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A B S T R A C T

Background and purpose: Induction chemotherapy (IC) before concurrent chemoradiotherapy does not universally 
improve long-term overall survival (OS) in locoregionally advanced nasopharyngeal carcinoma (LANPC). Con
ventional risk stratification often yields suboptimal IC decisions. Our study introduces a ternary classification of 
predicted individual treatment effect (PITE) to guide personalized IC decisions.
Materials and methods: A two-center retrospective analysis of 1,213 patients with LANPC was conducted to 
develop and validate prognostic models integrating magnetic resonance imaging and clinical data to estimate 
individual 5-year OS probabilities for IC and non-IC treatments. Differences in these probabilities defined PITE, 
facilitating patient stratification into three IC recommendation categories. Model effectiveness was validated 
using Kaplan–Meier estimators, decision curve-like analysis, and evaluations of variable importance and 
distribution.
Results: The models exhibited strong predictive performance in both treatments across training and cross- 
validation sets, enabling accurate PITE calculations and patient classification. Compared with non-IC treat
ment, IC markedly improved OS in the IC-preferred group (HR = 0.62, p = 0.02), had no effect in the IC-neutral 
group (HR = 1.00, p = 0.70), and worsened OS in the IC-opposed group (HR = 2.00, p = 0.03). The ternary PITE 
classification effectively identified 41.7 % of high-risk patients not benefiting from IC, and yielded a 2.68 % 
higher mean 5-year OS probability over risk-based decisions. Significantly increasing distributions of key 
prognostic indicators, such as metastatic lymph node number and plasma Epstein–Barr virus DNA level from IC- 
opposed to IC-preferred groups, further validated the clinical relevance of PITE classification.
Conclusion: The ternary PITE classification offers an accurate and clinically advantageous approach to guide 
personalized IC decision-making in patients with LANPC.

Abbreviation: CCRT, concurrent chemoradiotherapy; CI, confidence interval; C-index, concordance index; EBV, Epstein–Barr virus; HR, hazard ratio; IC, induction 
chemotherapy; LANPC, locoregionally advanced nasopharyngeal carcinoma; LASSO, least absolute shrinkage and selection operator; MRI, magnetic resonance 
imaging; NPC, nasopharyngeal carcinoma; OS, overall survival; PITE, predicted individual treatment effect.
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Introduction

Nasopharyngeal carcinoma (NPC) is a head-and-neck cancer with 
strong etiological links to the Epstein–Barr virus (EBV) [1] and is highly 
prevalent in China [2]. Of the approximately 130,000 patients diag
nosed with incident NPC annually worldwide [2], 80 % have locore
gionally advanced NPC (LANPC) [3,4]. With treatment improvements, 
the 5-year overall survival (OS) rate for these patients is approximately 
70–80 %; the survival rate is >90 % for those in an early-stage [5]. The 
cornerstone of LANPC treatment is concurrent chemoradiotherapy 
(CCRT) [6,7], and induction chemotherapy (IC) before CCRT is favored 
for its potential to improve survival rates [8,9] by addressing micro
metastases. However, the heterogeneous nature of NPC [10] suggests 
that IC may not be universally beneficial, with some patients receiving 
no benefit or even experiencing harm. This variation in treatment effects 
underscores the need for an effective classification system to improve IC 
decisions.

The conventional IC decision-making in patients with LANPC has 
heavily depended on risk stratification [11,12], primarily using clini
copathologic and imaging-assessed factors, including tumor and nodal 
staging and the EBV-DNA level. Studies have tried to improve risk pre
diction accuracy by integrating more refined algorithms [13,14] and 
more comprehensive features from laboratory examinations [15,16], 
pathology [17], magnetic resonance imaging (MRI) [18,19], or positron 
emission tomography/computed tomography [13] radiomics signa
tures. High-risk individuals are considered suitable for optional IC 
[11,12,14]. Although useful, this methodology lacks precision for 
personalized medicine owing to its broad risk categories, which may 
oversimplify disease heterogeneity, causing suboptimal treatment de
cisions. The IC effect is a group-level average, expressed as the hazard 
ratio between treatment regimens with and without IC [20,21]. How
ever, risk levels do not correlate directly with treatment benefits; indi
vidual patients with the same risk level may exhibit significant 
variations in characteristics and diverse responses to IC from the 
“average patient” [20]. Thus, the risk stratification approach is insuffi
cient to guide individualized treatment strategies.

