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Summary

Although 18F-fluorodeoxyglucose positron emission tomography (18F-FDG

PET) is commonly used for initial staging and therapeutic response evalua-

tion in aggressive lymphomas, its prognostic utility for mantle cell lym-

phoma (MCL) is controversial. Therefore, we retrospectively evaluated the

correlations of interim PET (iPET) and end-of-treatment PET (ePET)

response with survival outcomes in 89 consecutive advanced MCL patients

treated with frontline R-CHOP (rituximab, cyclophosphamide, doxoru-

bicin, vincristine and prednisolone). iPET positivity was strongly associated

with inferior five-year overall survival (OS) [hazard ratio (HR) 7�84,
P < 0�0001] and poor five-year progression-free survival (PFS) (HR 3�34,
P < 0�0001). OS and PFS were more favourable in the order early

metabolic responder (iPETneg ? ePETneg), delayed responder

(iPETpos ? ePETneg), loss-metabolic responder (iPETneg ? ePETpos), and

never-metabolic responder (iPETpos ? ePETpos). In the autologous

haematopoietic stem cell transplantation (auto-HSCT)-fit subgroup, OS

was more favourable in the order early metabolic responders, delayed meta-

bolic responders, and non-metabolic responders, with a marginal trend

toward statistical significance (HR 3�41, P = 0�051), and PFS was signifi-

cantly superior in early metabolic responders (HR 4�43, P = 0�002). In a

group that was ineligible for auto-HSCT, OS and PFS were significantly

superior in early metabolic responders. Our results suggested that iPET is

of prognostic value and an independent predictor of survival in MCL

patients receiving frontline R-CHOP. Therefore, prospective clinical trials

of iPET-guided treatment strategies for these patients are warranted.

Keywords: mantle cell lymphoma, interim 18F-FDG PET, prognosis, R-

CHOP, treatment response.

Mantle cell lymphoma (MCL) is a challenging subtype of

non-Hodgkin lymphoma (NHL), accounting for 3–6% of

all NHL cases and having a poor prognosis due to an

undesirable disease course and aggressive clinical behaviour.

The majority of MCL patients are diagnosed with advanced

stage disease and commonly present with extranodal

involvement, including bone marrow, skin, or the gastroin-

testinal tract (Abrahamsson et al., 2014). However, the

results of conventional chemotherapy are disappointing, and

this disease entity shows low sensitivity to conventional

chemotherapeutic regimens. The high relapse rate com-

monly results in disseminated refractory lymphoma (Cheah

et al., 2016), and the remission duration is short at

approximately three years with an overall survival (OS) of

3–4 years (Freytes et al., 2012).

To improve the poor prognosis of MCL, a more effective

therapeutic strategy was established involving induction

chemotherapy, and major clinical trials over the last decade

have focused on improving frontline treatment of MCL. The

therapeutic approach was adjusted according to the risk pro-

file of each patient, based on their biological age, comorbidi-

ties, and general performance status (Smolewski et al., 2015).

Young and fit patients with MCL are considered suitable for

dose-intensive therapeutic approaches, followed (in respon-

sive patients) by autologous haematopoietic stem cell trans-

plantation (auto-HSCT) (Dreyling et al., 2014b). Elderly or
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young patients in poor health are prescribed less aggressive

regimens without auto-HSCT. Accordingly, and due also to

the availability of rituximab, steady improvements in the sur-

vival outcomes of patients with advanced MCL have been

seen over the past several years.

Although auto-HSCT is considered after frontline

chemotherapy according to the therapeutic guidelines for

MCL (Dreyling et al., 2014b), in many cases it has not been

adopted. In daily clinical practice, optimal frontline therapy

is performed using the R-CHOP (rituximab, cyclophos-

phamide, doxorubicin, vincristine, prednisolone) regimen

(Cheminant et al., 2015). However, methods for early predic-

tion of R-CHOP-related outcomes have not been thoroughly

evaluated in patients with MCL.

