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A B S T R A C T

Background: artificial intelligence (AI) for cellular phenotyping diagnosis of nasal polyps by whole-slide imag-
ing (WSI) is lacking. We aim to establish an AI chronic rhinosinusitis evaluation platform 2.0 (AICEP 2.0) to
obtain the proportion of inflammatory cells for cellular phenotyping diagnosis of nasal polyps and to explore
the clinical significance of different phenotypes of nasal polyps on the WSI.
Methods: a total of 453 patients were enrolled in our study. For the development of AICEP 2.0, 179 patients
(WSIs) were obtained from the Third Affiliated Hospital of Sun Yat-Sen University (3HSYSU) from January
2008 to December 2018. A total of 24,625 patches were automatically extracted from the regions of interest
under a 400£ HPF by Openslide and the number of inflammatory cells in these patches was counted by two
pathologists. For the application of AICEP 2.0 in a prospective cohort, 158 patients aged 14�70 years old with
chronic rhinosinusitis with nasal polyps (CRSwNP) who had undergone endoscopic sinus surgery at 3HSYSU
from June 2020 to December 2020 were included for preoperative demographic characteristics. For the appli-
cation of AICEP 2.0 in a retrospective cohort, 116 patients with CRSwNP who had undergone endoscopic
sinus surgery from May 2016 to June 2017 were enrolled for the recurrence rate. The proportion of inflam-
matory cells of these patients on WSI was calculated by our AICEP 2.0.
Findings: for AICEP 2.0, the mean absolute errors of the ratios of eosinophils, lymphocytes, neutrophils, and
plasma cells were 1.64%, 2.13%, 1.06%, and 1.22%, respectively. The four phenotypes of nasal polyps were sig-
nificantly different in clinical characteristics (including asthma, itching, sneezing, total IgE, peripheral
eosinophils%, tissue eosinophils%, tissue neutrophils%, tissue lymphocytes%, tissue plasma cells%, and recur-
rence rate; P <0.05), but there were no significant differences in age distribution, onset time, total VAS score,
Lund-Kennedy score, or Lund-Mackay score. The percentage of peripheral eosinophils was positively corre-
lated with the percentage of tissue eosinophils (r = 0.560, P <0.001) and negatively correlated with tissue
lymphocytes% (r = -0.489, P <0.001), tissue neutrophils% (r = -0.225, P = 0.005), and tissue plasma cells% (r = -
0.266, P = 0.001) in WSIs.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Interpretation AICEP 2.0 was the first AI used for cellular pheno-
typing diagnosis of nasal polyps based on the proportions of inflam-
matory cells and WSI. The four phenotypes of nasal polyps based on
WSI had different clinical characteristics, and this platform can pre-
dict different prognoses and lead to the delivery of personalized
treatment. Furthermore, this method was the first confirmation that
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Research in context

Evidence before this study

Chronic rhinosinusitis (CRS) is a complex disease consisting of
several diseases. Defining the phenotypes of CRS with nasal
polyps (CRSwNP) with prognosis may lead to the delivery of
personalized treatment. However, artificial intelligence (AI) for
cellular phenotyping diagnosis of nasal polyps based on whole-
slide imaging (WSI) is lacking. Literature searches were con-
ducted separately using PubMed on 8 September 2020 with the
terms (“artificial intelligence” OR “deep learning” OR “machine
learning” OR “convolutional neural network”) AND (“nasal pol-
yps” OR “chronic rhinosinusitis”) AND (“whole-slide imaging”),
without date or language restrictions. There was only one study
found, our previous study. The artificial intelligence (AI) CRS
evaluation platform 1.0 (AICEP 1.0), which was established in
our previous study, can only distinguish between eosinophilic
chronic rhinosinusitis with nasal polyps (eCRSwNP) and non-
eCRSwNP, but it failed to obtain the proportion of each inflam-
matory cell type.

Added value of this study

In this study, we established AICEP 2.0 to obtain the proportion
of inflammatory cells for cellular phenotyping diagnosis of
nasal polyps and explored the clinical significance of different
phenotypes of nasal polyps onWSI.

Implications of the available evidence

The AICEP 2.0 platform extended the previous AICEP 1.0 by fur-
ther analysing the cellular phenotypes of nasal polyps and can
show the distribution concentration of four kinds of inflamma-
tory cells in WSI by hot maps. Furthermore, this platform can
help doctors make diagnoses and the decision-making process
more easily and accurately.
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the percentage of peripheral blood eosinophils was positively corre-
lated with the percentage of eosinophils in polyp tissue on WSI, and
it could predict whether patients were eCRSwNP or not.