The predicted individual treatment effect (PITE) classification is an 
intuitive and direct approach for personalized treatment decisions 
[20,22]. The PITE causal framework utilizes predictive models to esti
mate individualized potential outcomes, including long-term OS prob
abilities, under different treatment regimens. The difference between 
these estimated prognoses represents the PITE. Despite its potential, the 
PITE approach has seldom been applied in NPC or other cancer studies. 
Thus, we aimed to personalize IC decision-making for patients with 
LANPC through a PITE-based classification to improve long-term 

survival.

Materials and methods

Study design and patients

This retrospective study was approved by the institutional ethics 
review board of Sun Yat-sen University Cancer Center (approval num
ber: B2019-222-01) and performed in accordance with the Declaration 
of Helsinki. The requirement for informed consent was waived owing to 
the study’s retrospective nature.

As described in the Fig. 1, patients newly diagnosed with NPC on 
pathology and treated with intensity-modulated radiotherapy at two 
tertiary hospitals were identified and selected. All patients were treated 
with intensity-modulated radiotherapy-based CCRT and optional IC, in 
accordance with the standardized treatment protocols [6,7]. Patients 
were followed up every 3 months during the first 2 years after diagnosis 
and biannually afterward. The study endpoint was OS, defined as the 
period from treatment initiation to death for any reason or last follow- 
up. The treatment regimens and protocols for NPC have been 
described [23] and are detailed in the Supplementary Methods.

MRI protocol and imaging assessment using a structured report template

Supplementary Methods detail the protocols for pretreatment MRI of 
the nasopharynx and neck. To ensure accuracy, two radiologists (L.L. 
and Y.L.) with >10 years of experience in NPC diagnosis assessed im
aging features on MRI slices using a consensus process with a structured 
report template (Supplementary Tables S1 and S2) obtained previously 
[24], recording the extent of invasion of the primary lesion and sur
rounding structures and regional lymph nodes.

Establishment and validation of treatment-stratified prognostic models for 
OS

A detailed description of the collected patient characteristics is 
provided in the Supplementary Methods. Age, T-stage, N-stage, and 
pretreatment plasma EBV-DNA level were confirmed as clinical pre
dictors and used to form a base model.

The patients were divided into the IC and non-IC groups based on 
their treatment regimens. A 1:1 random pair-matching method by 
balancing T- and N-stages was used to reduce clinician bias in treatment 
selection. The establishment process of the treatment-stratified prog
nostic models (IC and non-IC models) for OS was detailed in Fig. 2A. 
Both models were cross-validated using each other’s training set as the 

Fig. 1. Patient selection flowchart Abbreviations: NPC, nasopharyngeal carcinoma; IMRT, intensity-modulated radiotherapy; MRI, magnetic resonance imaging; 
LANPC, locoregionally advanced nasopharyngeal carcinoma.
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validation set. The model performance for discrimination was evaluated 
using Harrell’s concordance index (C-index), calibration using calibra
tion curve analysis, and clinical net benefit using decision curve 
analysis.

Patient classification and validation of ternary PITE classification for IC 
decisions

The methodology for the survival prediction and ternary PITE clas
sification is detailed in the Supplementary Methods. Using the IC and 
non-IC models, we calculated the 5-year OS probabilities and corre
sponding 95 % confidence intervals (CIs) for each patient through the 
patient-specific survival prediction technique [25] (Fig. 2B). Each pa
tient was classified into one of the three PITE groups (IC-opposed, IC- 
neutral, and IC-preferred) based on the difference in the treatment- 
stratified OS probabilities and whether the corresponding CIs over
lapped (Supplementary Figure S1). These groups represented patients 
with a reduced, comparable, or improved OS probability if treated with 
IC, respectively. Survival analyses were used to validate the ternary PITE 
classification in all patients and in pair-matched patients.