Our study focused on identifying and validating factors

predicting therapeutic outcomes in MCL patients treated

with a standard frontline R-CHOP regimen. We were inter-

ested not only in well-known biological factors, but also in

the relationship between 18F-fluorodeoxyglucose positron

emission tomography-computed tomography (18F-FDG PET-

CT) findings and therapeutic efficacy. The revised (2007)

International Working Group (IWG) criteria for malignant

lymphoma included 18F-FDG PET-CT findings, and this

modality is now considered essential for predicting therapeu-

tic response in cases of Hodgkin lymphoma and diffuse large

B-cell lymphoma (Cheson et al., 2007; Juweid et al., 2007;

Cheson et al., 2014; Lamonica et al., 2017). Although MCL is

an FDG-avid NHL subtype, PET-CT is still not strongly rec-

ommended for therapeutic assessment due to inconsistent

findings in the literature (Brepoels et al., 2008; Mato et al.,

2012; Barrington & Johnson, 2017; Barrington & Kluge,

2017; Lamonica et al., 2017).

Therefore, we examined the prognostic impact of the

FDG-PET-assessed treatment response in MCL patients. The

prognostic value of interim PET (iPET) and end-of-treat-

ment PET (ePET)-assessed treatment response, indexed by

the Deauville five-point scale, as well as other biological fac-

tors, was retrospectively analysed in a homogenous MCL

cohort undergoing treatment with a standard R-CHOP regi-

men, with long-term follow-up duration.

Patients and methods

Patients

Consecutive adult patients diagnosed with MCL from January

2007 to January 2018 at a single centre (Lymphoma-Myeloma

Department, Catholic Hematology Hospital, Seoul, Korea)

were screened. All biopsy specimens had been histopathologi-

cally confirmed as CD20-positive, cyclin D1-positive, and

non-blastoid subtype B-cell MCL, according to the current

World Health Organization classification, by lymphoma-speci-

fic pathologists of the Catholic University Lymphoma Group

(CULG). Among the specimens, those from patients with stage

II bulky masses or Ann Arbor stage III–IV disease were

identified, after which uniformly treated MCL patients under-

going a standard dose of frontline R-CHOP regimen were

selected for analysis. All patient’s 18F-FDG PET-CT interpreta-

tions were double-checked by two different nuclear medicine

specialists among CULG members. The investigation was

extended to October 2018 to ensure a minimum follow-up

duration of six months. Clinical data including demographic

information, initial or salvage chemotherapy, and therapeutic

response to initial or salvage chemotherapy were retrospec-

tively extracted from the patients’ electronic medical records.

The study was approved by the Institutional Review Board of

Seoul St. Mary’s Hospital of the Catholic University of Korea

in accordance with the Declaration of Helsinki.

Frontline therapeutic strategy

All patients received the first three cycles of R-CHOP (ritux-

imab 375 mg/m2 day 1, cyclophosphamide 750 mg/m2 day 1,

doxorubicin 50 mg/m2 day 1, vincristine 1�4 mg/m2 day 1,

and prednisolone 40 mg/m2 days 1–5) at three-week intervals

as frontline chemotherapy (Jardin et al., 2010). Continuation

of R-CHOP or transition to another salvage chemotherapy

was determined based on the interim therapeutic response.

Under the European Society for Medical Oncology (ESMO)

and National Comprehensive Cancer Network (NCCN)

guidelines, young and fit patients showing a favourable

response to R-CHOP were administered upfront high-dose

chemotherapy followed by autologous stem cell rescue.

Autologous stem cell mobilization was performed after six

cycles of R-CHOP, as well as a response evaluation for

patients in whom auto-HSCT was planned. For auto-HSCT,

the conditioning regimen was a combination of busulfan

(2�4 mg/kg/day for three consecutive days), melphalan

(40 mg/m2 per day for two days), and thiotepa (200 mg/m2

per day for two consecutive days) in our centre (Lee et al.,

2010; Yoon et al., 2019).

