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ABSTRACT

Background: Type2CRSwNP is characterizedby severe symptoms,multiple comorbidities, longer
recovery course and high recurrence rate. A simple and cost-effective diagnosticmodel for CRSwNP
endotype integrating clinical characteristics and histopathological features is urgently needed.

Objective: To establish a clinical diagnostic model of inflammatory endotype in CRSwNP based
on the clinical characteristics, pathological characteristics, and cytokines profile in the polyp tissue
of patients.

Methods: A total of 244 participants with CRSwNP were enrolled at 2 different centers in China
and Belgium from 2018 to 2020. IL-5 level of nasal polyp tissue was used as gold standard. Clinical
characteristics were used to establish diagnostic models. The area under the receiver operating
curve (AUC) was used to evaluate the diagnostic performance. The study was approved by the
ethics board of the First Affiliated Hospital of Sun Yat-sen University ([2020] 302), and written
informed consent was obtained from all subjects before inclusion.

Results: In total, 134 patients from China (training set) and 110 patients from Belgium (validation
set) were included. The logistic regression (LR) model in predicting inflammatory endotype of
CRSwNP showed the AUC of 83%, which was better than the diagnostic performance of machine
learning models (AUC of 61.14%–82.42%), and single clinical variables.We developed a simplified
scoring system based on LR model which shows similar diagnostic performance to the LR model
(P ¼ 0.6633).

Conclusion: The LR model in this diagnostic study provided greater accuracy in prediction of
inflammatory endotype of CRSwNP than those obtained from the machine learning model and
single clinical variable. This indicates great potential for the use of diagnostic model to facilitate
inflammatory endotype evaluation when tissue cytokines are unable to be measured.
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INTRODUCTION

Chronic rhinosinusitis (CRS) is a common
mucosal inflammatory disease of paranasal sinuses
with a course of more than 12 weeks. The preva-
lence of CRS is 12% in Western countries and 8%
in China.1–3 Broadly, CRS is classified into 2 major
phenotypes: CRS without nasal polyps (CRSsNP)
and CRS with nasal polyps (CRSwNP). CRSwNP is
associated with higher levels of morbidity and
can influence lower airway disease status in
adults, which is considered to be different from
CRSsNP in the inflammatory profile.4

In clinical studies, the histopathological charac-
teristics and infiltrating inflammatory cell types of
CRSwNP were distinct among different pop-
ulations and regions.5 However, the eosinophilic
endotype of CRSwNP tends to increase in Asia
over the past few decades.6–8 Marked progress
has been made in understanding the mucosal
immunology of CRSwNP, and classifying CRSwNP
endotypes according to the dominant T helper
cell response and corresponding cytokine levels
of paranasal mucosa is essential for accurate
diagnoses and individual treatments. Type 2
CRSwNP is characterized by T helper type 2 cell
(Th2) response with the involvement of IL-4, IL-5,
and IL-13, resulting in eosinophils infiltration in
polyps,9 while non-type 2 CRSwNP is dominated
by other types of T helper cell, such as Th1 and
Th17 cells. Therefore, CRSwNP should be regar-
ded as a heterogeneous disease with multiple
endotypes. Type 2 CRSwNP is associated with high
risks of recurrence and decreased quality of life,
making this disease clinically important to identify,
evaluate, and treat.

Although identifying inflammatory endotypes
by measuring cytokines in nasal polyps (NP) can
assist in personalized treatment, this method is not
practical for daily clinical work. The disadvantages
of high expenses and timelag hinder the promo-
tion in clinical settings. In clinical practice, the de-
gree of eosinophil infiltration in polyp tissue is
often used as an alternative to classify CRSwNP
endotypes.10 However, there are no uniform
criteria regarding histopathological classification.
Using mucosal eosinophilic status as a single
indicator to diagnose type 2 CRSwNP was
inadequate. Other factors, such as comorbidities,
should also be taken into account. A simple and
cost-effective diagnostic model integrating clin-
ical characteristics, histopathological features, and
cytokine level for CRSwNP endotype is urgently
needed.

