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Background: It is difficult for radiologists to differentiate adrenal lipid-poor adenomas
from non-adenomas; nevertheless, this differentiation is important as the clinical
interventions required are different for adrenal lipid-poor adenomas and non-adenomas.

Purpose: To develop an unenhanced computed tomography (CT)-based radiomics
model for identifying adrenal lipid-poor adenomas to assist in clinical decision-making.

Materials and methods: Patients with adrenal lesions who underwent CT between
January 2015 and August 2021 were retrospectively recruited from two independent
institutions. Patients from institution 1 were randomly divided into training and test sets,
while those from institution 2 were used as the external validation set. The unenhanced
attenuation and tumor diameter were measured to build a conventional model. Radiomics
features were extracted from unenhanced CT images, and selected features were used to
build a radiomics model. A nomogram model combining the conventional and radiomic
features was also constructed. All the models were developed in the training set and
validated in the test and external validation sets. The diagnostic performance of the
models for identifying adrenal lipid-poor adenomas was compared.

Results: A total of 292 patients with 141 adrenal lipid-poor adenomas and 151 non-
adenomas were analyzed. Patients with adrenal lipid-poor adenomas tend to have lower
unenhanced attenuation and smoother image textures. In the training set, the areas under
the curve of the conventional, radiomic, and nomogram models were 0.94, 0.93, and
0.96, respectively. There was no difference in diagnostic performance between the
conventional and nomogram models in all datasets (all p < 0.05).

Conclusions: Our unenhanced CT-based nomogram model could effectively distinguish
adrenal lipid-poor adenomas. The diagnostic power of conventional unenhanced CT
imaging features may be underestimated, and further exploration is worthy.
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INTRODUCTION

With the marked escalation in the use of diagnostic imaging,
incidental detection of adrenal nodules is increasing (1, 2).
Benign adrenal adenomas account for 75%−80% of non-tumor
cases (3–5). Adrenal adenomas do not require further
investigation or clinical intervention, but suspected malignant
adrenal tumors (i.e., pheochromocytoma, metastatic tumor)
usually require imaging follow-up to determine subsequent
treatments, such as adrenalectomy (5–9). Frequently, adrenal
adenomas containing abundant intracytoplasmic lipids can be
readily diagnosed with high specificity on unenhanced computed
tomography (CT) imaging, whereas approximately 30% of
adrenal adenomas are lipid-poor, measuring > 10 Hounsfield
Unit (HU) on CT (4, 10, 11). Distinguishing adrenal lipid-poor
adenomas from non-adenomas is a challenge for radiologists,
particularly in cases with an unknown history of primary
malignancy, because of the overlap in unenhanced attenuation
between them (12–14). Previous studies have suggested that
contrast-enhanced washout CT can effectively identify lipid-
poor adenomas; however, some hypervascular tumors (i.e.,
adrenal metastasis of liver cancer) manifest similar washout
characteristics, making diagnosis difficult. Chemical-shift
magnetic resonance imaging (MRI) is also useful in
characterizing adrenal adenomas, but its sensitivity for those
measuring more than 30 HU is poor (15). Dual-energy CT can
provide energy-spectrum information, which is helpful in
distinguishing lipid-poor adenoma; however, lipid-rich
adenoma may be misdiagnosed (16, 17).

Radiomics, with features extracted from medical images (i.e.,
CT and MRI) can produce accurate and robust evidence to assist
in clinical decision-making. Radiomics can use high-throughput
methods to extract and analyze quantitative information that
cannot be assessed by visual inspection of CT, as well as other
clinical images, based on intensity, shape, size, and texture (18).
Previous studies have shown that texture analysis can be used to
distinguish lipid-poor adenomas with high accuracy (14, 19).
Therefore, these quantitative radiomics features may be helpful
in effectively identifying lipid-poor adenomas.

The purpose of our study was to assess the performance of
radiomics in the identification of adrenal lipid-poor adenomas
and to develop a diagnostic model to assist in clinical
decision-making.
MATERIALS AND METHODS

Study Patients
This retrospective study analyzed consecutive patients admitted
to two independent institutions between January 2015 and
August 2021, who met the following inclusion criteria: adult
Abbreviations: CT, computed tomography; AUC, area under the receiver
operating characteristic curve; CI, confidence interval; ROI, region of interest;
MRI, magnetic resonance imaging; ROC, receive operating characteristic; 18 FDG,
18F-fluorodeoxyglucose; VIF, variance inflation factor.
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patients (aged ≥18 years) with adrenal lesions, who underwent
adrenal or abdominal unenhanced and contrast-enhanced CT.

We excluded lesions showing unenhanced attenuation of ≤ 10
HU ormacroscopic fat (i.e., lipid-rich adenomas andmyelolipomas,
respectively); lesions without a solid component, defined as a
change in pre- and post-contrast imaging of > 10 HU (i.e., cysts
or hematomas); cases without an adequate reference standard,
namely adrenal lesions exhibiting an increase of 10%–30% in
maximum diameter; lesions with prior systemic or focal therapy;
lesions < 10mm inmaximum diameter, which was our cut-off value
to avoid partial volume effects; and cases with poor image quality,
such as severe motion artifacts.

Institution-based sampling was applied. Cases from institution 1,
which had a large number of patients, was randomly divided into a
training set and a test set at a ratio of 7:3, while cases from
institution 2 were used as the external validation set.

