Journal of Cancer Research and Clinical Oncology (2024) 150:143
https://doi.org/10.1007/500432-024-05695-5

RESEARCH q

Check for
updates

A CT-based radiomics nomogram involving the cystic fluid area
for differentiating appendiceal mucinous neoplasms from appendicitis
with intraluminal fluid

Xinbin Wang' - Na Feng' - Yonggang Qiu? - Hao Dong? - Cuncheng Lou? - Junjie Yang? - Jieni Yu' - Chunyan Jiang™*-
Jianxia Xu® - Risheng Yu'

Received: 21 August 2023 / Accepted: 8 March 2024 / Published online: 20 March 2024
© The Author(s) 2024

Abstract

Objective To develop and validate a radiomics nomogram based on computed tomography (CT) to distinguish appendiceal
mucinous neoplasms (AMNs) from appendicitis with intraluminal fluid (AWIF).

Method A total of 211 patients from two medical institutions were retrospectively analysed, of which 109 were pathologi-
cally confirmed as having appendicitis with concomitant CT signs of intraluminal fluid and 102 as having AMN. All patients
were randomly assigned to a training (147 patients) or validation cohort (64 patients) at a 7:3 ratio. Radiomics features of the
cystic fluid area of the appendiceal lesions were extracted from nonenhanced CT images using 3D Slicer software. Minimum
redundancy maximum relevance and least absolute shrinkage and selection operator regression methods were employed
to screen the radiomics features and develop a radiomics model. Combined radiomics nomogram and clinical-CT models
were further developed based on the corresponding features selected after multivariate analysis. Lastly, receiver operating
characteristic curves, and decision curve analysis (DCA) were used to assess the models’ performances in the training and
validation cohorts.

Results A total of 851 radiomics features were acquired from the nonenhanced CT images. Subsequently, a radiomics model
consisting of eight selected features was developed. The combined radiomics nomogram model comprised rad-score, age,
and mural calcification, while the clinical-CT model contained age and mural calcification. The combined model achieved
area under the curves (AUCSs) of 0.945 (95% confidence interval [CI]: 0.895, 0.976) and 0.933 (95% CI: 0.841, 0.980) in
the training and validation cohorts, respectively, which were larger than those obtained by the radiomics (training cohort:
AUC, 0.915 [95% CI: 0.865, 0.964]; validation cohort: AUC, 0.912 [95% CI: 0.843, 0.981]) and clinical-CT models (training
cohort: AUC, 0.884 [95% CI: 0.820, 0.931]; validation cohort: AUC, 0.767 [95% CI: 0.644, 0.863]). Finally, DCA showed
that the clinical utility of the combined model was superior to that of the clinical CT and radiomics models.

Conclusion Our combined radiomics nomogram model constituting radiomics, clinical, and CT features exhibited good
performance for differentiating AMN from AWIF, indicating its potential application in clinical decision-making.
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Introduction

Appendiceal mucinous neoplasms (AMNs) are rare cystic
tumours accounting for < 1% of all appendectomies. The
microscopic pathology of AMNSs is characterised by
mucous epithelial hyperplasia and extracellular mucus
production, grossly visible as mucus accumulation in the
appendiceal lumen (Yu et al. 2020; Ahadi et al. 2021,
Shaib et al. 2017). In contrast, appendicitis is one of the
most common acute abdominal conditions, with intra-
luminal fluid as a computed tomography (CT) feature
(Mahankali et al. 2021; Moteki et al. 2010). Therefore,
distinguishing AMN from appendicitis can occasion-
ally be challenging owing to the common manifestation
of intraluminal fluid, leading to their frequent preopera-
tive misdiagnosis in the clinic (Basak et al. 2018; Soon
et al. 2020; To et al. 2014; Yilmaz et al. 2013). Further-
more, AMN and appendicitis require distinct treatments
(Di Saverio et al. 2020; Glasgow et al. 2019; Moris et al.
2021). In the case of AMN, surgical resection is necessi-
tated. Intraoperatively, the integrity of the appendix wall
and the surrounding peritoneum should be evaluated, and
iatrogenic damage to the lesion should be prevented to
avoid the spread of mucous into the abdominal cavity
(Glasgow et al. 2019). With regard to appendicitis treat-
ment, this condition can be managed using conservative
anti-inflammatory therapy or surgical removal. Surgery
can be performed by conventional excision, wherein the
evaluation of the appendix wall and surrounding perito-
neum conditions is unnecessary (Di Saverio et al. 2020;
Moris et al. 2021). Thus, accurately differentiating AMN
from appendicitis prior to surgery is extremely crucial.

Currently, various imaging modalities are vital for diag-
nosing appendiceal diseases. The short-axis diameter of
the appendix is considered helpful in differentiating AMN
from acute appendicitis (Bennett et al. 2009; Saylam et al.
2013). However, small-sized or early-growing AMNs are
difficult to diagnose with conventional imaging. Addition-
ally, diffusion-weighted imaging and apparent diffusion
coefficient sequence of magnetic resonance imaging (MRI)
have been suggested to help detect AMN and appendicitis
by determining the properties of the luminal fluid. How-
ever, considering that this approach has been described
in only one case report, validation by studies using large
samples is warranted (INOUE et al. 2020). Therefore, a
new diagnosis method is required to more accurately dif-
ferentiate AMN from appendicitis.

Radiomics analysis, a recently developed technique
to extract extensive quantitative features from medical
images, has been applied to support clinical decision-
making by improving prediction, prognosis, and diagnostic
accuracy (Sah et al. 2019; Ma et al. 2022). However, to
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our knowledge, relevant research investigating the imple-
mentation of radiomics analysis to identify appendiceal
diseases has not been published.

