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Abstract 

Background  Survival prediction accuracy of fluorine-18 fluorodeoxyglucose positron emission tomography/com-
puted tomography (18F-FDG PET/CT) in extra-nodal natural killer/T-cell lymphoma (ENKTL) is controversial. This study 
aimed to evaluate the prognostic value of 18F-FDG PET/CT parameters including maximum standardized uptake value 
(SUVmax), total metabolic tumor volume (TMTV) and total lesion glycolysis (TLG), and to develop a new prognostic 
model for ENKTL.

Methods  We analyzed 390 ENKTL patients with comprehensive clinical and survival data. All patients received 
asparaginase-based chemotherapy with or without radiotherapy, or radiotherapy alone. Metabolic tumor volume 
(MTV) was calculated using a 41% SUVmax threshold, and TLG was computed as MTV multiplied by the average SUV. 
Progression-free survival (PFS) and overall survival (OS) were assessed using Kaplan–Meier curves and compared 
with log-rank tests. Optimal cut-off values were determined using the Youden’ index. Cox regression analysis identified 
significant prognostic factors. A nomogram predicting 1-, 3-, and 5-year survival was developed and validated using 
the C-index and calibration curves. Statistical significance was set at p < 0.05.

Results  Of the 390 patients, 262 (67.2%) were included in the training set and 128 (32.8%) in the validation set. 
18F-FDG PET-CT parameters with cutoff values of SUVmax > 12.8, TMTV > 16.4 cm3, and TLG > 137.0, were significantly 
associated with poorer OS (p = 0.009) and PFS (p = 0.003). Multivariable Cox regression identified the following as 
independent predictors of worse OS: age > 60 years (HR = 1.923, 95% CI: 1.001—3.693), presence of B symptoms 
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(HR = 1.861, 1.132—3.059), ECOG score ≥ 2 (HR = 2.076, 1.165—3.699), extranodal involvement ≥ 2 sites (HR = 2.349, 
1.384—3.988), bone marrow involvement (HR = 4.884, 2.137—11.163), SUVmax > 12.8 (HR = 2.226, 1.260—3.930), 
and TMTV > 16.4 cm3 (HR = 1.854, 1.093—3.147). The new prognostic model achieved a C-index of 0.772 for OS 
and 0.750 for PFS in the training set, and 0.777 for OS and 0.696 for PFS in the validation set. Area under the curve 
(AUC) values for 1-, 3-, and 5-year OS were 0.841, 0.804, and 0.767 in the training set, and 0.718, 0.786, and 0.893 
in the validation set. Risk stratification divided patients into four groups with significant differences in survival 
(p < 0.001).

Conclusion  SUVmax, TMTV, and TLG are independent prognostic factors in ENKTL. Our new model, which integrates 
18F-FDG PET/CT metrics with clinical data, enhances survival prediction and may support personalized treatment 
strategies, though further validation is required.

Keywords  Extra-nodal natural killer/T-cell lymphoma(ENKTL), 18F-FDG PET/CT, Total metabolic tumor volume (TMTV), 
Total lesion glycolysis (TLG), SUVmax

Background
Extra-nodal natural killer/T-cell lymphoma (ENKTL) is 
a rare subtype of non-Hodgkin lymphoma characterized 
by Epstein-Barr virus (EBV)-infection and extra-nodal 
lymph node involvement [1, 2]. Fluorine-18 fluorodeoxy-
glucose (18F-FDG) positron emission tomography/com-
puted tomography (PET/CT) has become an important 
tool for staging and monitoring treatment response in 
lymphomas. 18F-FDG PET/CT offers an advantage over 
traditional imaging by quantifying metabolic activity.

While 18F-FDG PET/CT is commonly used to estimate 
progression-free survival (PFS) and overall survival (OS) 
in ENKTL, the most frequently assessed parameter is the 
maximum standardized uptake value (SUVmax). How-
ever, emerging evidence suggests that parameters reflect-
ing metabolic tumor activity may provide more accurate 
prognostic information. For instance, small studies in 
other types of lymphomas have explored the prognostic 
significance of volume-based metrics such as total meta-
bolic tumor volume (TMTV) and total lesion glycolysis 
(TLG) [3–5]. Kim et  al. demonstrated that higher val-
ues for SUVmax, MTV, and TLG were associated with 
shorter PFS and OS, whereas Pak et  al. found no such 
correlation [6, 7].