1. Introduction

Chronic rhinosinusitis (CRS) is a common condition in most of the
world and affects 5�12% of the general population, leading to a sig-
nificant burden on society in terms of healthcare consumption and
productivity loss [1�3]. Chronic rhinosinusitis has traditionally been
classified into chronic rhinosinusitis with nasal polyps (CRSwNP) and
without nasal polyps (CRSsNP). The clinical phenotypes are predomi-
nantly eosinophilic CRS (eCRS) and non-eCRS, determined by the his-
tologic quantification of the numbers of eosinophilic, i.e., number/
high-power field, which the European position paper on rhinosinusi-
tis and nasal polyps 2020 (EPOS 2020) agreed to be 10 per high-
power field (HPF; 400£) or higher [4].

CRS is a complex disease consisting of several disease variants
with different underlying pathophysiologies [5,6] Endotyping, based
on the pathogenic mechanism, provides a precise picture that is
more appropriate for use in clinical practice. However, endotyping
CRSwNP is still a challenge for rhinologists [7]. Therefore, some stud-
ies defining the phenotypes of CRSwNP with prognosis may lead to
the delivery of personalized treatment. Chinese CRSwNP patients
may be classified into five phenotypes with different polyp recur-
rence rates based on the presence of predominantly plasma cells,
lymphocytes, neutrophils, eosinophils, or mixed inflammatory cells
in 10 random HPFs in the diagnosis of nasal polyps [8]. However, arti-
ficial intelligence (AI) for cellular phenotyping diagnosis of nasal pol-
yps based on whole-slide imaging (WSI) is lacking.

Our studies have shown sampling errors among the estimates
based on 10 random HPFs in the diagnosis of CRSwNP [9]. Therefore,
we considered the ratio of eosinophils (RE) on the WSI as the crite-
rion standard for assessing eCRS with nasal polyps (eCRSwNP)
because of its lack of sampling error. The areas under the receiver
operating characteristic curve from the internal validation and exter-
nal test data sets of our artificial intelligence (AI) CRS evaluation plat-
form 1.0 (AICEP 1.0) were 0.974 and 0.957, respectively [9].

However, AICEP 1.0 can only distinguish between eCRSwNP and
non-eCRSwNP and it failed to obtain the proportion of each inflam-
matory cell on the WSI. Therefore, we aim to establish AICEP 2.0 to
obtain the proportion of each inflammatory cell for cellular pheno-
typing diagnosis of nasal polyps and to explore the clinical signifi-
cance of different phenotypes of nasal polyps on WSI.

2. Methods

2.1. Datasets

First, 179 patients were obtained from the Department of Otolar-
yngology in the Third Affiliated Hospital of Sun Yat-Sen University
(3HSYSU) in China from January 2008 to December 2018 after screen-
ing for staining, size, and quality of specimens. The patients (one
patient corresponding to one specimen) were randomly divided into
2 groups: 167 patients in the training dataset and 12 patients in the
testing dataset. After that, all specimens were scanned through an
automatic digital slide scanner (Panoramic 250 FLASH, 3DHISTECH
Ltd, Budapest, Hungary), and 179 digital whole-slide imaging (WSIs)
were obtained. The lamina propria of the mucosa was sketched,
excluding large glands, through automated slide analysis platform
software (ASAP, version 1.9, Radboud University Medical Center, The
Netherlands) to yield regions of interest (ROIs). Finally, 24,625
patches were automatically extracted from the ROI of WSIs under a
400£ HPF by Openslide (version 3.4.1, University of Pittsburgh, Pitts-
burgh, PA).

2.3. Labelling

For all 24,625 extracted patches, two competent pathologists
identified and counted the number of eosinophils (n1), number of
lymphocytes (n2), number of neutrophils (n3), and number of plasma
cells (n4) of each patch. The number of infiltrating inflammatory cells
was regarded as the sum (t = n1 + n2 + n3 + n4). Therefore, we
defined the ratios of eosinophils (REpatch-actual), lymphocytes (RLpatch-
actual), neutrophils (RNpatch-actual), and plasma cells (RPpatch-actual) as
n1/t, n2/t, n3/t, and n4/t, respectively. When the two pathologists’
assessments of Rpatch-actual differed by less than 5%, the average value
was used. If the difference was greater than 5%, the patch was
rechecked by an expert pathologist who had more than 30 years of
experience, and the value was corrected as necessary.

2.4. Development of the AICEP 2.0

A convolutional neural network (CNN) base model was used to
extract the features of regions of interest (ROIs) generated from the
WSI so that important information could be obtained for regression-
fitting tasks.