Comparing ternary PITE classification and conventional risk stratification 
for IC decisions

We compared the PITE classification with three conventional risk 
stratification methods for IC decision-making: EBV-DNA levels (1,000 
copies/mL as cutoff for low- and high-risk [26]) and predicted mortality 
risks from the base and non-IC models (median risk score as cutoff for 
low- and high-risk). Risk-stratified survival analyses were conducted to 
identify high-risk patients potentially benefiting from IC treatment.

To assess the accuracy of identifying actual beneficiaries of IC 
treatment, survival analyses were conducted on patients who were in 
both the IC-preferred and high-risk groups and those exclusively cate
gorized in the high-risk group. For a more direct comparison of clinical 
utility between PITE classification and conventional risk stratification, 
we conducted an updated decision curve-like analysis. This analysis 
utilized 1,000 bootstrap resampling to calculate the mean 5-year OS 
probabilities across various risk ratios and treatment strategies.

Supporting evidence for the PITE classification

A permutation method was employed to compute the relative 
importance of model-related variables. The distribution of variables 
within the PITE groups and distribution of PITE-classified patients 
within each T-stage, N-stage, and NPC extension pattern were examined. 
Furthermore, disparities in the adverse reaction incidence between PITE 
groups were analyzed.

Statistical analysis

The distribution differences of clinical characteristics were 
compared using Fisher’s exact test or chi-squared test for categorical 
variables and Student’s t test for continuous variables. The U test was 
used to compare the C-indices of the prognostic models. The 
Kaplan–Meier method with the log-rank test was used to compare sur
vival differences between patients treated with and without IC. All sta
tistical analyses were conducted in the open-source software R (version 
4.0.1) using relevant packages (stats, survival, Hmisc, glmnet, ggplot2, 
survminer). A two-sided p-value <0.05 indicated statistical significance.

Results

Overall, 1,213 patients (924 men, 289 women) with a median 
(interquartile range) age of 46 (39− 55) years were included. Among 
them, 733 and 480 patients were categorized to the IC and non-IC 
groups, respectively. The baseline characteristics of patients from each 
center and by treatment group are summarized in Supplementary 
Tables S3-S5. During a median follow-up of 59.5 (range: 3.4− 91.0) 
months, 220/1213 (18.14 %) patients died, and the 5-year OS rate was 
80.65 %. Altogether, 428 pairs were matched in the IC and non-IC 
groups (Supplementary Table S6).

The MRI structured report and laboratory features provided the basis 
for constructing prognostic models for predicting 5-year OS. Two 
treatment-specific comprehensive scores (IC and non-IC scores) for each 
patient were calculated based on the variables that remained after the 
selection process (Table 1). Then, two treatment-stratified prognostic 
models (IC and non-IC models, Table 1) based on the scores and clinical 

Fig. 2. Study workflow (A) Construction, cross-validation, and evaluation process of treatment-stratified prognostic models that can predict the long-term prognosis 
of patients who undergo IC or non-IC treatment regimens. For both IC and non-IC groups, univariate analysis and a LASSO analysis with five-fold cross-validation are 
conducted to select potential survival predictors from radiological and laboratory features. The comprehensive score is calculated by linearly combining algorith
mically selected independent factors for OS and setting their Cox regression coefficients as weights. Treatment-stratified models (IC and non-IC models) are then 
developed based on the score and clinical predictors. (B) Establishment and validation of the three groups of PITE classification for treatment decision-making on IC. 
PITEs are calculated by the difference in the long-term survival probabilities based on the treatment-related prognostic models using the patient-specific survival 
prediction technique. Abbreviations: IC, induction chemotherapy; MRI, magnetic resonance imaging; LASSO, least absolute shrinkage and selection operator; PITE, 
predicted individual treatment effect; OS, overall survival.

Z. Liang et al.                                                                                                                                                                                                                                    Radiotherapy and Oncology 201 (2024) 110571 

3 



predictors and a base model using clinical predictors alone were suc
cessfully constructed.

