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Objectives:  To develop and validate a nomogram based on whole-tumour histograms of 
apparent diffusion coefficient (ADC) maps for predicting malignant transformation (MT) in 
sinonasal inverted papilloma (IP).
Methods:  This retrospective study included 209 sinonasal IPs with and without MT, which 
were assigned into a primary cohort (n = 140) and a validation cohort (n = 69). Eight ADC 
histogram features were extracted from the whole-tumour region of interest. Morphological 
MRI features and ADC histogram parameters were compared between the two groups (with 
and without MT). Stepwise logistic regression was used to identify independent predictors and 
to construct models. The predictive performances of variables and models were assessed using 
the area under the curve (AUC). The optimal model was presented as a nomogram, and its 
calibration was assessed.
Results:  Four morphological features and seven ADC histogram parameters showed signif-
icant differences between the two groups in both cohorts (all p < 0.05). Maximum diameter, 
loss of convoluted cerebriform pattern, ADC10th and ADCSkewness were identified as independent 
predictors to construct the nomogram. The nomogram showed significantly better perfor-
mance than the morphological model in both the primary (AUC, 0.96 vs 0.88; p = 0.006) and 
validation (AUC, 0.96 vs 0.88; p = 0.015) cohorts. The nomogram showed good calibration 
in both cohorts. Decision curve analysis demonstrated that the nomogram is clinically useful.
Conclusions:  The developed nomogram, which incorporates morphological MRI features 
and ADC histogram parameters, can be conveniently used to facilitate the pre-operative 
prediction of MT in IPs.
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Introduction

The sinonasal inverted papilloma (IP) is a benign 
tumour with a risk of malignant transformation (MT).1 
Sinonasal IPs with and without MT have different prog-
noses and treatments. When a patient’s IP is suspected 

of MT, more extensive surgical resection is indicated, 
combined with postoperative adjuvant radiotherapy or 
chemoradiotherapy.2,3 Therefore, accurate diagnosis of 
inverted papilloma with malignant transformation (MT-
IP) is strongly associated with the choice of treatment 
strategy. However, it remains challenging to identify 
MT-IP in clinical practice; although endoscopic biopsy 
is the current standard procedure, it has the limitations 
of an invasive nature and sampling errors.4
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MRI with diffusion-weighted imaging (DWI) has 
been widely used for the diagnosis and pre-operative 
evaluation of sinonasal tumours. The apparent diffu-
sion coefficient (ADC) obtained from DWI, which 
represents an objective measure of tissue-specific diffu-
sion capacity, has been used to differentiate benign 
and malignant sinonasal tumours quantitatively.5–7 
Some studies have suggested that the ADC, obtained 
from conventional measurements, could help to deter-
mine the biological behaviour of IP, with lower values 
observed in MT-IP.6 However, conventional measure-
ments mainly depend on the mean value of voxels 
within regions of interest (ROIs). Because intratumour 
heterogeneity is not accounted for in these methods, 
they do not represent the whole tumour and often miss 
slight but important tumour information.8,9 To avoid 
this sampling error, a whole-tumour histogram analysis 
method that involves placing a ROI on the entire lesion 
has been proposed to evaluate tumour characteristics 
more precisely.10

Recently, a preliminary study reported that whole-
tumour ADC histogram analysis may provide valuable 
information for predicting MT-IP.11 However, in that 
small sample study, an independent validation analysis 
was not performed. Therefore, the aim of this study is 
to develop and validate a nomogram that incorporates 
both the ADC histogram parameters and morpholog-
ical features for predicting sinonasal MT-IP, based on 
large samples (n = 209).

