
RESEARCH

Abdominal Radiology (2025) 50:5883–5892
https://doi.org/10.1007/s00261-025-04987-9

	
 Florian Haag
Florian.Haag@UMM.de

	
 Matthias F. Froelich
Matthias.Froelich@UMM.de

Shanice S. Emmrich
shanice.emmrich@stud.uni-heidelberg.de

Alexander Hertel
Alexander.Hertel@UMM.de

Johann Rink
Johann.Rink@medma.uni-heidelberg.de

Abhinay Vellala
Abhinay.Vellala@medma.uni-heidelberg.de

Sara Komlen
sara.komlen@stud.uni-heidelberg.de

Dominik Nörenberg
dominik.noerenberg@medma.uni-heidelberg.de

Stefan O. Schoenberg
stefan.schoenberg@umm.de

1	 Department of Radiology and Nuclear Medicine, University 
Medical Center Mannheim, Heidelberg University, 
Mannheim, Germany

Abstract
Objectives  To evaluate the potential of Photon counting CT (PCCT) -derived iodine densities and Virtual-Non-Contrast 
(VNC) reconstructions for the differentiation between adrenal adenomas and adrenal metastases.
Materials and methods  This retrospective study enrolled 53 PCCT scans of patients with adrenal lesions (29 adenomas, 
24 metastases) including early-arterial (ea) and portal-venous (pv) contrast phase. Iodine maps and VNC reconstructions 
were calculated from the acquired sequences. Using the measured values, several parameters such as relative enhancement 
(RE), normalized iodine density (NID), and iodine to VNC ratio (IVR) were calculated. In the acquired image series, iodine 
maps and VNC reconstructions density values were evaluated (adrenal lesion, ipsilateral adrenal tissue, contralateral adrenal 
tissue, portal vein, descending aorta, inferior vena cava, subcutaneous adipose tissue, in the first lumbar vertebral body, sur-
rounding air, and in the psoas muscle) and compared.
Results  In total, the measured structures showed significant variation in density values due to different contrast phases and 
reconstructions. VNC reconstructions of portal-venous contrast phase showed significant differences in measured density 
mean values between adrenal adenomas and adrenal metastases (21.64 HU vs. 28.26 HU, p: 0.027, AUC: 0.68). No signifi-
cant differences between metastases and adenomas were observed in iodine concentration, RE of ea, NID of ea and pv, as 
IVR of ea. Significant alterations were observed in RE of pv (p: 0.023, AUC: 0.7) and IVR of pv (pv: 0.029, AUC: 0.69).
Conclusion  The recent study shows that PCCT derived VNC reconstructions of portal venous contrast phase can be used 
for reliable differentiation of adrenal adenomas and adrenal metastases and underlines the value of PCCT in oncological 
imaging.

Highlights
	● Photon counting CT enables Virtual-Non-Contrast reconstructions and iodine maps, which can be used for better dif-

ferentiation of adrenal incidentalomas in contrast-enhanced scans of the upper abdomen.
	● Density values measured in Virtual-Non-Contrast significantly improve the differentiation of adenomas from metastases 

of the adrenal gland compared to density values measured in contrast-enhanced scans.
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Abbreviations
AIN	� Adrenal incidentalomas
AUC	� Area under the curve
DA	� Descending aorta
DECT	� Dual Source CT
ea	� Early-arterial
IVC	� Inferior vena cava
IVR	� Iodine to VNC ratio
L1	� First lumbar vertebral body
NID	� Normalized iodine density
PCCT	� Photon counting CT
PM	� Psoas muscle
pv	� Portal-venous
PV	� Portal vein
RE	� Relative enhancement
ROC	� Receiver operating characteristic
ROI	� Regions of interest
SAT	� Subcutaneous adipose tissue
SII	� Signal intensity index
VNC	� Virtual-Non-Contrast

VNCa	� VNC reconstructions of early-arterial contrast 
phase

VNCv	� VNC reconstructions of portal-venous contrast 
phase

Introduction

Adrenal incidentalomas (AIN) subsumize lesions of the 
adrenal gland ≥ 1 cm, which are detected incidentally dur-
ing imaging of the upper abdomen [1]. The most common 
benign lesions are adrenal adenomas [2]. Less common 
benign lesions include non-malignant pheochromocyto-
mas [3], myelolipomas [4], and cystic lesions. Examples of 
malignant adrenal lesions are metastases and cortical adre-
nal carcinoma [5, 6]. When incidentalomas are identified in 
CT-scans of the thorax and/ or upper abdomen, it is crucial 
to differentiate between potentially malignant and benign 
lesions.

	● Additionally, several parameters, such as relative enhancement, normalized iodine density, and iodine-to-Virtual-Non-
Contrast ratio, can be calculated. In particular, relative enhancement shows great potential to discriminate between 
adenomas and metastases.

	● Photon counting CT therefore adds additional capability in diagnosing adrenal glands to routine clinical workflows, 
providing an improved initial orientation. However, the methods still exhibit lower levels of significance and specificity 
compared to specialized MRI and CT protocols for imaging of the adrenal gland.

