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semiautomatically using a deep learning-based segmentation model.

Materials and Methods.

A total of 520 abdominal CT image series with normal findings, from January 1, 2016, to
March 14, 2019, were retrospectively collected for the training of the adrenal segmentation
model. Then, 1043 portal venous phase image series of inpatient contrast-enhanced abdominal
CT examinations with normal adrenal glands were included for analysis and grouped by every 10-
year gap. A 3D U-Net-based segmentation model was used to predict bilateral adrenal labels
followed by manual modification of labels as appropriate. Quantitative parameters (volume, CT
value, and diameters) of the bilateral adrenal glands were then analyzed.

Results.

In the study cohort aged 18-77 years old (554 males and 489 females), the left adrenal gland
was significantly larger than the right adrenal gland [all patients, 2867.79 (2317.11-3499.89)
mm? vs. 2452.84 (1983.50-2935.18) mm3, P < 0.001]. Male patients showed a greater volume of
bilateral adrenal glands than females in all age groups (all patients, left: 3237.83 + 930.21 mm°®
vs. 2646.49 + 766.42 mm®, P < 0.001; right: 2731.69 + 789.19 mm® vs. 2266.18 + 632.97 mm®,
P = 0.001). Bilateral adrenal volume in male patients showed an increasing then decreasing trend
as age increased that peaked at 38-47 years old (left: 3416.01 + 886.21 mm?, right: 2855.04 +
774.57 mm®).

Conclusions.

The semiautomated measurement revealed that the adrenal volume differs as age increases.
Male patients aged 38-47 years old have a peaked adrenal volume.

1. Introduction

The adrenal gland plays a vital role in homeostasis and stress responses. The y-shaped glands are located superior to the kidney and
are adjacent to the liver, gastric wall, and crus of the diaphragm [1]. Previous studies have shown that changes in adrenal
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morphometrics (i.e., shape, density, and volume) may represent adrenal functions to some extent [2].

Computed tomography (CT) is the modality of choice in diagnosing adrenal lesions [3,4]. Focal or diffuse abnormalities can be
discovered on CT images, leading to the diagnosis of adrenal diseases. Changes in adrenal morphometrics may also reflect functional
alterations and be relevant to some diseases [5-11], but these studies mostly remained qualitative. Previous studies have shown
considerable effectiveness in diagnosing primary aldosteronism [12]. Volumetric assessment of adrenal glands on CT images remained
qualitative in the conventional diagnosis workflow due to the complexity and time-consuming manual quantitative measuring process,
and previous preliminary quantitative studies of adrenal volume have a limited sample size due to the same reasons [13,14]. Hence,
adrenal functional abnormalities may be missed if the precise volume of the adrenal gland is not given. In the era of artificial intel-
ligence, several networks were developed and refurbished in medical image processing [15-18], and the 3D U-Net is the classic and
most used one for medical image segmentation [19,20]. Deep learning-based segmentation models of the spine, liver, kidney,
pancreas, and prostate have been applied in CT and MR images and have achieved considerable efficacy [21-23]. An adrenal seg-
mentation model based on a similar architecture can be developed and used for automatic measurements, such as density, volume, and
diameters, aiding in the efficient and accurate quantitative description of the adrenal gland that has the potential to promote the
diagnosis of adrenal diseases. Moreover, such a segmentation model laid the root for further adrenal classification and focal lesion
segmentation. However, the irregularity and tiny shape of the adrenal gland make segmentation challenging [24,25].

Previous small-sample studies (N < 150) did not show the age-related distribution of adrenal volume [14,26-28]. These
morphological studies did not utilize the semiautomated segmentation process based on deep learning. To date, the morphometrics of
normal adrenal glands has not been studied in a relatively large sample. Recent deep learning-based studies mainly focused on the
comparison between normal and abnormal adrenal glands [29,30]. The present study established a 3D U-Net [31]-based model for the
automatic segmentation of adrenal glands in abdominal CT images and tried to discover the changes in morphometrics of normal
adrenal glands in different age groups.