Methods and patients

Patients
This retrospective study was approved by our institu-
tional ethics committee and the requirement to gather 
informed consent was waived. One experienced radiol-
ogist reviewed the medical records of Eye & ENT 
Hospital of Fudan University to identify patients treated 
from January 2015 to November 2021. We included 
patients who: (1) were histopathologically diagnosed 
with sinonasal IP or MT-IP, with complete pathological 
data, and (2) underwent MRI examinations, including 
DWI, before treatment. We excluded patients who had: 
(1) poor quality images, from artefacts or body motion, 
(2) tumours smaller than 10 mm along the short axis 
or (3) tumours that were recurrent lesions. In all, 209 
patients were included in this study and assigned to a 
primary cohort (n = 140) or a validation cohort (n = 69) 
according to their imaging examination number. The 
primary cohort was used to train the predictive model, 
and the validation cohort was used to assess the perfor-
mance and generalization of the model.

Magnetic resonance imaging technique
MRI was performed using a 3 T Siemens MRI system 
(Magnetom Verio or Prisma; Siemens Medical, 
Erlangen, Germany) with a 12-channel head coil. The 

MRI protocol included the following sequences: axial 
T1 weighted imaging, axial and coronal fat-suppressed 
T2 weighted imaging, axial DWI and axial and coronal 
fat-suppressed contrast-enhanced T1 weighted imaging. 
Axial DWI was undertaken using a readout-segmented 
echoplanar imaging sequence. The imaging parameters 
for DWI were as follows: repetition time, 4700 ms; echo 
time, 66 ms; flip angle, 90°; field of view, 180× 180 mm; 
matrix, 160 × 160; slice thickness, 3 mm; interslice gap, 
1.2 mm; b, 0 and 1000 s/mm2. The gradient directions 
were x, y and z. The ADC map was calculated using a 
monoexponential fit.

Image analysis

Morphological MRI evaluation:  Two radiologists who 
were blinded to histopathological outcomes and clinical 
information (with 6 and 8 years of experience in head 
and neck imaging) independently reviewed all images. 
If  disagreements occurred, a senior radiologist (with 16 
years of experience) would be called on to resolve the 
differences. Morphological features of each lesion were 
evaluated as follows: (1) three-dimensional maximum 
diameter; (2) bony erosion; (3) orbit or intracranial 
invasion; (4) loss of convoluted cerebriform pattern 
(CCP). We defined a CCP on a T2 weighted or contrast-
enhanced T1 weighted image as a mixture of linear or 
curvilinear hyper- or hypointense striations, visualised 
in the solid portion of the tumour.8

Whole-tumour ADC histogram analysis:  Whole-
tumour segmentation was performed using ITK-SNAP 
(v. 3.6.0; www.itksnap.org). The ROIs were manu-
ally drawn slice by slice to cover the entire tumour to 
the greatest extent possible. Visible cystic or necrotic 
components and areas of haemorrhage were avoided by 
referring to T2 weighted images and contrast-enhanced 
T1 weighted images. Histogram analysis was performed 
using the Radiomics module of 3D Slicer (v. 4.11.0; 
www.slicer.org), which is based on the open-source 
Python package Pyradiomics (www.radiomics.io). Eight 
first-order statistical features, namely, mean (ADCMean), 
median (ADCMedian), 10th percentile (ADC10th), 90th 
percentile (ADC90th), skewness (ADCSkewness), kurtosis 
(ADCKurtosis), uniformity (ADC Uniformity) and entropy 
(ADC Entropy), were extracted from whole-tumour ROIs. 
The number of histogram bins was set to 64.
Whole-tumour segmentation of all lesions was 
performed by a radiologist with 6 years of experience 
in head and neck imaging. To evaluate the interobserver 
reproducibility of the ADC parameters of conventional 
measurement and histogram analysis, 70 randomly 
selected lesions were analysed again by a radiologist 
with 8 years of experience in head and neck imaging. 
Intraclass correlation coefficients (ICCs) were calcu-
lated for each parameter, and the reproducibility was 
interpreted based on the following scale: (1) ICC <0.4, 
poor; (2) 0.4≤ ICC ≥0.59, fair; (3) 0.6< ICC ≥0.75, good; 
and (4) ICC ≥0.75, excellent.12
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Statistical analysis
All statistical analyses were performed using R software 
(v. 3.5.2; www.r-project.org) (R Foundation for Statis-
tical Computing, Vienna, Austria). Comparisons of 
clinical characteristics between two groups were evalu-
ated using t tests, the Mann–Whitney U test or the χ2 
test, as appropriate. The Kolmogorov–Smirnov test was 
used to assess the normal distribution of continuous 
data. The ADC-associated parameters of two groups 
were compared using the Mann–Whitney U test. Step-
wise logistic regression analysis was used to identify 
independent variables for predicting MT-IP. Based on 
the morphological features alone and with histogram 
parameters, respectively, two predictive models were 
built, using a primary cohort. Receiver operating char-
acteristic (ROC) curves were used to assess the predic-
tive performances of the significant features and the 
models, and areas under the ROC curve (AUCs) of 
the models were compared using the DeLong test. The 
nomogram for identifying MT-IP was plotted based 
on the optimal model. Calibration curves were plotted 
by bootstrapping with 1000 resamples for assessing 
the calibration of the nomogram, accompanied by the 
Hosmer–Lemeshow test. Decision curve analysis was 
used to calculate the net benefit from the use of two 
models at different threshold probabilities in the valida-
tion cohort. For all statistics, p < 0.05 was indicative of 
statistical significance.