In this study, we aimed to evaluate the prognostic value 
of PET/CT parameters, including SUVmax,TMTV, and 
TLG, in ENKTL and to develop a new prognostic model 
to improve survival prediction.

Materials and methods
Patients
This study employed external validation, including 262 
newly diagnosed ENKTL patients treated between Jan-
uary 2003 and June 2023 at Sun Yat-sen University Can-
cer Center as the training set, and 128 patients from 
eight other independent centers across China during 
the same period as the validation set. Inclusion criteria 

include: (1) age > 18  years; (2) ENKTL diagnosed by 2 
experienced pathologists with discordances resolved by 
a third; There was no central review; (3)18F-FDG PET/
CT scan before starting therapy; (4) initial therapy with 
asparagine-based chemotherapy, radiation therapy or 
both. The diagnosis of ENKTL for all patients was con-
firmed or reclassified based on the 2016 World Health 
Organization (WHO) Classification of Lymphoid Neo-
plasms to ensure consistency across the cohort [8]. 
Similarly, treatment responses for all patients, includ-
ing those treated before 2014, were retrospectively 
assessed using the 2014 Lugano classification to main-
tain a uniform evaluation framework [9].

18F‑FDG PET/CT and other co‑variates
Fluorine-18 fluorodeoxyglucose was administered 
intravenously after confirming normal blood glucose 
levels were within the normal range (4–7  mmol/L) to 
ensure accurate PET/CT imaging results [10]. PET/CT 
scans were done 60  min post-injection using a dedi-
cated scanner (Discovery ST, GE Healthcare, Wauke-
sha, WI, USA or Biograph mCT, Siemens Healthcare, 
Henkestr, Germany). Continuous emission scanning 
images from the base of the skull to the proximal thigh, 
were acquired and images reconstructed using an itera-
tive algorithm that employs ordered subset expecta-
tion maximization [11]. PET acquisition was done in 
3D mode with 5 min per bed position. CT images were 
acquired at 140  kV, 150–160  mA, and a 5-mm slice 
thickness [12].

18F-FDG PET/CT data were evaluated by 2 expert 
nuclear medicine physicians with discordances resoled 
by a third. Other co-variates include subject baseline co-
variates, EBV-infection incidence, disease stage and B 
symptoms etc. (Table 1). Plasma EBV-DNA was quanti-
fied via polymerase chain reaction (qPCR), with positive 
detection defined as EBV-DNA presence [13].
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Table 1  Characteristics of patients in the training and validation cohort

The p-value comparing training and validation cohort was calculated via the chi-square test

Abbreviations: ECOG Eastern Cooperative Oncology Group performance status, EBV Epstein-Barr virus, SUVmax maximum standardized uptake value, TMTV total 
metabolic tumor volume, TLG total lesion glycolysis, IPI International Prognostic Index, KPI Korean Prognostic Index, PINK/PINKE Prognostic Index for Natural Killer cell 
lymphoma (E denotes inclusion of EBV-DNA level), NRI Nomogram—Revised Risk Index

Characteristics Total
(n = 390)

Training cohort
(n = 262,67.2%)

Validation cohort
(n = 128,32.8%)

p

Age > 60 years 64 (16.4) 35 (13.4) 29 (22.7) 0.020

Male sex 253 (64.9) 170 (64.9) 83 (64.8) 0.994

B symptoms 170 (43.6) 117 (44.7) 53 (41.4) 0.543

ECOG ≥ 2 74 (19.0) 43 (16.4) 31 (24.2) 0.065

III- IV stage 116 (29.7) 72 (27.5) 44 (34.4) 0.162

Primary site in other sites 75 (19.2) 57 (21.8) 18 (14.1) 0.070

Local invasion 254 (65.1) 173 (66.0) 81 (63.3) 0.593

Regional lymph node involvement 199 (51.0) 136 (51.9) 63 (49.2) 0.618

Distant lymph node involvement 77 (19.7) 56 (21.4) 21 (16.4) 0.247

Extranodal involvement(s) > = 2 128 (32.8) 87 (33.2) 41 (32.0) 0.817

Bone marrow involvement 33 (8.5) 11 (4.2) 22 (17.2)  < 0.001

Lactic dehydrogenase Elevated 142 (36.4) 85 (32.4) 57 (44.5) 0.020

EBV-DNA
  Positive 252 (61.3) 189 (72.1) 63 (49.2) 0.016

  Unknowen 57 (17.6) 12 (4.5) 45 (35.1)  < 0.001

SUVmax > 12.8 204 (52.3) 155 (59.2) 49 (38.3)  < 0.001

TMTV > 16.4 cm3 201 (51.5) 120 (45.8) 81 (63.3) 0.001

TLG > 137.0 167 (42.8) 119 (45.4) 48 (37.5) 0.138

IPI 0.027

  Low risk 253 (64.9) 182 (69.5) 71 (55.5)