Young responders to frontline R-CHOP who were not

suitable for upfront auto-HSCT and elderly patients

(≥65 years) completed six full cycles of R-CHOP chemother-

apy followed by regular monitoring until disease progression.

Efficacy of R-CHOP assessed using 18F-FDG PET-CT

All patients with MCL underwent PET-CT diagnosis prior to

treatment, during chemotherapy, and as a final evaluation of

the response to R-CHOP. A diagnostic pretreatment PET-CT

scan was performed within four weeks before initiation of R-

CHOP. The iPET-CT was performed after the third cycle of

R-CHOP. An ePET scan was performed within eight weeks

of completion of R-CHOP. The Deauville scale (DS) was

used to measure 18F-FDG-uptake in PET-CT (Meignan et al.,

2012). FDG uptake in the hottest residual mass was com-

pared with uptake in the liver. PET positivity was defined as

a DS 4 (FDG uptake moderately higher than in the liver) or

DS 5 (FDG uptake markedly higher than in the liver). A DS
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≤3 (DS 1, no uptake; DS 2, uptake no more than that in the

mediastinum; DS 3, uptake greater than that in the medi-

astinum but no more than that in the liver) was defined as

PET negativity.

Statistical analysis

Progression-free survival (PFS) was defined as the time from

the end of frontline R-CHOP chemotherapy to the time of

documented disease progression/recurrence or death. OS was

calculated from the time of R-CHOP initiation to death from

any cause. Patients with documented disease progression or

death or who were lost to follow-up were censored from fur-

ther analysis. Surviving patients were censored on the last

day of follow-up. All R-CHOP-related categorical variables

are expressed as proportions and were compared by the chi-

square test and Fischer’s exact test. For continuous variables,

the median and range were calculated and compared between

two groups using the Mann–Whitney U-test. All patients

were classified using the International Prognostic Index (IPI)

and four Mantle Cell Lymphoma International Prognostic

Index (MIPI) scoring systems (standard MIPI, simplified

MIPI, biologic MIPI, and combined MIPI) (Hoster et al.,

2008). PFS and OS rates were calculated using the Kaplan–
Meier survival method and log-rank analysis. Univariate and

multivariate Cox regression analyses were performed to

determine the independent factors affecting PFS or OS.

Cumulative incidence estimates of relapse were calculated,

with relapse or death from other causes defined as competi-

tive events using the Gray test for the univariate analyses and

the Fine–Gray method for the multivariate analyses. Multi-

variate models for predicting OS and PFS were developed,

including parameters significant at P < 0�05. A risk score was

assigned to each parameter based on respective standardized

b-coefficients, where the lowest score had a value of 1. Using

a gradation of 0�25 (i.e., 0�25, 0�5, 1�0, etc.), other values

were rounded to the nearest gradation according to their

standardized b-coefficient values. All statistical analyses were

performed using R software (version 3.2.0; R Core Team, R

Foundation for Statistical Computing, Vienna, Austria) and

the EZR graphical user interface (Saitama Medical Center,

Jichi Medical University, Saitama, Japan) (Kanda, 2013).

Fig 1. Flow diagram of mantle cell lymphoma (MCL) patients receiving frontline rituximab, cyclophosphamide, doxorubicin, vincristine,

prednisolone (R-CHOP) therapy.
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Results

Clinical characteristics

A total of 126 patients diagnosed with MCL were initially

identified; 36 patients were excluded due to being treated

by a frontline rituximab plus Ara-C (cytarabine)-based

regimen (n = 16), loss to follow-up (n = 6), receiving no

treatment due to frailty (n = 4), or the unavailability of

ePET data (n = 10). A total of 90 patients treated with

frontline R-CHOP were included in the analysis. All 90

patients underwent baseline 18F-FDG PET, iPET, and

ePET. One patient whose disease progression was con-

firmed during an early examination of ePET-CT, due to

suspected progressive disease after the fifth cycle of R-

CHOP, was excluded from this analysis. Therefore, 89

patients who were administered a full cycle of frontline R-

CHOP combined with the complete number of 18F-FDG

PET-CT scans were analysed in this study (Fig 1). All rel-

evant biological information and therapeutic results of the

enrolled patients, including 18F-FDG PET data, were avail-

able for analysis. The baseline clinical characteristics of

the MCL patients, including staging and MCL risk classifi-

cation, are shown in Table I.