Graphical abstract

Keywords  Photon counting computed tomography · Virtual Non contrast · Multiphasic computed tomography · Protocol 
optimization · Adrenal mass

1 3

5884



Abdominal Radiology (2025) 50:5883–5892

The American College of Radiology white paper on 
the management of adrenal masses suggests using several 
imaging features for differentiating AINs. Benign features 
include macroscopic fat, which is typical for myelolipomas 
or lipid-rich adenomas, cystic lesions, haemorrhage, and 
calcified masses such as old hematomas or granulomatous 
infections [7, 8]. For precise classification of AINs, specific 
examination protocols for MRI and CT are recommended. 
MRI protocols for the adrenal gland should include chemi-
cal shift sequences for detecting intracellular fat, fat-sup-
pressing sequences for detecting macroscopic fat, as well 
as T2-weighted sequences and contrast-enhanced sequences 
[9, 10]. CT protocols for the adrenal gland should include a 
non-contrast-enhanced scan, a portal-venous contrast phase 
(pv), and a late phase (after 15 min). These sequences are 
used to calculate the absolute and relative contrast agent 
washout of the lesions. A relative washout ≥ 40% and an 
absolute washout ≥ 60% are suggestive of adrenal adenomas 
[10–12].

If AINs are detected during clinical imaging of the upper 
abdomen that does not correspond to a specific adrenal 
gland protocol, and no clear benignity criteria are identi-
fied, a dedicated MRI or CT scan must also be performed 
[11]. This often requires a separate appointment and utilizes 
limited resources.

To address this issue, further studies have evaluated the 
potential of spectral imaging with dual-energy CT (DECT) 
to differentiate between adrenal adenomas and metastases. 
DECT offers Virtual-Non-Contrast reconstructions (VNC) 
and iodine maps, enabling better differentiation between 
adrenal adenomas and metastases [13, 14]. Therefore, 
Nagayama et al. published promising parameters such as 
Relative Enhancement (RE), Normalized Iodine Density 
(NID), and Iodine/VNC Ratio (IVR), which show great 
potential for differentiating between adrenal adenomas and 
metastases. However, their group used parameters derived 
from DECT scans [15]. These parameters has been vali-
dated for DECT by Loonis et al. [16].

The introduction of Photon Counting CT (PCCT) has 
improved clinical imaging capabilities. Unlike conventional 
detectors that rely on scintillators, PCCT enables the direct 
measurement of photons, improving spatial resolution and 
the ability to obtain energy information from photon energy 
measurements [17]. Bette et al. already demonstrated the 
potential of PCCT-derived VNC reconstructions for dis-
criminating between adrenal adenomas and metastases [18]. 
However, their work focused on spectral- and VNC-recon-
structions without investigating the potential of parameters 
as RE; NID or IVR.

The aim of the recent study was to evaluate the potential 
of PCCT-derived iodine densities and Virtual-Non-Contrast 
reconstructions, as the potential of parameters as RE, NID 

and IVR for the differentiation between adrenal adenomas 
and adrenal metastasis.

Material/ methods

Patient cohort

This retrospective single-center study was conducted in 
accordance with the Helsinki Declaration [19] and was 
approved by the local institutional review board. The inclu-
sion criteria were as follows: (I) age ≥ 18 years; (II) presence 
of an adrenal mass (metastases or adenoma), with the diag-
nosis confirmed either by long-term monitoring of the mass 
in the context of the underlying disease, correlation via 
MRI, or biopsy. Adrenal lesions with density values < 0 HU 
were not included in the study; (III) multiphasic CT of the 
upper abdomen (including early arterial and portal-venous 
phases); and (IV) PCCT performed. From December 2021 
to September 2023, a total of 53 patients (24 with adrenal 
metastases and 29 with adrenal adenomas) were retrospec-
tively enrolled in the study.

CT scan and contrast protocol

A clinical, CE-marked photon counting CT scanner (NAE-
OTOM ALPHA, Siemens Healthineers AG) was used for 
all examinations. All scans were performed at 120 kVP tube 
voltage with adaptive tube current (CARE keV IQ). Rotation 
time was 0.25 s and pitch was set to 1.5. After pre-monitor-
ing, 60 ml iodine-based contrast agent (Iomeprol 350 mg/
ml, Bracco Imaging Deutschland GmbH) was injected at 
4.0 ml/second rate followed by 30 ml saline chaser. Image 
acquisition was started using bolus tracking in the descend-
ing aorta at a threshold of 100 HU. After acquisition of 
early-arterial contrast phase images, additional series were 
acquired in the portal venous contrast phase (60 s delay).

Reconstruction was performed using a dedicated algo-
rithm and a fixed kernel with medium denoising strength 
(Quantum Plus®, QR40 and Q3). Respectively, all images 
were reconstructed on a 512 × 512 matrix with a slice thick-
ness and section increment of 1.0 mm and 0.5 mm. In the 
vendor console (syngo.Via, version VB60A) iodine maps 
and VNC reconstructions of early-arterial (VNCa), and por-
tal-venous (VNCv) contrast phase were generated (Fig. 1).

Structured measurements

A standardized and structured measurement workflow was 
performed on polyenergetic (entire CT-spectrum) early-
arterial and portal-venous images as on corresponding VNC 
reconstructions and iodine maps. 2D regions of interest 
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IV R = NID
Lesion MeanV NC

∗ 100

Additionally, the Iodine/ VNC ratio (IVR) is the quotient of 
NID and the lesions VNC mean.

