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Abstract

Objectives—The aim of the study was to evaluate the CT features of adrenal tumors in an effort
to identify features specific to pheochromocytomas and second, to define a feasible probability
calculation model.

Methods—This multicentric retrospective study included patients from the period 2003 to 2017
with an appropriate CT examination and a histological diagnosis of an adrenal adenoma,
pheochromocytoma, adrenocortical carcinoma, or metastasis. In total, 346 patients were suitable
for the CT image analysis, which included evaluation of the largest diameter, the shape of the
lesion, the presence of central necrosis and its margins, and the presence of anenhancing
peripheral rim (“ring sign”).

Results—Pheochromocytomas have a significantly more spherical shape (P<0.001), whereas an
elliptical shape significantly reduces the probability of a pheochromocytoma (odds ratio = 0.015),
as does another shape (odds ratio = 0.006). A “ring sign” is also more frequent in
pheochromocytomas compared to other adrenal tumors (P=0.001, odds ratio = 6.49).

A sharp necrosis also increases the probability of a pheochromocytoma more than unsharp
necrosis (odds ratio 231.6 vs. 20.2). The probability calculation model created on the basis of the
results confirms a high sensitivity and specificity (80% and 95%).

Conclusion—This study confirms the value of anatomical features in the assessment of adrenal
masses with the ability to significantly improve the identification of pheochromocytomas.
Advanced assessment of the tumor shape was defined and a original comprehensive calculating
tool of the pheochromocytoma probability was created on the basis of the results presented here
and could be used in clinical routine.

Brief summary

This was a multicenter international study, to identify typical CT characteristics of an uncommon
adrenal tumour-pheochromocytoma. We created and tested a mathematical model to determine the
shape of lesions that can be used in anatomical imaging. We found that pheochromocytomas
typically present as spherical in shape, with a sharp, central necrosis and “ring sign” compared to
other adrenal tumors. We created a simple imaging tool, which will be freely available on the
Internet, to calculate the probability of a pheochromocytoma on the basis of selected imaging
features.
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Introduction

Incidentally discovered adrenal masses represent an emerging clinical problem because of
the overall increasing use of CT in diagnostic procedures. Computed tomography (CT)
scanning is also able to determine the biological nature of the most frequent adrenal
pathologies, including their morphological differentiation. The most accepted imaging
characteristic that distinguishes a benign from a malignant lesion is the mean attenuation on
non-contrast scans measured in Hounsfield units (HU). Unenhanced attenuation of
adenomas is low because of the higher content of lipids in the cytoplasm, whereas the
attenuation of metastases, adrenocortical carcinomas, and pheochromocytomas is higher
since the occurrence of lipids in these lesions is rare. Unenhanced attenuation of < 10 HU is
generally recognized as the cut-off value between adrenal adenomas and non-adenomas® 2.
Approximately 30% of adenomas, however, have a mean attenuation higher than 10 HU (ref.
4.5). In such cases, it is impossible to reliably distinguish a lipid-poor adenoma from a
pheochromocytoma, adrenocortical carcinoma, or metastasis by means of unenhanced
attenuation.

Many efforts have been made to further evaluate the nature of undetermined adrenal lesions
using various imaging modalities, but with questionable outcome8-14. A correct diagnosis is
especially important in pheochromocytomas®16 and adrenocortical carcinomas’+18 since
hormonal activity or early metastatic spread, respectively, can lead to significant morbidity
and mortality1®-21, Although some studies considered the appearance of
pheochromocytomas rather unspecific?2-2%, we hypothesized that some anatomic parameters
of pheochromocytomas are different from those of other adrenal masses.

Thus, the aim of the present study was to evaluate CT examinations in patients with resected
adrenal tumors and find out whether predefined anatomic features (i.e., size, shape, margin,
and the presence of necrosis and the “ring sign”) could distinguish pheochromocytomas
from other adrenal tumors. In the next step we attempted to define a dedicated mathematical
model for the calculation of the probability of a pheochromocytoma according to the results
of the analysis of CT features. This would also represent a real benefit for routine diagnostic
procedures.

Materials and methods

Study design and patient selection

A retrospective multicenter study was organized in cooperation with eight institutions. Lists
of patients who underwent andrenalectomy as a result of CT examination in the time period
from 2003 to 2017 were collected and assessed according to predefined criteria.
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The inclusion criteria were: 1) a pre-operative CT scan including both unenhanced and
contrast-enhanced phase; 2) a final histological result of an adenoma, an adrenocortical
carcinoma, a pheochromocytoma, or an adrenal metastasis. The exclusion criteria were: 1) a
lesion with a mean unenhanced attenuation of 10 HU and less; 2) non-optimal image quality.