In our previous study, we compared the counts from AICEP 1.0
with the counts done by the two pathologists [9]. The results showed
that compared with Xception and Resnet50, InceptionV3 [10] had
the highest AUC and was selected as the final model in AICEP 1.0.
With the development of CNN models, we noticed that EfficientNet
series models had significant advantages over any previous CNN
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models, such as Inception, ResNet, and DenseNet, in terms of accu-
racy and parameter quantity [11].

State-of-the-art EfficientNets are a new baseline network
designed by neural architecture search and consist of a family of
models. From B0 to B7, the corresponding accuracy increases, but the
number of parameters also increases, which leads to a decrease in
training and deployment efficiency. The EfficientNet B5 model was
considered to be the most suitable base model because of the trade-
off between fewer parameters and sufficiently high ImageNet Top-1
accuracy [11]. Thus, we chose the EfficientNet B5 to update AICEP1.0
to AICEP 2.0, which can predict the proportions of inflammatory cells.
In our AICEP 2.0, the last layer of EfficientNet B5 was first removed,
and then a new layer containing only four neurons was added follow-
ing the penultimate layer to predict the four ratios of cells. The four
neurons in the last layer did not exert any activation function so that
the model could output unlimited predicted values.

Then, the datasets were randomly divided into a training dataset,
validation dataset, and independent test dataset at a ratio of 3:1:1.
The validation data were used to identify the best hyperparameters,
such as learning rate (LR) and batch size. Next, the validation data
were combined with the training data to form a larger training data-
set to retrain AICEP 2.0 and to evaluate its performance on the inde-
pendent test dataset.

In our study, AICEP 2.0 adopted the Adam optimizer with a learn-
ing rate of 8e-4 and batch size of 32. The best model parameter was
saved when the mean absolute error (MAE) on the independent test-
ing dataset was the lowest in 500 epochs. The deep learning architec-
ture was Keras 2.2, and the programming language was Python 3.6.
Our AICEP 2.0 was trained and tested on one Nvidia Tesla V100 GPU
with 32 GB memory with the help of Matplotlib, Numpy, and Scikit-
learn.
Fig. 1. A graphical abstract of the classification process for nasal polyps. (a), Patients with fou
whole-slide imaging (WSI) by a scanner. (c), WSIs are split into small patches automatically. (
with four different groups. (f), Management for different groups.
After the training, AICEP 2.0 can predict the proportions of inflam-
matory cells in each patch and show the distribution concentration
of four kinds of inflammatory cells in WSI by hot maps.

2.5. Performance of AICEP 2.0

To evaluate the performance of AICEP 2.0, MAE, root mean square
error (RMSE), R-squared, and explained variance score (EVS) were
estimated. MAE was the mean value of the absolute value of error
between the real value and the predicted value. RMSE was the square
of the difference between the real value and the predicted value;
then, the sum was averaged and the square root was obtained. R-
squared and EVS represent the degree of the fitting, ranging from 0
to 1; the higher the value is, the better the fitting.

2.6. Application of AICEP 2.0 in the prospective study (Fig. 1)

In our prospective study, 158 patients (117 male and 41 female),
aged 14�70 years old with CRSwNP, who had undergone endoscopic
sinus surgery (ESS) at 3HSYSU from June 2020 to December 2020
were included for preoperative demographic characteristics. In all, 13
patients (8.2%) had concomitant asthma and none were treated with
corticosteroids within 4 weeks before surgery. The patients’ histories
of asthma and allergies including acetylsalicylic acid intolerance
were obtained from their medical records. For allergic patients, data
were also collected from their preoperative clinical reports regarding
their total and specific IgE, including for Dermatophagoides pteronys-
sinus and Dermatophagoides farinae, birch pollen, pellitory, grass
mix, and cat and dog dander. The diagnosis of asthma was based on
patients’ symptoms of episodic cough, wheezing and/or dyspnoea,
and an accumulated dosage of methacholine provoking a 20% fall of
r different phenotypes of nasal polyps. (b), Digitization of the nasal polyp slide into the
d), Patches input into AICEP 2.0, which was trained by EfficientNet B5. (e), Output result



Table 1
The functional differences between AICEP 2.0 and AICEP 1.0.

Version Neural Network Panoramic Display Quantification

AICEP 2.0 EfficientNet B5 Yes four kinds of inflammatory
cells

AICEP 1.0 Inception V3 No eosinophils
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forced expiratory volume in the first second (FEV1) <2.505 mg and/or
�12% increase in FEV1 following inhalation of 200mg salbutamol.