In this study, we initially classified appendicitis with
intraluminal fluid (AWIF) into a separate category to distin-
guish it from AMN, consistent with the disease identifica-
tion process in a real-world clinical setting. Furthermore,
we aimed to develop and validate a combined nomogram
incorporating radiomics, clinical, and CT features to dif-
ferentiate AMN from AWIF.

Materials and methods
Patients

The institutional review boards of the two involved medi-
cal centres approved this study and waived the requirement
for informed consent due to its retrospective design. From
November 2013 to March 2023, 102 patients with AMN (58
from hospital I and 44 from hospital II) and 109 patients
with appendicitis from hospital II were enrolled. The patient
inclusion criteria were as follows: (1) histopathological diag-
nosis of AMN or appendicitis; (2) abdominal nonenhanced
CT scan within 2 weeks before surgery; (3) tubular-shaped
appendix with a uniform short-axis diameter; and (4) CT
signs of appendiceal intraluminal fluid and maximum short-
axis diameter of the cystic fluid area between 1-1.5 cm. The
patient exclusion criteria were as follows: (1) faecal stones,
air bubbles, or fat particles in the appendix cavity; (2) poor-
quality CT images; or (3) incomplete clinical data. A total of
211 patients were randomly assigned to a training (n=147)
or validation cohort (n=64) (Fig. 1).

Additionally, patient clinical data, including sex, age,
right lower abdominal pain, fever, and white blood cell
increase (>9.5x 10”), were recorded.

Image acquisition and analysis

Two 64-slice and one 16-slice spiral CT scanners (Siemens
Healthineers 64-slice, Forchheim, Germany; or Philips
Medical Systems 64 and 16-slice, Cleveland, OH, USA)
were used for abdominal nonenhanced CT examinations.
The scanning parameters were as follows: tube voltage, 120
kVp; tube current, 220 mA; field of view, 350X 350 mm;
pitch 0.8 and 1.2; slice thickness, 2 mm; and slice interval,
2 mm. Patients were imaged in a supine position, and the
scan range is from 2 cm above the xiphoid process to the
lower border of the pubic symphysis.

CT signs, including periappendiceal fat stranding, mural
calcification, periappendiceal free fluid, luminal fluid attenu-
ation, short-axis diameter of the luminal fluid area, thin line
mural, and mural thickening of the cecum, were analysed
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Pathologically diagnosed AMN ( n= 280) from two institutions and appendicitis
(n = 652) from one institution from November 2013 to March 2023

Inclusion (n = 316):

(1) abdominal nonenhanced CT scan within 2 weeks before surgery

(2) tubular-shaped appendix with a uniform short-axis diameter

(3) CT signs of appendiceal intraluminal fluid and maximum short-axis

diameter of the cystic fluid area between 1-1.5 cm

ANMN (n=118, 67 from hospital I and 51 from hospital IT), AWIF ( n= 198)

Exclusion (n = 105):
(1) faecal stones, air bubbles, or fat particles in the appendix cavity (n=79)
(2) poor-quality CT images (n=8)

(3) incomplete clinical data (n=18)

‘ AMN (n =102, 58 from hospital I and 44 from hospital IT), AWIF (n = 109) ]

l

l

l

Training cohort (n = 147)
(AMN: n = 71, AWIF: n = 76)

Validation cohort (n = 64)
(AMN: n = 31, AWIF: n = 33)

Fig. 1 Flowchart of patient selection

by two abdominal radiologists who had 12 and 32 years of
experience and were blinded to the clinical and pathologi-
cal details. The conclusions of the 32-year-old abdominal
radiologist were used in cases of data discrepancies.

Image segmentation and features extraction

Nonenhanced CT images of the patients with AMN or AWIF
were used for radiomics analysis via 3D Slicer software
(version 5.0.3; https://www.slicer.org). In each layer of the
images, the regions of interest (ROIs) were drawn carefully
along the boundary of the cystic fluid area by one abdominal
radiologist with 13 years of experience, after 30 of the 211
patients were randomly selected by the second radiologist
with three years of experience for drawing the ROIs. The
two radiologists were blinded to the clinical data and diag-
nosis. A total of 851 radiomics features were extracted from

each case of AMN or AWIF using the radiomics package of
the 3D Slicer software. These features were then categorised
into the following eight groups: (a) original-first-order fea-
tures, (b) original-shape features, (c) original-glcm features,
(d) original-gldm features, (e) original-glrlm features, (f)
original-glszm features, (g) original-ngtdm features, and (h)
wavelet features. The radiomics workflow is shown in Fig. 2.

Radiomics features selection

Minimum redundancy maximum relevance (mRMR) and
least absolute shrinkage and selection operator (LASSO)
regression methods were performed to screen the radiomics
features. First, mRMR was used to reduce the redundant
and irrelevant features, resulting in 50 radiomics features.
Next, we employed LASSO regression with tenfold cross-
validation to display the model coefficients of each feature

Fig.2 Radiomics workflow

ROI segmentation

maow.
mwomi
\4mNH

3D reconstruction Feature extraction Radiomics Features
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at lambda one standard error (lambda.lse). Based on the
number of features indicated by the vertical line on the right
side of the cross-validation plot, we conducted feature selec-
tion based on the magnitude of the coefficients’ absolute val-
ues. Further, intraclass correlation coefficients (ICCs) were
determined for the selected features extracted by the two
radiologists. The conclusions of the 13-year-old abdominal
radiologist were used in cases of the selected data discrepan-
cies. Finally, the Spearman rank correlation test was applied
to assess the association among the selected features.