In this study, we first defined IL-5 level of polyps
as the gold standard for CRSwNP endotype diag-
nosis based on biomarker cluster analysis. Several
models were established and evaluated using the
clinical and histopathological characteristics of
CRSwNP patients. Then we transformed the
optimal model into a simple and accurate clinical
scoring system to assess the inflammatory endo-
type of patients with CRSwNP for clinical practice.
METHODS

Participants selection and endotyping

This was a retrospective study involving patients
with CRSwNP hospitalized in both China and
Belgium from January 2018 to December 2020.
Ethics Committee for Clinical Research and animal
trials approved the study ([2020]302), and written
informed consent was obtained from all subjects
before inclusion. The CRSwNP was diagnosed ac-
cording to European Position Paper on Rhinosi-
nusitis and Nasal Polyps 2020 (EPOS2020).11 NP
tissues from 70 patients at China and 110
patients at Belgium with CRSwNP were collected
during surgery. None of the subjects had taken
oral corticosteroids, immunomodulatory drugs
within 4 weeks, nasal corticosteroids, or oral
antibiotics within 2 weeks before surgery.
Patients with fungal sinusitis, antrochoanal polyp,
gastroesophageal reflux disease,
immunodeficiency disease, primary ciliary
immobility syndrome, cystic fibrosis, and parasitic
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level Training set Validation set P

n 134 110

Age (mean (SD)) 45.90 (13.52) 48.85 (12.71) 0.083

Gender (%) Female 57 (42.5) 32 (29.1) 0.042*

Male 77 (57.5) 78 (70.9)

Smoke (%) No 110 (82.1) 41 (60.3) 0.001*

Yes 24 (17.9) 27 (39.7)

Alcohol (%) No 119 (88.8) 90 (88.2) 1

Yes 15 (11.2) 12 (11.8)

Anosmia (%) No 17 (12.7) 12 (10.9) 0.82

Yes 117 (87.3) 98 (89.1)

Asthma (%) No 45 (33.6) 61 (55.5) 0.001*

Yes 89 (66.4) 49 (44.5)

NERD (%) No 130 (97.01) 91 (82.73) <0.001*

Yes 4 (2.99) 19 (17.27)

Recurrence (%) No 96 (71.6) 29 (27.4) <0.001*

Yes 38 (28.4) 77 (72.6)

EOS count (median [IQR]) 0.40 (0.21, 0.57) 0.36 (0.21, 0.57) 0.711

ECRSwNP (%) No 35 (26.1) 29 (26.4) 1

Yes 99 (73.9) 81 (73.6)

Endotype (%) Non-Type 2 24 (17.9) 21 (19.1) 0.944

Type 2 110 (82.1) 89 (80.9)

Tissue IL-5 (pg/ml, mean (SD)) 123.63 (244.09) 407.15 (625.97) <0.01

Tissue IL-17 (pg/ml, mean (SD)) 78.99 (112.31) 77.84 (588.03) 0.93

Blood total IgE (KU/L) 235.10 (328.85) 307.85 (588.03) 0.25

Table 1. Baseline comparison of the training set and the validation set. Abbreviations: EOS count: Blood eosinophil count. NERD: NSAID-
Exacerbated Respiratory Disease
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diseases were excluded from the study. Patients’
medical records were reviewed for information
regarding demographics, clinical characteristics,
laboratory test results, and histopathological
characteristics. Patient’s anosmia is measure by
symptom. The characteristics of enrolled patients
are shown in Table 1. According to previous
studies, eosinophilic CRSwNP (ECRSwNP) was
defined by eosinophil infiltration of more than
10/high power field (HPF, 400�).12 Polyp tissue
was snap-frozen in liquid nitrogen and stored
at �80 �C for later tissue homogenization. Con-
centrations of biomarkers including IL-1b, IL-5, IL-6,
IL-8, IL-10, IL-17, tumor necrosis factor -a, IFN-g,
transforming growth factor-b, ECP, and total IgE
were tested as previously described.13 Both
institutions have performed cluster analysis of the
biomarkers and grouped CRSwNP patients into 2
endotypes: “type 2 CRSwNP” and “non-type 2
CRSwNP”, which has been previously



Fig. 1 Flowchart of the study design
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demonstrated.9,13,14 Patients with comorbid
asthma were considered as type 2 CRSwNP.15

Among all the cytokines detected, IL-5 level of
polyps distinctly separate patients into 2 groups by
setting a threshold of 12.98 pg/g, which was
considered as the gold standard for classifying
inflammatory endotypes of CRSwNP.9

