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[ Abstract | Background and purpose: In mantle cell lymphoma (MCL), bone marrow involvement is prevalent. Currently, bone
marrow biopsy (BMB) is considered the gold standard for detecting bone marrow involvement. However, BMB is associated with a
high risk of false-negative results and can cause discomfort and pain. Meanwhile, the prognostic value of bone marrow involvement
remains ambiguous. Therefore, this research aims to explore the clinical significance of flow cytometry (FCM) in the diagnosis of
bone marrow involvement and prognostic evaluation of MCL, and further investigate the association between bone marrow
involvement and the prognosis. Methods: A retrospective analysis was conducted on patients with newly diagnosed MCL who were
treated at the First Affiliated Hospital of Zhengzhou University from January 2010 to April 2024. Among them, patients had pre-
treatment '*F-fluorodeoxyglucose positron emission tomography/computed tomography (“*F-FDG PET/CT), bone marrow
examination results as well as effective follow-up data. Receiver operating characteristic (ROC) curve analysis was conducted to
determine the optimal diagnostic threshold for FCM positive, paired y* test was employed to analyze the sensitivity and specificity,
survival analysis was performed using the Kaplan-Meier method, and independent prognostic risk factors affecting progression-free
survival (PFS) and overall survival (OS) were analyzed using the COX regression model. A nomogram was constructed to predict
prognosis and was verified using ROC curves, calibration curves, and restricted cubic splines (RCS). Results: A total of 97 patients
were enrolled in this study. The various ratios of lymphoma cells detected by FCM were fitted with BMB results to construct the
ROC curve. Through this analysis, a ratio of lymphoma cells >5.31% was determined as the threshold to define the FCM positive.
Based on this standard, the sensitivity of FCM increased to 93.3% (42/45), and the specificity was 73.1% (38/52). The positive
predictive value (PPV) was 75.0% (42/56), and the negative predictive value (NPV) was 92.7% (38/41). Whether bone marrow
involvement was positive or negative, as determined by BMB, PET/CT and FCM, there was no significant impact on the PFS (0.956,
0.964 and 0.748 respectively) and OS (0.900, 0.852 and 0.145 respectively) of patients. The PFS and OS rates for the group with a
ratio of lymphoma cells >230.0% were significantly shorter compared to those in the control group (2-year PFS rate: 42.4% vs 62.5%,
P=0.010; 2-year OS rate: 63.6% vs 82.8%, P=0.011). Multivariate analysis showed that age, mantle cell lymphoma international
prognostic index (MIPI) score =6 and morphological variants were independent prognostic risk factors for PFS and OS (All P <
0.05), and a ratio of lymphoma cells >30% was solely an independent prognostic risk factor for PFS. The PFS risk prediction model
was constructed by incorporating collected potential prognostic variables. The results indicated that age, MIPI score, MCL
pathological classification, and the ratio of lymphoma cells all demonstrated excellent predictive performance within the model.
Subsequent multi-dimensional validation of the predictive model and the clinical significance of the ratio of lymphoma cells in bone
marrow fluid revealed a strong alignment with the research findings. Conclusion: In MCL, conventional qualitative assessments of
bone marrow involvement have no impact on survival prognosis. The ratio of lymphoma cells in bone marrow fluid exhibits
considerable clinical utility in both the diagnosis of bone marrow involvement and the assessment of prognosis, and it retains stable
and robust predictive performance when incorporated into the prognostic model and adjusted for other confounding variables,
indicating its precise, objective clinical utility.

[ Key words | Mantle cell lymphoma; '*F-fluorodeoxyglucose positron emission tomography/computed tomography; Bone marrow

biopsy; Flow cytometry; Bone marrow involvement; Diagnosis; Prognosis
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341 patients with pathologically confirmed MCL in The First Affiliated Hospotal of

Zhengzhou University from January 2010 to April 2024

/

120 patients with complete clinical data |

/

e

221 patients were excluded:
(1) No available PET/CT imaging data prior to treatment: N=126 (57%);
2) No effective BMB or FC examination results prior to treatment: N=64 (29%);

3) Complicated by other hematological diseases or malignant tumors: N=31 (14%)

97 patients were included in the study analysis | | Survival follow-up data were unavailable for 23 patients