Results

The primary cohort included 140 patients, 90 with IPs 
and 50 with MT-IPs. The validation cohort included 69 
patients, 45 with IPs and 24 with MT-IPs. No significant 
difference was found in the percentage of MT-IPs (p = 

0.983), sex (p = 0.183) or age (p = 0.966) between the 
primary and validation cohorts. All four morphological 
MRI features exhibited significant differences between 
two groups in both cohorts (all p < 0.001). A compar-
ison of the clinical characteristics and morphological 
MRI features is given in Table 1.

In the reproducibility analysis, seven histogram 
parameters (the exception was ADCEntropy) exhibited 
excellent interobserver agreement (Table 2). In compar-
isons of parameters between the two groups, ADCMean, 
ADCMedian, ADC10th, ADC90th and ADCEntropy were signifi-
cantly smaller in patients with MT-IP in both cohorts 
(all p < 0.05). In addition, ADCSkewness and ADCUniformity 
were significantly larger in patients with MT-IP in both 
cohorts (all p < 0.05). Representative cases are shown in 
Figure 1. Comparisons of ADC parameters between the 
two groups are given in Table 2 and Figure 2.

By combining morphological MRI features and ADC 
histogram parameters in the analysis, the maximum 
diameter (p < 0.001), loss of CCP (p = 0.032), ADC10th 
(p < 0.001) and ADCSkewness (p = 0.011) were identified 
as independent variables. Of these significant variables, 
ADC10th gave the best-predictive performance, with 
AUCs of 0.90 and 0.94 in the primary and validation 
cohorts, respectively. The maximum diameter, loss of 
CCP and ADCSkewness achieved AUCs of 0.80, 0.77 and 
0.81, respectively, in the primary cohort and 0.79, 0.72 
and 0.75, respectively, in the validation cohort.

The nomogram combining ADC histogram param-
eters and morphological features showed significantly 
better predictive performance than the model based 
on morphological features alone (AUCs, 0.96 vs 0.88, 
p = 0.006) and validation cohort (AUCs, 0.96 vs 0.88, p 
= 0.015) (Table 3 and Figure 3). The calibration curve 
showed good calibration in the primary cohort, with 

Table 1  Clinical characteristics and morphological MRI features of patients

Primary cohort (n = 140) Validation cohort (n = 69)

IP (n = 90) MT-IP (n = 50) p IP (n = 45) MT-IP (n = 24) p

Sex 0.906 0.789

 � Male 68 (75.8%) 39 (78.8%) 29 (63.8%) 17 (70.8%)

 � Female 22 (24.2%) 11 (21.2%) 16 (36.2%) 7 (29.2%)