Model development

The flowchart showing the model development
and validation process was demonstrated in Fig. 1.
We used data from China as the training and
internal validation set, and data from Belgium as
the external validation set. An IL-5 level of polyp
tissue higher than 12.9 pg/g or comorbid asthma
was considered as type 2 CRSwNP. Several algo-
rithms using clinical variables were established to
diagnose CRSwNP endotype and were later
compared to find the best model. First, we eval-
uate the diagnostic efficacy of single clinical vari-
ables including eosinophil (EOS) count, blood
eosinophil percentage (EOS percentage), and
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ECRSwNP. Second, we adopted a supervised
learning approach, which is logistic regression
(LR). Variables with P < 0.1 in the univariable
analysis were selected for multivariate analysis.
Stepwise selection in both directions was per-
formed under these criteria. To obtain stabilized
coefficient, the training set was resampled by
bootstrap algorithm. Third, several machine
learning (ML) algorithms, including LASSO
regression, random forest (RF), decision tree (DT),
support vector machine (SVM), K Nearest Neigh-
bors (KNN), and Naive Bayesian algorithm (Bayes)
were used to classify the CRSwNP. The metrics of
prediction accuracy and the area under the
receiver operating characteristic (ROC) curve
(AUC) were used to evaluate model performances.
DeLong test was used to compare AUC of each
model. We chose the model with the best AUC to
establish a clinical scoring system. Clinical vari-
ables are converted to scores by the value multi-
plied by the corresponding weighting coefficient
and added to an overall sum.

Statistical analysis

Statistical analysis of the data was performed
using R (version 4.1.0) 16and Rstudio software
(version March 1, 1093).17 Continuous variables
with normal distribution were expressed as
mean � standard deviation, and analyzed by
Student-t test. Continuous variables with non-
normal distribution were expressed as medians
and interquartile ranges, and analyzed by the
Kruskal-Wallis test. Categorical variables were
expressed as frequencies and percentages. Pear-
son’s chi-squared test was used to compare the
differences between groups. Differences were
considered statistically significant when the P value
was less than 0.05. All the R packages used in the
model establishment were listed in eTable 1.
RESULTS

Baseline characteristics of the training set and
validation set

In total, 134 patients from China as training set
and 110 patients from Belgium as validation set
were included in this study. The demographic
characteristics and clinical information of each
group are described in Table 1. Among the 2
datasets, no significant differences were detected
regarding age distribution, number of patients
with anosmia, mean blood eosinophil count, and
number of patients with polyp eosinophil
infiltration. In the training set, 57.5% of patients
are male, while the majority of patients are male
(70.9%) in the validation set. More patients
(39.7%) in the validation set had smoking habits.
Eighty-nine (66.4%) patients in the training set
and 49 (44.5%) in the validation set are comorbid
with asthma. There are 110 and 89 type 2 CRSwNP
in the training set and validation set, respectively.
The training set and validation set are comparable
in the baseline characteristics.
Model establishment and evaluation

First, we tested if single clinical variable had the
ability to diagnose CRSwNP endotype. The AUC of
EOS count and EOS percentage were 76.84%
(95%CI ¼ 64.62%–89.06%) and 75.25% (95%
CI ¼ 62.79%–87.70%), with a cutoff value of
2.85*109/L and 4%. The AUC of ECRSwNP was
64.55% (95%CI ¼ 53.64%–75.45%).

Next, we tried to adopt LR model or machine
learning (ML) model with multiple clinical variables
to diagnose CRSwNP endotype. Eight candidate
variables were identified, including age, gender,
smoking habits, alcohol consumption, symptoms of
anosmia, history of CRSwNP recurrence, blood
eosinophil count, and polyp eosinophil infiltration
levels. Regarding the LR model, univariate analyses
demonstrated that age, gender, symptoms of
anosmia, blood eosinophil count, and polyp
eosinophil infiltration level are likely to be associ-
ated with type 2 CRSwNP with P< 0.1.We included
all of the relevant variables in the multivariate anal-
ysis. The detailed results of the univariate and
multivariate analysis are presented in eFig. 1. The
AUC of the LR model was 83.18%. The ROC
threshold for the LR score is 1.2. Machine learning
(ML) algorithms including LASSO regression, DT,
RF, SVM, KNN, and Naive Bayesian algorithm were
applied to establish diagnostic models. The best-
performing parameters and the model establish-
ing process were shown in eFigure 2-4. The
diagnostic performance, including sensitivity,
specificity, AUC, and accuracy of different models
were shown in Table 2. The ROC curves of each
model were demonstrated in Fig. 2.