Statistical analysis

Statistical analysis was performed with R statistics (ver-
sion 4.1.0) [20]. Mean and standard deviation (SD) were 
calculated for quantitative variables, percentages (%) were 
calculated for categorical variables. Comparison tables 
were created with the tableone package (version 0.13.2). 
Regarding the patient cohort, p-values for age and the 
lesions diameter were calculated using t-test. F-test was 
performed before to compare the variances. P-values for 
number of females and localisation of the lesion were cal-
culated using chi-square-test. Boxplots were created with 
ggplot2 (version 3.3.5). The groups of adrenal adenoma and 
metastases were compared suing Mann-Whitney-U-Test. 
P-values < 0.05 were regarded as significant. Receiver oper-
ating characteristic (ROC) curves were calculated using the 
pROC package. Thresholds for the curves were calculated 
using Youden-Index.

(ROIs) with 1 cm diameter were placed in the adrenal lesions. 
In case the target structure was smaller than 1 cm, the size 
of ROIs was adjusted by the reader accordingly. ROIs were 
placed by a medical student and supervised by a radiologist 
with 5 years of experience in Abdominal CT and 3 years of 
experience in PCCT.

Evaluated parameters

The density values measured in polyenergetic images, VNC 
reconstructions and iodine maps of the lesions were com-
pared to each other as the iodine concentration determined 
in the iodine maps. Additionally, the measured values were 
used to calculate established ratios, which already have 
shown their potential in DECT [15, 16].

RE = Lesion Meanpoly − Lesion MeanV NC

Lesion meanV NC
∗ 100

Relative enhancement (RE) was calculated as mentioned 
above.

NID = Lesion MeanIodine

Abdominal AortaMean

Normalized iodine density (NID) is built by the quotient of 
the lesions mean density and the mean value of the abdomi-
nal aorta.

Fig. 1  Observed contrast phases and reconstructions
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Normalized iodine density

Results of the Normalized Iodine Density (NID) are shown 
as boxplots in Fig. 2C. Both the NID calculated from the 
ea scans (p = 0.86) and that from the pv scans (p = 0.38) 
showed no significant differences between adenomas and 
metastases.

Iodine/ VNC ratio

Iodine/ VNC Ratio (IVR) calculated from density values 
measured in pv scans showed significant differences between 
adenomas and metastases (p = 0.029). IVR calculated from 
density values measured in ea scans (p = 0.166) showed no 
significant differences between the entities (Fig. 2D).

Comparison of the different methods of 
discrimination

To compare the different measurements and ratios addi-
tional ROC analyses has been carried out. The correspond-
ing results are illustrated in Fig.  3; Table  3. The highest 
AUC (0.7) with a sensitivity of 0.52 and a specificity of 0.78 
was detected for RE calculated of density values measured 
in pv scans. The lowest AUC was observed for the density 
measurements in pv contrast phase (0.47). For all calculated 
ratios (RE, NID and IVR) the AUCs calculated from pv 
measurements were higher than the ones calculated from ea 
measurements.

Discussion

The recent study underlines the great potential of PCCT in 
oncological imaging by enabling differentiation between 
adrenal adenomas and adrenal metastases, utilizing PCCT-
derived image parameters from routine workflows, espe-
cially RE, which can be used in contrast enhanced scans 
to differentiate between adrenal adenomas and adrenal 
metastases.

While adrenal adenomas are typically smaller compared 
to metastases [21, 22], a significant difference between 
the adenomas (mean diameter: 15.4  mm) and metastases 
(mean diameter: 23.4 mm) included in the recent study was 
observed. Density values obtained from ea- and pv-contrast 
enhanced scans showed no significant differences between 
adenomas and metastases, which underlines the challenge 
of differentiating AINs in conventional contrast enhanced 
CT-imaging. However, density values measured from 
VNCa (p = 0.043) and VNCv (p = 0.027) exhibited signifi-
cant differences between adenomas and metastases, possi-
bly owing to their low microscopic or macroscopic fat [23]. 

Results

Patient cohort

In accordance with the mentioned inclusion criteria the pre-
sented retrospective single-center study included 53 patients 
(24 female) with adrenal lesions. In total 29 adrenal adeno-
mas and 24 adrenal metastases were included. No signifi-
cant differences between gender or laterality of the lesion 
were reported. Mean diameters of adenomas and metastases 
however were significantly different. Detailed information 
about the patient cohort is given in Table 1.

Density mean values of adrenal lesions

Looking at the mean values of the adrenal lesions there can 
be observed significant differences between adenomas and 
metastases in the VNC reconstructions. They differ sig-
nificantly in ea-derived VNC (p = 0.043) and in pv-derived 
VNC (p = 0.027). No significant differences were observed 
looking at the conventional image data and at the iodine 
maps (Fig. 2A; Table 2).

Relative enhancement

The Relative Enhancement ratio (RE) of the lesions showed 
a significant difference in the portal-venous contrast phase 
(p = 0.023). RE calculated from early-arterial scans showed 
no significant differences between adenomas and metastases 
(Fig. 2B).