Survival outcomes according to 18F-FDG PET

All 89 patients underwent a baseline PET-CT scan before ini-

tiation of frontline R-CHOP, in addition to iPET followed

by ePET-CT during R-CHOP chemotherapy. FDG avidity on

pretreatment PET-CT was noted in 94% of MCL patients

(n = 84), with a median maximum standardized uptake

value (SUV) of 9�2 (range: 2�1–42�5) at the initial diagnosis.

The PET avidity at each time point was significantly corre-

lated with the clinical outcomes (Table SI, Fig 2A, 2);

patients with iPET positivity had poorer five-year OS [hazard

ratio (HR), 7�84; 95% confidence interval (CI): 2�39–25�66,
P < 0�0001] and poorer five-year PFS (HR, 3�34; 95% CI:

1�88–5�93, P < 0�0001) compared with those without iPET

positivity. In addition, positivity on ePET-CT was signifi-

cantly associated with inferior five-year OS (HR, 6�04; 95%
CI: 2�88–12�65, P < 0�0001) as well as poor five-year PFS

(HR, 4�76; 95% CI: 2�77–8�18, P < 0�0001) (Fig 2C, 2).

Survival outcomes according to serial changes in
18F-FDG PET positivity

The results outlined above indicated that PET avidity at each

independent time point during chemotherapy was signifi-

cantly related to survival outcome. Based on these results, we

examined whether survival outcomes were affected by serial

dynamic changes in PET avidity during frontline R-CHOP

chemotherapy.

Based on the metabolic changes in PET-CT during R-

CHOP chemotherapy, our cohort was subdivided into the

Table I. Baseline characteristics of mantle cell lymphoma patients

(n = 89) with frontline R-CHOP.

Characteristics at diagnosis

Number of

patients (%)

Gender

Male 72 (81)

Female 17 (19)

Age, median, years (range) 64 (26–84)

≥65 41 (46)

Pathological subtype

Classic 87 (98)

Small cell variant 2 (2)

Ann-Arbor stage

II* 8 (9)

III 18 (20)

IV 63 (71)

ECOG performance status

0 33 (37)

1 44 (50)

2 8 (9)

3 4 (4)

Presence of B symptoms 33 (37)

LDH, median (range) 395 (158–5196)

Elevated (>450 U/l) 34 (38)

WBC (9109/l), median (range) 6�9 (1�9–60�3)
Ki-67 index

<30% 56 (63)

≥30% 33 (37)

Presence of BM involvement 55 (61)

Upfront auto-HSCT 19 (21)

IPI

Low 20 (22)

Low-intermediate 27 (30)

High-intermediate 22 (25)

High 20 (22)

Standard MIPI

Low 37 (42)

Intermediate 23 (26)

High 29 (32)

Simplified MIPI

Low 38 (43)

Intermediate 31 (35)

High 20 (22)

Biological MIPI

Low 20 (22)

Intermediate 21 (24)

High 48 (54)

Combined MIPI

Low 23 (26)

Low-intermediate 31 (35)

High-intermediate 21 (23)

High 14 (16)

ECOG, Eastern Cooperative Oncology Group; LDH, lactate dehy-

drogenase; WBC, white blood cells; BM, bone marrow; HSCT,

haematopoietic stem transplantation; IPI, International Prognostic

Index; MIPI, Mantle Cell Lymphoma International Prognostic

Index.