This retrospective study was approved by the Institutional
Review Board of institutions 1 and 2, and the requirement for
obtaining written informed consent was waived.

Reference Standard
The final diagnosis of all analyzed lesions was established based
on histopathological findings or widely accepted imaging criteria.
Lipid-poor adenomas were diagnosed based on histopathology
or size stability (< 10% transverse diameter) for at least 12
months during the imaging follow-up. Lesions that exhibited
abnormal 18F-fluorodeoxyglucose (FDG) uptake, but which
satisfied the adenoma criteria, were diagnosed as adenomas.
Adrenal lesions in patients with extra-adrenal malignancies
were classified as metastases based on at least one of the
following criteria: pathologic diagnosis; newly developed or
increase in size (at least 30% increase in maximum diameter)
within 12 months during the imaging follow-up, and/or interval
regression in size following systemic chemotherapy; or abnormal
18F-FDG uptake (defined as avid uptake relative to liver
parenchyma). The diagnoses of pheochromocytomas and
adrenocortical carcinomas were histopathologically confirmed,
whereas hematomas and cysts were diagnosed based on typical
CT findings and interval follow-up.

For histopathologically confirmed lesions, preoperative
unenhanced and contrast-enhanced CT images were used for
analysis, whereas for those confirmed by imaging follow-up, the
earliest CT images were analyzed.

Image Acquisition
All unenhanced and contrast-enhanced CT images from the two
institutions were obtained using multislice spiral CT scanners
(uCT 530; United Imaging, Shanghai, China; Discovery CT750
HD or BrightSpeed 16; GE Healthcare, Chicago, IL, USA). The
imaging protocols are described in the Appendix. The image was
reconstructed to 2.5-mm, or 5-mm thickness using a standard
algorithm and was then uploaded to the image archiving and
communication system (PACS).

Image Analysis
When a patient had multiple adrenal lesions, only the largest
(measured maximum diameter) lesion was analyzed to reduce
April 2022 | Volume 12 | Article 888778
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the clustering effect. Two radiologists (reader 1 and reader 2, with
5 and 7 years of experience in abdominal imaging, respectively),
who were blinded to the clinical and histopathological
information, independently evaluated the conventional CT
image features, including maximum tumor diameter,
unenhanced attenuation, and lesion distribution. The maximum
tumor diameter and unenhanced attenuation were measured
manually on slices with the largest lesion area. Unenhanced
attenuation was measured using as large a circular or elliptical
region-of-interest (ROI) as possible while avoiding lesion margins,
normal adrenal parenchyma, calcification, artifacts, and apparent
necrotic or cystic areas. The ROI was determined on the contrast-
enhanced image and was then copied onto the unenhanced image.
Manual correction was performed, if necessary. All measurements
were taken twice in one reading session, and the average values
were acquired. The two radiologists also measured 37 samples that
were randomly selected 1 month later, to assess the reproducibility
of assessing the conventional CT features.

Image Segmentation
The radiomics process included image segmentation, feature
extraction, feature selection, and model building.

When a patient had multiple adrenal lesions, only the largest
lesion (measured as the maximum diameter) was analyzed. 3D
segmentation of the lesions was performed by a radiologist (reader
1), semi-automatically, using the open-source software ITK-SNAP
(V3.6.0, http://www.itksnap.org). The most inferior and superior
slices were excluded to minimize the effects of partial volume. The
same 37 samples were selected to assess the reproducibility of the
radiomics features. To test for interobserver and intraobserver
reproducibility, two radiologists (reader 3, with 3 years of
experience in abdominal imaging, and reader 1) segmented the
images again after 1 month. All radiologists were blinded to the
patients’ clinical or histopathological information.

Feature Extraction and Selection
Radiomic features were extracted and filtered from segmented
ROIs using Pyradiomics (V3.0.1; Harvard Medical School;
https://github.com/Radiomics/pyradiomics), an open-source
Python package. Image standardization was not applied when
setting the parameters on the Pyradiomics package because CT
values reflect real-world values and should be comparable across
different scanners.

Thereafter, the graphics were resampled to a pixel space of 1 ×
1 × 1 to standardize the 3D-voxel space. The bin-width was set to
3 for discrete voxel intensity to reduce image noise and
normalize the image intensity. The VoxelArrayShift was set to
450, which not only prevented negative values, but also limited
the volume confounding effect. The details of the Pyradiomics
setting parameters are shown in the Appendix.

Radiomic features are mainly divided into three categories:
first-order features, shape features, and texture features. These
extracted features were in line with the feature definitions
described by the imaging biomarker standardization initiative
(20). In this study, we did not use image filters. One hundred
features were analyzed.
Frontiers in Oncology | www.frontiersin.org 3
In the process of feature selection, features with interobserver
or intraobserver consistency of < 0.8 were excluded. Then, the
remaining features with a correlation coefficient > 0.5 between
the number of voxels were further excluded. To distinguish lipid-
poor adenomas from non-adenomas, variables with no
statistically significant difference in the univariate analysis were
excluded. The minimal redundancy maximum relevance
(mRMR) algorithm was used for initial feature selection, and
10 features were kept. Then the LASSO algorithm, which was
suitable for the regression of high-dimensional data, was applied
to select significantly distinguishable feature-based minimum
binomial deviance by adjusting the penalty coefficient (l) to
construct the radiomic signature with 10-fold cross-validation
(21). The radiomic scores (rad-scores) were then calculated by
summing the selected features, weighted by the corresponding
LASSO coefficients.