Table 1  Patient collective overview. (1) p-values for age and the 
lesions diameter were calculated using t-test. F-test was performed 
before to compare the variances. (2) p-values for number of females 
and localisation of the lesion were calculated using chi-square-test. 
p-values < 0.05 were taken as significant
Group Total Adenoma Metastases p-value
n 53 29 24 -
Age Mean
  Mean 66.9 67 66.7 0.931

  SD 11.4 13 8.9 -
Number of Female
  Total (n) 24 14 10 0.632

  Percentage (%) 45.3 48.3 41.7 -
Lesion Right
  Total (n) 20 6 14 0.082

  Percentage (%) 37.7 20.7 58.3 -
Diameter of Lesion [mm]
  Mean 19 15.4 23.4 < 0.051

  SD 8.5 4.9 9.8 -
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benign adrenal lesions in unenhanced imaging suggested by 
the EURINE-ACT study [21]. Bette et al. demonstrated that 
VNC algorithms overestimate CT values compared to true-
non-contrast images. Accordingly, they suggest an adapted 
threshold of 26 HU to differentiate adrenal adenomas from 
metastases [18]. In line with these findings the recent study 
showed density values < 26 HU for adrenal adenomas in 
VNCa and VNCv and values > 26 HU for adrenal metas-
tases in VNCa (26.53) and in VNCv (28.26), results given 
in Table 2. Due to the limited differences in VNCa and the 

Compared to further DECT-based studies like Loonis et al. 
[16] the recent study showed lower diagnostic performance 
of VNC reconstructions. For instance, this may be due to 
different scan parameters and calibrations. Furthermore, 
there is need for multicentric studies with lager cohorts. 
Several studies were able to demonstrate that PCCT-derived 
VNC reconstructions may substitute true non-contrast 
images in many cases [24–26]. However, the overall mean 
values of adenomas were in VNCa (20.93 HU) and VNCv 
(21.64 HU) higher than the suggested cut-off (20 HU) for 

Table 2  Mean values of adenomas and metastases in early-arterial (ea) and portal-venous (pv) contrast phase as in ea and pv derived Virtual-non-
Contrast (VNC) reconstructions and iodine maps

ea pv VNCa VNCv iodinea iodinev

Adrenal_Adenoma_Mean (mean (SD)) 34.88 (22.90) 83.21 (41.22) 20.93 (14.46) 21.64 (17.81) 15.55 (21.59) 43.52 (32.47)
Adrenal_MTX_Mean (mean (SD)) 41.58 (10.13) 79.30 (28.39) 26.53 (10.29) 28.26 (8.82) 27.70 (61.09) 38.87 (18.76)

Fig. 2  A: Mean values measured in adrenal lesions. Adrenal adenoma 
is represented by the red plot, adrenal metastases by the yellow blot. 
P-values were calculated using Mann-Whitney-U-test. p-values < 0.05 
were regarded as significant. Abbreviations: early-arterial (ea), portal-
venous (pv), Virtual non contrast derived from ea (VNCa), Virtual 
non contrast derived from pv (VNCv), Iodine maps derived from ea 
(Iodinea), Iodine maps derived from pv (Iodinev). B: Relative enhance-
ment. Adrenal adenoma is represented by the red plot, adrenal metasta-
ses by the yellow blot. P-values were calculated using Mann-Whitney-
U-test. p-values < 0.05 were regarded as significant. Abbreviations: 

early-arterial (ea), portal-venous (pv). C: Normalized iodine density: 
Adrenal adenoma is represented by the red plot, adrenal metastases by 
the yellow blot. P-values were calculated using Mann-Whitney-U-test. 
p-values < 0.05 were reported as significant. Abbreviations: early-arte-
rial (ea), portal-venous (pv). D: Iodine/ VNC-ratio: Adrenal adenoma 
is represented by the red plot, adrenal metastases by the yellow blot. 
P-values were calculated using Mann-Whitney-U-test. p-values < 0.05 
were given as significant. Abbreviations: early-arterial (ea), portal-
venous (pv)
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However, RE calculated from ea images show no significant 
differences between adenomas and metastases, this might 
be due to the fact that the lesions show no relevant contrast 
media uptake in the ea contrast phase, and this effects the 
quotient. Nevertheless, the results of the RE calculated from 
pv scan show a higher AUC than the conventional measure-
ments in VNC reconstructions. Studies on DECT derived 
data sets from Nagayama et al. and Loonis et al. showed 
the same improvement by calculating RE [15, 16]. In NID 
no significant differences were observed between adenomas 
and metastases. However, NID can be used to calculate IVR, 
representing the quotient of NID and density in VNC. Look-
ing at the results there is no significant difference between 
the lesions in ea contrast phase, which may due the small 
iodine uptake in this contrast phase. Measurements of pv 
contrast phase show significant differences between adeno-
mas and metastases.

large standard deviations in the VNC measurements, there 
remains potential for improvement and a need for additional 
factors to achieve better differentiation of adrenal lesions. 
Concerning the iodine maps, no significant differences were 
observed between adrenal adenomas and metastases.

Several studies by Nagayama et al. and Loonis et al. 
introduced and validated factors as relative enhancement 
(RE), normalized iodine density (NID) and iodine/ VNC 
ratio (IVR) in DECT [15, 16]. However, there are no studies 
examining these promising parameters for the PCCT. These 
factors are calculated as described in the methods section. 
In this context, alongside the polyenergetic images, which 
are standard in diagnostics, RE also takes VNC reconstruc-
tions into account by computing a quotient based on the 
difference between the polyenergetic and VNC measure-
ments relative to the VNC measurement. RE calculated 
from pv scans show significant differences between adeno-
mas and metastases and show the highest AUC in our study. 