Prior to surgery, nasal symptoms (including rhinorrhea, nasal
obstruction, olfactory dysfunction, and headache/facial pain) were
assessed using a visual analogue scale (VAS) of 0 to 10, and a com-
plete peripheral blood cell count and total IgE were performed. The
nasal polyps were also scored according to the Lund-Kennedy and
Lund-Mackay score staging system before surgery [12,13]. The pro-
portion of each kind of inflammatory cell on the WSI was calculated
by AICEP 2.0.

Plasma cell-dominant phenotypes and lymphocyte-dominant
phenotypes belong to chronic inflammation and their prognoses are
similar [8], so we classified them into plasma cells and lymphocyte-
dominant (LP) phenotypes in our study. According to the ratios of
inflammatory cells and the different recurrence rates of nasal polyps
reported by Lou’s study [8], we proposed four phenotypes of CRSwNP
based on WSI. (1) Eosinophil-dominant (E) phenotypes, where the
rate of eosinophils accounts for more than 60% of inflammatory cells.
(2) LP phenotypes, where the rate of lymphocytes and plasma cells
accounts for more than 60% of inflammatory cells. (3) E + LP pheno-
types, where both the rate of eosinophils and the rate of lymphocytes
and plasma cells account for more than 30% of inflammatory cells. (4)
Neutrophils and LP-dominant (N + LP) phenotypes, where both the
rate of neutrophils and the rate of lymphocytes and plasma cells
account for more than 30% of inflammatory cells. In our study, the
primary endpoints were the Lund-Kennedy score [12] and Lund-
Mackay score [13] at month 36. Secondary endpoints included the
total VAS score (including rhinorrhea, nasal obstruction, olfactory
dysfunction, and headache/facial pain) at month 36. A score of 0 is
given when a symptom is not present, and numbers up to 10 are
given when a symptom is present, with 10 indicating the greatest
severity [14].
2.7. Application of AICEP 2.0 in a retrospective cohort

116 patients with CRSwNP who had undergone endoscopic sinus
surgery at 3HSYSU from May 2016 to June 2017 were retrospectively
enrolled for the recurrence rate of the four phenotypes of nasal pol-
yps. Recurrence of nasal polyps was characterized after surgery by
nasal endoscopy as the presence of nasal polyps, together with both-
ersome symptoms persisting for at least one month [15]. All patients
were followed-up postoperative for 37.58 § 2.09 months.
2.8. Ethics statement

This study was approved by the Research Ethics Committee of the
Institute of Basic Research in Clinical Medicine, Third Affiliated Hospi-
tal of Sun Yat-Sen University ([2020]02-001-01). The research was
registered at the Chinese Clinical Trials Registry (http://www.chictr.
org.cn/index.aspx) with the number ChiCTR2000033779. Written
informed consent was obtained from all patients in this study.
Table 2
The performance differences between AICEP 2.0 and AICEP 1.0.

Performance Version RE RL RN RP

MAE (%) AICEP 2.0 1.64 2.13 1.06 1.22
AICEP 1.0 4.30 -* - -

RMSE (%) AICEP 2.0 2.79 3.51 1.81 1.62
AICEP 1.0 7.16 - - -

R2 AICEP 2.0 0.98 0.97 0.96 0.97
AICEP 1.0 0.92 - - -

EVS AICEP 2.0 0.99 0.98 0.97 0.98
AICEP 1.0 0.94 - - -
2.9. Statistical analysis

All statistical analyses were performed by SPSS 17.0. Categorical
variables are described as frequencies, and the chi-square test or
Kruskal-Wallis method was performed to test group differences
when appropriate. Continual variables are described as medians and
interquartile ranges because of nonnormal distribution, and differen-
ces among different types were tested by the Kruskal-Wallis method.
The correlation between the percentage of peripheral eosinophils
and the percentage of polyp tissue cells in the WSI was evaluated by
the Spearman correlation coefficient. All tests were two-sided, and
P <0.05 was considered statistically significant.
2.10. Role of funding source

The Funders didn’t have any role in study design, data collection,
data analyses, interpretation, or writing of report.

3. Results

(1) Comparison between AICEP 2.0 and AICEP 1.0
The functional differences and performance differences between

AICEP 2.0 and AICEP 1.0 are shown in Tables 1 and 2, respectively. For
AICEP 2.0, the MAEs of the ratio of eosinophils (RE), lymphocytes
(RL), neutrophils (RN), and plasma cells (RP) were 1.64%, 2.13%,
1.06%, and 1.22%, respectively (Fig. 2).