Model Establishment
All the models were built on the training set and validated on the
test set, and the external validation set was used for further
validation. Univariate logistic regression was used to select
conventional features that were risk factors for lipid-poor
adenomas. Multicollinearity of the variables was tested using
the variance inflation factor (VIF). Next, the conventional
features with p < 0.05 and VIF ≤ 5 were introduced into a
multivariate logistic regression to build a conventional model,
with the minimum Akaike’s information criterion as the
stopping rule (22). The radiomics and nomogram models were
constructed in the same way as described above, with variations
in the variables used. The nomogram model considered both
conventional and radiomic features.

Statistical Analysis
All statistical analyses were performed using SPSS (version 26.0;
IBM Corp., Armonk, NY, USA) and R software (version 4.1.0;
https://www.Rproject.org). Data consistent with normal
distribution were represented by means and standard
deviations. Student’s t-test was used to compare the difference
between adrenal lipid-poor adenomas and non-adenomas, as
well as the difference between the training and test sets. Data that
were not normally distributed are shown as median
(interquartile interval) values and were compared using the
Mann–Whitney U test. Categorical variables were expressed as
the number of cases (percentage), and the chi-squared test or
Fisher’s exact test was performed. Correlation was evaluated
using Spearman’s coefficient. The Hosmer–Lemeshow test was
used to evaluate the goodness of fit of the model. The area under
the receiver operating characteristic (ROC) curve (AUC) for all
datasets was used to evaluate the performance of the model in
identifying adrenal lipid-poor adenomas. The cutoff value was set
using the maximum Youden index. The differences between
ROCs were compared using the DeLong test . The
reproducibility of the radiomics features was evaluated using
intra-observer correlation coefficients with a two-way random
model and absolute type. Statistical significance was set at
p < 0.05.
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RESULTS

Demographic Characteristics
Overall, 793 adult patients (institution 1: n = 665, institution 2:
n = 128) with adrenal lesions who underwent adrenal or
abdominal unenhanced and contrast-enhanced CT were
admitted to the two institutions. After excluding 501 patients
for various reasons (details shown in Figure 1) , 292 patients
were included in the final analysis.

In institution 1, 118 lesions were diagnosed as lipid-poor
adrenal adenomas by the following methods: histopathological
diagnosis (n = 108), size stability (n = 9), and abnormal 18F-
FDG uptake, but meeting the criteria for adenoma (n = 1). The
122 non-adenomas included metastatic tumors (n = 60),
hemangiomas (n = 2), spindle cell tumors (n = 1),
pheochromocytoma (n = 41) , lymphoma (n = 5) ,
adrenocortical carcinoma (n = 6), ganglioneuroma (n = 6),
and vascular tumors (n = 1). The diagnostic methods of
metastases included pathological diagnosis (n = 8), volume
increase newly found or within 12 months of follow-up (n =
22), volume reduction in the interval after systemic
chemotherapy (n = 18), and abnormally high 18F-FDG
uptake (n = 12). All non-adenomas, except for metastases,
were confirmed by histopathology.

In institution 2, 23 lesions were diagnosed as lipid-poor adrenal
adenomas by histopathological diagnosis (n = 19) or size stability
(n = 4). The 29 non-adenomas included metastatic tumors (n =
13), spindle cell tumors (n = 1), pheochromocytoma (n = 11),
adrenocortical carcinoma (n = 2), and ganglioneuroma (n = 2).
The diagnostic methods of metastases included volume increase
either newly found or within the 12-months follow-up (n = 7),
volume reduction in the interval after systemic chemotherapy
Frontiers in Oncology | www.frontiersin.org 4
(n = 2), and abnormally high 18F-FDG uptake (n = 4). Spindle cell
tumors, pheochromocytomas, adrenocortical carcinomas, and
ganglioneuromas were confirmed by histopathology.

The basic demographic characteristics of institution 1 are
shown in Table 1. Lipid-poor adenoma patients tended to be
female (64.3%), younger (51.1 ± 11.5) vs 57.1 ± 11.8, p < 0.001),
and have higher body mass index (24.5 ± 2.7 kg/m2 vs 23.4 ± 3.5
kg/m2, p < 0.001). There was no significant difference between the
training and test sets for all variables (Table S1 in appendix). The
comparison of demographic and imaging characteristics between
institution 1 and 2 are shown in Table 2. There was no significant
difference between institution 1 and 2 in all variables. Multivariable
logistic regression analysis revealed that sex and age were
independent predictors of lipid-poor adenomas (Table 3).

Image Characteristics
The mean unenhanced attenuation was lower in the lipid-poor
adenomas than in the non-adenomas in all data sets (23.2 ± 8.9
HU vs 37.9 ± 6.6 HU; 26.1 ± 11.0 HU vs 39.1 ± 9.1 HU; 24.9 ±
10.2 HU vs 36.2 ± 6.8 HU; all p < 0.05). The lipid-poor adenomas
had smaller diameters than did the non-adenomas (22.2 ±
7.9 mm vs 34.1 ± 16.5 mm; 20.6 ± 6.7 mm vs 38.5 ± 19.8 mm;
21.6 ± 8.0 mm vs 35.0 ± 11.1 mm; all p < 0.05) in all data sets.
There was no difference in tumor distribution between lipid-
poor adenomas and non-adenomas. There were no significant
differences in any of the image characteristics between the
training and test sets.