Table 3  Parameters of the receiver operating characteristic (ROC) curves for differentiating adrenal adenomas and metastases. Thresholds for the 
curves were calculated using Youden-Index
Method Threshold AUC Sensitivity Specificity
Lesion_Mean_ea 31 0.64 0.92 0.52
Lesion_Mean_pv 47.5 0.47 1 0.21
Lesion_VNC_Mean_ea 17.9 0.67 0.83 0.50
Lesion_VNC_Mean_pv 15.2 0.68 1 0.39
Relative_Enhabcement_Ratio_ea 70.4 0.64 0.52 0.78
Relative_Enhabcement_Ratio_pv 247.6 0.7 0.74 0.68
Normalized_Iodine_Density_ea 0.04 0.48 0.73 0.42
Normalized_Iodine_Density_pv 0.50 0.57 0.91 0.30
Iodine_VNC_Ratio_ea 0.29 0.62 0.64 0.65
Iodine_VNC_Ratio_pv 1.88 0.69 0.86 0.55

Fig. 3  Comparison between the AUCs of the applied parameters. 
X-axis shows specificity and y-axis shows sensitivity. Thresholds for 
the curves were calculated using Youden-Index. A-E show curves for 
early-arterial contrast phases (ea). F-J show curves for portal-venous 

contrast phases (pv). Results for conventional scans (A + F), virtual non 
contrast (VNC; B + G), Normalized Iodine Density (C + H), Relative 
Enhancement Ratio (D + I) and Iodine-VNC-Ratio (E + J) are shown
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dedicated imaging of the adrenal glands cannot simply be 
dispensed with as part of good clinical practice.

One of the main limitations of the present study is the 
relatively small patient cohort, which is primarily due to 
the limited number of PCCT examinations conducted to 
date. Furthermore, as the scans were obtained from rou-
tine clinical practice, true non-contrast (TNC) images were 
not available. This represents an additional limitation, as 
TNC imaging could have been used to validate the VNC 
reconstructions.

Despite these constraints, the current study serves well 
as a proof-of-concept and provides a valuable foundation 
for future research. In particular, expanding the sample size 
through multicentre studies would be an important next 
step. It would also be beneficial to include studies that con-
tain native scans, which could also reach a sufficient cohort 
size through collaborative, multicentre efforts.

Overall, the introduction of PCCT represents a signifi-
cant advance in adrenal imaging, offering the capability for 
adrenal mass characterization from routine scans which can 
be expected to improve patient safety and decrease overall 
radiation exposure.
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In total the recent study showed that PCCT derived VNC 
reconstructions, as RE and IVR from pv contrast phase 
can be used to differentiate between adrenal adenomas and 
metastases. These results are in line with the preliminary 
data from DECT [15, 16]. Given the recent results the best 
diagnostic performance was observed in RE (Sensitivity: 
74%, Specificity: 68%). Best sensitivity was shown in VNCv 
density (100%) compared with a low specificity (39%). IVR 
derived from pv contrast phases showed also a good sen-
sitivity (86%) with reduced specificity (55%) compared to 
RE. Since only two measurements and the VNC reconstruc-
tions are required for RE, it could be calculated quickly in 
clinical routine and provide an initial orientation for AINs. 
However, dedicated CT protocols for adrenal imaging can 
reach sensitivities and specificities up to 98% and 92% [27]. 
Additionally, chemical shift MRI allows for the calculation 
of the signal intensity index (SII), which has been shown to 
discriminate adenomas from metastases with an accuracy of 
100% [28]. In this context, the spectral imaging measure-
ments and calculations derived from DECT and PCCT are 
not yet capable of replacing these established techniques. 
Nevertheless, they offer a straightforward and efficient ini-
tial assessment without requiring additional imaging. Com-
pared to MRI, PCCT provides superior spatial resolution 
and contrast-to-noise ratio, which enhances the visualization 
of small or low-contrast lesions [29, 30]. MRI, while effec-
tive in characterizing adrenal masses, particularly lipid-rich 
adenomas, can be limited by its lower spatial resolution and 
longer acquisition times [31, 32]. PCCT’s ability to generate 
virtual non-contrast (VNC) images and material decomposi-
tion techniques further aids in the accurate characterization 
of adrenal lesions, reducing the need for additional imag-
ing studies [18, 33].Accordingly, the Canadian Urological 
Association and American Urological Association guide-
lines recommend non-contrast CT as the first-line imaging 
for incidental adrenal masses, with MRI as a secondary 
option for indeterminate cases [31]. PCCT’s advanced capa-
bilities align well with these guidelines, offering improved 
diagnostic accuracy and potentially reducing the need for 
follow-up MRI.

In routine practice, PCCT can streamline workflows by 
providing comprehensive imaging data in a single scan, 
reducing the need for multiple imaging modalities. Its high 
spatial resolution and spectral capabilities allow for detailed 
tissue characterization, which is crucial for accurate diagno-
sis and treatment planning [34, 35]. Additionally, PCCT’s 
potential for reduced radiation dose is particularly beneficial 
for patients requiring frequent imaging [29, 30].

For clinical application, however, the small number of 
preliminary studies with comparatively small numbers of 
cases and the inferior specificity and sensitivity of spe-
cial imaging represent a strongly limiting factor, so that 

1 3

5890



Abdominal Radiology (2025) 50:5883–5892

12.	 Johnson PT, Horton KM, Fishman EK. Adrenal mass imaging 
with multidetector CT: pathologic conditions, pearls, and pitfalls. 
Radiographics: a review publication of the Radiological Society 
of North America, Inc 2009;29:1333–51. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
1​4​8​​/​r​g​​.​2​9​5​0​9​5​0​2​7.