  Medium risk 69 (17.7) 41 (15.6) 28 (21.9)

  Medium to high risk 46 (11.8) 24 (9.2) 22 (17.2)

  High risk 22 (5.6) 15 (5.7) 7 (5.5)

KPI 0.113

  Group 1 93 (23.9) 67 (25.6) 26 (20.3)

  Group 2 109 (28.0) 67 (25.6) 42 (32.8)

  Group 3 84 (21.5) 63 (24.1) 21 (16.4)

  Group 4 104 (26.7) 65 (24.8) 39 (30.5)

PINK 0.548

  Low risk 189 (48.5) 132 (50.4) 57 (44.5)

  Medium risk 109 (28.0) 71 (27.1) 38 (29.7)

  High risk 92 (24.0) 59 (22.5) 33 (25.8)

PINKE 0.080

  Low risk 55 (16.5) 15 (18.1) 40 (16.0)

  Medium risk 125 (37.5) 22 (26.5) 103 (41.2)

  High risk 78 (23.4) 21 (25.3) 57 (22.8)

NRI 0.038

  Low risk 65 (16.7) 17 (13.3) 48 (18.3)

  Low to medium risk 71 (18.2) 22 (17.2) 49 (18.7)

  Medium to high risk 93 (23.9) 24 (18.8) 69 (26.3)

  High risk 71 (18.2) 24 (18.8) 47 (17.9)

  Very high risk 90 (23.1) 41 (32.0) 49 (18.7)
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Image acquisition
Lesions were semi-automatically delineated using a vol-
ume of interest (VOI) based on axial, coronal, and sagit-
tal PET/CT images. A cross-sectional circle was placed 
on each image, covering the lesion in all three planes. 
The VOI boundaries were manually adjusted to exclude 
physiological uptake near the lesion. The 41% SUVmax 
threshold, as recommended by the European Association 
of Nuclear Medicine, was used to define the VOI [10]. 
SUVmax and MTV for each lesion were recorded, while 
TLG was calculated as the product of SUVmean and 
MTV. These calculations were performed automatically 
using the Xeleris workstation (GE Medical Systems) [10].

Statistics
Baseline characteristics were compared using the chi-
square test. PFS was defined as the time from diagnosis 
to disease progression, recurrence, death, or last follow-
up. OS was defined as the time from diagnosis to death 
from any cause or last follow-up. For PET/CT param-
eters (SUVmax, TMTV, and TLG), receiver operating 
characteristic (ROC) curves were generated using the 
pROC package (version 1.15.3) in R to determine optimal 
cutoff values. Univariable and multivariable Cox regres-
sion analyses, using the Forward LR method, were con-
ducted to identify independent prognostic factors [4]. 
Significant variables (p < 0.05) from univariable analysis 
were included in the multivariable analysis. A nomogram 
was constructed to predict 1-, 3-, and 5-year survival 
rates, assigning weights based on hazard ratios (HR). 
The nomogram’s performance was assessed using the 
C-index and calibration curves, while net reclassification 
improvement (NRI) was used to evaluate predictive capa-
bility and net benefit. All analyses were repeated 1,000 
times using Bootstrap resampling to minimize bias. Risk 
groups in the modeling set were stratified based on total 
scores, and survival differences between groups were 
compared using Kaplan–Meier curves and the log-rank 
test. DeLong’s test was conducted to compare the AUC 
values between the new model and existing models [14]. 
Data analysis was performed using R (version 4.0.3) and 
SPSS (version 25, IBM Corp, Armonk, NY), with statisti-
cal significance set at p < 0.05 [15, 16].