Multivariable logistic regression analysis revealed that
unenhanced attenuation and tumor diameter were independent
predictors of lipid-poor adenomas (Table 3). The results of the
interobserver and intraobserver reproducibility of the image
features are shown in Table S2 in the appendix.
FIGURE 1 | Flowchart of sample inclusion and exclusion in this study.
April 2022 | Volume 12 | Article 888778
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Feature Selection and Radiomic
Signature Construction
Figure 2 shows the flowchart for obtaining the radiomic
signature. One hundred original features were extracted,
including 19 histogram features, 16 morphological features,
and 65 textural features. Seventy-one features were excluded
Frontiers in Oncology | www.frontiersin.org 5
based on the following criteria: poor reproducibility (n = 52),
correlation with the number of voxels (n = 17), and
nonsignificance in the univariate analysis (n = 2). Of these
features, six related features with nonzero coefficients in the
LASSO logistic regression model were obtained from non-
enhanced CT images, using the following formula:
TABLE 1 | Clinical and imaging characteristics of Institution 1.

Variable Training set Test set

Adrenal nonadenomas
(n=84)

Lipid-poor adrenal
adenomas (n=84)

p-value Adrenal nonadenomas
(n=38)

Lipid-poor adrenal
adenomas (n=34)

p-value

Gender (%) 0.23
female 21 (25.0) 54 (64.3) < 0.001 17 (44.7) 21 (61.8)
male 63 (75.0) 30 (35.7) 21 (55.3) 13 (38.2)

Age* 57.1 ± 11.8 51.1 ± 11.5 < 0.001 58.8 ± 10.9 50.6 ± 11.7 < 0.01
BMI* 23.4 ± 3.5 24.5 ± 2.7 0.04 23.1 ± 3.4 25.3 ± 3.5 < 0.01
Distribution 0.09 0.95
unilateral 61 (72.6) 71 (84.5) 30 (78.9) 28 (82.4)
bilateral 23 (27.4) 13 (15.5) 8 (21.1) 6 (17.6)

Tumor
diameter(mm)*

34.1 ± 16.5 22.2 ± 7.9 < 0.001 38.5 ± 19.8 20.6 ± 6.7 < 0.001

Unenhanced
attenuation (HU)*

37.9 ± 6.6 23.2 ± 8.9 < 0.001 39.1 ± 9.1 26.1 ± 11 < 0.001

Radscore‡ -1.7(-2.6, -0.8) 2.1(0.6, 2.8) < 0.001 -2.3(-2.9, -1.0) 1.1(0.2, 2.4) < 0.001
April 2022 | Volume 12 | Article
Except where indicated, data are numbers of patients, with percentages in parentheses. BMI, body mass index; HU, Hounsfield Unit.
*Data are means ± standard deviations.
‡Data are median and interquartile range (IQR).
TABLE 3 | Results of univariate and multivariate analysis for lipid-poor adrenal adenomas in the training set.

Univariate logistic analysis Multivariate logistic analysis

Variable OR (95% CI) p-value OR (95% CI) p-value

Gender (Male) 0.19 (0.09-0.36) <0.001 0.21 (0.08-0.56) <0.01
Age 0.96 (0.93-0.98) <0.01 0.94 (0.90-0.98) 0.02
BMI 1.11 (1.01-1.22) 0.04 1.01 (0.86-1.19) 0.62
Distribution (unilateral) 0.49 (0.23-1.04) 0.63
Tumor diameter (per 1 mm) 0.91 (0.88-0.95) <0.001 0.23 (0.11-0.49) <0.01
Unenhanced attenuation (per 1 Hu) 0.81 (0.76-0.86) <0.001 0.86 (0.81-0.91) <0.001
TABLE 2 | Comparison of clinical and imaging characteristics between institution 1 and institution 2.

Variable Institution 1 Institution 2 p-value

Gender (%) 0.90
female 113 (47.1) 24 (46.2)
male 127 (52.9) 28 (53.8)

Age* 54.5 ± 11.9 57.8 ± 14.6 0.08
BMI‡ 23.8 (21.8, 26.2) 23.3 (20.6, 25.7) 0.18

Distribution (%) 0.51
unilateral 190 (79.2) 39 (75.0)
bilateral 50 (20.8) 13 (25.0)

Tumor diameter(mm)‡ 24.0 (18.3, 34.0) 27.0 (20.3, 38.8) 0.29
Unenhanced attenuation (HU)‡ 33.0 (22.0, 40.0) 33.0 (25.0, 37.0) 0.91
Radscore‡ -0.3 (-1.8, 2.0) -0.4 (-1.9, 1.4) 0.70
Except where indicated, data are numbers of patients, with percentages in parentheses. BMI, body mass index; HU, Hounsfield Unit
*Data are means ± standard deviations.
‡Data are median and interquartile range (IQR).
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rad − score = −0:108 ∗ original _ firstorder _Median

+ 13:957 ∗ original _ glszm _ SizeZoneNonUniformityNormalized

− 0:052 ∗ original _ firstorder _ 90Percentile

− 0:642 ∗ original _ gldm _DependenceEntropy

− 0:576 ∗ original _ gldm _DependenceVariance

− 0:167 ∗ original _ firstorder _RobustMeanAbsoluteDeviation

+ 7:233

The rad-scores of adrenal lipid-poor adenomas were higher than
those of adrenal non-adenomas in all data sets (all p < 0.05). The
rad-scores of adrenal lipid-poor adenomas, pheochromocytomas,
and metastases are shown in Figure S1 in the appendix. The results
of interobserver and intraobserver reproducibility of radiomics
features are shown in Table S2 in the appendix.

