score was available for 64 (77%) patients.


Table 1 | Baseline characteristics of patients (n = 83).



All patients underwent a baseline PET/CT scan and FDG avidity was identified in 100% of the MCL patients. PET/CT parameters adjusted to BW, SUVmax-BW, and SUVmean-BW were 9.08 (range 0.35–38.22) and 3.66 (range 0.21–14.66), and the MTV, TLG-BW, and HI-BW were 614.31 (range 5.61–3,675.55), 2,510.42 (range 9.47–13,811.40), and 2.84 (range 1.50–29.63) (Table 1). For the parameters adjusted to LBM, the SUVmax-LBM and SUVmean-LBM were 7.13 (range 0.37–29.88) and 2.91 (range 0.23–11.98), and the TLG-LBM and HI-LBM were 2003.46 (range 7.44–11,487.70) and 2.51 (range 1.49–5.54). For the parameters adjusted to BSA, the SUVmax-BSA and SUVmean-BSA were 2.43 (range 0.33–9.76) and 1.01 (range 0.20–3.92), and the TLG-BSA and HI-BSA were 682.52 (range 2.43–4,073.61) and 2.50 (range 0.73–5.54) (Supplementary Table S1).



ROC Curve Analyses of Prognostic Factors

Of the 83 patients, 35 (42%) had disease progression/recurrence at a median of 20.06 months, and death occurred in 8 (10%) patients at a median of 31.50 months. The ROC survival curve analyses for PFS and OS are presented in Table 2 and Supplementary Table S2. The study used the 5-year PFS and OS rates as the main study end point, making ROC curves for the clinical and metabolic factors, and the maximum cross-sectional AUCs were defined as the optimal cutoff values.


Table 2 | ROC curve analyses of prognostic factors for PFS and OS in MCL.



As shown in Table 2, considering PFS, the optimal cutoff values of age and HI-BW were 58.5 years and 1.94, the AUCs were 0.58 (range 0.45–0.70) and 0.57 (range 0.45–0.70), and the p-values were 0.011 and 0.032, respectively. We performed SPSS analyses with LBM- and BSA-related SUV parameters, with similar results (Supplementary Table S2). For HI-LBM and HI-BSA, the optimal cutoff values were 1.98 and 1.94, the AUCs were 0.57 (range 0.45–0.7) and 0.59 (range 0.47–0.71), and the p-values were 0.041 and 0.029 for PFS.



Univariate and Multivariate Survival Analyses in Relation to PFS and OS

Taking the 5-year PFS and OS as the end points, the clinical and metabolic factors were included into the univariate Cox survival analyses, as shown in Table 3, and age over 58.50 years and high HI-BW were significantly related to PFS (p = 0.041 and 0.050), but not with OS (p = 0.128 and 0.253). B symptoms were significantly related to OS (p = 0.004), but not with PFS (p = 0.780). Similarly, for LBM- and BSA-related SUV parameters, high HI-BLM and HI-BSA showed significance with PFS (p = 0.055 and 0.046), but not with OS (p = 0.253 and 0.596, Supplementary Table S3, S4). However, SUVmax, SUVmean, MTV, and TLG were not significantly correlated with both PFS and OS (Table 3 and Supplementary Tables S3, S4).


Table 3 | Univariate and multivariate analyses of BW-related prognostic factors in relation to PFS and OS using the Cox regression model.



At multivariate analyses, patients with old age (>58.50 years) had a significantly shorter PFS (30 months versus 54 months), and the PFS of patients with high HI (>1.94 for HI-BW and HI-BSA, >1.98 for HI-LBM) was significantly shorter than that of patients with low HI (31 months versus not-reached for HI-BW, HI-LBM, and HI-BSA). Age (HR = 2.61, 95% CI = 1.25–5.47, p = 0.011 for BW; HR = 2.66, 95% CI = 1.27–5.58, p = 0.010 for LBM; HR = 2.63, 95% CI = 1.26–5.50, p = 0.010 for BSA), HI-BW (HR = 4.41, 95% CI = 1.06–18.41, p = 0.042), HI-LBM (HR = 3.46, 95% CI = 1.05–11.33, p = 0.041), and HI-BSA (HR = 4.54, 95% CI = 1.09–18.96, p = 0.038) were proved to be correlated prognostic factors for PFS. B symptoms showed significant correlation with OS (HR = 5.00, 95% CI = 1.16–21.65, p = 0.031 for BM; HR = 9.04, 95% CI = 1.89–43.16, p = 0.006 for LBM; HR = 4.97, 95% CI = 1.15–21.52, p = 0.032 for BSA), but were not significantly correlated with prognosis considering PFS (Table 3 and Supplementary Tables S3, S4). Kaplan–Meier PFS and OS curves of the parameters are displayed in Figures 2, 3 and Supplementary Figure S1. Representative images of 18F-FDG with high and low HI are shown in Figure 4.




Figure 2 | Kaplan–Meier curves for PFS according to age, B symptoms, TLG-BW, and HI-BW.






Figure 3 | Kaplan–Meier curves for OS according to age, B symptoms, TLG-BW, and HI-BW.