Age (years) 56 ± 12 58 ± 12 0.289 56 ± 14 59 ± 12 0.334

Maximum diameter (mm) 47.7 ± 13.6 62.9 ± 13.7 <0.001 48.1 ± 14.7 67.4 ± 19.5 <0.001

Bony erosion <0.001 <0.001

 � Yes 8 (8.9%) 25 (50.0%) 6 (13.3%) 13 (54.2%)

 � No 82 (91.1%) 25 (50.0%) 39 (86.7%) 11 (45.8%)

Orbit or intracranial invasion <0.001 <0.001

 � Yes 5 (5.6%) 18 (36.0%) 2 (4.4%) 9 (37.5%)

 � No 85 (94.4%) 32 (64.0%) 43 (95.6%) 15 (62.5%)

Loss of convoluted cerebriform pattern <0.001 <0.001

 � Yes 19 (21.1%) 38 (76.0%) 8 (17.8%) 19 (79.2%)

 � No 71 (78.9%) 12 (24.0%) 37 (82.2%) 5 (20.8%)

CCP, convoluted cerebriform pattern; IP, inverted papilloma; MT-IP, inverted papilloma with malignant transformation
Data are presented as n (%) or mean ± standard deviation.
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a non-significant Hosmer–Lemeshow test result (p = 
0.238); this was verified by the validation cohort (p = 
0.805) (Figure  4). The decision curve analysis showed 
that the nomogram provided a better net benefit to 
predict MT-IP, compared with the morphological model 
and with scenarios in which no prediction model would 
be used (i.e. treat-all or treat-none schemes) (Figure 5).

Discussion

It is challenging to discriminate sinonasal IP from 
MT-IP but of great importance. Our results indicate 
that a nomogram incorporating morphological features 
(maximum diameter and loss of CCP) and ADC histo-
gram parameters (ADC10th and ADCSkewness) exhib-
ited better predictive performance than a model using 
morphological features alone. Furthermore, the nomo-
gram had good calibration in both cohorts and was 
confirmed as clinically useful.

Maps of ADC can quantitatively assess the Brownian 
motion of water molecules, closely indicating the 
tumour microenvironment with regard to water content 

and tumour cellularity.13 In this study, all ADC values 
(mean, median and percentile values) were significantly 
smaller in patients with MT-IP than in patients with 
IP. In agreement with previous studies,8,11 smaller ADC 
values are associated with more significant tumour cell 
proliferation, indicating the presence of more aggressive 
biological behaviour in MT-IP. Whole-tumour histo-
gram analysis can provide comprehensive information 
on the tissue characteristics of the entire tumour and 
has been used to evaluate sinonasal tumours.11,14,15 In 
our study, ADC10th demonstrated better performance 
than other histogram parameters. Previous studies have 
indicated that lower percentiles of an ADC histogram 
had greater advantages in the classification and grading 
of tumours than higher percentiles.11,16,17 A recent 
study reported that ADC10th could serve as a promising 
biomarker for predicting occult lymph node metastasis 
in the early stage of head and neck cancer.12 Given our 
similar results, it is possible that the tumour biological 
behaviour is more truly reflected by the diffusion char-
acteristics of densely packed solid tumours. Therefore, 
it could be more accurately evaluated by low percen-
tiles of the ADC histogram, which is less affected by 
the components of microcystic degeneration, necrosis 
and oedema. In our study, the ADCSkewness of  MT-IP 
was higher than that of IP in both cohorts, showing 
that it could be identified as an independent predictor. 
As an index measuring the asymmetrical distribu-
tion of the ADC histogram, a higher positive skew-
ness indicates that the voxel values cluster towards the 

Table 2  Comparison of ADC histogram parameters between two groups (with and without malignant transformation)

Parameter (10−3 mm2/s) ICC

Primary cohort Validation cohort

IP MT-IP p IP MT-IP p

 � ADCMean 0.99 1.46 (1.30, 1.61) 1.17 (1.06, 1.34) <0.001 1.45 (1.36, 1.53) 1.15 (1.04, 1.25) <0.001