Fig. 2 The ROC curves of all the diagnostic models
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Finally, we compared all the models to select
the one with best diagnostic performance. The LR
model had the highest AUC, and the DT model
had the highest accuracy at 90.3%. While
comparing the LR model and single clinical vari-
ables, both EOS count and EOS percentage
showed similar performance to the LR model (LR vs
EOS count, P ¼ 0.1751; LR vs EOS percentage,
P ¼ 0.1244), but the diagnostic capability of
ECRSwNP is worse than LR model (LR vs ECRSwNP,
AUC CI ac

EOS count 0.7684 0.6462–0.8906 0

EOS percentage 0.7525 0.6279–0.8770 0

ECRSwNP 0.6455 0.5364–0.7545 0

Logistic regression 0.8318 0.8031–0.9998 0

Lasso regression 0.6856 0.5830–0.7882 0

Decision tree 0.8242 0.7271–0.9214 0

Random forest 0.6557 0.5541–0.7572 0

SVM 0.7735 0.6712–0.8757 0

KNN 0.6114 0.5216–0.7012 0

Naïve Bayes 0.8095 0.7192–0.8997 0

Table 2. Comparison of the diagnostic performance of different models
eosinophil percentage; SVM: support vector machine; KNN: K Nearest Neighbor
P ¼ 0.0245). The predictive performances of the
LR, Bayes, and DT model were similar
(AUC ¼ 83.18%, 80.95%, 82.42%, respectively; LR
vs Bayes, P ¼ 0.3695; LR vs DT, P ¼ 0.8596) and
outperformed the LASSO, RF, SVM, and KNN
model (AUC ¼ 68.56%, 65.57%, 77.35%, 61.14%,
respectively; LR vs LASSO, P ¼ 0.0458; LR vs RF,
P < 0.001; LR vs SVM, P ¼ 0.0201; LR vs KNN,
P < 0.001).

Model validation and scoring system
development

Although the diagnostic efficacy of the LR model
was similar to EOS count and EOS percentage, it
included all the relevant clinical characteristics of
patients. In addition, the coefficients of an LR for-
mula can be easily extracted, interpreted, and
shared. Therefore, we chose LR model for external
validation and transform it into a clinical scoring
system. In the validation set, the AUC of LRmodel is
80.10% (95%CI ¼ 69.77%–90.43%), with sensitivity
of 77.53%, specificity of 61.90%, and accuracy of
74.55%. The performance of the LR model was
internally andexternally validatedbybootstrapping
algorithm. The calibration curves corresponded to
the ideal plot (the 45�line), which revealed a favor-
able consistency between the LR model estimation
and actual observation regarding the diagnosis
performance (eFig. 5). These results suggested that
the LR model was reasonably accurate, and
repeatable. To develop a clinical scoring system,
the individual score was calculated based on (LR
curacy CI sensitivity specificity

.7687 0.6880–0.8371 0.7727 0.7500

.7313 0.6480–0.8042 0.7364 0.7083

.7388 0.6559–0.8108 0.7909 0.5000

.7463 0.6639–0.8174 0.7273 0.8333

.8582 0.7875–0.9124 0.9545 0.4167

.9254 0.8670–0.9636 0.9818 0.6667

.8358 0.7620–0.8942 0.9364 0.375

.8955 0.8309–0.9417 0.9636 0.5833

.8433 0.7705–0.9003 0.9727 0.2500

.8209 0.7453–0.8817 0.8273 0.7917

. Abbreviations: EOS count: Blood eosinophil count; EOS percentage: Blood
s
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Variables LR score LR coefficient Simple Score