Radiomics model development and evaluation

The rad-score of each patient was calculated by summing the
LASSO coefficient-based weights of the selected features,
which were utilized as potential predictors in constructing
the radiomics model. The Wilcoxon test was then used to
compare the difference between the rad scores of AMN and
AWTIF. Additionally, the discrimination power of the radiom-
ics model was evaluated using the area under the receiver
operating characteristic (ROC) curve (AUC) in the training
and validation cohorts based on the rad-scores.

Radiomics nomogram construction and evaluation

After univariate analysis, the independent predictors of
AMN were selected by multivariate analysis. Using these
independent predictors, a combined radiomics nomogram
that integrated radiomics, clinical, and CT features was
established. A clinical-CT model was also established based
on the clinical and CT features selected after multivariate
analysis. Furthermore, the goodness of fit of the combined
radiomics nomogram model was assessed using the Hos-
mer—Lemeshow test. The performance of the combined radi-
omics nomogram and clinical-CT models was also evaluated
in the training and validation cohorts by plotting their ROC
curves and calculating their AUC values. Lastly, the clinical
utility of the models was examined by plotting their DCA
curves.

Statistical analysis

Categorical variables were analysed via the chi-squared or
Fisher’s exact tests, whereas continuous variables were com-
pared using the independent t or Wilcoxon tests. Interob-
server variability was assessed using the ICC model. Lastly,
ROC curves, Hosmer—Lemeshow test, and DCA were used
to determine the reliability and usefulness of the models.
SPSS 23.0 (IBM, Armonk, NY, USA), R (v.4.1.2, Vienna,
Austria), and MedCalc v. 19.0 (MedCalc Software, Ostend,
Belgium) software were used to perform the statistical
analyses. A p value of <0.05 was considered statistically
significant.
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Results
Clinical and CT features

The ICCs of the seven CT features were all >0.75. The clini-
cal and CT features of the patients with AMN or AWIF are
depicted in Table 1. Age, periappendiceal fat stranding, and
mural calcification exhibited significant differences between
the AMN and AWIF groups in the training and validation
cohorts (p <0.05), whereas white blood cell increase was
significantly different only in the training cohort (p < 0.05).
The remaining clinical and CT features demonstrated no
significant differences between the two groups (p > 0.05).

Radiomics features selection and radiomics model
building

Eight features were eventually screened using LASSO
regression (Fig. 3A, B), including one original shape fea-
ture and seven wavelet features. The Spearman rank correla-
tion test results are illustrated in Fig. 3C, indicating that the
collinearity among the eight selected features was low. The
ICCs of the eight selected features were all >0.75, suggest-
ing good agreement between the two radiologists.

The rad scores were calculated based on the following
formula:

Rad - score = 5.6925 + (—0.4030) * Original_shape_SurfaceVolumeRatio
+ (—0.9231) % Wavelet(LHL)_glcm_Imc2
+ 0.0105 % Wavelet(LHL)_glrlm_LongRunLowGrayLevelEmphasis
+ (=3.7752) = Wavelet(LHL)_glrlm_RunPercentage
+ (—3.3077) = Wavelet(LHL)_glrlm_ShortRunEmphasis
+ (—0.0334) * Wavelet(HLL)_firstorder_90Percentile
+ 0.0928 = Wavelet(HLL)_glrlm_LongRunEmphasis

+ 0.1035 = Wavelet(HLH)_glrlm_LongRunEmphasis.

Furthermore, the rad-scores of AMN and AWIF were
compared between the training and validation cohorts,
demonstrating a significant difference (P <0.05; Fig. 3D, E).
Finally, the rad scores were used as predictors in construct-
ing the radiomics model.

Development of the combined radiomics nomogram

Multivariate analysis showed that age, mural calcification,
and rad-score were independent predictors to differentiate
AMN from AWIF (Table 2). The variance inflation fac-
tors of the independent predictors were all < 2, suggesting
no collinearity among them. Subsequently, a combined
model was developed by incorporating rad-score, age, and
mural calcification and presented as a nomogram (Fig. 4).
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Table 1 Comparison clinical and CT features between AMN and AWIF

Characteristic Training cohort Validation cohort
AMN AWIF P value AMN AWIF P value
(n=171) (n=176) n=31) (n=33)
Sex [1 (%)] 0.824% 0.846"
Male 37 (51.11) 41 (53.95) 12 (38.71) 12 (36.36)
Female 34 (47.89) 35 (46.05) 19 (61.29) 21 (63.64)
Age (year) 63.72+13.61 44.17+16.67 0.005%  58.71+15.34 46.76+20.88 0.004%
Right lower abdominal pain [n (%)] 39 (54.93) 50 (65.79) 0.178* 14 (45.16) 21 (63.64) 0.138*
Fever [n (%)] 6 (8.45) 11 (14.47) 0.254%  2(6.45) 5(15.15) 0.265%
White blood cell increase [ (%)] 26 (36.62) 43 (56.58) 0.015" 13 (41.94) 19 (57.58) 0.211*%
Periappendiceal fat stranding [ (%)] 21 (29.58) 45 (59.21) <0.001* 8 (25.81) 18 (54.55) 0.019%
Mural calcification [n (%)] 38 (53.52) 5(6.58) <0.001% 12 (38.71) 2 (6.06) 0.002%
Periappendiceal free fluid [ (%)] 7 (9.86) 2(2.63) 0.068"* 3(9.68) 3(9.09) 0.936"
Luminal fluid attenuation (Hu) 12.38+4.80 11.87+5.26 0.155%  11.56+4.01 11.91+5.31 0.053%
Short-axis diameter of the luminal fluid 12.68 +1.34 12.60+1.80 0.757%  12.84+1.42 12.64+1.49 0.573%
area [n (%)]
Thin line mural [n (%)] 52 (73.24) 56 (73.68) 0.951* 25 (80.65) 20 (60.61) 0.079%
Mural thickening of the cecum [n (%)] 3(4.23) 5(6.58) 0.530*  0(0) 1(3.03) 1.000%*
p value <0.05 written in bold indicates a significant difference
AMN appendiceal mucinous neoplasms, AWIF appendicitis with intraluminal fluid
&t test; #Chi-square test; *Fisher's exact tests
A 49 49 49 45 43 29 27 24 20 16 13 11 8 75331 10 B 48 27 14 5 0
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Fig.3 Radiomics feature selection and rad-score display. A A tuning
parameter (4) of the LASSO model by tenfold cross-validation was
selected based on minimum criteria. The y-axis displays binomial
deviance. The upper x-axis shows the number of radiomics features,
and the lower x-axis shows the log(4) value. In this study, the dotted
line on the right was chosen, which represented an optimal A value,
with log(1)=— 2.4 and eight features selected. B LASSO coefficient