(1) Panoramic display of phenotypes of nasal polyps based onWSI

Fig. 3 a shows eosinophils -dominant phenotypes (E). The propor-
tions of eosinophils, lymphocytes and plasma cells (LPs) and neutro-
phils were 68.8%, 28.8%, and 2.3%, respectively. Fig. 3 b shows
lymphocyte- and plasma cell-dominant phenotypes (LPs). The pro-
portions of eosinophils, LP, and neutrophils were 22.3%, 73.1%, and
4.7%, respectively. Fig. 3 c shows eosinophils, lymphocytes and
plasma cell-dominant phenotypes (E + LP). The proportions of eosi-
nophils, LP and neutrophils were 40.9%, 53.8% and 5.3%, respectively.
Fig. 3 d shows neutrophil-, lymphocyte- and plasma cell-dominant
phenotypes (N + LP). The proportions of eosinophils, LP, and neutro-
phils were 10.0%, 58.9%, and 31.1%, respectively.

(1) Clinical characteristics of phenotypes of CRSwNP onWSI

To investigate whether the patients in these subgroups were rep-
resentative of distinct phenotypes of CRSwNP on WSI, the clinical
and histological characteristics of these four phenotypes were com-
pared (Tables 3 and 4).

The four phenotypes of CRSwNP onWSI were not significantly dif-
ferent in age distribution, onset time, total VAS score, Lund-Kennedy
score, or Lund-Mackay score. However, the proportions of inflamma-
tory cells (including eosinophils, neutrophils, lymphocytes, and
plasma cells) in nasal polyps in these subgroups, were significantly
different, all with P <0.05 (Kruskal-Wallis method). Phenotypes of E
and E + LP comprised a significantly high proportion of allergy symp-
toms (itching and sneezing) and peripheral eosinophils, high total IgE
and recurrence rate.

The E phenotype contained 12.0% (n =19) of the total patients,
with 73.7% (14/19) being male. It had a higher rate of allergy

http://www.chictr.org.cn/index.aspx
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Fig. 2. Performance of AICEP 2.0. (a), Mean absolute errors (MAE) of the ratio of eosinophils. (b), MAE of the ratio of lymphocytes. (c), MAE of the ratio of neutrophils. (d), MAE of the
ratio of plasma cells.
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symptoms (42.1%), the worst subjective symptoms (total VAS score),
and the highest proportion of tissue eosinophils, rate of comorbid
asthma (21.0%) and recurrence rate (75%).

The LP phenotype occurred in 65.8% (n =104) of the total patients
was the most common phenotype, and 74.0% (77/104) were male. It
had the highest proportion of peripheral lymphocytes and tissue
lymphocytes, and the lowest recurrence rate (7%).

The E + LP phenotype contained 12.1% (n = 31) of the total
patients, with 74.2% (23/31) being male. It had the highest rate of
allergy symptoms (itching 64.5% and sneezing 67.7%), the highest
proportion of peripheral eosinophils and basophils, and a higher rate
of comorbid asthma (19.2%) and recurrence rate (57.7%).

The N+LP phenotype comprised only 2.5% (n = 4) of the total
patients, and 75% (3/4) were male. It had the highest proportion of
tissue neutrophils, without allergy symptoms.

(1) Correlation between percentage of peripheral eosinophils
(peripheral eos%) and percentage of inflammatory cells on WSI
in polyp tissue

Peripheral eos% was positively correlated with tissue eosinophils%
(r = 0.560, P <0.001) and negatively correlated with tissue
lymphocytes% (r = -0.489, P <0.001), tissue neutrophils% (r = -0.225,
P = 0.005) and tissue plasma cells% (r = -0.266, P = 0.001; Spearman
correlation coefficient) in the WSI (Fig. 4).

4. Discussion

To the best of our knowledge, AICEP 2.0 was the first AI used for
cellular phenotyping diagnosis of nasal polyps on WSI. The four phe-
notypes of nasal polyps on WSI have different clinical characteristics,
and they can predict different prognoses and lead to the delivery of
personalized treatment.
Our previous study showed sampling errors among the estimates
based on 10 random HPFs in the diagnosis of CRSwNP. Because the
total count of inflammatory cells in WSI is time-consuming and labo-
rious, the load of inflammatory cells has not received attention. Our
AICEP 1.0 addressed the quantification of eosinophils, and its MAE for
eosinophils in internal validation data was 4.3%. However, this
method cannot quantify other inflammatory cells and cannot identify
the local distribution of various inflammatory cells and the identifica-
tion of cell accumulation areas [9]. In this study, AICEP 2.0 is the first
AI used to quantify all inflammatory cells in the WSI and to visualize
the density of each inflammatory cell distribution. Compared with
AICEP 1.0, the state-of-the-art EfficientNet B5 model was employing
in AICEP 2.0. The MAE of AICEP 2.0 for eosinophils was 1.62% which
was lower than that of AICEP 1.0. Moreover, compared with the 2�3
h of manual diagnosis, AICEP 2.0 only takes a few minutes to ten
minutes to diagnose a patient. Understanding the number of inflam-
matory cells in nasal polyps and their distribution in WSI may further
improve our diagnosis and provide more personalized treatment. In
summary, AICEP 2.0 can help doctors make diagnoses and decisions
more easily and accurately. Furthermore, to a certain extent, the use
of AICEP 2.0 can save some manpower and material resources in
China, which has a large population but not enough doctors.