Results
Patient characteristics
In the training set (n = 262), 35 patients (13.4%) were over 
60  years old, compared to 29 (22.7%) in the validation 
set (n = 128) (p = 0.020). In the training set, 170 patients 
(64.9%) were male, compared to 83 (64.8%) in the vali-
dation set (p = 0.994). Stage III/IV disease was present 
in 72 patients (27.5%) in the training set and 44 (34.4%) 
in the validation set (p = 0.150). Non-nasal primary sites 

were observed in 57 patients (21.8%) in the training set 
and 18 (14.1%) in the validation set (p = 0.070). Bone 
marrow involvement was significantly more common in 
the validation set, occurring in 22 patients (17.2%) com-
pared to 11 patients (4.2%) in the training set (p < 0.001). 
These results indicate that the baseline characteristics of 
the two cohorts are largely comparable. Detailed patient 
characteristics are provided in Table 1.

18F‑FDG PET/CT co‑variates
The median values for 18F-FDG PET/CT parameters in 
the training set were: SUVmax = 14.1 (IQR: 10.3–18.6), 
TMTV = 15.0 cm3 (IQR: 7.0–34.0), and TLG = 118.4 
(IQR: 45.2–262.4). The AUCs for SUVmax, TMTV, and 
TLG were 0.59, 0.62, and 0.65, respectively, indicat-
ing their classification abilities. The optimal cutoff val-
ues were 12.8 for SUVmax (sensitivity: 0.73, specificity: 
0.46), 16.4 cm3 for TMTV (sensitivity: 0.64, specificity: 
0.61), and 137.0 for TLG (sensitivity: 0.64, specificity: 
0.61). Kaplan–Meier survival plots (Fig.  1) revealed sig-
nificant differences in PFS (p = 0.003) and OS (p = 0.009) 
between patients with low and high SUVmax. For TMTV 
and TLG, all p-values for both PFS and OS were less than 
0.001.

Model construction and validation
Univariate analysis identified all clinical and PET/CT 
parameters, except for sex (p = 0.910), as significant 
predictors (p < 0.05). These variables were included in 
the multivariable Cox regression analysis (Table  2), 
which identified the following predictors of poor OS: 
age > 60  years (HR = 1.923, 95% CI: 1.001–3.693), pres-
ence of B symptoms (HR = 1.861, 95% CI: 1.132–3.059), 
ECOG ≥ 2 (HR = 2.076, 95% CI: 1.165–3.699), extran-
odal involvement ≥ 2 sites (HR = 2.349, 95% CI: 1.384–
3.988), bone marrow involvement (HR = 4.884, 95% CI: 
2.137–11.163), SUVmax > 12.8 (HR = 2.226, 95% CI: 
1.260–3.930), and TMTV > 16.4 cm3 (HR = 1.854, 95% 
CI: 1.093–3.147). These variables were integrated into a 
nomogram for predicting 1-, 3-, and 5-year OS in ENKTL 
patients (Fig.  2). Calibration plots (Fig.  3) showed good 
agreement between predicted and observed survival 
probabilities at 1, 3, and 5  years. ROC curves (Fig.  4) 
indicated AUCs for OS at 1, 3, and 5 years in the train-
ing cohort were 0.841, 0.804, and 0.767, respectively, and 
for PFS, 0.832, 0.778, and 0.754. In the validation cohort, 
AUCs for OS were 0.718, 0.786, and 0.893, and for PFS, 
0.672, 0.695, and 0.822.

Comparison with existing models
The new model outperformed the International Prog-
nostic Index (IPI), Korean Prognostic Index (KPI), 
Prognostic Index of Natural Killer Lymphoma with or 
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without EBV DNA (PINK/PINK-E), and the Nomo-
gram—Revised Risk Index (NRI) models in terms of 
both C-index and AUC values for predicting OS and PFS 
at 1, 3, and 5  years. For the training set, in 1000 boot-
strap samples, the new model has the highest Harrell’s 
C-index for OS (0.772, 95% CI: 0.730—0.837) and PFS 

(0.750, 95% CI: 0.711—0.780), outperforming the IPI (OS: 
0.686, PFS: 0.689), KPI (OS: 0.700, PFS: 0.703), PINK (OS: 
0.661, PFS: 0.664), and NRI(OS: 0.717, PFS: 0.734) mod-
els (Table 3). Similarly, the new model shows higher AUC 
values across 1, 3, and 5  years in the training set, with 
OS (1-year: 0.841, 3-year: 0.804, 5-year: 0.767) and PFS 