profiles of the radiomics features. Each curve represents the coeffi-
cient change for every feature. The vertical line showed that the opti-
mal lambda value produced eight nonzero coefficients. C Spearman
rank correlation among eight features selected by LASSO regression
in the training cohort. D, E. The rad-scores of the AMN and AWIF
patients in the training (D) and validation cohorts (E)

@ Springer



143 Page6of 11

Journal of Cancer Research and Clinical Oncology (2024) 150:143

Table 2 Univariate and multivariate analysis of features for differientiaing AMN from AWIF

Variable OR Univariate analysis P OR Multivariate analysis P VIF
95%CI 95%CI

Sex 0.929 0.486-1.776 0.824

Age 1.081 1.053-1.109 <0.001 1.062 1.026-1.101 0.001 1.230
Right lower abdominal pain 0.634 0.326-1.233 0.179

Fever 0.545 0.190-1.563 0.259

White blood cell increase 0.443 0.229-0.860 0.016  0.594 0.177-1.998 0.400 1.075
Periappendiceal fat stranding 0.289 0.146-0.574 <0.001 0447 0.142-1.405 0.168 1.187
Mural calcification 16.352 5.898-45.335 <0.001 4.661 1.147-18.943 0.031 1.555
Periappendiceal free fluid 4.047 0.812-20.179 0.088

Luminal fluid attenuation 1.020 0.956-1.089 0.542

Short-axis diameter of the luminal  1.033 0.842-1.268 0.757

fluid area

Thin line mural 0.977 0.470-2.034 0.951

Mural thickening of the cecum 0.626 0.144-2.723 0.533

Rad-score 8.774 4.416-17.431 <0.001  7.393 3.281-16.658 <0.001 1.713

p value <0.05 written in bold indicates a significant difference

AMN appendiceal mucinous neoplasms, AWIF appendicitis with intraluminal fluid, CI confidence interval, OR odds ratio, VIF variance inflation

factor

The Hosmer-Lemeshow test also revealed p-values of
0.401 and 0.199 for the training and validation cohorts,
respectively, indicating no deviation from the goodness
of fit of the combined model. Additionally, a clinical-CT
model was constructed by incorporating age and mural

calcification.

Performance and clinical utility of the models

ROC curves of the combined, radiomics, and clinical-CT
models are displayed in Fig. 5SA, B and the detailed per-
formance results of the three models are listed in Table 3.
In the training cohort, the combined model provided the
greatest discriminatory power between the AMN and
AWIF groups, exhibiting an AUC of 0.945 (95% confi-
dence interval [CI]: 0.895, 0.976) that was larger than
the radiomics (AUC, 0.915 [95% CI: 0.865, 0.964]) and

0 10 20 30 40 50 60 70 80 90 100
Polnts L 1 1 L 1 1 1 ' 1 '] J
Rad.score r T T T T T T T T T T T T T 1

3 25 -2 15 1 -0.5 0 05 1 15 2 25 3 3.5 4
Age -t

15 25 35 45 55 65 75 85

1

Calcification )

0
Total Points r T T T T T T T T T T T T N

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
AMN T T

r
0.001

T
0.01

—T —T
0.0501 020.0.90.96.708 09 095

0.99 0.999

Fig.4 Nomogram incorporating radiomics, clinical, and CT features for differentiating AMN from AWIF
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Fig.5 Performance and clinical utility of the models. ROC curves
of the combined, radiomics, and clinical-CT models for differentiat-
ing AMN from AWIF in the training (A) and validation cohorts (B).
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Risk Threshold

DCA for the combined, radiomics, and clinical-CT models in the
training (C) and validation cohorts (D)

Table 3 Predictive performance of clinical-CT model, radiomics model and combined model

Model Training cohort Validation cohort

AUC (95%CI) Specificity Sensitivity AUC (95%CI) Specificity Sensitivity
Combined model 0.945 (0.895-0.976) 0.987 0.817 0.933 (0.841-0.980) 0.939 0.806
Radiomics model 0.915 (0.865-0.964) 0.868 0.873 0.912 (0.843-0.981) 0.727 0.935
Clinical-CT model 0.884 (0.820-0.931) 0.816 0.789 0.767 (0.644-0.863) 0.909 0.516

CI confidence internal, AUC area under curve

clinical-CT models (AUC, 0.884 [95% CI: 0.820, 0.931]).
Additional examination using the DeLong test revealed
differences between the combined and the clinical-CT
models in the training cohort (combined vs clinical-CT,
p=0.008). However, the radiomics model did not dif-
fer from the other two models (radiomics vs combined,
p=0.053; radiomics vs clinical-CT, p=0.331). Similarly,
in the validation cohort, the combined model achieved the
highest AUC of 0.933 (95% CI: 0.841, 0.980), demon-
strating better predictive power than the radiomics (AUC,
0.912 [95% CI: 0.843, 0.981]) and clinical-CT models
(AUC, 0.767 [95% CI: 0.644, 0.863]). Additionally, the

clinical-CT model differed from the combined and radi-
omics models in the validation cohort (clinical-CT vs
combined, p =0.007; clinical-CT vs radiomics, p=0.04),
while no differences were detected between the combined
and radiomics models (combined vs radiomics, p =0.163).