A new clinical classification for CRS based on the disease being
localized or diffuse is proposed by EPOS 2020 [4]. Both of these
groups can be further divided into type 2 or no-type 2 disease. How-
ever, recent studies with monoclonal antibodies directed at type 2
endotypes have not found reliable biomarkers to predict reaction to
medication [16,17]. Currently, the combination of phenotype (e.g.,
CRSwNP), response to treatment and markers such as eosinophils in
either blood or tissue leads us to the best estimation of the endotype
and reaction to treatment. Brescia’s study showed that cluster analy-
sis can identify different histotypes among CRSwNP patients [18],
and some studies identified clusters of CRS based on eosinophilic



Fig. 3. Phenotypes of nasal polyp based on the WSI. (a), Eosinophils-dominant phenotypes (E). (b), Lymphocyte- and plasma cell-dominant phenotypes (LP). (c), Eosinophil-, lym-
phocyte- and plasma cell-dominant phenotypes (E+LP). (d), Neutrophil-, and lymphocyte- and plasma cell-dominant phenotypes (N+LP).
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inflammation and clinical presentation in Asian patients or white
patients using cluster analysis [19,20]. However, their study did not
consider the prognosis of CRSwNP as a characterization factor. Thus,
Lou and his colleagues used cluster analysis to generate 5 clusters
with the recurrence rate of nasal polyps based on clinical and patho-
logical data from a large cohort of Chinese patients with CRSwNP [8].

Based on Lou’s study [8], the prognosis of plasma cell-dominant
phenotypes and lymphocyte-dominant phenotypes was similar, and
both lymphocytes and plasma cells are chronic inflammatory cells
with similar morphology. Therefore, to facilitate clinical work, we
classified cases as plasma cell and lymphocyte-dominant (LP) pheno-
types and changed its five phenotypes into four phenotypes. The cut-
off values of our four types of cells are similar to Lou’s study [8], but
our classification was based on the WSI and combined with AICEP 2.0
is more convenient for the clinic.

Our results showed that the four phenotypes of nasal polyps had
significant differences in asthma, itching, sneezing, total IgE,
peripheral eos%, tissue eos%, tissue lym%, and recurrence rate but no
significant differences in polyp scores or severity of other symptoms.
These results were consistent with the findings of other studies
[5,8,21].

Our study demonstrated that the E phenotype and E + LP pheno-
type had a higher proportion of eosinophils in tissues and peripheral
blood and a higher rate of comorbid asthma and recurrence rate than
the other two phenotypes, which was similar to cluster 5 (eosino-
phil-dominant phenotype; a highest recurrence rates of 98.5%) and
cluster 3 (mixed inflammatory cell phenotype; a higher recurrence
rates of 75%) by Lou [8]. A tissue eosinophil proportion of 27% of total
cells or a tissue eosinophil absolute count of 55 eosinophils/HPF may
act as a reliable prognostic indicator for nasal polyp recurrence
within 2 years after surgery [22]. Another study demonstrated that
when linked to comorbid asthma, eosinophilic nasal polyps often
represented a form of severe eosinophilic airway inflammation and
patients experienced a high incidence of recurrence within 5 years



Table 3
Clinical characteristics of CRS subgroups.