 � ADCMedian 0.99 1.44 (1.28, 1.59) 1.10 (0.96, 1.29) <0.001 1.43 (1.30, 1.50) 1.10 (1.02, 1.22) <0.001

 � ADC10th 0.98 1.16 (1.04, 1.28) 0.83 (0.74, 0.91) <0.001 1.15 (1.05, 1.23) 0.82 (0.69, 0.96) <0.001

 � ADC90th 0.96 1.81 (1.65, 1.98) 1.61 (1.37, 1.89) <0.001 1.81 (1.70, 1.93) 1.53 (1.41, 1.67) <0.001

 � ADCSkewness 0.85 0.35 (0.02, 0.60) 0.86 (0.51, 1.16) <0.001 0.32 (0.17, 0.59) 0.70 (0.48, 1.00) <0.001

 � ADCKurtosis 0.89 4.14 (3.42, 4.85) 4.55 (3.84, 5.68) 0.029 3.89 (3.40, 5.63) 5.35 (4.03, 5.93) 0.059

 � ADCUniformity 0.75 0.038 (0.033, 0.043) 0.044 (0.039, 0.052) <0.001 0.036 (0.032, 0.049) 0.049 (0.039, 0.058) 0.002

 � ADCEntropy 0.63 4.99 (4.78, 5.17) 4.85 (4.66, 4.98) 0.001 5.03 (4.67, 5.17) 4.65 (4.49, 4.94) 0.006

ADC, apparent diffusion coefficient; ICC, intraclass correlation coefficient; IP, inverted papilloma; MT-IP, inverted papilloma with malignant 
transformation
Data are reported as median (interquartile range).

Figure 1  A 67-year-old male (Case 1) and (c, d) a 40-year-old female 
(Case 2) were pathologically confirmed as having MT-IP and IP, 
respectively; (b, d) the whole-tumour ROIs of ADC were delineated by 
referral to (a, c) contrast-enhanced T1 weighted imaging; (e) two ADC 
histograms were acquired based on the ROIs, and a lower ADC10th 
(0.68 × 10−3 mm2/s vs 1.01 × 10−3 mm2/s) and higher ADC Skewness (0.92 
vs 0.29) were shown in Case 1, compared with Case 2. ADC, apparent 
diffusion coefficient; IP, inverted papilloma; MT, malignant transfor-
mation; MT-IP, inverted papilloma with malignant transformation; 
ROIs, regions of interest.

Figure 2  Scatter plots of ADC10th and ADCSkewness: dotted lines 
demonstrate the best cutoff  values for predicting MT-IP. ADC, 
apparent diffusion coefficient; MT-IP, inverted papilloma with malig-
nant transformation.

http://birpublications.org/dmfr
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lower end. Previous studies have indicated significantly 
larger ADCSkewness results in high-grade compared with 
low-grade renal cell carcinomas18 and head and neck 
cancers.19 Our observation of higher ADC skewness 
in MT-IPs reflected a predominance of smaller ADCs 
associated with neoplasia-related cellularity.

As morphological features, maximum diameter and 
loss of CCP showed significant differences between 
IPs and MT-IPs in both cohorts. However, two ADC 
histogram parameters were also selected as independent 
predictors. In addition, on comparing the predictive 
performance of the two models, the nomogram incor-
porating morphological features and ADC histogram 
parameters exhibited better performance than the model 
using morphological features alone in both the primary 
cohort (AUCs, 0.96 vs 0.88) and validation cohort 
(AUCs, 0.96 vs 0.88). These results further suggest that 
ADC maps may provide powerful supplementary infor-
mation in the diagnosis of MT-IP. Recently, dynamic 
contrast-enhanced MRI was reported to be useful to 
predict sinonasal MT-IP, with the optimal AUC of 0.83 
being weaker than those of our two models.20 Moreover, 

compared with dynamic contrast-enhanced MRI, DWI 
is a better fit for routine use because of its shorter exam-
ination time. Furthermore, the nomogram also showed 
good calibration in the validation cohort. These results 
suggest that the nomogram is a reliable and reproducible 
tool for identifying MT-IP. In addition, decision curve 
analysis was applied in this study. The decision curve 
showed that the application of nomogram to predict 
MT-IPs added more benefit than treating all or none of 
the patients, or than using a morphological model.