Fig. 1  Kaplan–Meier survival plots based on dichotomized 18F-FDG PET/CT Parameters using cut-off. Abbreviations: SUVmax, maximum 
standardized uptake value; TMTV, total metabolic tumor volume; TLG, total lesion glycolysis

Table 2  Univariate and multivariate analysis for OS in the training cohort

Abbreviations: OS overall survival, HR hazard ratio, 95% CI 95% confidence interval

Characteristics Univariate analysis Multivariate analysis

HR (95% CI) p-value HR (95% CI) p-value

Age > 60 years 2.120(1.179—3.812) 0.012 1.923(1.001—3.693) 0.049

B symptoms 2.106(1.301—3.409) 0.002 1.861(1.132—3.059) 0.014

ECOG > = 2 2.895(1.721—4.868)  < 0.001 2.076(1.165—3.699) 0.013

III-IV stage 2.380(1.454—3.897) 0.001 0.569(0.267—1.212) 0.144

Primary site in other sites 2.452(1.509—3.982)  < 0.001 1.422(0.762—2.654) 0.268

Local invasion 2.208(1.261—3.865) 0.006 0.777(0.402—1.502) 0.454

Regional lymph node involvement 3.121(1.832—5.317)  < 0.001 1.662(0.917—3.013) 0.094

Distant lymph node involvement 2.979(1.820—4.876)  < 0.001 0.909(0.438—1.884) 0.797

Extranodal involvement(s) > = 2 3.064(1.903—4.934)  < 0.001 2.349(1.384—3.988) 0.002

Bone marrow involvement 5.768(2.733—12.174) 0.000 4.884(2.137—11.163)  < 0.001

Lactic dehydrogenase Elevated 2.012(1.242—3.260) 0.005 1.174(0.690—1.997) 0.554

SUVmax > 12.8 2.172(1.282—3.681) 0.004 2.226(1.260—3.930) 0.006

TMTV > 16.4 cm3 2.913(1.779—4.770)  < 0.001 1.854(1.093—3.147) 0.022

TLG > 137.0 2.745(1.682—4.480)  < 0.001 0.937(0.439—2.000) 0.866
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(1-year: 0.832, 3-year: 0.778, 5-year: 0.754). In the vali-
dation set, the new model also excels with a C-index for 
OS of 0.777 (95% CI: 0.661—0.873) and for PFS of 0.696 
(95% CI: 0.600—0.787), surpassing the IPI (OS: 0.731, 
PFS: 0.709), KPI (OS: 0.745, PFS: 0.687), PINK (OS: 0.702, 
PFS: 0.673),and NRI (OS: 0.726, PFS:0.723) models. Fur-
thermore, it has consistently higher AUCs for OS (1-year: 
0.718, 3-year: 0.766, 5-year: 0.893) and PFS (1-year: 0.672, 

3-year: 0.695, 5-year: 0.822), highlighting its improved 
prognostic capabilities (Figure S1 and S2).

To further validate these results, DeLong’s test was 
applied to compare the AUC values of the new model 
with those of existing models in the full dataset. For 
OS, the new model showed significantly higher AUC 
values compared to the IPI (p < 0.001), KPI (p = 0.011), 
PINK (p = 0.001), and NRI (p = 0.002) models. For PFS, 

Fig. 2  Nomogram for predicting 1-year, 3-year, and 5-year overall survival rates in training cohort

Fig. 3  Calibration plots for 1-year, 3-year, and 5-year overall survival
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significant differences were observed between the new 
model and the IPI (p = 0.004) and PINK (p = 0.014) 
models.

Construction and validation of the risk stratification model
Based on the hazard ratio (HR) estimates, bone mar-
row involvement (HR = 4.884) was assigned a weight 
of 2, while age > 60  years, B symptoms, ECOG ≥ 2, 

Fig. 4  A and B indicate the ROC curves for OS and PFS in the training cohort, C and D indicate the ROC curves for OS and PFS in the validation 
cohort. Abbreviations: AUC: area under the curve; ROC: receiver operating characteristic; OS: overall survival; PFS: progression-free survival

Table 3  The C-index values of models for OS and PFS

Model Training set Validation set

OS PFS OS PFS

IPI 0.686 (0.617—0.754) 0.689 (0.631—0.744) 0.732 (0.628—0.829) 0.696 (0.600—0.785)