Age 0.046 0.1*age

Gender (Male) 1 �1.301 �3

Blood EOS count (*109/L) 4.945 10* Blood EOS count

ECRSwNP (�10/HPF) 1 0.994 2

Anosmia (Yes) 1 1.448 3

Table 3. The transformation of the LR model into the clinical scoring system.The threshold for diagnosing Type 2 CRSwNP is 8.9. Example: A 60-year-
old female patient has anosmia, with blood EOS count of 0.6*109/L and nasal polyp infiltration, her simple score will be calculated as following. Simple
score ¼ 0.1*60 (age)þ0 (gender)þ3 (anosmia)þ10*0.6 (blood EOS count)þ2 (ECRSwNP) ¼ 17. She should be considered as type 2 CRSwNP
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score*LR coefficient*2) and rounded up (Table 3).
Total simple score was calculated according to
each individual score. The threshold of simple
score for diagnosing Type 2 CRSwNP is 8.9. The
diagnostic performance of the scoring system
(AUC ¼ 83.37%) and LR model were similar
(P ¼ 0.6633). To better illustrate how the scoring
system works, an example is provided (eFig. 6).
DISCUSSION

In this study, a variety of diagnostic models of
CRSwNP endotype were established based on the
clinical and histopathological characteristics of
CRSwNP patients. To the best of our knowledge,
this is the first study to apply cytokine measure-
ment as the gold standard for CRSwNP endotype
model establishment and validation in a setting of
multinational institutions. Among all the models,
LR models had the best diagnostic performance
with AUC of 83.18%. After internal and external
validation, the LR model presented satisfactory
reliability. In addition, to facilitate the clinical us-
ability, the LR model was transformed into a simple
scoring system, which showed comparable diag-
nostic efficacy to the LR model. This user-friendly
model can help clinicians classify the endotype of
CRSwNP patients, and develop precise and
personalized treatment plans.

The CRS endotype plays a significant role in
developing treatment strategies and predicting
patients’ prognoses. According to the latest CRS
treatment guidelines, topical and oral corticoste-
roid treatment is recommended for CRSwNP pa-
tients.18–22 However, this treatment strategy is
ineffective in approximately 38%–51% of CRS
patients, suggesting the heterogeneity of
CRSwNP.23,24 Most of the severe CRSwNP
patients display type 2 characteristics with high
recurrence rates, and difficulties in controlling
their disease with conventional surgeries and
medicine, which has drawn the attention of
clinicians and researchers. Accurately
distinguishing the endotype can help in
individualized treatment decision for CRSwNP
patients, and also assist in clinical research on
biologic treatments. In line with previous studies,
clustering analysis of cytokine levels suggested
that the presence of IL-5 is the paramount factor
indicating the endotype with CRSwNP and
asthma.9,13,25 A number of large-scale prospective
and randomized clinical trials have proved that
mepolizumab, a humanized monoclonal antibody
against IL-5, has satisfactory therapeutic effects on
CRSwNP and asthma.26–28 Therefore, the practical
and accurate identification of type 2 CRSwNP
based on cytokine levels allows patients to
receive individualized treatment strategies.

Among the clinical features of CRSwNP patients,
a simple way to distinguish type 2 inflammation is
whether the patient has comorbid late-onset
asthma according to European studies, but no
similar data is reported in Asian population.15

However, the order of onset regarding CRSwNP
and asthma has not yet been determined. A
number of patients with recurrent CRSwNP did
not have asthma at their first diagnosis, thus
missing the optimal timing for intervention. For
the pathological features, eosinophil infiltration in
NP is often used to classify CRSwNP into
ECRSwNP and non-ECRSwNP.6,29,30 A large
number of studies have shown that patients with
ECRSwNP are often comorbid with asthma, low
quality of life, and high recurrence rate after
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conventional treatments.22,23,25 However, the
diagnostic criteria of ECRSwNP have not yet
been unified. The commonly used classification
criteria for ECRSwNP are: ①Eosinophils
accounted for >25% of total cells in NP;31 ②The
number of eosinophils �10/HPF.32 For polyps
with a high degree of edema or with aggregation
of eosinophils, percentage of eosinophils would
be more precisely reflecting the eosinophilic
degree. However, this method requires counting
the total number of cells per high-power field of
view, which is time-consuming and labor-intensive.
Currently, the development of artificial intelligence
in the identification of histology slides would help
to promote the application of these criteria.33 The
second criteria are relatively simple and popular.
Meanwhile, European Position Paper on Rhinitis
and Nasal Polyps (EPOS 2020) also supports this
method to classify ECRSwNP.11 However, the
second criteria are prone to have observation
bias. It has also been suggested that further
stratifications of the eosinophil number would
help to determine the severity of type 2
inflammation. Unlike histopathological
characteristics, cytokine-based endotyping can
completely and accurately reflect the predominant
immune status of nasal mucosa.9,20 However, this
classification scheme is mainly applied in
research settings due to the high expense and
invasiveness.