E (n =19) LP (n =104) E+LP (n=31) N+LP (n=4) x2 P

Age 47 (36,59) 37 (29.25,52.75) 37 (29,48) 44.5 (22.25,64.5) 2.971 0.396
Gender (M/F) 14/5 77/27 23/8 3/1 0.222 1.000
Onset time (months) 60 (24,120) 48 (12,120) 36(12,120) 39 (4.5,288) 1.142 0.767
Itching (Y/N) 8/11 15/89 20/11 0/4 31.306 <0.001*
Sneezing (Y/N) 8/11 17/87 21/10 0/4 31.334 0.013*
Asthma (Y/N) 4/15 4/100 5/26 0/4 9.106 0.016*
Rhinorrhea score 6 (5,7) 6 (5,7) 6 (5,7) 6 (3,6.75) 1.298 0.730
Nasal obstruction score 6 (6,7) 6 (5,6.75) 6 (5,6) 6 (5.25,6.75) 3.578 0.311
Olfactory dysfunction score 6 (5,7) 5 (2.25,6) 6 (3,8) 6 (2.25,6.75) 7.058 0.070
Headache/facial pain score 2 (1,6) 2 (1,4.75) 3 (1,5) 3 (0.25,5) 1.473 0.689
Total VAS score 21 (19,24) 19 (15,21) 21 (15,24) 21.5 (10.75,24.75) 6.397 0.094
Lund-Kennedy score 8 (6,10) 8 (5,10) 6 (4,10) 6.5 (4.5,10.75) 1.737 0.629
Lund-Mackay score 11 (9,16) 11 (8,18) 10 (8,14) 16 (8,19.5) 1.360 0.715
Total IgE (IU/ml) (1^/2#/3&) 5/3/11 59/12/33 5/14/12 4/0/0 15.878 0.001*
Peripheral lym% 31.9 (29.09,34.32) 32.7 (28.45,39.05) 31.72 (27.48,36.92) 31.49 (27.89,32.07) 2.865 0.413
Peripheral neu% 53.17 (49.25,57.06) 54.85 (48.24,59.92) 49.16 (45.56,56.31) 55.29 (51.1,61.55) 5.452 0.142
Peripheral eos% 6.9 (3.5,9.87) 2.9 (1.84,5) 7.48 (5.23,9.66) 4.32 (1.9,6.18) 40.377 <0.001*
Peripheral bas% 0.46 (0.33,0.96) 0.58 (0.34,0.66) 0.71 (0.38,0.96) 0.48 (0.28,1.13) 3.355 0.340
Recurrence$ (Y/N) 12/4 5/66 15/11 1/2 44.459 <0.001*

E= eosinophil-dominant phenotypes; LP: plasma cells and lymphocyte-dominant phenotypes;
E+LP= eosinophils, plasma cells and lymphocyte-dominant phenotypes;
N+LP= neutrophils, plasma cells and lymphocyte-dominant phenotypes;
1^, Total IgE<100 IU/ml; 2#, 100 IU/ml <Total IgE<200 IU/ml; 3&, Total IgE>200 IU/ml.
$data from a retrospective cohort.
*P<0.05.
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[23]. Moreover, the higher-risk CRSwNP groups could be identified
better by a three-variable panel (age<65 years, serum basophil per-
centage, and eosinophilic type) which had an area under the receiver
operating characteristic curve (AUC) of 0.7028.[24] Additionally, our
study also showed that the E+LP phenotype had the highest propor-
tion of peripheral blood eosinophils and basophils. It is known that
basophils are related to the severity of eosinophilic inflammation
[25,26].

Moreover, the LP phenotype of our study modified from clus-
ters1 and 2 had the highest proportion of peripheral lymphocytes
and tissue lymphocytes. The N + LP phenotype, similar to cluster
4, had the highest proportion of tissue neutrophils, without
allergy symptoms [8].

Therefore, our four phenotypes of the CRSwNP on the WSI had
different clinical characteristics (including asthma, peripheral eos%,
tissue eos%, tissue lym% and recurrence rate) which were consistent
with other studies [5,8,21]. These phenotypes do help to diagnose
and may predict different prognoses. The higher the proportion of
eosinophils is, the worse the prognosis is [8,27]. This early prediction
was conducive to the early use of biological agents (which can reduce
eosinophilia), reduce the recurrence of nasal polyps and improve the
prognosis of patients [28].

It is well known that high eosinophilic infiltration in polyps pre-
dicts worse outcomes and a higher risk for polyp recurrence after sur-
gical treatment [27]. The identification of an eosinophilic phenotype
Table 4
Histological characteristics of CRS subgroups.

E(n=19) LP(n=104) E+LP

Tissue eos% 68.61 (64.92,73.6) 6.39 (1.8,15.96) 48.0
Tissue neu% 0.32 (0.06,0.71) 1.06 (0.23,3.63) 0.25
Tissue lym% 25.37 (21.65,29.66) 76.55 (65.98,85.22) 43.4
Tissue pla% 3.89 (1.48,4.94) 10.05 (5.11,15.76) 4.9 (

E= eosinophil-dominant phenotypes; LP: plasma cells and lymphocyt
E+LP= eosinophils, plasma cells and lymphocyte-dominant phenotype
N+LP= neutrophils, plasma cells and lymphocyte-dominant phenotyp
*P<0.05.
is therefore important in guiding the management of these patients.
Some studies showed that blood eosinophils were significantly corre-
lated with eCRSwNP [29,30], and blood eosinophil number (109/L)
was positively correlated with polyp tissue eosinophil number/HPF
[31]. However, there is a lack of studies that investigate the relation-
ship between blood eosinophils and polyp tissue eosinophils in WSI.
Our study demonstrated that the percentage of peripheral blood eosi-
nophils was positively correlated with the percentage of eosinophils
in polyp tissue in the WSI.