The prognostic model performance was evaluated. In the training 
sets, both IC and non-IC models outperformed the base model (C-indices, 
0.789 vs. 0.740 and 0.721 vs. 0.660, respectively; both p <0.001; 
Table 2). In the validation sets, the C-index for OS prediction was 
significantly higher in the IC model than in the base model when applied 
to patients in the non-IC group (0.758 vs. 0.717, p <0.001); the non-IC 

model outperformed the base model for patients in the IC group (0.665 
vs. 0.636, p = 0.03). Furthermore, calibration curves demonstrated 
robust agreement between predicted probabilities and actual observa
tions in the validation sets for both IC and non-IC models 
(Supplementary Figure S2). The decision curve analysis in the validation 
set revealed that the IC and non-IC models provided greater clinical net 
benefits than the base model (Fig. 3A–B).

Both IC and non-IC models performed well and reliably predicted 5- 
year OS probabilities for both treatment regimens for each patient, 
facilitating patient classification into three PITE groups. Kaplan–Meier 
analysis (Fig. 3C–E) showed that, compared with non-IC treatment, IC 
was associated with improved OS probability in the IC-preferred group 
(hazard ratio [HR] = 0.62, 95 % CI = 0.41–0.93, p = 0.02); no signifi
cant change in the IC-neutral group (HR = 1.00, 95 % CI = 0.67–1.80, p 
= 0.70); and worse OS in the IC-opposed group (HR = 2.00, 95 % CI =
1.09–3.69, p = 0.03). This was additionally verified through 
Kaplan–Meier analysis in the pair-matched patients (p = 0.04, 0.59, and 
0.001 in the IC-opposed, IC-neutral, and IC-preferred groups, respec
tively, Supplementary Figure S3A–C).

All three conventional risk stratification methods (non-IC model, 
base model, and EBV-DNA stratification) successfully differentiated 
between high-risk and low-risk groups; in high-risk patients identified 
by the base and non-IC models, IC treatment was potentially beneficial 
(Supplementary Figures S3D–F, S4, S5A–B). Given that the non-IC model 
outperformed the base model (Table 2), we used the PITE classification 
to further categorize high-risk patients identified by the non-IC model. 
Of these high-risk patients, 58.3 % (353/606) were also classified as IC- 
preferred. However, in the remaining 41.7 % (253/606) who were not 
identified as benefiting from IC by the PITE classification, there was no 
significant survival difference between IC and non-IC treatments 
(adjusted p = 0.005 and 0.72, respectively; Supplementary 
Figure S5C–D).

We further explored the characteristics between the IC-preferred and 
combined IC-neutral/opposed groups among these high-risk patients 
(Supplementary Table S7). The two groups had no significant differ
ences in T-stage, N-stage, and clinical stage. Compared to the IC- 
preferred group, the combined IC-neutral/opposed group had a lower 
proportion of high plasma EBV-DNA level, lower hemoglobin levels, 
higher white blood cell and monocyte counts. In terms of radiological 
features, the combined IC-neutral/opposed group exhibited a higher 
proportion of mild/moderate soft-tissue involvement (palatine levator 
and longus capitis muscles) and slight skull base invasion, but a lower 
proportion of invasion of carotid sheath and T4 stage-related structures 
such as intracranial structures, orbit, superior and inferior orbital 
fissures.

The decision curve-like analysis further demonstrated the enhanced 
clinical utility of the ternary PITE classification over conventional risk 
stratification for IC decision-making. The OS curve for patients treated 
based on PITE classification was consistently higher than those for 
treatments based on clinical practice and all three risk stratification 
methods (Supplementary Figure S6, Fig. 3F). Specifically, PITE-based 
treatment exhibited a 4.83 % and 2.68 % higher mean 5-year OS 
probability compared to treatments according to clinical practice and 
non-IC model, respectively (Fig. 3F).