The study was approved by the Ethics Committee, and obtaining informed consent
retrospectively was not required. The data from all the centers were anonymized.

CT data selection and analysis

The CT data were obtained with scanners from multiple vendors using different scan
protocols. All the scans performed with a collimation of 1.5 mm or less and image series
with a slice width of 1.5 mm or less were used for the image analysis.

The image analysis was performed using dedicated workstations (GE workstation)
separately by two experienced radiologists (with eight and fifteen years experience), who
were blinded to the definite histological diagnosis. Their results were compared, the
concordant results were declared as definitive, and in the event of a discrepancy re-
evaluation in consensus was performed. All the measurements were performed using
multiplanar reformations with a 3-5-mm slice width.

Size and mean attenuation

Margin

The maximum diameter and two perpendicular diameters were measured. The mean
attenuation was measured by drawing a circular region of interest inside a lesion to cover as
large an area as possible, with the exclusion of peripheral parts of the lesion to avoid any
artificial partial volume effect of the surrounding tissues.

Two types of lesion margin were defined — smooth and irregular. A lesion with a smooth
margin was considered to be an expansion with a clearly defined sharp border with
surrounding fatty tissue or adjacent organs visible over the entire surface of the tumor. A
lesion with an irregular margin was considered when the surface was partly or entirely ill-
defined with regard to the adjacent retroperitoneal fat with a spiculated rim.

Central necrosis

A central necrosis was defined as a hypodense area with a mean attenuation of 0-20 HU in
the center of a lesion that increased its attenuation by less than 10 HU after the intravenous
application of a contrast agent. The character of the necrosis was also assessed — sharp or
unsharp. A sharp necrosis was presented with an explicit border between necrotic and vital
tissue, i.e., the reviewers were able to clearly define the border between necrotic and non-
necrotic tissue, so that, for simple use in practice, the necrosis can be defined by an
uninterrupted closed line (Figure 1).
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An unsharp necrosis was presented as poorly defined and with a blurry margin, i.e., there
was a gradual transition of density between necrotic and vital tissue. For simple use in
practice, the necrotic part cannot be defined by an uninterrupted closed line (Figure 2).

Peripheral rim enhancement — the “ring sign”

The “ring sign” was defined as strong enhancement in the peripheral rim of vital soft tissue
surrounding a non-enhancing central necrosis on a contrast scan. Only an enhancing rim
around the entire surface of a lesion was considered positive with respect to the presence of
the “ring sign” (Figure 3). An incomplete rim (partial “ring sign”) was considered negative
with respect to the presence of the “ring sign” (Figure 4).

Shape

All the lesions were assessed according to predefined shape criteria and assigned to a
specific type of lesion: 1 — spherical lesions (with the shape of a sphere), 2 — elliptical
lesions (with the shape of a spheroid, or ellipsoid of revolution), and 3 — other lesions
(inappropriate for inclusion in the first two groups).

A sphere is a set of all the points that are the same distance from a given point; the distance
is the radius of the sphere and the point is the center of the sphere. Analogously, an ellipsoid

is a solid figure formed by the set of all the points of the space whose position towards the

2 2 2

given point (center S) meets the requirements of the equation x_2 + y_2 + 7—2 <1linthe
C

S
S

coordinate system (S, X, Y, z), where a, b, and c are positive real numbers determining the
half-axis. In the case of our research we have to add the condition that a=6=cis not valid.

We considered any two dimensions x, y of a lesion equal if it held that 0.95 < f < 1.05 (they

differed by less than 5%). We chose the level of accuracy on the grounds of the possible
error in the measurement of the dimensions of a lesion. The accuracy of the measurement
can be equal to the maximum accuracy of the calibrated instruments, which means 95%.

We predicted that the optimal relation is the one that compares the ratio of the dimensions of
lesions. We can order all the dimensions of each lesion according to size and denote them by
a < b < c. Now we can focus on the comparison of individual dimensions. If the ratio of the

dimensions is % > 0.95 /\% > 0.95, we can state (with the chosen accuracy) that it is a sphere.

In the worst situation, the smallest dimension can differ from the largest one by 9.75%.

In the event that only one of the conditions is fulfilled, the section of the lesion is a circle
and the third dimension is longer or shorter than the diameter. We can state (with the chosen
accuracy) that it is an ellipsoid of revolution. If no condition is fulfilled, it is “other shape”.
For the analysis of the shapes a spreadsheet with the built-in IFS function
IF(condition;yes;no) was used. The final command can be written as follows:
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=IF(MIN(MIN(L5:N5)/LARGE(L5:N5;2);LARGE(L5:N5;2)/MAX(L5:N5))>$V
$3;1;IF(MAX(MIN(L5:N5)/LARGE(L5:N5;2); LARGE(L5:N5;2)/MAX(L5:N5))>=$V
$3;2;3)).