13.	 Martin SS, Weidinger S, Czwikla R, Kaltenbach B, Albrecht MH, 
Lenga L, et al. Iodine and Fat Quantification for Differentiation 
of Adrenal Gland Adenomas From Metastases Using Third-Gen-
eration Dual-Source Dual-Energy Computed Tomography. Inves-
tigative radiology 2018;53:173–8. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​7​​/​R​
L​​I​.​0​0​0​0​0​0​0​0​0​0​0​0​0​4​2​5.

14.	 Winkelmann MT, Gassenmaier S, Walter SS, Artzner C, Lades 
F, Faby S, et al. Differentiation of adrenal adenomas from adre-
nal metastases in single-phased staging dual-energy CT and 
radiomics. Diagnostic and interventional radiology (Ankara, Tur-
key) 2022;28:208–16. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​5​​1​5​2​​/​d​i​​r​.​2​0​2​2​.​2​1​6​9​
1.

15.	 Nagayama Y, Inoue T, Oda S, Tanoue S, Nakaura T, Ikeda O, 
Yamashita Y. Adrenal Adenomas versus Metastases: Diagnostic 
Performance of Dual-Energy Spectral CT Virtual Noncontrast 
Imaging and Iodine Maps. Radiology 2020;296:324–32. doi: ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​4​8​​/​r​a​​d​i​o​l​.​2​0​2​0​1​9​2​2​2​7.

16.	 Loonis A-ST, Yu H, Glazer DI, Bay CP, Sodickson AD. Dual 
Energy-Derived Metrics for Differentiating Adrenal Adenomas 
From Nonadenomas on Single-Phase Contrast-Enhanced CT. 
AJR. American journal of roentgenology 2023;220:693–704. doi: ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​2​1​4​​/​A​J​​R​.​2​2​.​2​8​3​2​3.

17.	 Rajendran K, Petersilka M, Henning A, Shanblatt ER, Schmidt 
B, Flohr TG, et al. First Clinical Photon-counting Detector CT 
System: Technical Evaluation. Radiology 2022;303:130–8. doi: ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​4​8​​/​r​a​​d​i​o​l​.​2​1​2​5​7​9.

18.	 Bette S, Risch F, Canalini L, Becker J, Leithner EV, Huber A, et 
al. Diagnostic performance of photon-counting detector CT for 
differentiation between adrenal adenomas and metastases. Euro-
pean radiology 2024;34:5944–53. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​
0​3​3​0​-​0​2​4​-​1​0​6​7​5​-​x.

19.	 World Medical Association Declaration of Helsinki: ethical prin-
ciples for medical research involving human subjects. JAMA 
2013;310:2191–4. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​1​​/​j​a​​m​a​.​2​0​1​3​.​2​8​1​0​5​
3.

20.	 R Core Team (2025). R: A language and environment for statisti-
cal computing. https://www.R-project.org/.

21.	 Bancos I, Taylor AE, Chortis V, Sitch AJ, Jenkinson C, Davidge-
Pitts CJ, et al. Urine steroid metabolomics for the differential 
diagnosis of adrenal incidentalomas in the EURINE-ACT study: 
a prospective test validation study. The lancet. Diabetes & endo-
crinology 2020;8:773–81. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​2​​2​1​3​-​8​5​
8​7​(​2​0​)​3​0​2​1​8​-​7.

22.	 Blake MA, Holalkere N-S, Boland GW. Imaging techniques 
for adrenal lesion characterization. Radiologic clinics of North 
America 2008;46:65–78, vi. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​r​c​l​.​2​0​
0​8​.​0​1​.​0​0​3.

23.	 Sahdev A. Imaging incidental adrenal lesions. The British journal 
of radiology 2023;96:20220281. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​5​9​​/​b​j​​r​.​
2​0​2​2​0​2​8​1.

24.	 Haag F, Emmrich SS, Hertel A, Rink JS, Nörenberg D, Schoen-
berg SO, Froelich MF. Virtual Non-Contrast versus True Native 
in Photon-Counting CT: Stability of Density of Upper Abdominal 
Organs and Vessels. Diagnostics (Basel, Switzerland) 2024;14. 
doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​d​i​​a​g​n​o​s​t​i​c​s​1​4​1​1​1​1​3​0.

25.	 Schoenbeck D, Pauline Haag N, Elias Michael A, Michael 
Woeltjen M, Boriesosdick J, Saeed S, et al. Dedicated virtual non-
contrast images adapted for liver tissue in clinical photon count-
ing CT improve virtual non-contrast imaging in various organs 
beyond the liver. European journal of radiology 2023;167:111031. 
doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​j​r​a​d​.​2​0​2​3​.​1​1​1​0​3​1.

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 ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

1.	 Menegaux F, Chéreau N, Peix J-L, Christou N, Lifante J-C, Pala-
dino NC, et al. Management of adrenal incidentaloma. Journal of 
visceral surgery 2014;151:355–64. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​
j​v​i​​s​c​s​​u​r​g​.​​2​0​​1​4​.​0​7​.​0​0​2.

2.	 Fassnacht M, Arlt W, Bancos I, Dralle H, Newell-Price J, Sahdev 
A, et al. Management of adrenal incidentalomas: European Soci-
ety of Endocrinology Clinical Practice Guideline in collaboration 
with the European Network for the Study of Adrenal Tumors. 
European journal of endocrinology 2016;175:G1-G34. doi: ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​3​0​​/​E​J​​E​-​1​6​-​0​4​6​7.