Additionally, DCA demonstrated that the curve of the
combined model (red curve) was higher than that of the radi-
omics (yellow curve) and clinical-CT models (green curve)
as well as the ‘all’ (blue curve) and ‘none’ (pink curve) sce-
narios in the training and validation cohorts over a wide
range of threshold probabilities (Fig. 5C, D). These findings
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suggested good clinical utility of the combined model for
differentiating AMN from AWIF.

Lastly, the combined radiomics nomogram was applied in
practical cases, and its predictive efficiency was confirmed
(Fig. 6).

Discussion

The preoperative differentiation of AMN from AWIF is cru-
cial for surgeons to plan appropriate therapy strategies. In
the current study, we developed and validated a combined
radiomics nomogram model that incorporated rad-score,
age, and mural calcification for distinguishing AMN from
AWIF. The combined model showed great discrimination,
achieving AUCs of 0.945 and 0.933 in the training and vali-
dation cohorts, respectively, which were larger than those
of the radiomics (training cohort: AUC, 0.915; validation
cohort: AUC, 0.912) and clinical-CT models (training
cohort: AUC, 0.884; validation cohort: AUC, 0.767). Fur-
ther, the Hosmer-Lemeshow test demonstrated that the com-
bined model was a good fit in the training (p =0.401) and

validation cohorts (p=0.199). DCA also confirmed that the
combined model had clinical utility superior to the radiom-
ics and clinical-CT models.

The cystic fluid in AMN is histologically composed of
mucin, whereas the intraluminal fluid in appendicitis con-
sists of purulent material (INOUE et al. 2020; Ahadi et al.
2021; Moris et al. 2021). Thus, identifying the nature of
these two fluids via CT or ultrasound can be difficult. In
contrast, radiomics is an advanced method involving high-
throughput extraction of features from medical images and
subsequently analysing the numerous quantitative imaging
characteristics representing underlying histologic features
that could not be visually observed (Calabrese et al. 2021;
Dong et al. 2022). Several studies have reported using
radiomic methods to differentiate between cystic lesions
in other organs. For example, Fang et al. found that MRI
T2-weighted imaging-based radiomics showed good per-
formance in discriminating between pancreatic serous and
mucinous cystic neoplasms (training cohort: AUC, 0.93;
validation cohort: AUC, 0.86) (Fang et al. 2022). Another
radiomics model based on CT developed by Pan et al. also
exhibited great potential for discriminating between ovarian

Fig.6 The combined radiomics nomogram model for differentiating
AMN from AWIF. A-C Patient 1: A 64-year-old man presented with
recurrent right lower abdominal pain for 6 months. A Coronal and B
sagittal CT showed a tubular cystic lesion (white arrow) in the ileo-
caecal region. C. Postoperative pathology (haematoxylin—eosin stain-
ing; magnification, X4) demonstrated residual mucin (black arrow)
in the appendix cavity, mucosal surface atrophy, disappearance of
submucosal lymphatic tissue, and AMN diagnosis. The rad-score of
patient 1 was (— 0.089). In the nomogram for patient 1, age scored 21
points, and the rad-score was given 42 points, yielding a total score of
63. According to the nomogram, the probability of AMN for patient
1 was about 60%, consistent with the pathological result. D-F Patient

@ Springer

2: A 28-year-old man presented with mid-upper abdominal pain for
5 h. D, E Axial CT revealed a tubular cystic lesion in the right lower
abdomen. F Postoperative pathology (haematoxylin—eosin staining;
magnification, X 4) indicated that the whole layer of the appendix wall
was infiltrated by neutrophils, with a few of the inflammatory cells
entering the tube cavity (black arrow). A diagnosis of suppurative
appendicitis was considered. The rad-score of patient 2 was (— 0.54).
In the nomogram for patient 2, age received 6 points, while the rad-
score scored 35, reaching a total score of 41. Based on the nomo-
gram, the probability of AMN in patient 2 was < 10%, indicating the
diagnosis of another disease (AWIF) corresponding to the pathologi-
cal result
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serous and mucinous cystadenoma (Pan et al. 2020). Those
two studies were based on different histological character-
istics of the cystic fluid area, providing a research direction
for our study. In the current study, five of the eight radiom-
ics features selected via LASSO regression quantitatively
reflected the homogeneity and complexity of the focal
parameters of the grey-level run-length matrix (GLRLM)
(Chen et al. 2022). Therefore, radiomics can be used to iden-
tify the different pathological features of the cystic fluid in
AMN and AWIF.

Previous studies have explored applying clinical and
conventional imaging data to differentiate between AMN
and appendicitis. For instance, the short-axis diameter of
the appendix is considered to provide a high discrimina-
tory value (Lien et al. 2006; Saylam et al. 2013). Specifi-
cally, a short-axis diameter of > 15 mm was less predictive
of appendicitis. Additionally, Saylam et al. concluded that
a short-axis diameter of < 10 mm had lower predictability
for AMN. Therefore, we limited the maximum short-axis
diameter of the cystic fluid area in the appendiceal lumen
to 1-1.5 cm and excluded lesions with highly specific signs
for appendicitis diagnosis, such as faecal stones and air
bubble signs in the lumen, consistant with the differential
diagnosis scenarios in real clinical practice. Saylam et al.
also revealed that the mean age of patients with appendiceal
mucinous tumours was 56.57 years, whereas that of patients
with appendicitis was 48.91 years (Saylam et al. 2013). This
observation was close to our findings, suggesting that age
may be a useful indicator to differentiate AMN from AWIF.
Moreover, our multivariate analysis demonstrated that mural
calcification might help differentiate AMN from AWIF. This
result was in line with many previous studies that suggested
that mural calcification is a typical AMN feature (Brassil
et al. 2022; Monsonis et al. 2021). The mechanism of mural
calcification may be a pushing growth pattern of AMN that
leads to fibrosis with dystrophic mural calcification of the
appendix (Ahadi et al. 2021). In summary, according to the
prior research findings and our multivariate analysis, age
(odds ratio [OR]: 1.062) and mural calcification (OR: 4.661)
may be effective predictors in the model construction.