Comparison of the Diagnostic
Performance of the Three Models
Figure 3 shows the ROCs of the three models. The AUC of the
conventional model, which included sex, age, unenhanced
attenuation, and tumor diameter, was 0.94 (95% confidence
interval [CI] 0.91−0.98) in the training set and 0.92 (95% CI
0.86−0.98) in the test set. The AUC of the radiomics model was
0.93 (95% CI 0.89−0.97) and 0.93 (95% CI 0.88−0.99) in the
training and test sets, respectively. The nomogram model was
constructed (Figure 4A), and the AUC of the nomogram model
was 0.96 (95% CI 0.93−0.99) in the training set and 0.94 (95% CI
0.89−0.99) in the test set). In the external validation set, the
Frontiers in Oncology | www.frontiersin.org 6
AUCs of the conventional model, radiomics model, and
nomogram model were 0.88 (95% CI 0.78−0.97), 0.91(95% CI
0.83−0.99), and 0.91 (95% CI 0.84−0.99), respectively.

Detailed information on the performance of the different
models is presented in Table 4. There was no difference between
the conventional and nomogram or radiomics models in
identifying lipid-poor adenomas from non-adenomas in any of
the datasets (all p > 0.05). The diagnostic performance of the
nomogram model was superior to that of the radiomics model
only in the training set (p < 0.05). The calibration curve of the
nomogram model showed that the model had goodness of fit was
good (Figures 4B–D). The decision curve showed that the
nomogram model would benefit clinicians in the diagnosis of
adrenal lipid-poor adenomas (Figure S2 in the appendix).

Examples of clinical uses of the nomogram are shown
in Figure 5.
DISCUSSION

Adrenal lipid-poor adenomas hamper the distinction of
adenomas from non-adenomas; yet, this is an important
matter as the differential diagnosis affects clinical decisions. To
our knowledge, this is the first study to identify adrenal lipid-
poor adenomas and non-adenomas using radiomics with a
relatively large sample. This study developed an unenhanced
CT-based nomogram model that showed excellent diagnostic
performance (AUC 0.96, sensitivity, 92.9%; specificity, 88.1%) in
distinguishing lipid-poor adenomas, which means that contrast-
FIGURE 2 | Radiomics process based on adrenal lipid-poor adenomas and nonadenomas. (A) Feature extraction and (B) feature selection. ICC, intraclass
correlation coefficient; LASSO, least absolute shrinkage and selection operator; mRMR, minimal redundancy maximum relevance; ROI, region of interest; 3D,
three-dimensional.
April 2022 | Volume 12 | Article 888778
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FIGURE 3 | Performance of conventional model, radiomics model and nomogram model in three datasets. There was no difference between the conventional and
nomogram or radiomics models in identifying lipid-poor adenomas in any of the datasets (all p > 0.05). The diagnostic performance of the nomogram model was
superior to that of the radiomics model only in the training set (p < 0.05).
A

B DC

FIGURE 4 | Radiomics nomogram for predicting lipid-poor adenomas (A). Calibration curves of the radiomics nomogram in the training set (B), test set (C) and
external validation set (D). The calibration curves show calibration of the nomogram in terms of agreement between the predicted risk of lipid-poor adenomas and
pathological findings. The closer the dotted line fit to the ideal line, the better the predictive accuracy of the nomogram.
Frontiers in Oncology | www.frontiersin.org April 2022 | Volume 12 | Article 8887787
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enhanced CT can be avoided in patients with adrenal lesions. In
the process of feature extraction, customized parameters,
including bin-width and voxel array shift according to data
characteristics, were applied. Feature extraction is a key step in
radiomics studies, and it is necessary to consider customizing the
extraction rather than using default parameters in the software
package in most situations. The radiomics quality score in this
Frontiers in Oncology | www.frontiersin.org 8
study was 21 (Table S3 in the appendix) (18). Among the six
radiomics features, GLDM-dependence variance is a measure of
the variance in dependence size, which reflects the
inhomogeneity of the texture of the image. First order-90
percentile and first order-median are histogram features that
represent the distribution of the intensity of the voxels of the
ROI. GLSZM-SizeZoneNonUniformityNormalized reflects the
TABLE 4 | Detailed diagnosis performance of models in all datasets.