3.	 Blake MA, Kalra MK, Maher MM, Sahani DV, Sweeney AT, 
Mueller PR, et al. Pheochromocytoma: an imaging chameleon. 
Radiographics: a review publication of the Radiological Society 
of North America, Inc 2004;24 Suppl 1:S87-99. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​1​4​8​​/​r​g​​.​2​4​s​i​0​4​5​5​0​6.

4.	 Kenney PJ, Wagner BJ, Rao P, Heffess CS. Myelolipoma: CT and 
pathologic features. Radiology 1998;208:87–95. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​1​4​8​​/​r​a​​d​i​o​​l​o​g​​y​.​2​0​​8​.​​1​.​9​6​4​6​7​9​7.

5.	 Fassnacht M, Dekkers O, Else T, Baudin E, Berruti A, Krijger 
R de, et al. European Society of Endocrinology Clinical Prac-
tice Guidelines on the management of adrenocortical carcinoma 
in adults, in collaboration with the European Network for the 
Study of Adrenal Tumors. European journal of endocrinology 
2018;179:G1-G46. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​3​0​​/​E​J​​E​-​1​8​-​0​6​0​8.

6.	 Choi YA, Kim CK, Park BK, Kim B. Evaluation of adrenal metas-
tases from renal cell carcinoma and hepatocellular carcinoma: use 
of delayed contrast-enhanced CT. Radiology 2013;266:514–20. 
doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​4​8​​/​r​a​​d​i​o​l​.​1​2​1​2​0​1​1​0.

7.	 Mayo-Smith WW, Song JH, Boland GL, Francis IR, Israel GM, 
Mazzaglia PJ, et al. Management of Incidental Adrenal Masses: A 
White Paper of the ACR Incidental Findings Committee. Journal 
of the American College of Radiology: JACR 2017;14:1038–44. 
doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​a​c​r​.​2​0​1​7​.​0​5​.​0​0​1.

8.	 Boland GW, Lee MJ, Gazelle GS, Halpern EF, McNicholas MM, 
Mueller PR. Characterization of adrenal masses using unen-
hanced CT: an analysis of the CT literature. AJR. American jour-
nal of roentgenology 1998;171:201–4. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​2​1​
4​​/​a​j​​r​.​1​7​1​.​1​.​9​6​4​8​7​8​9.

9.	 Schieda N, Siegelman ES. Update on CT and MRI of Adrenal Nod-
ules. AJR. American journal of roentgenology 2017;208:1206–
17. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​2​1​4​​/​A​J​​R​.​1​6​.​1​7​7​5​8.

10.	 Lattin GE, Sturgill ED, Tujo CA, Marko J, Sanchez-Maldo-
nado KW, Craig WD, Lack EE. From the radiologic pathol-
ogy archives: Adrenal tumors and tumor-like conditions in the 
adult: radiologic-pathologic correlation. Radiographics: a review 
publication of the Radiological Society of North America, Inc 
2014;34:805–29. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​4​8​​/​r​g​​.​3​4​3​1​3​0​1​2​7.

11.	 Fassnacht M, Tsagarakis S, Terzolo M, Tabarin A, Sahdev A, 
Newell-Price J, et al. European Society of Endocrinology clini-
cal practice guidelines on the management of adrenal inciden-
talomas, in collaboration with the European Network for the 
Study of Adrenal Tumors. European journal of endocrinology 
2023;189:G1-G42. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​e​j​​e​n​d​o​/​l​v​a​d​0​6​6.

1 3

5891

https://doi.org/10.1148/rg.295095027
https://doi.org/10.1148/rg.295095027
https://doi.org/10.1097/RLI.0000000000000425
https://doi.org/10.1097/RLI.0000000000000425
https://doi.org/10.5152/dir.2022.21691
https://doi.org/10.5152/dir.2022.21691
https://doi.org/10.1148/radiol.2020192227
https://doi.org/10.1148/radiol.2020192227
https://doi.org/10.2214/AJR.22.28323
https://doi.org/10.2214/AJR.22.28323
https://doi.org/10.1148/radiol.212579
https://doi.org/10.1148/radiol.212579
https://doi.org/10.1007/s00330-024-10675-x
https://doi.org/10.1007/s00330-024-10675-x
https://doi.org/10.1001/jama.2013.281053
https://doi.org/10.1001/jama.2013.281053
https://www.R-project.org/
https://doi.org/10.1016/S2213-8587(20)30218-7
https://doi.org/10.1016/S2213-8587(20)30218-7
https://doi.org/10.1016/j.rcl.2008.01.003
https://doi.org/10.1016/j.rcl.2008.01.003
https://doi.org/10.1259/bjr.20220281
https://doi.org/10.1259/bjr.20220281
https://doi.org/10.3390/diagnostics14111130
https://doi.org/10.1016/j.ejrad.2023.111031
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jviscsurg.2014.07.002
https://doi.org/10.1016/j.jviscsurg.2014.07.002
https://doi.org/10.1530/EJE-16-0467
https://doi.org/10.1530/EJE-16-0467
https://doi.org/10.1148/rg.24si045506
https://doi.org/10.1148/rg.24si045506
https://doi.org/10.1148/radiology.208.1.9646797
https://doi.org/10.1148/radiology.208.1.9646797
https://doi.org/10.1530/EJE-18-0608
https://doi.org/10.1148/radiol.12120110
https://doi.org/10.1016/j.jacr.2017.05.001
https://doi.org/10.2214/ajr.171.1.9648789
https://doi.org/10.2214/ajr.171.1.9648789
https://doi.org/10.2214/AJR.16.17758
https://doi.org/10.1148/rg.343130127
https://doi.org/10.1093/ejendo/lvad066


Abdominal Radiology (2025) 50:5883–5892

Incidentally Discovered Adrenal Mass: CUA Guideline Endorsed 
by the AUA. The Journal of urology 2023;210:590–9. doi: ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​7​​/​J​U​​.​0​0​0​0​0​0​0​0​0​0​0​0​3​6​4​4.