To increase validity of the ternary PITE classification, additional 
clinical evidence was sought. First, the five most influential factors for 
survival prediction were the number of metastatic lymph nodes, age, 
lymph node central necrosis, infratemporal fossa invasion, and plasma 
EBV-DNA level (Fig. 4A). Second, variable distributions were analyzed 
(Supplementary Table S8). The number of metastatic lymph nodes and 
plasma EBV-DNA level exhibited a significant ascending distribution 
from the IC-opposed to the IC-preferred groups (Fig. 4B). Furthermore, 
the proportion of patients classified as IC-preferred increased as the N- 
stage progressed from 1 to 4, or as the NPC extension pattern shifted 
from ascending (T3–4 N0–1) to mixed (T3–4 N2–3) and then to 
descending (T1–2 N2–3) (Fig. 4C). The proportion of patients classified 

Table 1 
Multivariate Cox regression analysis of treatment-related prognostic models.

Variable βa HR (95 % CI)a p valuea

(1) IC modelb

IC score (linear predictor)c 1.05 2.85 
(2.29–3.56)

<0.001

Invasion of musculus longus capitis 0.64 1.90 
(1.28–2.84)

0.002

Invasion of infratemporal fossa 0.61 1.84 
(1.04–3.26)

0.04

Invasion of jugular foramen 0.55 1.74 
(1.05–2.87)

0.03

Bilateral retropharyngeal lymph node 
metastasis

0.39 1.47 
(1.02–2.11)

0.04

Lymph node central necrosis 0.35 1.42 
(1.00–2.01)

0.05

Number of metastatic lymph nodes 0.06 1.06 
(1.03–2.21)

<0.001

Monocyte (109/L) ​ ​ ​
<0.1 ​ Reference ​
0.1–0.6 0.41 1.50 

(1.03–2.21)
0.04

≥0.6 − 0.02 0.98 
(0.14–7.10)

0.99

Albumin (g/L, continuous) − 0.03 0.97 
(0.93–1.01)

0.12

Plasma EBV-DNA (103 copies/mL) ​ ​ ​
<1 ​ Reference ​
<10 − 0.02 0.98 

(0.64–1.50)
0.93

≥10 − 0.54 0.58 
(0.37–0.92)

0.02

Age 0.03 1.03 
(1.01–1.04)

<0.001

(2) Non-IC modelb

Non-IC score (linear predictor)c 0.96 2.62 
(2.17–3.18)

<0.001

Slight skull base invasiond − 0.92 0.40 
(0.19–0.85)

0.02

Invasion of carotid sheath 0.47 1.60 
(1.00–2.56)

0.05

Invasion of jugular foramen 0.89 2.42 
(1.10–5.34)

0.03

Invasion of orbit 1.10 2.99 
(1.48–6.04)

0.002

Invasion of intracranial structures 0.86 2.35 
(0.86–6.41)

0.09

Lymph node central necrosis 0.54 1.71 
(1.03–2.84)

0.04

Number of metastatic lymph nodes 0.10 1.10 
(1.06–1.15)

<0.001

Albumin (g/L) ​ ​ ​
<40 ​ Reference ​
≥40 − 0.94 0.39 

(0.22–0.69)
0.001

Age 0.03 1.03 
(1.01–1.04)

0.004

a Calculated by multivariate Cox regression.
b T-stage and N-stage are eliminated by stepwise selection.
c Calculated by stepwise multivariate Cox regression using features selected 

by LASSO (features are listed in the table).
d Pterygoid process and/or base of the sphenoid bone invasion only. Abbre

viations: IC, induction chemotherapy; HR, hazard ratio; CI, confidence interval; 
EBV, Epstein − Barr virus.
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as IC-opposed was highest in the T3 stage compared to other T-stages 
(Supplementary Figure S7). In the IC-opposed group, 52.2 % of patients 
had slight skull base invasion (Supplementary Table S8).

Finally, the distribution of post-treatment adverse reactions recorded 
in 917 patients was analyzed, specifically focusing on those within the 
IC-opposed and IC-neutral groups (Supplementary Table S9). Patients 
who received IC treatment exhibited significantly higher incidence and 
severity of adverse reactions compared with those who did not (for 
example, leukopenia; Fig. 4D). An online application [27] was devel
oped (Supplementary Figure S8) to enhance the clinical applicability of 
our findings.