Model Accuracy (95% CI) Sensitivity Specificity PPV NPV

Training set Radiomics 0.86
(0.80-0.91)

0.87 0.86 0.86 0.87

Conventional 0.89
(0.84-0.94)

0.83 0.95 0.95 0.85

Nomogram 0.90
(0.85-0.94)

0.93 0.88 0.89 0.93

Test set Radiomics 0.82
(0.71-0.90)

0.76 0.87 0.84 0.80

Conventional 0.83
(0.73-0.91)

0.74 0.92 0.89 0.80

Nomogram 0.88
(0.78-0.94)

0.85 0.89 0.88 0.87

External validation set Radiomics 0.83
(0.70-0.92)

0.83 0.83 0.79 0.86

Conventional 0.79
(0.65-0.89)

0.70 0.86 0.80 0.78

Nomogram 0.77
(0.63-0.87)

0.87 0.69 0.69 0.87
April 2022 | Volu
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PPV, positive predict value; NPV, negative predict value.
The cutoff of radiomics model is -0.1155177, the cutoff of conventional model is 0.6482431, the cutoff of nomogram model is -0.6291612.
A

B

C

FIGURE 5 | Examples of the nomogram in clinical practice. (A) Axial unenhanced abdominal CT images in a 55-year-old woman with adrenal lipid-poor adenoma
from external validation set. Figures illustrate the process of calculating the probability of adrenal lipid-poor adenoma using (B) radiomics nomogram and (C)
conventional nomogram. (B) CT features were analyzed as follows: tumor diameter = 13 mm, unenhanced attenuation = 28 HU, radscore = 2.67. The total score is
168, which corresponds to an adenoma probability of about 0.99. (C) CT features were analyzed as follows: tumor diameter = 13 mm, unenhanced attenuation = 28
HU. The total score is 147, which corresponds to an adenoma probability of greater than 0.9.
8778

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. Radiomics Differentiate Adrenal Adenoma
fineness of an image. Our study found that the images of
adenomas had a more uniform and smooth texture, while the
voxel intensity was lower than that of non-adenomas.

A previous study found that washout CT could effectively
identify adrenal adenomas with a sensitivity of 93.9% and
specificity of 95.8% (23); however, in their study, adenomas
were composed of fatty adenomas and lipid-poor adenomas,
which may overestimate the sensitivity because the sensitivity of
washout CT in identifying adrenal lipid-rich adenomas was
higher than that of lipid-poor adenomas (24). However,
washout CT requires a relatively long-delay scanning time, and
examination time and radiation exposure are inevitable problems
(25). Kumagae et al. reported that shortening the delay in
scanning time would reduce the diagnostic performance (26).
Our nomogram model was based only on unenhanced CT
images, yielded a sensitivity of 92.9% and specificity of 88.1%,
and all adrenal adenomas identified were lipid-poor adenomas.
The signal of lesions containing fat in the cytoplasm decreases
during the inverse phase of chemical-shift imaging. A previous
study showed that MRI chemical shift can distinguish adrenal
lipid-poor adenomas from non-adenomas, but with inadequate
diagnostic performance (sensitivity, 75.7%; specificity, 60%) (15).
Ho et al. found that CT-based texture features could distinguish
adrenal lipid-poor adenomas from malignant lesions with an
AUC of 0.8, even based on their sample size of only 23, which
suggests the feasibility of radiomics in prognosing adrenal lipid-
poor adenomas (27). Zhang et al. found that lipid-poor
adenomas had lower mean gray-level intensity and entropy
than pheochromocytomas, which was consistent with our
findings (19); however, the AUC of their model was 0.86, and
the non-adenomas in our study included various adrenal tumors.

Unexpectedly, the conventional model combined with
unenhanced attenuation and tumor diameter also showed good
performance in identifying lipid-poor adenomas, with an AUC
of 0.94 in the training set and 0.86 in the external validation set.
There was no statistically significant difference between the
performance of the conventional model and our nomogram
model. Adrenal lipid-poor adenomas had lower unenhanced
attenuation, while the two radiomics features of the first order-
90 percentile and first order-median were negatively correlated
with adrenal lipid-poor adenomas, which was mutually
validated. Previous studies might have paid more attention to
the unenhanced CT attenuation value of 10 HU as a cutoff point;
nevertheless, unenhanced attenuation demonstrates good ability
to identify adrenal lipid-poor adenomas, although it was not
further explored in some studies (28, 29). In the training group of
our study, the conventional model misjudged six adenomas and
one non-adenomas, while the radiomics model judged all cases
correctly. Further, in the training group, the radiomics model
misjudged three adenomas and nine non-adenomas, while the
conventional model judged all cases correctly. The radiomics
features and conventional imaging features may manifest the
characteristics of adrenal lipid-poor adenomas from different
angles, and they should be complementary in distinguishing
adrenal adenomas from non-adenomas.
Frontiers in Oncology | www.frontiersin.org 9
Our study has some limitations. First, the number of samples
of some types of non-adenomas with low incidence (i.e.,
gangliocytoma and lymphoma) was insufficient, and the ability
of the model to differentiate them was uncertain (30). Second,
only 3D ROIs were applied; although previous studies have
shown that the ability of 3D ROIs to reflect the heterogeneity
of tumors was better than that of 2D ROIs (31), 2D ROIs have
the advantage of more convenient operation and may therefore
be more feasible to use. Third, the contrast-enhanced CT
examination in this study was only used to ensure the accuracy
of the measurement of unenhanced attenuation. Contrast-
enhanced CT may contain more information about adrenal
lesions, and the diagnostic performance of contrast-enhanced
CT-based radiomics models is unknown. In addition, the
different doses of the contrast agent and scanning parameters
of each institution may have a significant impact on the contrast-
enhanced image (32).
CONCLUSION