E1

BEMNFIHBRRIZE

Fig. 1 Diagram of patient inclusion and exclusion
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CT BAPEZH 25 1 2 4F PFS 1 OS 30514 54.9%
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Tab3 Baseline analyses across different patient subgroups

[n (%) ]
Characteristic PET/CT BMB Ratio of lymphoma cells FCM
+ P value Pvalue <30%  >30% P value - + P value
Age/year 0.098 0.617 0.959 0.836
<65 27 (58.7) 38 (74.5) 36 (69.2) 29 (64.4) 43 (67.2) 22 (66.7) 27 (65.9) 38 (67.9)
>65 19 (41.3) 13 (25.5) 16 (30.8) 16 (35.6) 21(32.8) 11(33.3) 14 (34.1) 18(32.1)
Morphological variants 0.665 0.875 0.129 0.933
Classical 34 (73.9) 35 (68.6) 37(71.2) 32(71.1) 47 (73.4) 22 (66.7) 30 (73.2) 39 (69.6)
Pleomorphic-blastoid 9 (19.6) 14 (27.5) 13 (25.0) 10(22.2) 12 (18.8) 11(33.3) 9(22.0) 14 (25.0)
NA 3(6.5) 2(3.9) 2(3.8) 3(6.7) 5(7.8)  0(0.0) 249 354
Ki-67 proliferation index 0.073 0.094 0.464 0.839
<40% 38 (82.6) 34 (66.7) 35(67.3) 37(82.2) 49 (76.6) 23 (69.7) 30(73.2) 42(75.0)
>40% 8(17.4) 17(33.3) 17 (32.7) 8(17.8) 15(23.4) 10(30.3) 11 (26.8) 14 (25.0)
Ann Arbor stage 0.176 0.074 0.111 0.009
-1 5(10.9) 1(2.0) 50.6) 1(2.2) 6(9.4) 0(0.0) 6(14.6) 0(0.0)
] 4187 359 6(11.5) 122 6094 1@3.0 3(7.3) 4(7.))
v 37 (80.4) 47 (92.2) 41 (78.8) 43 (95.6) 52 (81.3) 32(97.0) 32(78.0) 52(92.9)
Number of extranodal sites 0.365 0.923 0.799 0.873

<2

>2
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14 (30.4) 20 (39.2)

34 (65.4) 29 (64.4)

18 (34.6) 16 (35.6)

41 (64.1) 22 (66.7)

23(35.9) 11(33.3)

27 (65.9) 36 (64.3)

14 (34.1) 20 (35.7)

NRRBEBEFCM ARG SRR, 2
ST B BRI R AN F I T T SR
N, 24LL30.0% A AR, bk R 20 A g <
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HE i3 L (P=0.010 #10.011, [#4), Hr,
VP L8820 it 151 <30.0% A9 5 3 64 451] (65.9%)
24F- PFS M1 0OS 433120 62.5% F182.8%; L. fiil>
30.0% A A 3301 (34.1%), 24FEPFS R F10S
AR 42.4% F163.6%.
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Fig. 3 Survival analysis of PFS and OS among different groups classified based on the results of BMB, FCM and PET/CT

A: PFS between group BMB" and BMB; B: OS between group BMB" and BMB'; C: PFS between group FCM' and FCM™; D: OS between group
FCM' and FCM’; E: PFS between group PET/CT" and PET/CT; F: OS between group PET/CT" and PET/CT; HR: Hazard ratio.
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Fig. 4 Prognostic analysis of PFS and OS among different groups divided by a lymphoma cell ratio of 30% in bone marrow fluid
A: PFS between groups with the ratio of lymphoma cells <30.0% and =30%; B: OS between groups with the ratio of lymphoma cells <30.0% and >

30%.
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Tab. 4 Univariate and multivariate analyses of clinical factors associated with PFS