In this study, the diagnostic model integrated
demographic information, clinical symptoms,
laboratory tests, and histopathological character-
istics of CRSwNP patients, which is able to
comprehensively reflect patients’ inflammatory
endotypes. In the LR model, age, gender,
anosmia, blood eosinophil count, and tissue
eosinophilic infiltration level are chosen as vari-
ables. The previous study suggested that elderly
patients had a higher risk of developing type 2
CRSwNP.34 At present, there is no consensus on
the effect of gender on the inflammatory
endotypes, but animal experiments have found
that females are more prone to type 2
inflammation-predominant diseases.35–37 Polyps
arising from olfactory cleft have a greater impact
on olfactory function. Therefore, although CT
scores were not added to our model for the
convenience of clinical application, the symptom
of anosmia can imply polyps from olfactory cleft
to a certain extent. Corresponding to the
coefficient in LR model, blood eosinophil count
weights greater than tissue eosinophil
infiltration, suggesting that type 2 inflammation
in CRSwNP is not limited to the nasal cavity but
also has systemic effects. Studies have shown
that when peripheral blood eosinophils increase,
eosinophils are more likely to be activated with
a more vigorous oxidative metabolism process,
more easily regulated by IL-5, and highly
expressed CD49d, CCR3, and CD25 receptors.38

Wang et al explored the relationship between
systemic and local eosinophilia and found that
these 2 characteristics are independent factors
for poor disease control of CRSwNP.39 This
result was in line with our study and suggested
that type 2 CRSwNP has a worse prognosis.

Our study establishes several diagnostic models
based on different algorithms. Through compari-
son, the diagnostic performance of the LR model is
better than others. As the most commonly used
model in prediction and diagnosis, LR is able to
classify the dataset without assuming data distri-
bution in advance. In addition, the coefficients of an
LR formula can be easily extracted, interpreted, and
shared. However, it also has the disadvantage of
overfitting the collinear variables.40–42 Lasso
regression can improve overfitting problems by
adjusting parameters and simplifying the model,
which is suitable for datasets with high dimensions
and correlation. However, the variables in our
study were not enough to establish LASSO models
without overfitting. For ML algorithms, each
patient would be classified into either type 2 or
non-type 2 CRSwNP, and the ROC curves of these
models were polyline. We suggested that ML can
better identify type 2 CRSwNP, with a higher posi-
tive predictive value, while the sensitivity and spec-
ificity of the LR model are in a more balanced
manner.43,44 The positive predictive value and
negative predictive value of the diagnostic model
were related to prevalence of type 2 CRSwNP. The
positive predictive value would be higher when
the prevalence of type 2 CRSwNP is higher. In this
study, we established a clinical scoring system
based on the LR model, by converting complex
regression formulas into simple equations, which
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would facilitate the application of the diagnostic
model in clinical practice.

This studyhas certain limitations. Firstly, this study
is a retrospective study, which inevitably had se-
lection bias. In order to accurately measure the
cytokine levels in polyp tissue, patients with
CRSwNP who applied topical and systemic steroids
before sample collection were excluded. Secondly,
the study population is relatively small, and the
cutoff value needs to bemodified in a larger clinical
setting. Lastly, we are unable to integrate non-type2
cytokine profile into the diagnostic criteria, which
may have resulted in a minor bias in the inflamma-
tory endotyping process.

In this study, multiple CRSwNP endotype diag-
nostic models were established based on the
cytokine clustering analysis as gold standard. By
integrating the clinical and histopathological
characteristics of CRSwNP patients, the LR model
has the best diagnostic performance and showed
good stability after internal and external validation.
The clinical scoring system based on LR model can
assist clinicians in quickly classifying the inflam-
matory endotypes of patients with CRSwNP and
facilitating the development of individual treat-
ment plans.
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