*All cases with Ann-Arbor stage II had a huge mass (≥10 cm).
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following groups: metabolic responders, including early

metabolic responders (iPET-negative ? ePET-negative) and

delayed metabolic responders (iPET-positive ? ePET-nega-

tive); and non-metabolic responders, including loss-meta-

bolic responders (iPET-negative ? ePET-positive) and

never-metabolic responders (iPET-positive ? ePET-posi-

tive). OS and PFS were best in early metabolic responders,

and the poorest outcomes were seen in never-metabolic

responders: OS rates at five years were 94% (95% CI: 68–
99), 67% (95% CI: 40–84), 33% (95% CI: 10–62), and

38% (95% CI: 20–55) in early metabolic responders,

delayed metabolic responders, loss-metabolic responders,

and never-metabolic responders respectively (Fig 3A). PFS

rates at three years were 61% (95% CI: 40–77), 27% (95%

CI: 10–46), 0%, and 4% (95% CI: 2–15) respectively

(Fig 3B).

Survival analysis of young/fit versus elderly/unfit auto-
HSCT subgroups

As the survival outcome interpretation of metabolic respon-

siveness according to PET-CT could be affected by the inten-

sity of therapy, such as auto-HSCT, the relationship between

FDG avidity and survival outcomes was analysed separately

in subgroups with and without auto-HSCT.

In the subgroup receiving upfront auto-HSCT (n = 19),

OS was more favourable in the order of early metabolic

responders, delayed metabolic responders, and non-meta-

bolic responders, with a marginal trend toward statistical

significance (HR, 3�41; 95% CI: 0�83–14�05, P = 0�051; Fig

4A, Figure S1). PFS was significantly superior in early meta-

bolic responders (HR, 4�43; 95% CI: 1�64–11�95, P = 0�002;
Fig 4A, Figure S2). In the other auto-HSCT subgroup of

Fig 2. Survival outcomes according to interim positron emission tomography (iPET) and end-of-treatment positron emission tomography-com-

puted tomography (ePET-CT). (A) Overall survival (OS) and (B) progression-free survival (PFS) according to interim PET response. (C) OS and

(D) PFS according to ePET.
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young/unfit or elderly patients (n = 70), OS and PFS were

significantly superior in the order of early metabolic respon-

ders, delayed metabolic responders, and non-metabolic

responders (HR, 4�49; 95% CI: 2�39–8�46, P < 0�0001 for

OS; HR, 2�56; 95% CI: 1�75–3�74, P < 0�0001 for PFS; Fig

4B, Figure S3).

Analyses of prognostic factors affecting survival outcomes
after frontline R-CHOP

The prognostic factors affecting survival outcome were anal-

ysed according to baseline biological risk factors. Using fac-

tors that were significant in univariate analysis (Table SI),

multivariate analysis was performed. To exclude confounding

effects due to duplicated or collinear factors, multivariate

analysis was performed using only the biological Mantle Cell

Lymphoma International Prognostic Index (b-MIPI) score,

which showed the highest HR in univariate analysis. As a

result, advanced b-MIPI (HR, 1�24; 95% CI: 0�18–8�70,
P = 0�028 for intermediate risk; and HR, 8�59; 95% CI:

2�05–35�90, P = 0�003 for high risk), iPET positivity (HR,

3�74; 95% CI: 1�05–13�36, P = 0�042), as well as ePET posi-

tivity (HR, 4�41; 95% CI: 1�92–10�14, P < 0�001) were inde-

pendently associated with poor OS in the multivariate

analysis (Table SII). In addition, poor PFS-related indepen-

dent factors were similar to those for OS: advanced b-MIPI

(HR, 1�16; 95% CI: 0�73–1�79, P = 0�543 for intermediate

risk; HR, 1�91; 95% CI: 0�91–4�03, P = 0�021 for high risk),

iPET positivity (HR, 2�05; 95% CI: 1�05–4�01, P = 0�035),
and ePET positivity (HR, 3�45; 95% CI: 1�89–6�31,
P < 0�001) (Table SII).