In this study, we developed a CT-based radiomics nomogram
model, which could effectively identify adrenal lipid-poor
adenomas and non-adenomas as a novel, non-invasive method
for assisting clinical decision-making. In addition, our study
implied that the diagnostic power of conventional unenhanced
CT imaging features for identifying adrenal adenomas may be
underestimated, and further exploration is worthy.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
AUTHOR CONTRIBUTIONS

BZ, HZ, WP, and XD: conception and design. HZ, XL, JC, SJ, and
WJ: collection and assembly of data. HZ, and BZ: data analysis
and interpretation. BZ, XD, and JY: manuscript writing. All
authors contributed to manuscript revision, read, and approved
the submitted version.
ACKNOWLEDGMENTS

We would like to thank Editage (www.editage.com) for English
language editing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2022.
888778/full#supplementary-material
April 2022 | Volume 12 | Article 888778

http://www.editage.com
https://www.frontiersin.org/articles/10.3389/fonc.2022.888778/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.888778/full#supplementary-material
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. Radiomics Differentiate Adrenal Adenoma
REFERENCES
1. Sherlock M, Scarsbrook A, Abbas A, Fraser S, Limumpornpetch P, Dineen R,
et al. Adrenal Incidentaloma. Endocr Rev (2020) 41:775–820. doi: 10.1210/
endrev/bnaa008

2. Grossman A, Koren R, Tirosh A, Michowiz R, Shohat Z, Rahamimov R, et al.
Prevalence and Clinical Characteristics of Adrenal Incidentalomas in
Potential Kidney Donors. Endocr Res (2016) 41:98–102. doi: 10.3109/
07435800.2015.1076455

3. Boland GW. Adrenal Imaging. Abdom Imaging (2011) 36:472–82.
doi: 10.1007/s00261-010-9647-z

4. Boland GW, Lee MJ, Gazelle GS, Halpern EF, McNicholas MM, Mueller PR.
Characterization of Adrenal Masses Using Unenhanced CT: An Analysis of
the CT Literature. AJR Am J Roentgenol (1998) 171:201–4. doi: 10.2214/
ajr.171.1.9648789

5. Arnold DT, Reed JB, Burt K. Evaluation and Management of the Incidental
Adrenal Mass. Proc (Bayl Univ Med Cent) (2003) 16:7–12. doi: 10.1080/
08998280.2003.11927882

6. Taffel M, Haji-Momenian S, Nikolaidis P, Miller FH. Adrenal Imaging: A
Comprehensive Review. Radiol Clin North Am (2012) 50:219–43.
doi: 10.1016/j.rcl.2012.02.009

7. Lee JM, KimMK, Ko SH, Koh JM, Kim BY, Kim SW, et al. Clinical Guidelines
for the Management of Adrenal Incidentaloma. Endocrinol Metab (Seoul)
(2017) 32:200–18. doi: 10.3803/EnM.2017.32.2.200

8. Mir MC, Klink JC, Guillotreau J, Long JA, Miocinovic R, Kaouk JH, et al.
Comparative Outcomes of Laparoscopic and Open Adrenalectomy for
Adrenocortical Carcinoma: Single, High-Volume Center Experience. Ann
Surg Oncol (2013) 20:1456–61. doi: 10.1245/s10434-012-2760-1

9. Fassnacht M, Arlt W, Bancos I, Dralle H, Newell-Price J, Sahdev A, et al.
Management of Adrenal Incidentalomas: European Society of Endocrinology
Clinical Practice Guideline in Collaboration With the European Network for
the Study of Adrenal Tumors. Eur J Endocrinol (2016) 175:G1–1G34.
doi: 10.1530/EJE-16-0467

10. Harrison B. The Indeterminate Adrenal Mass. Langenbeck Arch Surg (2012)
397:147–54. doi: 10.1007/s00423-011-0845-0

11. Nandra G, Duxbury O, Patel P, Patel JH, Patel N, Vlahos I. Technical and
Interpretive Pitfalls in Adrenal Imaging. Radiographics (2020) 40:1041–60.
doi: 10.1148/rg.2020190080

12. Patel J, Davenport MS, Cohan RH, Caoili EM. Can Established CT
Attenuation and Washout Criteria for Adrenal Adenoma Accurately
Exclude Pheochromocytoma. AJR Am J Roentgenol (2013) 201:122–7.
doi: 10.2214/AJR.12.9620

13. Sahdev A, Reznek RH. The Indeterminate Adrenal Mass in Patients With
Cancer. Cancer Imaging (2007) 7:S100–9. doi: 10.1102/1470-7330.2007.9017

14. Elmohr MM, Fuentes D, Habra MA, Bhosale PR, Qayyum AA, Gates E, et al.
Machine Learning-Based Texture Analysis for Differentiation of Large
Adrenal Cortical Tumours on CT. Clin Radiol (2019) 74:818.e1–7.
doi: 10.1016/j.crad.2019.06.021

15. Seo JM, Park BK, Park SY, Kim CK. Characterization of Lipid-Poor Adrenal
Adenoma: Chemical-Shift MRI and Washout CT. AJR Am J Roentgenol
(2014) 202:1043–50. doi: 10.2214/AJR.13.11389