32.	 Mody RN, Remer EM, Nikolaidis P, Khatri G, Dogra VS, Gane-
shan D, et al. ACR Appropriateness Criteria® Adrenal Mass 
Evaluation: 2021 Update. Journal of the American College of 
Radiology: JACR 2021;18:S251-S267. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
1​6​​/​j​.​​j​a​c​r​.​2​0​2​1​.​0​8​.​0​1​0.

33.	 Lennartz S, Schoenbeck D, Kröger JR, Borggrefe J, Henning 
Niehoff J. Photon-counting CT Material Decomposition: Ini-
tial Experience in Assessing Adrenal Adenoma. Radiology 
2023;306:202–4. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​4​8​​/​r​a​​d​i​o​l​.​2​2​0​9​1​9.

34.	 Douek PC, Boccalini S, Oei EHG, Cormode DP, Pourmorteza A, 
Boussel L, et al. Clinical Applications of Photon-counting CT: A 
Review of Pioneer Studies and a Glimpse into the Future. Radiol-
ogy 2023;309:e222432. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​4​8​​/​r​a​​d​i​o​l​.​2​2​2​4​3​
2.

35.	 Nehra AK, Rajendran K, Baffour FI, Mileto A, Rajiah PS, Horst 
KK, et al. Seeing More with Less: Clinical Benefits of Photon-
counting Detector CT. Radiographics: a review publication of the 
Radiological Society of North America, Inc 2023;43:e220158. 
doi: ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​1​1​​​4​8​​​/​r​g​.​2​2​0​1​5​8.

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

26.	 Niehoff JH, Woeltjen MM, Laukamp KR, Borggrefe J, Kroeger 
JR. Virtual Non-Contrast versus True Non-Contrast Computed 
Tomography: Initial Experiences with a Photon Counting Scan-
ner Approved for Clinical Use. Diagnostics (Basel, Switzerland) 
2021;11. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​d​i​​a​g​n​o​s​t​i​c​s​1​1​1​2​2​3​7​7.

27.	 Caoili EM, Korobkin M, Francis IR, Cohan RH, Platt JF, Dun-
nick NR, Raghupathi KI. Adrenal masses: characterization with 
combined unenhanced and delayed enhanced CT. Radiology 
2002;222:629–33. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​4​8​​/​r​a​​d​i​o​l​.​2​2​2​3​0​1​0​7​6​
6.

28.	 Korobkin M, Lombardi TJ, Aisen AM, Francis IR, Quint LE, 
Dunnick NR, et al. Characterization of adrenal masses with 
chemical shift and gadolinium-enhanced MR imaging. Radiol-
ogy 1995;197:411–8. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​4​8​​/​r​a​​d​i​o​​l​o​g​​y​.​1​9​​7​.​​
2​.​7​4​8​0​6​8​5.

29.	 Onishi H, Tsuboyama T, Nakamoto A, Ota T, Fukui H, Tatsumi 
M, et al. Photon-counting CT: technical features and clinical 
impact on abdominal imaging. Abdominal radiology (New York) 
2024;49:4383–99. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​2​6​1​-​0​2​4​-​0​4​4​1​
4​-​5.

30.	 Khanungwanitkul K, Sliwicka O, Schwartz FR. Abdominal 
Applications of Photon-Counting CT. The British journal of radi-
ology 2024. doi: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​b​j​​r​/​t​q​a​e​2​0​6.

31.	 Rowe NE, Kumar R, Schieda N, Siddiqi F, McGregor T, McAl-
pine K, et al. Diagnosis, Management, and Follow-Up of the 

1 3

5892

https://doi.org/10.1097/JU.0000000000003644
https://doi.org/10.1097/JU.0000000000003644
https://doi.org/10.1016/j.jacr.2021.08.010
https://doi.org/10.1016/j.jacr.2021.08.010
https://doi.org/10.1148/radiol.220919
https://doi.org/10.1148/radiol.222432
https://doi.org/10.1148/radiol.222432
https://doi.org/10.1148/rg.220158
https://doi.org/10.3390/diagnostics11122377
https://doi.org/10.1148/radiol.2223010766
https://doi.org/10.1148/radiol.2223010766
https://doi.org/10.1148/radiology.197.2.7480685
https://doi.org/10.1148/radiology.197.2.7480685
https://doi.org/10.1007/s00261-024-04414-5
https://doi.org/10.1007/s00261-024-04414-5
https://doi.org/10.1093/bjr/tqae206

	﻿Quantitative PCCT imaging in differentiating adrenal adenomas from metastases: diagnostic performance and its clinical applications
	﻿Abstract
	﻿Highlights
	﻿Introduction
	﻿Material/ methods
	﻿Patient cohort
	﻿CT scan and contrast protocol
	﻿Structured measurements
	﻿Evaluated parameters
	﻿Statistical analysis

	﻿Results