Univariate analysis Multivariate analysis
Factor 7 VA P
B SE Pvalue  HR (95% CI) B SE HR (95% CI)
value value value
MIPI score
0-5 1.00 (reference) 1.00 (reference)
6-11 144 035 415 <0.001 4.22(2.14-8.33) 1.29 039 329 0.001 3.63(1.68-7.84)
BMB
BMB" 1.00 (reference)
BMB* -0.04 030 -0.12 0.906 0.97 (0.53-1.74)
Ki-67 proliferation index
>40% 1.00 (reference) 1.00 (reference)
<40% -0.68 031 -2.19 0.028 0.50 (0.27-0.93) -0.58 038 -1.51 0.132  0.56(0.26-1.19)
Agelyear
>65 1.00 (reference) 1.00 (reference)
<65 -0.65 031 -2.14 0.032 0.52 (0.29-0.95) -0.69 034 -2.04 0.041  0.50(0.26-0.97)
WBC count
<6.70 1.00 (reference)
>6.70 031 028 1.09 0.274 1.37 (0.78-2.39)
Morphological variants
Classical 1.00 (reference) 1.00 (reference)
Pleomorphic-blastoid 1.17 031 3.81 <0.001 3.23 (1.77-5.90) 0.97 037 2.63 0.008  2.65(1.28-5.46)
Ratio of lymphoma cells
<30% 1.00 (reference) 1.00 (reference)
230% 087 031 2.82 0.005 2.39 (1.31-4.39) 0.86 034 255 0.011  2.36(1.22-4.56)
Number of extranodal sites
>2 1.00 (reference)
<2 -0.33 029 -1.14 0.255 0.72 (0.41-1.27)
Hazard classification for PET/CT
High risk 1.00 (reference) 1.00 (reference)
Low risk -0.64 032 -2.03 0.042 0.53(0.28-0.98) -0.06 033 -0.18 0.856  0.94(0.49-1.81)
PLT -0.00 0.00 -1.29 0.197 1.00 (0.99-1.00)
HGB -0.01  0.01 -1.28 0.200 0.99 (0.98-1.00)
BM SUV, . /liver SUV, .. 0.08 0.10 0.82 0412 1.08 (0.90-1.30)
Ag= SUVeu  Morphalogical variants Lof = Lof - - 30 - P for ovenall=0.018
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Fig. 5 Nomogram for the prediction of the 2-year PFS rate and the validation of accuracy, predictive performance, and rationality within
the prognostic model

A: Nomogram for 2-year PFS rate; B: Verification of the accuracy; C: Assessment of the predictive performance; D: Analysis of RCS between the
ratio of lymphoma cells and PFS.
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Tab.5 Univariate and multivariate analyses of clinical factors associated with OS

Univariate analysis Multivariate analysis

Factor B SE z P value HR (95% CI) B SE z P HR (95% CI)
value value value
MIPI score
0-5 1.00 (reference) 1.00 (reference)
6-11 129 042  3.10 0.002  3.63(1.60-8.20) 1.06 051 2,09 0.036  2.89(1.07-7.82)
BMB
BM™ 1.00 (reference)
BMB" 0.09 039 023 0819 1.09(0.51-2.34)
Ki-67 proliferation index
>40% 1.00 (reference) 1.00 (reference)
<40% -1.10 040 -2.79 0.005  0.33(0.15-0.72) -1.04 053  -1.96 0.050  0.35(0.13-0.99)
Agelyear
>65 1.00 (reference) 1.00 (reference)
<65 -095 039 -245 0.014  0.39(0.18-0.83) -1.25 047 -2.67 0.008  0.29(0.11-0.72)
WBC
<6.70 1.00 (reference)
>6.70 039 038 1.02 0309 1.48(0.70-3.13)
Morphological variants
Classical 1.00 (reference) 1.00 (reference)
Pleomorphic-blastoid 1.42 040 358 <0.001 4.13(1.90-8.99) 1.27 051 250  0.013  3.57(1.31-9.67)
Ratio of lymphoma cells
<30% 1.00 (reference) 1.00 (reference)
=30% 092 040 233 0.020 2.51(1.16-5.44) 084 044 192 0.054 2.32(0.98-5.49)
Number of extranodal sites
>2 1.00 (reference)
<2 -042 038 -1.09 0277  0.66 (0.31-1.40)
Hazard classification for PET/CT
High risk 1.00 (reference) 1.00 (reference)
Low risk -0.81 040 -2.01 0.045 0.45 (0.20-0.98) -0.23 043 -0.53 0.595 0.80 (0.35-1.84)
PLT -0.00  0.00 -0.69 0.489  1.00 (0.99-1.00)
HGB -0.01 0.0 -1.46 0.144  0.99 (0.98-1.00)
BM SUV,,/liver SUV, . 0.15 0.09 159 0.112 1.16 (0.97-1.39)
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