PET as a putative prognostic factor during systemic
chemotherapy

Multivariate analysis revealed that b-MIPI, iPET, and ePET

status were important independent prognostic factors for

survival outcome (Table SII). A risk score for each patient

was derived by summing the scores of the b-MIPI, iPET, and

ePET parameters, which together constitute a modified MIPI

scoring system based on b-coefficients (Table II).

The five-year OS was 100% (median not reached), 70�7%
(median, 10�5 years; 95% CI: 51–84%), and 15�8% (median,

1�42 years; 95% CI: 4–35%) in the low-risk group (score

range: 0), intermediate-risk group (score range: 0�5–1�25),
and high-risk group (score range: 1�75) respectively according

to the modified scoring system (Fig 2A2). In addition, the

three-year PFS was 75�5% (median not reached; 95% CI: 47–
90%), 23�7% (median, 1�4 years; 95% CI: 12–38%), and 0%

(median, 0�4 years) in the low-risk group (score range: 0),

intermediate-risk group (score range: 0�25–0�75), and high-

risk group (score range: 1�0) respectively, using the modified

scoring system (Fig 2B2). Overall OS and PFS based on our

modified scoring system were more accurate than those based

on the conventional b-MIPI-based system (HR, 2�81; 95%

CI: 1�83–4�31, P = 0�00000122 vs. HR, 9�05; 95% CI 4�67–
17�53, P = 0�00000002 for OS and HR, 1�62; 95% CI: 1�22–
2�16, P = 0�00244 vs. HR, 3�92; 95% CI: 2�54–6�07,
P = 0�0000000008 for DFS, Fig 5), and differences among the

risk groups were clearer using our modified scoring system.

As another method of data validation, receiver operator

characteristic (ROC) curves were compared for paired sam-

ples: the ROC curve of the modified scoring system illus-

trated that it had better diagnostic capability than the

Fig 3. Survival outcomes according to serial changes in PET response. (A) OS and (B) PFS according to PET response in early metabolic respon-

ders, delayed metabolic responders, loss-metabolic responders, and never-metabolic responders during frontline R-CHOP.
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conventional system, with a significant improvement in pre-

dictive accuracy for both OS [area under curve (AUC), 0�902
vs. 0�736 respectively, P = 0�00007, Fig 6A) and PFS (AUC,

0�843 vs. 0�620 respectively, P = 0�00002, Fig 6B).

Discussion

The results of this study demonstrated that 18F-FDG PET

status can independently predict the prognosis of patients

with MCL during or after frontline chemotherapy. In the

analysis of serial changes in PET-CT response during front-

line chemotherapy, early metabolic responders showed supe-

rior OS and PFS than delayed metabolic responders and

non-metabolic responders. In survival analysis of young and

fit versus elderly or unfit auto-HSCT subgroups, patients in

both subgroups with iPET or ePET negativity showed supe-

rior survival outcomes.

Positron emission tomography-computed tomography is

recommended for assessing the therapeutic response in

almost all subtypes of lymphoma (Romaguera et al., 2005;

Geisler et al., 2012; Dreyling et al., 2014a). However, in the

case of MCL, the prognostic value of 18F-FDG PET-CT is

still a matter of debate, as the degree of 18F-FDG avidity for

MCL remains unclear (Karam et al., 2009; Hosein et al.,

2011; Kedmi et al., 2014). In addition, studies using PET

imaging to assess MCL have been non-uniform due to a lack

of prospective data and heterogeneous treatment strategies.

Taking these points into consideration, along with the low

incidence rate of MCL, our study was unique in that we

investigated the correlation between cross-sectional PET-CT

data and survival outcome, as well as between serial changes

in PET response and survival outcome, in a large series of

MCL patients treated uniformly with frontline the full cycle

of R-CHOP.

Fig 4. Survival outcomes according to serial changes in PET response. (A) OS and PFS according to serial changes in PET positivity in the young

and fit autologous haematopoietic stem transplantation (auto-HSCT) subgroup (n = 19). (B) OS and PFS according to serial changes in PET

positivity in the unfit or elderly auto-HSCT subgroup (n = 70).