Discussion

Here, we successfully established a ternary PITE classification system 
that accurately categorized individual patients into three groups: IC- 
preferred, IC-neutral, and IC-opposed. This novel classification closely 
reflected the real-world clinical scenario, outperforming conventional 
risk stratification for IC decisions concerning accuracy and net benefit.

In clinical practice, the diverse effects of additional IC on survival 
can be grouped into three types [15,28,29]: improved, comparable, and 
reduced. Conventional risk models often produce a binary outcome in 
which a patient will either benefit or not benefit from IC, which can 
result in the misclassification of numerous patients who thus would not 

Table 2 
Cross-validation and performance of treatment-related prognostic models and base model.

Training set Validation set

Model Patient group C-index (95 % CI) p valuea Patient group C-index (95 % CI) p valuea

Non-IC model Non-IC 0.789 (0.742–0.837) <0.001 IC 0.665 (0.619–0.710) 0.03
Base model Non-IC 0.740 (0.690–0.790) IC 0.636 (0.589–0.682)
IC model IC 0.721 (0.677–0.765) <0.001 Non-IC 0.758 (0.706–0.810) <0.001
Base model IC 0.660 (0.614–0.706) Non-IC 0.717 (0.665–0.769)

The base model is built based on the clinical predictors (age, T-stage, N-stage, and plasma EBV-DNA level). The models’ discriminative ability is assessed using the C- 
index. The IC model is cross-validated in the non-IC group (480 patients), whereas the non-IC model is cross-validated in the IC group (733 patients). Subsequently, C- 
indices are compared between the IC or non-IC model and the base model.

a p-value indicating the significance between C-indices is computed using the U-statistic test, mainly with the rcorrp.cens function in the Hmisc package of R. Ab
breviations: C-index, concordance index; CI, confidence interval; IC, induction chemotherapy.

Fig. 3. Decision curves of the prognostic models and validation of ternary PITE classification (A–B) Decision curve analysis based on the prognostic models of 
patients treated with (A) IC or (B) non-IC regimens in their respective validation sets. (C–E) Kaplan–Meier curves of 5-year OS for patients treated with IC or non-IC 
regimens in the following PITE groups: (C) IC-opposed, (D) IC-neutral, and (E) IC-preferred. (F) Decision curve-like analysis for validating the clinical utility of the 
established PITE classification. In (F), the risk stratification is based on the non-IC model, and the inter-pair p-values are obtained from a t-test. Abbreviations: PITE, 
predicted individual treatment effect; IC, induction chemotherapy; OS, overall survival; HR, hazard ratio.
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be treated with optimal strategies. We observed that the ternary PITE 
classification offered an improved method for individualizing IC de
cisions compared with all three conventional risk stratification methods. 
It accurately identified patients suitable for IC (IC-preferred group) and 
those who should avoid it (IC-opposed group). In our study, EBV-DNA 
level-based stratification failed to identify patients who would benefit 
from IC. Among high-risk patients classified by the non-IC model, the 
PITE classification could still accurately identify a significant subset 
(41.7 %) who would not benefit from IC, yielding a higher OS benefit 
than risk-based decisions.

The distribution differences between the IC-preferred and combined 
IC-neutral/opposed groups revealed potential reasons for the unsuit
ability of IC for this subset of high-risk patients. Specifically, the com
bined IC-neutral/opposed group had a lower proportion of high plasma 
EBV-DNA loads and carotid sheath invasions, which are independent 
negative factors for OS and are associated with IC benefits [26,30,31]. 
Additionally, this group had a higher proportion of mild/moderate soft- 
tissue involvement (palatine levator and longus capitis muscles) and 
slight skull base invasion, which are favorable OS prognosticators and 
are negatively associated with IC benefits [28,32–34]. The less 
involvement of T4 stage-related structures indicates less extensive in
vasion of the primary tumor, suggesting that a less intense treatment 
approach may be sufficient for this group. These findings highlight that 
our proposed ternary PITE classification is the nuanced approach for 

treatment stratification in patients with LANPC.
To provide treatment recommendations, Zhong et al. [19] con