Adrenal
segmentation model

I
I
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Fig. 1. Study flowchart. A 3D U-Net-based adrenal segmentation model was trained using the training set (N = 520). Images of the study cohort (N
= 1043) underwent label prediction, and adrenal segmentation results were checked by an experienced radiologist. Unsatisfactory segmentation
was modified accordingly (shown in white arrows) and then enrolled for morphometric analysis in combination with initially satisfied
segmentation.
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2. Materials and Methods
2.1. Patients

This retrospective study was approved by the institutional review board of Peking University First Hospital [No. 2019 (169)], with
a waiver of informed consent.

2.2. Training set for a 3D U-Net segmentation model

Thin-slice reconstructed images (slice thickness 1 mm, 1.25 mm, and 1.5 mm) of patients who underwent abdominal CT scans (both
non-contrast and multiphase contrast-enhanced) diagnosed with no obvious abnormalities in our center from January 1st, 2016 to
March 14th, 2019 were retrospectively collected and transferred from PACS to the training platform. These images were acquired by
GE Discovery CT750HD, GE LightSpeed VCT, Siemens SOMATOM Definition Flash, Philips Brilliance iCT 256, and Philips Brilliance
64. The exclusion criteria were as follows: 1) images could not be retrieved; 2) parts of adrenal glands were out of the scan range; 3)
suspicious or existing adrenal lesions were found upon re-evaluation; 4) the patient was not in a supine position; and 5) poor image
quality due to motion or metal artifacts. Finally, 434 accessions (520 thin-sliced series) were included. Left and right adrenal glands
were labeled separately by a junior radiologist (with 2 years of experience) in each image series using ITK-SNAP v3.6.0 and checked by
a senior radiologist (with 25 years of experience). Images were randomly allotted into a training set (left N = 419, right N = 413),
validation set (left N = 53, right N = 55), and test set (left N = 48, right N = 52) to establish the 3D U-Net-based adrenal segmentation
model (Fig. 1).

2.3. Study cohort for volume measurement

Portal venous phase images of inpatient abdominal contrast-enhanced CT scans in our center were collected from March 15th,
2019, to March 31st, 2022. Patients aged from 18 years to 77 years were grouped every 10 years. Image series were included in each

»
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Fig. 2. Labeled adrenal gland on portal venous phase CT image. A 38-year-old female with normal bilateral adrenal glands underwent contrast-
enhanced CT scan that showed in multiplanar reconstruction of axial (a), coronal (b), and sagittal (c, d) views. A 3D view of the bilateral adre-
nal glands is shown in (e). Red label, right adrenal gland; green label, left adrenal gland. The quantitative parameters were as follows: right adrenal
gland: volume 2762 mm?, CT value 62 HU, 3D diameters 12.9 mm x 34.5 mm x 40.3 mm; left volume 2375 mm?, CT value 62 HU, 3D diameters
14.9 mm x 20.2 mm x 36.7 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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age group consecutively until reaching 200 series in each group. These images were acquired by GE Discovery CT750HD, GE Light-
Speed VCT, Siemens SOMATOM Definition Flash, and Philips Brilliance iCT 256. The inclusion criteria were as follows: 1) imaging
findings containing “normal bilateral adrenal glands” and 2) no adrenal diseases diagnosed upon discharge based on comprehensive
physical examinations and laboratory tests, including complete biochemical profiles of blood and urine. The exclusion criteria were
those of the training set, plus: 1) CT peritoneography or enterography with positive contrast agent; 2) severe deformity (e.g., scoliosis);
and 3) postoperative changes that affected adjacent structures of the adrenal gland. 1200 series were finally included. The earliest
image series of patients who had multiple examinations was kept, and follow-up examinations were then excluded. Finally, 1043 series
were enrolled for analysis.