Statistical analysis

Results

The statistical analysis and data processing were performed using the IBM SPSS Statistics
23 program. A P-value of 0.05 or lower was considered to be statistically significant. Tests
of normality (the Shapiro-Wilk test) revealed non-normal distribution of the data; therefore,
the Kruskal-Wallis test was used to evaluate possible age differences and maximum lesion
dimensions. The differences between genders were compared by means of Fisher’s exact
test. Differences in the shapes of tumors and the presence of necrosis were evaluated by a
chi-square test and differences in margins, and the presence of the “ring sign” by Fisher’s
exact test. These tests were followed by post hoc tests with Bonferroni correction.

In total, 907 adrenal tumors were collected for the analysis from the participating centers.
Out of these, 561 did not meet the inclusion criteria: 342 subjects lacked the predefined CT
scan parameters (e.g., only unenhanced CT or only contrast-enhanced CT). 160 subjects had
typical benign lesions with a mean attenuation less than 10 HU (128 lipid-rich adenomas
and 32 myelolipomas), and 59 subjects had other types of histology (e.g., 11 hematomas, 15
cysts of different kinds, five hemangiomas, four PEComas, four lymphangiomas, one
atypical myelolipoma, other rare soft tissue tumors, etc.). Thus, 346 adrenal tumors met the
inclusion criteria and were analyzed in the study (Figure 5).

The clinical and histological characteristics of the adrenal tumors are summarized in Table 1.
Our set showed significant differences for age (P<0.0001) and sex (P<0.002). Post hoc
multiple comparison indicates a predominance of males for metastatic lesions in comparison
to pheochromocytomas and adenomas. The patients with metastases were also older than the
others.

The Kruskal-Wallis test indicates that the sets differ significantly in terms of the maximum
lesion dimensions (P<0.001). Significant differences in sizes were found, except between
pheochromocytomas and metastases (Fig. 6). Significant differences between histological
types were found in terms of shape (P < 0.0001), margins (P = 0.0005), necrosis (P <
0.0001), and the presence of peripheral “ring-like” enhancement (P < 0.0001). Post hoc tests
with Bonferroni correction showed that pheochromocytomas presented with a more
spherical shape, sharp-edged necrosis, and “ring-like” enhancement in comparison to other
adrenal tumors. On the other hand, metastases presented with significantly more irregular
margins in comparison to other adrenal tumors, including pheochromocytoma. The complete
CT characteristics are summarized in Table 1.

Development of the regression model

For this model we used four main predictors: maximum dimensions, shape, necrosis, and
“ring sign”. The elliptical shape significantly reduced the probability of the occurrence of a
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pheochromocytoma (OR = 0.015; 95% CI 0.002-0.086), and another shape also lowers the
probability of the occurrence of this type of tumor in comparison with the spherical shape
(OR =0.006; 95% CI 0.001-0.035). Sharp-edged necrosis increased the probability of the
occurrence of a pheochromocytoma (OR = 231.6; 95% CI 52.7-1017.5) and unsharp
necrosis also increased the probability of the occurrence of a pheochromocytoma (OR =
20.2; 95% Cl 6.4-63.3) in comparison with the no-necrosis situation. The ring sign
increased the probability of the occurrence of a pheochromocytoma (OR = 6.5; 95% CI 1.9-
21.7). Larger dimensions of a tumor, however, reduced the probability of the occurrence of a
pheochromocytoma (OR=0.984; 95% CI 0.972-0.996); unit 1 mm). The probability of the
occurrence of a pheochromocytoma was calculated as follows:

p(pheo
e2'237 —0.016:max . dim. — 4.228«shapel — 5.145xshape2 + 5.445s%necrl + 3.005%necr2 + 1.87+ring sign
e2.237 —0.016#max . dim .—4.228xshapel — 5.145+shape2 + 5.445xnecrl + 3.005#necr2 + 1.87+ring sign

1+

If the p(pheo) values were higher than 0.5, then the data favored the presence of a
pheochromocytoma with a sensitivity of 80%, specificity of 95%, and Nagelkerke R? =
0.763. Here we also provide a link using the above-mentioned imaging characteristics to
calculate the probability of a pheochromocytoma: http://pheochromocytoma.upol.cz/