structed a nomogram using deep-learning radiomics and pretreatment 
MR images. They found that, compared with patients treated with CCRT 
alone, those treated with IC had either superior or inferior disease-free 
survival, which fell short of recognizing the three distinct types of IC 
effects. Furthermore, they focused only on patients with T3N1M0-stage 
disease. Additionally, the interpretability of radiomic features is widely 
acknowledged. Conversely, our study focused on all patients with 
LANPC. Our proposed method, integrating features from routinely 
available structured MRI reports and clinical characteristics, enables a 
more comprehensive and precise categorization of the heterogeneous 
effects of IC on tumors, setting a new precedent for the personalization 
of cancer treatment.

Additional evidence also supported the ternary PITE classification. 
First, pretreatment plasma EBV-DNA level and number of metastatic 
lymph nodes are identified as the key predictors in models for PITE. As 
direct indicators of tumor burden, these biomarkers consistently 
increased from the IC-opposed to IC-preferred groups, highlighting their 
role in refining patient stratification for using IC. This aligned with prior 
research [35,36], and validated our approach. Second, the extension 
patterns of NPC help categorize LANPC into ascending, descending, and 
mixed types [37], each with different failure patterns. Given the ability 
of IC to eliminate micrometastasis early [38], patients with descending 

Fig. 4. Distributions of several important variables and adverse reactions (A) Relative importance weights of variables in the treatment-related prognostic models. 
(B) Distribution of plasma EBV-DNA level and number of metastatic lymph nodes in PITE groups. (C) The distribution of patients, categorized under PITE classi
fication, is analyzed based on their N-stage and NPC extension type. (D) Leukopenia is an example of the distribution of adverse reactions in PITE groups 
(Supplementary Table S9). The intergroup p-values are obtained from the Games–Howell post hoc test in (B) and the chi-squared test in (C). Abbreviations: *p <0.05; 
**p <0.001; NS, not significant; EBV, Epstein − Barr virus; RLN, retropharyngeal lymph node; IC, induction chemotherapy; PITE, predicted individual treatment 
effect; NPC, nasopharyngeal carcinoma.
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LANPC prone to distant failure can benefit more from IC [20], and 
consistent results were obtained in our investigation. Third, more than 
half (52.2 %) of patients in the IC-opposed group had slight skull base 
invasion, aligning with our previous findings that IC did not improve OS 
in such cases [28]. Nevertheless, the current staging system classifies 
such invasion as a T3 characteristic, often leading to the routine but 
potentially unwarranted use of IC. A recent study suggested that T3 
patients with slight skull base invasion should be reclassified as T2 stage 
[34]. This may explain why, in our study, the proportion of IC-opposed 
patients was relatively high in the T3 stage. Fourth, the distribution of 
toxicities within PITE groups met clinical expectations when additional 
IC was used. Thus, accurate pretreatment identification of the PITE type 
for each patient could offer substantial clinical value by potentially 
sparing patients from unnecessary exposure to toxicities related to 
additional IC.

This study has some limitations. First, the study’s retrospective na
ture in endemic areas suggests that the identified factors for PITE may 
vary for non-endemic NPC. Second, the study focused on the use of 
radiological features from structured MRI reports for treatment decision- 
making in NPC; the influence of diet-related etiological factors was not 
encompassed in the initial investigation. Third, the PITE classification, 
built on well-performing and cross-validated prognostic models and 
validated by subgroup survival analyses, lacks external validation due to 
the limited sample size. To address this and confirm its clinical robust
ness, a decision curve-like analysis with 1,000 bootstrap resampling was 
performed. Finally, prospective trials with larger sample sizes and 
multiple centers are needed to validate the effectiveness of the PITE 
classification for NPC and other diseases.

In conclusion, our proposed ternary PITE classification provides a 
more accurate and clinically beneficial approach to IC decisions than 
conventional risk stratification does and is promising for refining 
treatment regimens and reducing unnecessary treatment toxicity. 
Further external validation and prospective trials are necessary to 
confirm the utility and generalizability of the ternary PITE classification 
in clinical practice.
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