Figure 4 | Representative cases of baseline 18F-FDG PET/CT images. A 60-year-old male patient with low HI had extensive lymph node lymphoma invasion and lymphoma infiltration into the oropharynx and spleen (A). The blue and yellow arrows represented the oropharynx, cervical lymph nodes (B), and spleen (C), respectively. The lesions had an SUVmax of 11.09, an SUVmean of 7.10, and a HI of 1.56. We followed up for 39 months and the patient had no recurrence. A 55-year-old male patient with high HI had extensive critical-sized lymph node lymphoma invasion and no lymphoma infiltration into the organs (F). The red and green arrows represented the submaxillary lymph nodes (D) and spleen (E), respectively. The lesions had an SUVmax of 3.35, an SUVmean of 1.13, and a HI of 2.96. The patient developed local recurrence after 29 months of follow-up.






Discussion

MCL has the characteristics of both invasive and inert lymphoma, and the prognosis of MCL is very poor. Despite the more aggressive treatment, the progression/recurrence of the disease is still frequent; accurate and effective treatment is very important for MCL patients (25, 26). Research showed that the heterogeneity of MCL leads to different treatment effects. How to identify the heterogeneity of MCL and its corresponding clinical characteristics in order to seek more individualized treatment is a long-term research goal (17, 27, 28). HI, the SUVmax/SUVmean ratio, which is calculated from PET/CT images parameters, has been investigated in tumors recently. A previous study has showed that baseline 18F-FDG HI could be used to predict the survival rate of patients with advanced nasopharyngeal carcinoma (29) and that the HI derived from 18F-fluoroestradiol (18F-FES) PET/CT could reflect the estrogen receptor (ER) expression in breast cancer patients (30). To the best of our knowledge, our study is the first research that demonstrated a significant correlation of HI with MCL PFS prognosis, which may further guide the clinical treatment decision-making of MCL patients and benefit the patients to the maximum extent. SUV has traditionally been used to define glucose metabolic activity in PET/CT imaging, and when calculating SUV, BW is usually used as body size measurement; however, some researchers may prefer LBM or BSA to measure body size (31). Our study showed that the prognostic value of HI in MCL patients did not differ in the above three measurement modes. However, in our study, HI showed no significant difference for OS; this might be due to the fact that the number of death events was only 8, and our findings might be inaccurate due to the small sample size.

MIPI score is the most commonly used model in MCL, which combines Eastern Cooperative Oncology Group (ECOG) performance status, age, leukocyte count, and lactate dehydrogenase (6). The 2018 British Society for Haematology (BSH) MCL guidelines point out that the patients’ age, complications, PS scores, and treatment objectives are the factors to be considered before treatment. For patients aged ≤65 years or generally in good condition and suitable for autologous stem cell transplantation (ASCT), induction therapy with high-dose cytarabine should be selected, ASCT consolidation should be performed after remission, and treatment with rituximab can be further beneficial. For patients aged >65 years or generally in poor condition and unsuitable for ASCT, immunochemotherapy with less adverse reactions and better tolerance should be selected (32). In our study, age was an independent prognostic factor for PFS in MCL patients, which was consistent with the guidelines. MCL patients can cause systemic manifestations in the body; patients who have any of the following symptoms are defined as B symptoms positive: unexplained fever (often over 38.0°C), weight loss of more than 10% within 6 months, and night sweats. The presence of B symptoms usually predicts a poor prognosis (33). In our research, B symptoms were an independent prognostic factor for OS.

SUVmax, SUVmean, MTV, and TLG are common PET/CT parameters used in clinical research. Tsukamoto et al. stated that SUVmax ≤ 6.5 had significant correlation with PFS in patients with relapsed indolent lymphoma treated with 90Y-ibritumomab tiuxetan (34). Feng et al. indicated that baseline SUVmax measured on 18F-FDG in T-cell lymphoblastic lymphoma was significantly related to PFS and OS (35). Okuyucu et al. demonstrated that SUVmean was a potential risk factor for OS in primary extranodal lymphoma (36). Instead, in our research, SUVmax and SUVmean showed no significance with PFS or OS in MCL patients. MTV and TLG reflect the volume and total glycolysis of metabolically active tumors, respectively, and MTV and TLG have been proven to be useful indicators to measure tumor invasiveness and predict the treatment response of tumors (37). Albano et al. demonstrated that baseline MTV and TLG were significantly correlated with PFS in MCL patients (14); however, in our study, the metabolic tumor features (MTV and TLG) showed no significant relationship with both PFS and OS. Previous studies showed similar results; Mayerhoefer et al. demonstrated that TLG was an independent prognostic factor of 2-year PFS in mucosa-associated lymphoid tissue (MALT) lymphoma treated with CD20-antibody-based immunotherapy, but another study claimed that the PET/CT parameters (MTV and TLG) were not related to PFS or OS in MALT lymphoma (38, 39). The possible reason for the results may arise from the heterogeneity of patients recruited.

However, this study still has some limitations. Firstly, the number of patients recruited was low and the interim/post-treatment response evaluation using 18F-FDG PET/CT was absent, which needs to be further validated. Secondly, the number of death events was small, and our findings on OS prognosis might be inaccurate. Thirdly, the results also lack further confirmation by multicenter and prospective studies in MCL patients.



Conclusion

In conclusion, our findings showed that age and HI derived from PET/CT metabolic factors were helpful independent prognostic factors to predict long-term PFS in MCL patients. However, larger-scale clinical studies are needed to better verify the prognostic role of HI in MCL patients.
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