Discussion

The usual route to the diagnosis of a pheochromocytoma is to have a clinical suspicion of
this type of tumor and then direct the biochemical and imaging testing accordingly.
However, the situation in patients with “clinically silent pheochromocytomas” (about 8%) is
more complicated?®. In patients without clinical symptoms and a mass found incidentally on
imaging modality the current guideline on the management of adrenal incidentalomas should
be strictly followed3. However, in the event of a suspicion of pheochromocytoma on imaging
modality, the radiologist should advise the clinician to perform immediate full biochemical
testing to exclude this type of tumor, since a falsely excluded pheochromocytoma could lead
to life-threatening complications during anesthesia?’. Thus the correct performance of
biochemical testing is crucial for the diagnosis, but the whole procedure is complicated and
time-consuming?. In the event of high radiological suspicion and negative biochemical
testing, it would also be recommended to repeat the biochemical testing before definitely
excluding the diagnosis. The correct diagnosis of a pheochromocytoma is also important as
it leads to proper staging in cases of synchronous tumor multiplicity28.

Thus, in the present study we focused on morphological parameters to further characterize
adrenal lesions and to introduce the algorithm (or approach) together with a mathematical
model that would reliably predict the presence of a pheochromocytoma. We focused on the
size of the lesions, which is a generally accepted parameter in the assessment of adrenal
tumors with a predictive value of malignancy?52°. In our study, we did not measure lesion
volumes because the largest diameter is easier to measure in practice, and previous
publications have shown that there will be no statistically significant error if the maximum
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size measurements are used instead of volume measurements of the lesion2. Despite the fact
that the maximum diameter of carcinomas was significantly larger and the maximum
diameter of adenomas was significantly smaller compared to pheochromocytomas, there was
a substantial overlap between these groups with regard to this parameter (Figure 6).
Furthermore, there was no statistical difference between pheochromocytomas and
metastases. Thus, our data suggest that maximum diameter alone is not a reliable feature to
distinguish a pheochromocytoma from other adrenal masses.

Other features that are analyzed are more complex and are currently included in the still
more frequent radiomics analysis. Nevertheless, we tried to utilize these parameters (shape,
margin, and central necrosis) using a more available approach that could be usable in clinical
routine. Irregular margins were present in metastases significantly more often than in adrenal
adenomas but not other adrenal tumors, including pheochromocytomas. Therefore, we
conclude that the presence of a specific margin is, therefore, a very unspecific feature and
can only support other diagnostic clues.

We share this opinion with other researchers30:31, Central necrosis is an expression
commonly used by radiologists to describe a hypodense area inside a lesion that reveals no
enhancement, but the central cavity could be filled with fluid or blood (Figure 7).
Pheochromocytomas have previously been reported as frequently including a central
necrosis3. In our study, the presence of central necrosis was frequently found in
pheochromocytomas (90%) and carcinomas (75%). Significantly, a rare presence of central
necrosis was observed in adenomas (13.5%). Furthermore, 56% of the pheochromocytomas
had a central necrosis with a sharp boundary and this was significantly more frequent than in
all the other groups, in which an unsharp type of central necrosis was present. Despite the
relatively subjective evaluation of this feature, determining the type of central necrosis was
found to be useful in distinguishing pheochromocytomas from other adrenal masses. Central
necrosis is directly associated with another morphological pattern — the “ring sign”. This
pattern was previously described as a dense tumor blush with a central lucent area
resembling a ring in the capillary and venous phases during renal angiography in four
necrotic pheochromocytomas32. To the best of our knowledge, this term was not
subsequently adopted into reports on other imaging methods and studies. In our study, we
defined the “ring sign” as a strong contrast-enhanced rim of peripheral soft tissue over the
entire surface of a lesion. This feature was observed in more than 40% of
pheochromocytomas, compared to 2-3% in all other adrenal tumors, suggesting that this
imaging characteristic could be specific to pheochromocytomas.

To the best of our knowledge, the shape of adrenal masses has never been approached
systematically; only a vague classification of adrenal masses according to their shape into
“sustained” and “not sustained” has previously been published33. The mathematical
calculation for advanced assessment of the shape was created exclusively for the purposes of
our study. Furthemore, the probability calculation model of the pheochromocytoma was
created on the basis of our results using regression model analysis including these
predictors: maximum diameter, shape, presence of central necrosis, and the presence of the
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“ring sign”. The model was back-tested using our patients and reached high sensitivity and
specificity of pheochromocytoma identification (80% and 95%).