Accordingly, we developed and validated a combined
nomogram model to differentiate AMN from AWIF by
incorporating rad-score, age, and mural calcification. To
the best of our knowledge, similar models discriminating
AMN from AWIF have not been reported, highlighting the
novelty of our study. Furthermore, our combined model
achieved AUCs of 0.945 and 0.933 in the training and vali-
dation cohorts, respectively. These values were higher than
those obtained by the radiomics and clinical-CT models,
indicating that the combined model had the best predic-
tive power. Moreover, the DeLong test demonstrated dif-
ferences between the combined and clinical-CT models in
the training and validation cohorts. These results suggested

that the radiomics features based on the cystic fluid area
could improve the ability to discriminate AMN from AWIF.
However, the clinical-CT model we developed only had an
AUC of 0.767 and a sensitivity of 0.516 in the validation
cohort, both of which were lower than the results reported
by Saylam et al. (AUC: 0.855; sensitivity: 0.765) (Saylam
et al. 2013). We speculate that the reason for this discrep-
ancy may be attributed to the biased results resulting from
the small sample size of the validation cohort or to the diag-
nostic difficulties introduced in the clinical-CT model due to
our restrictions on specific features, including the maximum
short-axis diameter, faecal stones, and air bubbles. Moreo-
ver, nomograms are an intuitive and quantifiable tool widely
used in previous studies (Wang et al. 2022; Zheng et al.
2021). We visualised our combined model as a nomogram,
making it convenient for clinical application.

Nevertheless, our study has several limitations that should
be considered. First, the study had a small sample size and
lacked external validation. To address this issue, we hope to
expand the sample size further and include external data-
sets for validation in the future. Second, nonenhanced CT
images were used instead of enhanced CT images due to the
unavailability of enhanced CT data. Thus, the features of the
appendiceal mural enhancement could not be assessed. We
hope to investigate AMN and AWIF further using enhanced
CT images when the data volume is sufficient. Finally, the
manual segmentation of the cystic fluid area conducted by
the study radiologists was time-consuming. Consequently,
we aim to develop an automatic segmentation method in
the future.

In conclusion, our combined radiomics nomogram consti-
tuting rad-score, age, and mural calcification is a potentially
valuable tool for differentiating AMN from AWIF.

Author contributions Wang XB, collected and processed data, and
drafted the manuscript; Feng N, collected data, participated in its
design and manuscript editing; Qiu YG, Dong H, Lou CC and Yang JJ
helped in the analysis of image features; Yu JN and Jiang CY guided
the data analysis and processing; Xu JX and Yu RS, conceived of the
study and contributed to the supervision of the whole process. All
authors read and approved the final manuscript.

Funding The authors declare that no funds, grants, or other support
were received during the preparation of this manuscript.

Data availability The datasets and code used and/or analyzed during

the current study are available from the corresponding author upon
reasonable request.

Declarations

Competing interests The authors have no relevant financial or non-
financial interests to disclose.

Ethics approval This study was performed in line with the principles
of the Declaration of Helsinki. Approval was granted by the Ethics

@ Springer



143 Page 100of 11

Journal of Cancer Research and Clinical Oncology (2024) 150:143

Committee of the Second Affiliated Hospital, Zhejiang University
School of Medicine (2022.10 .07/2022-0859) and the First People's
Hospital of Xiaoshan District, Hangzhou (2023.03.28/2023-025). The
two Ethics Committees asked the researchers to protect patient privacy,
hide patient names and hospitalisation numbers during the study, and
prevent data leakage.

Consent to participate This retrospective study was reviewed and
approved by the Ethics Committee of the Second Affiliated Hospital,
Zhejiang University School of Medicine and the First People's Hospi-
tal of Xiaoshan District, Hangzhou, and the requirement for informed
consent was waived.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ahadi M, Sokolova A, Brown I, Chou A, Gill AJ (2021) The 2019
World Health Organization Classification of appendiceal, colo-
rectal and anal canal tumours: an update and critical assessment.
Pathology 53(4):454-461. https://doi.org/10.1016/j.pathol.2020.
10.010

Basak F, Hasbahceci M, Yucel M, Sisik A, Acar A, Kilic A, Su DM
(2018) Does it matter if it is appendix mucocele instead of appen-
dicitis? Case series and brief review of literature. J Cancer Res
Ther 14(6):1355-1360. https://doi.org/10.4103/0973-1482.
183193

Bennett GL, Tanpitukpongse TP, Macari M, Cho KC, Babb JS (2009)
CT diagnosis of mucocele of the appendix in patients with acute
appendicitis. AJR Am J Roentgenol 192(3):W103-W110. https://
doi.org/10.2214/AJR.08.1572

Brassil M, Lee R, O’Neill D, Woods G, Moloney BM, Dunne R, Mor-
rin M, Lee MJ (2022) Appendiceal tumours—a correlation of CT
features and histopathological diagnosis. ] Med Imaging Radiat
Oncol 66(1):92-101. https://doi.org/10.1111/1754-9485.13329