In this study, we also found a negative correlation between
peripheral eos% and tissue lymphocytes%, tissue neutrophils% and tis-
sue plasma cells%. No reports discuss the relationship of peripheral
eos% with lymphocytes%, neutrophils% and plasma cells% of nasal
polyps. However, the numbers of neutrophils and the mucous gland
area were increased and the numbers of eosinophils were reduced in
transverse sections of large and small airways from patients with
asthma [32]. The numbers of lymphocytes correlated with the num-
bers of eosinophils in the fatal asthma group (r = 0.60; p <0.0001)
and to a lesser extent in the nonfatal (r = 0.34; p = 0.001) and control
groups (r = 0.32; p = 0.001) [33]. Therefore, more studies are needed
to reveal the relationship of peripheral eos% with lymphocytes%, neu-
trophils% and plasma cells% of nasal polyps.

The strengths in our study are as follows. (1) The AICEP 2.0 plat-
form extended the previous AICEP 1.0 by further analysing the cellu-
lar phenotypes of nasal polyps and can show the distribution
(n=31) N+LP(n=4) x2 P

5 (43.42,51.77) 6.41 (3.98,10.41) 105.209 <0.001*
(0,0.6) 34.92 (32.21,36.6) 29.753 <0.001*
2 (40.48,48.5) 49.45 (38.4,56.62) 106.332 <0.001*
3.58,11.54) 6.91 (1.85,22.24) 26.826 <0.001*

e-dominant phenotypes;
s;
es;



Fig. 4. Correlation between percentage of peripheral eosinophils (peripheral eos%) and percentage of inflammatory cells in polyp tissue in WSI. (a), Peripheral eos% and tissue
eosinophils%. (b), Peripheral eos% and tissue lymphocyte%. (c), Peripheral eos% and tissue neutrophils%. (d), Peripheral eos% and tissue plasma cells%.

8 Q. Wu et al. / EBioMedicine 66 (2021) 103336
concentration of four kinds of inflammatory cells in WSI by hot maps.
(2) AICEP 2.0 achieved better performance than version 1.0 under
four different metrics. (3) The four phenotypes of the CRSwNP on the
WSI had different clinical characteristics and can predict different
prognoses and lead to the delivery of personalized treatment.

However, there are some limitations in our study that should be
mentioned. First, the real-world diagnostic accuracy of AI was lower
than that reported in a previous study conducted with screening data
sets [34]. Our study showed a similar result: AICEP performed better
in the internal validation data set than in the external test data set. In
our study, the internal training data set and the data validation set
came from a similar process regarding slicing, staining, andWSI scan-
ning, whereas these aspects may differ in the external test data set
[9]. Thus, to make AICEP 2.0 more generalisable to other populations
of patients with CRSwNP, we are trying to use tissue samples from
different areas of China and samples from non-Asian populations and
to include more pathologists from multiple centers to construct a
cloud-based multi-institutional AI platform in the follow-up experi-
ment. Second, each WSI is approximately 2�5 GB, which poses a
major challenge to the transmission between countries and regions.
With the 5G and cloud platforms widely used, these problems will be
solved in the future. Finally, because patients with nasal polyps often
need to be followed up for 36 months and our patients in the pro-
spective study were included from June 2020 to December 2020, the
primary and secondary endpoints and the prognosis of our four phe-
notypes of CRSwNP in our study are currently unclear. Therefore, our
next step will be to investigate, in a larger series and a long time for
regular follow-up, the clinical (e.g., prognostic) implications of identi-
fying four phenotypes of CRSwNP onWSI.

In conclusion, AICEP 2.0 was the first AI for cellular phenotyping
diagnosis of nasal polyps by WSI based on the proportions of inflam-
matory cells. The four phenotypes of nasal polyps have different clini-
cal characteristics, and they may predict different prognoses and lead
to the delivery of personalized treatment. Furthermore, the percent-
age of peripheral blood eosinophils was positively correlated with
the percentage of eosinophils in polyp tissue on WSI and may predict
whether patients were eCRSwNP.
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