Our study has several limitations. The first is the retrospective study design, leading to the
exclusion of one half of the surgically removed tumors because of incomplete or
inappropriate imaging protocols with respect to the purpose of the study. Furthermore, CT
scans fulfilling the inclusion criteria were performed over a long time period using a wide
spectrum of CT scanners and protocols; however, the quality of the imaging data was
consistent and sufficient for our analysis. It should also be noted that two of the
morphological features (the type of central necrosis and margin of the lesion) are based on
more subjective visual evaluation, for which the inter-observer variability was not
determined.

Conclusions

The results confirm the benefit of anatomical features in the assessment of adrenal masses,
with the ability to significantly improve the identification of pheochromocytomas. Advanced
assessment of the tumor shape was defined and a original comprehensive calculating tool of
the pheochromocytoma probability was created on the basis of the results presented here and
could be used in clinical routine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Sharp necrosis.
The arrows point to the borders of the sharp necrosis. The uninterrupted closed line defines

the borders of the sharp necrosis.
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Fig. 2. Unsharp necrosis.
The arrows point to the irregular borders. The uninterrupted closed line defines the borders

of the sharp necrosis. The interrupted line defines the borders of the unsharp necrosis.
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Fig. 3. Ring sign.
The arrows point to the thin enhancing rim around the entire surface of a lesion.
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Fig. 4. Partial ring sign.
The arrows point to the incomplete enhancing rim around a portion of the surface of a
lesion.
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907
adrenal tumors

342
subjects did not meet
predefined CT parameters

160
subjects with mean
attenuation less than 10 HU

59
subjects with
other histology

346
adrenal tumors met
the inclusion criteria

134 32 84 96
pheochromocytoma adrenocortical carcinoma metastases lipid poor adenoma

Fig. 5.
Flowchart summary of the study design.
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Fig. 6. Maximum diameter of adrenal massesin different histological groups.
L egend: the thick line represents the median, the bottom of the box stands for the first

quartile, the top of the box for the third quartile, and the whiskers display the minimum and
maximum non-distant values. The circles represent outliers and stars show extreme values.
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Fig. 7. Photo of gross surgical postoper ative specimen
demonstrates spherical shape, smooth margin, central necrosis, and peripheral rim of vital

tissue.
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Table 1.

The clinical, histological and CT characteristics of the adrenal tumors.

Pheochromocytoma | Adenoma Metastasis Carcinoma Total

Number of subjects 134 96 84 32 346
Male/female (number) 63/71 37/59 56/28 15/17 171/175
Adge (years) median (range) 57 (20-80) 58 (21-74) | 63 (35-84) *#*% | 51 (20-73) 59 (20-84)
Maximal diameter (mm) median (range) 43 (11-250) 28 (6-100) 39 (11-207) 93 (34-211) 39 (6-250)
Shape number (%)

Spherical 52 (38.8 %) 2(2.1%) 0 (0 %) 0 (0 %) 54 (15.6 %)

Oval 50 (37.3 %) 38 (39.6 %) 20 (23.8 %) 10 (31.3%) | 118 (34.1 %)

Other 32 (23.9 %) 56 (58.3%) | 64 (76.2 %) 22 (68.8%) | 174 (50.3 %)
Margins number (%)

Smooth 129 (97 %) 95 (100 %) 73 (88 %) 32(100 %) | 329 (95.9 %)

Irregular 4 (3 %) 0 (0 %) 10 (12 %) 0 (0 %) 14 (4.1 %)
Necrosis number (%)

No necrosis 9 (6.7 %) 83(86.5%) | 49 (58.3%) 8(25%) | 149 (43.1 %)

“Sharp” necrosis 75 (56 %) 1(1%) 4 (4.8 %) 1(1.3%) 81 (23.4 %)

“Unsharp” necrosis 50 (37.3 %) 12 (12.5 %) 31 (36.9 %) 23 (71.9%) | 116 (33.5 %)
Ring sign

With ring sign 57 (42.5%) 2 (2.1%) 2 (2.4%) 1(3.1%) 62 (17.9%)

Without ring sign 77 (57.5%) 94 (97.9%) 82 (97.6%) 31(96.9%) | 284 (82.1%)

1duosnuey Joyiny

1duosnuep Joyiny

*

Fisher’s exact test proved that the set of tumors differs significantly according to sex (p=0.002), and post hoc multiple comparison tests with
Bonferroni correction indicate that there are many more men in the set of metastatic patients than in the set with pheochromocytomas and
adenomas.

HoA
The Kruskal-Wallis test proved that the sets differ significantly in terms of age (p<0.0001). Post hoc multiple comparison tests with Bonferroni
correction proved that patients with metastases are significantly older than the patients in the other sets.
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