Calabrese A, Santucci D, Landi R, Beomonte ZB, Faiella E, de Felice
C (2021) Radiomics MRI for lymph node status prediction in
breast cancer patients: the state of art. J Cancer Res Clin Oncol
147(6):1587-1597. https://doi.org/10.1007/s00432-021-03606-6

Chen X, Cheng G, Yang X, Liao Y, Zhou Z (2022) Exploring the value
of features of lung texture in distinguishing between usual and
nonspecific interstitial pneumonia. Acad Radiol. https://doi.org/
10.1016/j.acra.2022.06.011

Di Saverio S, Podda M, De Simone B, Ceresoli M, Augustin G, Gori
A, Boermeester M, Sartelli M, Coccolini F, Tarasconi A, De’ AN,
Weber DG, Tolonen M, Birindelli A, Biffi W, Moore EE, Kelly
M, Soreide K, Kashuk J, Ten BR, Gomes CA, Sugrue M, Davies
RJ, Damaskos D, Leppaniemi A, Kirkpatrick A, Peitzman AB,
Fraga GP, Maier RV, Coimbra R, Chiarugi M, Sganga G, Pisanu
A, De’ AG, Tan E, Van Goor H, Pata F, Di Carlo I, Chiara O, Lit-
vin A, Campanile FC, Sakakushev B, Tomadze G, Demetrashvili
Z, Latifi R, Abu-Zidan F, Romeo O, Segovia-Lohse H, Baiocchi
G, Costa D, Rizoli S, Balogh ZJ, Bendinelli C, Scalea T, Ivatury

@ Springer

R, Velmahos G, Andersson R, Kluger Y, Ansaloni L, Catena F
(2020) Diagnosis and treatment of acute appendicitis: 2020 update
of the WSES Jerusalem guidelines. World J Emerg Surg 15(1):27.
https://doi.org/10.1186/s13017-020-00306-3

Dong H, Yin L, Chen L, Wang Q, Pan X, Li Y, Ye X, Zeng M (2022)
Establishment and validation of a radiological-radiomics model
for predicting high-grade patterns of lung adenocarcinoma less
than or equal to 3 cm. Front Oncol 12:964322. https://doi.org/10.
3389/fonc.2022.964322

Fang X, Zhang Q, Liu F, Li J, Wang T, Cao K, Zhang H, Li Q, Yu
J, Zhou J, Zhu M, Li N, Jiang H, Shao C, Lu J, Wang L, Bian
Y (2022) T2-weighted image radiomics nomogram to predict
pancreatic serous and mucinous cystic neoplasms. Acad Radiol.
https://doi.org/10.1016/j.acra.2022.10.008

Glasgow SC, Gaertner W, Stewart D, Davids J, Alavi K, Paquette IM,
Steele SR, Feingold DL (2019) The American Society of Colon
and Rectal Surgeons, Clinical Practice Guidelines for the manage-
ment of appendiceal neoplasms. Dis Colon Rectum 62(12):1425-
1438. https://doi.org/10.1097/DCR.0000000000001530

Inoue A, Yoshida E, Otsuki A, Ohta H, Mekata E, Tsujikawa T, Wata-
nabe S, Ota S, Nitta N, Murata K (2020) A case of appendiceal
mucocele due to low-grade appendiceal mucinous neoplasm cor-
rectly differentiated from acute appendicitis based on diffusion-
weighted imaging and the apparent diffusion coefficient value.
Jpn J Magnet Reson Med 40(1):14-19. https://doi.org/10.2463/
jimrm.2019-1688

Lien WC, Huang SP, Chi CL, Liu KL, Lin MT, Lai TI, Liu YP, Wang
HP (2006) Appendiceal outer diameter as an indicator for differ-
entiating appendiceal mucocele from appendicitis. Am J Emerg
Med 24(7):801-805. https://doi.org/10.1016/j.ajem.2006.04.003

MaM, GanL, Liu Y, Jiang Y, Xin L, Liu Y, Qin N, Cheng Y, Liu Q, Xu
L, Zhang Y, Wang X, Zhang X, Ye J, Wang X (2022) Radiomics
features based on automatic segmented MRI images: prognostic
biomarkers for triple-negative breast cancer treated with neoadju-
vant chemotherapy. Eur J Radiol 146:110095. https://doi.org/10.
1016/j.ejrad.2021.110095

Mahankali SK, Ahamed SA, Gupta G, Razek A (2021) CT based
Acute Appendicitis Severity Index for acute appendicitis and
validate its effectiveness in predicting complicated appendi-
citis. Emerg Radiol 28(5):921-927. https://doi.org/10.1007/
$10140-021-01950-1

Monsonis B, Zins M, Orliac C, Mandoul C, Boulay-Coletta I, Curros-
Doyon F, Molinari N, Taourel P, Millet I (2021) Retrospective
case-control study to predict a potential underlying appendiceal
tumor in an acute appendicitis context based on a CT-scoring
system. Eur J Radiol 136:109525. https://doi.org/10.1016/j.ejrad.
2021.109525

Moris D, Paulson EK, Pappas TN (2021) Diagnosis and management
of acute appendicitis in adults: a review. JAMA 326(22):2299—
2311. https://doi.org/10.1001/jama.2021.20502

Moteki T, Ohya N, Horikoshi H (2010) Computed tomography cri-
terion for the diagnosis of appendicitis without periappendiceal
inflammation in children using the maximum depth of intralumi-
nal appendiceal fluid. J Comput Assist Tomogr 34(6):907-914.
https://doi.org/10.1097/RCT.0b013e3181ec05fe

Pan S, Ding Z, Zhang L, Ruan M, Shan Y, Deng M, Pang P, Shen Q
(2020) A nomogram combined radiomic and semantic features
as imaging biomarker for classification of ovarian cystadenomas.
Front Oncol 10:895. https://doi.org/10.3389/fonc.2020.00895