2.4. Model training

This study was based on a 3D U-Net architecture equipped with Nvidia Tesla P100 16G (Nvidia Corporation, Santa Clara, CA) GPU
and PyTorch v1.7.1 + cul10 (https://pytorch.org/). The model inputs CT images and outputs bilateral adrenal volume, average CT
values, and three-dimensional diameters. Image preprocessing included window adjustment (center 30 HU, width 300 HU), resizing to
128 px x 192 px x 256 px, and image augmentation by rotating, sheering, noise injection, denoising, etc. The training parameters were
batch size 6, learning rate 0.0001, and epoch 400. Details were shown in the Supplementary Materials.

2.5. Quantitative measurements

Image series in the study cohort underwent autolabeling by the adrenal segmentation model. These bilateral adrenal labels were
checked by a junior radiologist and a senior radiologist together, and unsatisfied labels were modified manually. Necessary manual
modification of labels was performed to ensure that the labeled area (as a region of interest [ROI]) contained the left/right adrenal
gland only (Fig. 2 (a)-(e)), and adjacent structures, such as the gastric wall, kidney, or liver, were not covered. Labels that exceeded or
missed 5% of ipsilateral adrenal volume were also modified. The volume, average CT values, and three-dimensional diameters of the
ROIs were measured.

2.6. Statistical analysis

Statistical analysis was performed using Python 3.7.6 (Python, The Netherlands) with scipy 1.4.1, statsmodels 0.11.0, and sklearn
0.22.1 unless specified. All analyses were 2-sided, and the statistical significance was set at P < 0.05. Data normality was determined
by the Kolmogorov-Smirnov test. Continuous variables in univariate analysis were compared using Student’s t-test and the Mann—
Whitney U test, as appropriate.

3. Results

As shown in Table 1, the average age of all patients (N = 1043) was 50.00 (37.00-64.00) years (median [interquartile range, IQR]),
and the average adrenal volume was 2452.84 (1983.50-2935.18) mm° on the right and 2867.79 (2317.11-3499.89) mm? on the left in
the study cohort. The volume of the left adrenal gland was greater than that of the contralateral adrenal gland regardless of age or sex
(P < 0.001). The adrenal volume of male patients was significantly larger than that of female patients bilaterally (P < 0.05) among all
age groups. Adrenal volume differed in different age groups. It showed an increasing then decreasing trend of bilateral adrenal volume
as age increased in male patients who peaked at 38-47 years old (right 2591.70 + 742.40 mm® (mean =+ standard deviation [SD]), left
3075.62 + 890.33 mm?; Fig. 3(a)(b)). The CT values of the right and left adrenal glands in portal venous phase in the study cohort were
61.18 + 13.91 HU and 64.24 + 16.28 HU, respectively, with a significant difference between males and females (P < 0.001) in all age
groups. Enhanced CT values of adrenal glands showed a decreasing then increasing trend as age increased (Fig. 3(c)(d)). The 3D
diameters (x x y x z) of the adrenal glands were 18.87 (16.34-21.81) mm x 34.38 (30.07-39.34) mm x 35.00 (31.00-39.00) mm
(right) and 19.64 (16.46-22.76) mm x 34.05 £+ 7.53 mm x 37.00 (32.00-42.00) mm (left) in all included patients (Fig. 3 (e)-()).

4. Discussion

The quantitative parameters of organs in medical imaging play an important role in disease diagnosis. A reliable segmentation
model enables automated and standardized morphometric measurement of organs and will undoubtedly improve the efficiency and
precision of diagnosis. Currently, segmentation models of some solitary organs have been used for target volume delineation in
radiotherapy planning. Segmenting the adrenal gland and measuring adrenal volume on CT images can reflect functional abnor-
malities of the adrenal gland represented by hypertrophy or atrophy [32,33].

The segmentation model used in this study can be applied to large-volume samples in the automatic measurement of adrenal glands
in thin-slice CT images. Portal vein phase images of contrast-enhanced CT examinations were used because of the relatively good
contrast between organs and blood vessels. In the study cohort, the adrenal volume showed an increasing then decreasing trend in male
patients, which was compatible with previous anatomical studies on adrenal weight [34]. Adrenal volume peaks in 38- to 47-year-olds,
indicating the period of maximal adrenal function [35,36]. However, the interesting pattern of adrenal CT values (portal venous phase)
that bottomed at 48- to 57-year-olds cannot be explained by current literature. Further larger sample studies with controlled
contrast-enhancing protocol and relative enhancing ratio calculation are needed to interpret such a pattern. Although the left-to-right
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ratio of adrenal volume was reportedly useful in identifying unilateral primary aldosteronism [37], the physiologic left-to-right ad-
renal difference has not yet been described and explained.