Y.-W. Jeon et al.
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Table II. Components of our modified prognostic scoring system: b-MIPI, iPET, and ePET scores.

Factors

OS PFS

b-coefficients (95% CI) P-value log HR Score b-coefficients (95% CI) P-value log HR Score

Biological MIPI

Low 0 (reference) 0 0 0 (reference) 0 0

Intermediate 1�24 (0�18–8�70) 0�828 0 0 1�16 (0�73–1�79) 0�543 0 0

High 8�59 (2�05–35�90) 0�003 0�840 0�75 1�91 (0�91–4�03) 0�090 0�217 0�25
Interim PET-CT

Negative 0 (reference) 0 0 0 (reference) 0 0

Positive 3�74 (1�05–13�36) 0�042 0�480 0�5 2�05 (1�05–4�01) 0�035 0�248 0�25
End-of-treatment PET

Negative 0 (reference) <0�001 0 0 0 (reference) <0�001 1 0

Positive 4�41 (1�92–10�14) 0�551 0�5 3�45 (1�89–6�31) 0�473 0�5

OS, overall survival; PFS, progression-free survival; CI, confidence interval; HR, hazard ratio; MIPI, Mantle Cell Lymphoma International Prog-

nostic Index; b-MIPI, biological MIPI; PET-CT, positron emission tomography-computed tomography.

Fig 5. Modified biologic Mantle Cell Lymphoma International Prognostic Index (b-MIPI) scoring system. The modified scoring system based on

biologic MIPI (b-MIPI), interim PET (iPET), and end-of-treatment (ePET) scores (A2, B2) had higher prognostic accuracy than the conventional

b-MIPI-based system (A1, B1).
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Most previous studies on the relationship between PET-

CT data and lymphoma used continuous variables, such as

the maximum SUV (SUVmax) by body weight or body sur-

face area. In our cohort, the SUVmax had adequate accuracy

for predicting survival outcomes (Table SIII). Although

methods based on continuous variables obviously have objec-

tivity, categorical (positive vs. negative) PET data derived

using a DS measurement system may be better due to more

convenient diagnosis, reasonable reproducibility, and flexibil-

ity in a real-world clinical environment (Barrington et al.,

2014; Cheson et al., 2014). In addition, several validation

studies confirmed that response assessments based on the

DC method could predict outcomes and demonstrated excel-

lent interobserver agreement (Biggi et al., 2013; Itti et al.,

2013). Although the major purpose of this study was not to

compare the efficacy of DS and the SUVmax method, our

study indirectly confirmed that the DS calculation method

may be sufficient to determine survival outcomes indepen-

dently in multivariate analyses.

Our results also suggested that measurement of consecu-

tive serial changes in PET response was useful for predicting

patient survival outcomes. In detail, early metabolic respon-

ders showed a more favourable PFS rate than delayed meta-

bolic responders and non-metabolic responders. To examine

the correlation between PET response and survival outcome,

we devised a modified b-MIPI-based scoring system that

added PET results to the conventional b-MIPI system. The

b-MIPI classification system includes the Ki-67 index as a

biological marker and is an excellent prognostic tool widely

used for MCL patients; we confirmed this in our cohort.

Interestingly, our modified scoring system accurately distin-

guished MCL patient risk groups. Thus, while the b-MIPI

can be used as an objective measure of disease status at ini-

tial diagnosis, the iPET component of our modified scoring

system could be useful as a biological indicator. Therefore,

the evaluation system combined with PET results is expected

to show enhanced predictive value, where PET-CT is impor-

tant for evaluating tumour metabolic burden in real-time as

a non-invasive imaging modality.