16. Kim YK, Park BK, Kim CK, Park SY. Adenoma Characterization: Adrenal
Protocol With Dual-Energy CT. Radiology (2013) 267:155–63. doi: 10.1148/
radiol.12112735

17. Nagayama Y, Inoue T, Oda S, Tanoue S, Nakaura T, Morinaga J, et al.
Unenhanced Dual-Layer Spectral-Detector CT for Characterizing
Indeterminate Adrenal Lesions. Radiology (2021) 301:369–78. doi: 10.1148/
radiol.2021202435

18. Lambin P, Leijenaar R, Deist TM, Peerlings J, de Jong E, van Timmeren J, et al.
Radiomics: The Bridge Between Medical Imaging and Personalized Medicine.
Nat Rev Clin Oncol (2017) 14:749–62. doi: 10.1038/nrclinonc.2017.141

19. Zhang GM, Shi B, Sun H, Jin ZY, Xue HD. Different iat ing
Pheochromocytoma From Lipid-Poor Adrenocortical Adenoma by CT
Texture Analysis: Feasibility Study. Abdom Radiol (NY) (2017) 42:2305–13.
doi: 10.1007/s00261-017-1118-3

20. van Griethuysen J, Fedorov A, Parmar C, Hosny A, Aucoin N, Narayan V,
et al. Computational Radiomics System to Decode the Radiographic
Frontiers in Oncology | www.frontiersin.org 10
Phenotype. Cancer Res (2017) 77:e104–104e107. doi: 10.1158/0008-
5472.CAN-17-0339

21. Peng H, Long F, Ding C. Feature Selection Based onMutual Information: Criteria
of Max-Dependency, Max-Relevance, and Min-Redundancy. IEEE Trans Pattern
Anal Mach Intell (2005) 27:1226–38. doi: 10.1109/TPAMI.2005.159

22. Wagenmakers EJ, Farrell S. AIC Model Selection Using Akaike Weights.
Psychon Bull Rev (2004) 11:192–6. doi: 10.3758/bf03206482

23. Park SW, Kim TN, Yoon JH, Kim TH, Chung JM, Jeon UB, et al. The
Washout Rate on the Delayed CT Image as a Diagnostic Tool for Adrenal
Adenoma Verified by Pathology: A Multicenter Study. Int Urol Nephrol
(2012) 44:1397–402. doi: 10.1007/s11255-012-0202-4

24. Kebapci M, Kaya T, Gurbuz E, Adapinar B, Kebapci N, Demirustu C.
Differentiation of Adrenal Adenomas (Lipid Rich and Lipid Poor) From
Nonadenomas by Use of Washout Characteristics on Delayed Enhanced CT.
Abdom Imaging (2003) 28:709–15. doi: 10.1007/s00261-003-0015-0

25. Foti G, Malleo G, Faccioli N, Guerriero A, Furlani L, Carbognin G.
Characterization of Adrenal Lesions Using MDCT Wash-Out Parameters:
Diagnostic Accuracy of Several Combinations of Intermediate and Delayed
Phases. Radiol Med (2018) 123:833–40. doi: 10.1007/s11547-018-0911-6

26. Kumagae Y, Fukukura Y, Takumi K, Shindo T, Tateyama A, Kamiyama T,
et al. Distinguishing Adrenal Adenomas From Non-Adenomas on Dynamic
Enhanced CT: A Comparison of 5 and 10 Min Delays After Intravenous
Contrast Medium Injection. Clin Radiol (2013) 68:696–703. doi: 10.1016/
j.crad.2013.01.016

27. Ho LM, Samei E, Mazurowski MA, Zheng Y, Allen BC, Nelson RC, et al. Can
Texture Analysis Be Used to Distinguish Benign From Malignant Adrenal
Nodules on Unenhanced Ct, Contrast-Enhanced CT, or In-Phase and
Opposed-Phase Mri. AJR Am J Roentgenol (2019) 212:554–61. doi: 10.2214/
AJR.18.20097

28. An YY, Yang GZ, Lin B, Zhang N, Hou HT, Zhu FM, et al. Differentiation of
Lipid-Poor Adenoma From Pheochromocytoma on Biphasic Contrast-
Enhanced CT. Abdom Radiol (NY) (2021) 46:4353–61. doi: 10.1007/s00261-
021-03121-9

29. Yi X, Guan X, Zhang Y, Liu L, Long X, Yin H, et al. Radiomics Improves
Efficiency for Differentiating Subclinical Pheochromocytoma From Lipid-
Poor Adenoma: A Predictive, Preventive and Personalized Medical Approach
in Adrenal Incidentalomas. EPMA J (2018) 9:421–9. doi: 10.1007/s13167-018-
0149-3

30. Lattin GEJr, Sturgill ED, Tujo CA, Marko J, Sanchez-Maldonado KW, Craig
WD, et al. From the Radiologic Pathology Archives: Adrenal Tumors and
Tumor-Like Conditions in the Adult: Radiologic-Pathologic Correlation.
Radiographics (2014) 34:805–29. doi: 10.1148/rg.343130127

31. Gitto S, Cuocolo R, Emili I, Tofanelli L, Chianca V, Albano D, et al. Effects of
Interobserver Variability on 2D and 3D CT- and MRI-Based Texture Feature
Reproducibility of Cartilaginous Bone Tumors. J Digit Imaging (2021) 34:820–
32. doi: 10.1007/s10278-021-00498-3
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