Sah BR, Owczarczyk K, Siddique M, Cook G, Goh V (2019) Radi-
omics in esophageal and gastric cancer. Abdom Radiol (NY)
44(6):2048-2058. https://doi.org/10.1007/s00261-018-1724-8

Saylam B, Guldogan CE, Coskun F, Vural V, Comcali B, Tez M
(2013) Distinguishing between acute appendicitis and appendiceal
mucocele: is this possible preoperatively? Eur J Trauma Emerg
Surg 39(5):523-529. https://doi.org/10.1007/s00068-013-0321-3


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.pathol.2020.10.010
https://doi.org/10.1016/j.pathol.2020.10.010
https://doi.org/10.4103/0973-1482.183193
https://doi.org/10.4103/0973-1482.183193
https://doi.org/10.2214/AJR.08.1572
https://doi.org/10.2214/AJR.08.1572
https://doi.org/10.1111/1754-9485.13329
https://doi.org/10.1007/s00432-021-03606-6
https://doi.org/10.1016/j.acra.2022.06.011
https://doi.org/10.1016/j.acra.2022.06.011
https://doi.org/10.1186/s13017-020-00306-3
https://doi.org/10.3389/fonc.2022.964322
https://doi.org/10.3389/fonc.2022.964322
https://doi.org/10.1016/j.acra.2022.10.008
https://doi.org/10.1097/DCR.0000000000001530
https://doi.org/10.2463/jjmrm.2019-1688
https://doi.org/10.2463/jjmrm.2019-1688
https://doi.org/10.1016/j.ajem.2006.04.003
https://doi.org/10.1016/j.ejrad.2021.110095
https://doi.org/10.1016/j.ejrad.2021.110095
https://doi.org/10.1007/s10140-021-01950-1
https://doi.org/10.1007/s10140-021-01950-1
https://doi.org/10.1016/j.ejrad.2021.109525
https://doi.org/10.1016/j.ejrad.2021.109525
https://doi.org/10.1001/jama.2021.20502
https://doi.org/10.1097/RCT.0b013e3181ec05fe
https://doi.org/10.3389/fonc.2020.00895
https://doi.org/10.1007/s00261-018-1724-8
https://doi.org/10.1007/s00068-013-0321-3

Journal of Cancer Research and Clinical Oncology (2024) 150:143

Page110f 11 143

Shaib WL, Assi R, Shamseddine A, Alese OB, Staley CR, Memis
B, Adsay V, Bekaii-Saab T, El-Rayes BF (2017) Appendiceal
mucinous neoplasms: diagnosis and management. Oncolo-
gist 22(9):1107-1116. https://doi.org/10.1634/theoncologist.
2017-0081

Soon J, Aftab S, Ling L, Uppaluri S, Kok S (2020) Appendicitis mim-
icking the CT appearance of an appendiceal mucinous neoplasm.
J Radiol Case Rep 14(11):26-38. https://doi.org/10.3941/jrcr.
v14i11.4081

To KB, Owens SR, Napolitano LM (2014) Mucinous appendiceal
tumor presenting as perforated appendicitis. Surg Infect (Larchmt)
15(6):863-865. https://doi.org/10.1089/sur.2013.238

Wang XB, Dong H, Qiu YG, Lou CC, Huang DY, Zhang J, Chen DH,
Feng H, Fang X (2022) Nomogram based on clinical and brain
computed tomography characteristics for predicting more than 5
cerebral microbleeds in the hypertensive population. Front Neurol
13:955378. https://doi.org/10.3389/fneur.2022.955378

Yilmaz M, Akbulut S, Kutluturk K, Sahin N, Arabaci E, Ara C, Yilmaz
S (2013) Unusual histopathological findings in appendectomy

specimens from patients with suspected acute appendicitis. World
J Gastroenterol 19(25):4015-4022. https://doi.org/10.3748/wjg.
v19.i25.4015

Yu XR, Mao J, Tang W, Meng XY, Tian Y, Du ZL (2020) Low-grade
appendiceal mucinous neoplasms confined to the appendix: clini-
cal manifestations and CT findings. Investig Med 68(1):75-81.
https://doi.org/10.1136/jim-2018-000975

Zheng Z, Chen Z, Xie Y, Zhong Q, Xie W (2021) Development and
validation of a CT-based nomogram for preoperative prediction
of clear cell renal cell carcinoma grades. Eur Radiol 31(8):6078-
6086. https://doi.org/10.1007/s00330-020-07667-y

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1634/theoncologist.2017-0081
https://doi.org/10.1634/theoncologist.2017-0081
https://doi.org/10.3941/jrcr.v14i11.4081
https://doi.org/10.3941/jrcr.v14i11.4081
https://doi.org/10.1089/sur.2013.238
https://doi.org/10.3389/fneur.2022.955378
https://doi.org/10.3748/wjg.v19.i25.4015
https://doi.org/10.3748/wjg.v19.i25.4015
https://doi.org/10.1136/jim-2018-000975
https://doi.org/10.1007/s00330-020-07667-y

	A CT-based radiomics nomogram involving the cystic fluid area for differentiating appendiceal mucinous neoplasms from appendicitis with intraluminal fluid
	Abstract
	Objective 
	Method 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Patients
	Image acquisition and analysis
	Image segmentation and features extraction
	Radiomics features selection
	Radiomics model development and evaluation
	Radiomics nomogram construction and evaluation
	Statistical analysis

	Results
	Clinical and CT features
	Radiomics features selection and radiomics model building
	Development of the combined radiomics nomogram
	Performance and clinical utility of the models

	Discussion
	References