Among our entire cohort of 126 patients diagnosed with

MCL, at least 90 patients (>70%) were treated with frontline

R-CHOP. Several patients had been treated with aggressive,

cytarabine-based induction regimens, which are used as pri-

mary chemotherapy regimens in Western countries (Smo-

lewski et al., 2015). However, most of our patients failed to

complete the entire cycle of chemotherapy in our institute

due to frequent chemotherapy-related infections or haemato-

logical adverse events. Most patients were treated with front-

line R-CHOP because it is a less aggressive regimen than

those based on cytarabine. In relation to this, several studies

have reported that post-treatment PET evaluation may be

useful for predicting prognosis, especially in patients receiv-

ing the bendamustine/rituximab (BR) regimen or combined

rituximab/bendamustine/low-dose cytarabine regimen as less

intensive chemotherapy regimens due to ineligibility for an

intensive regimen or auto-HSCT (Visco et al., 2013; Lamon-

ica et al., 2017). However, these studies focused mainly on

the utility for ePET-CT. Moreover, Mato et al., (2012) also

reported an association between post-treatment PET positiv-

ity and inferior PFS, with a trend toward inferior OS, in

Fig 6. Comparison of receiver operating characteristic (ROC) curves between the conventional and modified b-MIPI-based scoring systems. (A)

Predictive capability for OS and (B) PFS based on area under the curve (AUC) analysis.
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MCL patients treated with frontline dose-intensive

chemotherapy [R-hyperCVAD (cyclophosphamide, vin-

cristine, adriamycin, and dexamethasone) regimen]. In con-

trast to our study’s outcome, their results did not support

the prognostic utility of PET-CT in interim treatment evalua-

tion. Considering these previous results, our study only

included patients receiving frontline R-CHOP regimen.

Therefore, our results should be confirmed in future

prospective studies using other aggressive frontline

chemotherapy regimens, such as the cytarabine-based or

rituximab plus bendamustine regimen.

Dreyling et al., (2014b) recommended upfront auto-

HSCT in selected MCL patients to improve survival out-

comes, where a tailored therapeutic approach is important

to enhance survival outcomes. Our subgroup analysis of

the correlation between FDG metabolic responders and

auto-HSCT showed that PFS was significantly improved by

upfront auto-HSCT in those showing an early metabolic

response (Figure S4A). However, although patients with

auto-HSCT had more favourable conditions (young age or

fewer comorbidities), OS and PFS did not differ by auto-

HSCT among the delayed metabolic responders (Fig-

ure S4B). These results indirectly indicated that auto-HSCT

consolidation treatment is the most appropriate approach

for early metabolic responders. On the other hand, in

delayed metabolic responders who transitioned from iPET-

positive to ePET-negative status, auto-HSCT may not

improve the survival outcome. Taken together, these results

suggest that the patient group appropriate for auto-HSCT

should be selected more specifically; it is possible that early

metabolic responders may be more suitable for auto-HSCT

and the delayed responders more suitable for close obser-

vation after frontline chemotherapy or maintenance ther-

apy. However, it is important to verify our results based

on a future prospective study.

This study has some limitations that should be considered.

First, it was a retrospective, single-institution study without

prospective surveillance or follow-up, so bias and unmea-

sured confounding factors may have influenced our results.

Second, the statistical results regarding auto-HSCT should be

interpreted with caution because of the small number of

patients. Third, by selecting only patients who performed

iPET and ePET-CT, not all patients who received R-CHOP

chemotherapy were included; thus, selection bias was unin-

tentionally introduced.

At this time, iPET-guided treatment for MCL remains

debatable and cannot be considered a standard care in daily

practice. However, our results suggested that FDG avidity, at

the midpoint of treatment and after completion of frontline

chemotherapy, may be a significant independent prognostic

factor for OS and PFS, while dynamic serial changes in PET

response provide accurate prognostic predictions, especially

in treatment-na€ıve MCL patients receiving frontline

R-CHOP. These findings of iPET-driven strategies may pro-

vide novel interpretation methods and integrative treatment

algorithms, providing useful clinical practice insights; the

findings warrant further prospective clinical investigations.
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