KPI 0.700 (0.636—0.764) 0.703 (0.652—0.754) 0.745 (0.633—0.844) 0.692 (0.592—0.772)

PINK 0.661 (0.580—0.731) 0.664 (0.605—0.718) 0.701 (0.595—0.801) 0.660 (0.560—0.759)

NRI 0.718 (0.654—0.778) 0.734 (0.683—0.784) 0.737 (0.621—0.844) 0.721 (0.631—0.809)

New model 0.772 (0.730—0.837) 0.750 (0.711—0.780) 0.777 (0.661—0.833) 0.696 (0.600—0.787)
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extranodal involvement ≥ 2 sites, SUVmax > 12.8, and 
MTV > 16.4 cm3 were assigned a weight of 1. Patients in 
the training cohort were stratified into four risk groups: 
(1) low-risk (Score 0–1, n = 96, 36.6%), (2) low-interme-
diate-risk (Score 2–3, n = 120, 45.8%), (3) intermediate-
high-risk (Score 4–5, n = 39, 14.9%), and (4) high-risk 
(Score 7, n = 27, 2.7%). Kaplan–Meier survival analysis 
showed significant differences in OS and PFS among 
the four groups (Fig.  5A and B). In the validation 
cohort, Group 2 tended to have worse OS compared to 
Group 1 (p = 0.174), while Groups 3 and 4 showed sig-
nificant differences (p < 0.001) (Fig. 5C and D).

Impact of treatments across risk stratifications
To ensure sufficient data for all three treatment modali-
ties within each risk stratum, we combined the training 
and validation sets for analysis. Figure  6 illustrates the 
impact of different treatment strategies on OS and PFS 
across various risk strata. In the  low-risk group, no sig-
nificant differences in OS or PFS were observed among 
radiotherapy (RT), chemotherapy (CT), and combined 
chemoradiotherapy (CRT) (p > 0.05). In the intermediate-
low risk group, CRT significantly improved OS compared 
to RT (p = 0.012) and CT (p = 0.011), and PFS compared 
to CT (p = 0.005), with no significant differences between 
RT and CT or RT and CRT for PFS (p > 0.05). In the inter-
mediate-high risk group, CRT demonstrated significantly 

Fig. 5  A and B indicate overall and progression-free survival according to new model in the validation cohort, and C and D indicate overall 
and progression-free survival according to new model in the validation cohort. Abbreviations: OS, overall survival; HR, hazard ratio; 95% CI, 95% 
confidence interval
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Fig. 6  Kaplan–Meier curves for OS and PFS by treatment modality across risk groups based on the new model. A–D K-M curves for OS 
in the low-risk (A), intermediate-low risk (B), intermediate-high risk (C), and high-risk (D) groups by treatment modality; E–H K-M curves for PFS 
in the low-risk (E), intermediate-low risk (F), intermediate-high risk (G), and high-risk (H) groups by treatment modality. Abbreviations: OS, overall 
survival; PFS, progression-free survival; RT, radiotherapy; CT, chemotherapy; CRT, combined chemoradiotherapy
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better OS outcomes versus RT (p < 0.001) and CT 
(p = 0.024), and superior PFS outcomes compared to RT 
(p = 0.003), but no significant differences were observed 
between RT and CT or CT and CRT for PFS (p > 0.05). In 
the high-risk group, CRT showed a non-significant trend 
toward better OS than CT alone (p = 0.185), with no sig-
nificant differences in PFS among treatments (p > 0.05).

Discussion
Although extensive data support the prognostic value 
of 18F-FDG PET/CT parameters in various lympho-
mas, including Hodgkin lymphoma, diffuse large B-cell 
lymphoma, follicular lymphoma, and peripheral T-cell 
lymphoma, there are limited data for ENKTL [17–19]. 
SUVmax reflects the peak uptake at one site, while MTV 
quantifies tumor volume, and TLG captures both tumor 
volume and metabolic activity, offering a comprehensive 
picture of tumor burden [20]. Most studies focused on 
SUVmax. Our data findings suggest 18F-FDG PET/CT 
baseline metabolic tumour volume and total lesion gly-
colysis correlate with PFS and OS and developed a new 
prognostic model in ENKTL.