This study has some limitations: First, our results were 
from a single-centre study and further prospective multi-
centre studies are required to obtain high-level evidence 
for clinical application. Second, sample selection bias, 
such as small tumour size and low image quality, may 

Table 3  Predictive performance of significant variables and models

Variable or model Cut-off

Primary cohort Validation cohort

AUC (95% CI) Sensitivity Specificity
AUC 

(95% CI)
Sensitiv-

ity Specificity

Maximum diameter (mm) 51 0.80 (0.72, 0.86) 0.86 0.71 0.79 (0.68, 
0.88)

0.96 0.49

Loss of convoluted cerebriform pattern 0.77 (0.70, 0.85) 0.76 0.79 0.72 (0.61, 
0.84)

0.63 0.82

ADC10th (×10−3 mm2/s) 0.91 0.90 (0.84, 0.95) 0.76 0.91 0.94 (0.86, 
0.98)

0.92 0.82

ADCSkewness 0.49 0.81 (0.73, 0.87) 0.8 0.7 0.75 (0.63, 
0.85)

0.88 0.6

Morphological model 0.88 (0.81, 0.94) 0.8 0.87 0.88 (0.81, 
0.96)

0.75 0.89

Nomogram 0.96 (0.93, 0.99) 0.92 0.92 0.96 (0.91, 
0.99)

0.96 0.87

ADC, apparent diffusion coefficient; AUC, area under receiver operating characteristic curve; CI, confidence interval
Data in parentheses indicate 95% CIs. Morphological model was constructed by maximum diameter and loss of convoluted cerebriform 
pattern. Nomogram was constructed by maximum diameter, loss of convoluted cerebriform pattern, ADC10th and ADCSkewness.

Figure 3  Comparison of receiver operating characteristic curves of 
two models in (a) primary and (b) validation cohorts, respectively. 
ADC, apparent diffusion coefficient; AUC, area under curve; CCP, 
convoluted cerebriform pattern; MT-IP, inverted papilloma with 
malignant transformation.

Figure 4  (a) By combining maximum diameter, loss of CCP, ADC10th 
and ADCSkewness, a nomogram was developed in the primary cohort, 
with good calibration curves in both (b) the primary cohort and (c) the 
validation cohort. ADC, apparent diffusion coefficient; CCP, convo-
luted cerebriform pattern.
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exist in this study because of the exclusion criteria used. 
This also partly explains the higher rate of MT reported 
in this study, compared with previous studies.1 Third, the 
ROIs were placed manually, depending on the individual 
experience of the radiologist. Finally, only conventional 
DWI with a monoexponential model was used in our 
study; this could have been influenced by tissue micro-
perfusion. The value of advanced diffusion models in 
predicting MT-IP, such as intravoxel incoherent motion 
MRI and diffusion kurtosis imaging, should be further 
investigated in future studies.

Conclusion

Incorporating morphological MRI features and 
ADC histogram parameters in an easy-to-use nomo-
gram facilitates preoperative estimation of  the risk 
of  MT-IP. The nomogram could serve as a promising 
non-invasive tool and might guide future clinical 
practice.
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Figure 5  Decision curve analysis for each model in the validation 
cohort: the y-axis measures the net benefit, which is calculated by 
summing the benefits (true-positive findings) and subtracting the 
harms (false-positive findings) and weighting the latter by a factor 
related to the relative harm of undetected MT-IP compared with the 
harm of unnecessary treatment; the decision curve showed that the 
application of nomogram to predict MT-IPs added more benefit than 
treating all or none of the patients or using the morphological model. 
MT-IP, inverted papilloma with malignant transformation.
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