The present study tried to discover age-related distribution as well as provide a reference range of normal adrenal volume that may
help further morphological and functional evaluations of the adrenal gland. Abnormality in adrenal volume may indicate disturbances
of the hypothalamic-pituitary—-adrenal axis (HPA axis). Adrenal hypofunction caused by tuberculosis, autoimmune diseases,
contralateral functioning adenoma, or a large amount of exogenous glucocorticoids may lower the adrenal volume, while abnormally
enlarged adrenal glands usually indicate hypersecretion or ectopic secretion of upstream hormones (i.e., adrenocorticotropic hormone
[ACTH]) caused by underlying tumors [6,7,38-41]. Other studies also showed the relation between changes in quantitative adrenal
parameters and obesity [5], depression [42,43], type 2 diabetes mellitus [10,44], polycystic ovary syndrome (PCOS) [9], and
obstructive sleep apnea-hypopnea syndrome (OSAHS) [8]. However, there is no exact mechanism explaining adrenal volumes beyond
normal variation despite obvious adrenal diseases. Moreover, the follow-up examination of adrenal volume in patients using gluco-
corticoids can help with dose adjustment individually, preventing adrenal crisis, especially during the tapering-off period. The demand
for adrenal functions increases under stress, such as septic shock [45], and failure of adrenal response may indicate an unfavorable
prognosis [46] despite adrenal response to acute stress (e.g., cardiac arrest) may not be relevant to adrenal volume [47]. Quantitative
adrenal parameters can predict treatment response in such patients and guide further management strategies thereafter.

The present study has several strengths. The semiautomated process of adrenal measurement and relatively large sample size of the
present study stand out from previous studies [13,14] (N < 150). This evaluation method would enable efficient result-obtaining after
the expansion of sample size in the future that has the potential to generate the reference range of adrenal volume which is not
currently known, as well as investigating the relationship between adrenal functions and its morphometrics. Moreover, parameters
other than volume (i.e., enhanced CT values, diameters of adrenal glands, and thickness of adrenal limbs) that may also contribute to
physiological or abnormal functional predictions were included for primary analysis. Enhanced CT values of normal adrenal glands
have not been reported and analyzed previously. Complex analyses on the relative enhancing ratio (which has been used in focal
lesions [48]) and adrenal-to-body metrics in further studies are needed to confirm this.

There are several limitations to this observational study. Only inpatient data without long-term follow-up were included in this
study. Whether other diseases will affect adrenal volume remains unclear, although they do not have adrenal diseases. Multicenter and
healthy population-based studies are needed for further investigation of age-related distribution and setting of the reference range of
adrenal volume. The relationship between adrenal morphometrics and body mass index or adrenal function profile based on laboratory
tests is to be discovered as well. The present study only focused on adrenal situations at a certain time. It cannot be determined whether
any of the included patients had underlying adrenal diseases that were subclinical in the study period and became symptomatic later
on. A long-term cohort study is needed to exclude those patients as much as possible, as well as to discover the relationship between
adrenal morphometrics and subclinical diseases. Nevertheless, changes in adrenal morphometrics in the same patient may represent
the physiological aging process more precisely than the present cross-sectional study. Young (<18 years old) and elderly patients (>78
years old) were not included in the present study. Studies including such objects are still needed to understand the complete picture of
adrenal volumetric changes.

5. Conclusion
A deep learning-based segmentation model can be used in adrenal volumetric measurement. With the help of such model, it

revealed that the volume of the adrenal gland varies in different age groups. Male patients have a larger adrenal volume that peaks in
middle age.
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