Several studies have reported divergent prognostic 
implications of MTV and TLG in lymphomas. Li et  al. 
demonstrated a strong association between high SUV-
max values and worse PFS and OS in 171 newly diag-
nosed ENKTL patients [21]. Chang et al. identified high 
TLG values as predictors of worse PFS and OS in 52 
newly diagnosed ENKTL patients, noting high SUVmax 
but not MTV as predictive of poor PFS [22]. Kim et  al. 
reported that high MTV was the strongest predictor of 
PFS and OS in 20 newly diagnosed ENKTL patients, with 
SUVmax and TLG also significantly correlated with PFS 
[7]. These authors found that SUVmax, MTV, and TLG 
independently predicted PFS and OS in univariable anal-
yses. The discrepancies between these studies likely stem 
from different methods used to define the VOI, result-
ing in varying cutoff values and the small sample sizes in 
some cohorts.

Multiple prognostic models for ENKTL have been pro-
posed, including the IPI, KPI, PINK/PINK-E, and the 
NRI. The IPI tends to predict better outcomes for low-
risk patients, but its uneven distribution across risk cat-
egories, with approximately 80% of patients classified as 
low-risk, may underestimate disease aggressiveness in 
some individuals. The KPI offers greater accuracy but is 
limited to nasal NKTL [23–25]. The NRI scoring system, 
while incorporating useful risk factors, was developed 
based on a cohort where 64% of patients received CHOP 
(cyclophosphamide, doxorubicin, vincristine, and pred-
nisolone) or similar therapies, which are now considered 
suboptimal for ENKTL [26, 27].

We developed a new prognostic model that incorpo-
rates key clinical and PET/CT parameters, including 
age > 60 years, presence of B symptoms, ECOG score ≥ 2, 
extranodal involvement ≥ 2 sites, SUVmax > 12.8, and 
TMTV > 16.4 cm3. This model demonstrated superior 
predictive accuracy for both OS and PFS compared to 
existing models, with C-statistics of 0.722 for OS and 
0.750 for PFS in the training set, and 0.777 for OS and 
0.696 for PFS in the validation set.

The proposed risk stratification model offers insights 
into optimizing treatment strategies for ENKTL patients 
but requires cautious interpretation. For low-risk 
patients, the lack of significant differences in OS or PFS 
among RT, CT, and CRT suggests that intensive combina-
tion therapies may not be necessary, potentially sparing 
these patients from unnecessary toxicity. In intermedi-
ate—low risk and intermediate—high risk groups, CRT 
showed improved survival outcomes compared to RT 
or CT, indicating its potential as a preferred approach. 
In the high-risk group, the non-significant trend toward 
better OS with CRT compared to CT alone, coupled 
with no observable differences in PFS among treatments, 
highlights the challenges in managing this population, 
such as hematopoietic stem cell transplantation (HSCT), 
immune checkpoint inhibitors, or CAR-T cell therapy, 
may offer potential benefits and warrant further investi-
gation in clinical trials [28, 29].

Our study advances previous research by integrat-
ing SUVmax, TMTV, and TLG with clinical factors to 
develop a robust prognostic model that stratifies ENKTL 
patients into four risk groups. Our model offers a prac-
tical framework for personalized treatment, enabling 
therapy de-escalation for low-risk patients and novel 
strategies for high-risk cases. The use of a larger multi-
center cohort and rigorous validation enhances its reli-
ability and clinical applicability, bridging gaps in existing 
literature and providing actionable insights for improved 
patient outcomes.

Despite the promising performance of our model, this 
study has several limitations. First, technical variability 
in measuring PET/CT parameters across different cent-
ers may affect the consistency of the data. Additionally, 
treatment protocols were not fully standardized among 
the centers, which could have introduced variability in 
patient management. Although our sample size is rela-
tively large, it may still limit the external generalizabil-
ity of the results. Finally, the retrospective nature of the 
study may introduce bias, underscoring the need for pro-
spective studies to validate our findings.

In summary, we validated the independent prog-
nostic significance of SUVmax, TMTV, and TLG in 
ENKTL patients and developed a nomogram that 
incorporates these 18F-FDG PET/CT parameters with 
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clinical factors, demonstrating improved accuracy in 
predicting survival. While our model has been exter-
nally validated, further prospective studies are neces-
sary to confirm its prognostic utility and applicability in 
broader clinical settings.
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