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Abstract: The aim was to prospectively evaluate the diagnostic and prognostic value of different
quantitative analysis methods assessing adrenal gland parameters on contrast-enhanced CT scans
in patients with septic conditions. Seventy–six patients (49 men, 27 women) received CT scans for
focus search. Adrenal glands were analyzed by means of three different methods: subjective region
of interest (ROI) measurement, organ segmentation and histogram analysis using semi-automated
software. Univariate analyses with multiple testing thresholds and receiver operating characteristic
curves were performed. Clinical endpoints were 8-days, 28-days and 6-months mortality. Forty-four
CT scans were analyzed (ground truth: patients with no sepsis: n = 6; patients with sepsis: n = 15;
patients in septic shock: n = 21). Left adrenal gland (LAG) values were analyzed and compared, as
data variation was lower than in the right adrenal glands. In patients with septic conditions, the
combination of high LAG and Inferior Vena Cava (IVC) density values was highly specific for septic
shock with all three methods. Only segmentation values were significantly different between the
sepsis and septic shock groups after confounder correction (p = 0.048). Total adrenal gland volume
was 20% higher in the septic shock patients while a relatively small LAG volume within the septic
shock subgroup was associated with higher mortality at day 8 (AUC = 0.8; p = 0.006) and at 6 months
(AUC = 0.7; p = 0.035). However, time-consuming density analysis methods assessing adrenal glands
do not provide additional diagnostic value in patients with septic conditions. The combination of
high LAG and IVC attenuation values seems to be highly specific for septic shock, regardless of the
analysis type. Adrenal gland volume reveals short- and long-term prognostic capacity.

Keywords: sepsis; adrenal glands; computed tomography; ROI; semi-automated segmentation;
histogram

1. Introduction

According to the German Centre for Sepsis Control and Care, approximately
154,000 patients are in-patients due to septic conditions throughout Germany every year,
with a mortality as high as 50% and sometimes more [1,2]. Sepsis is—even today—a leading
cause of critical illness and hospital mortality and remains a major challenge for modern
medicine. Responsible for every third death in Germany, it is the main cause of death in the
non-coronary intensive care unit (ICU). In addition, expenses for ICU patients represent
about 30% of the overall ICU costs in Germany and amount to approximately 1.77 billion
euros. Indirect economical costs are estimated at about 3.5 times as high as direct expenses,
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caused by work stoppage or early retirement and overall costs are estimated to be around
6.3 billion euros annually [1,3–6].

In 2016, as a result of the release of the Third International Consensus Definitions for Sepsis
and Septic Shock, new sepsis definitions (“Sepsis 3”) were issued by a task force formed by
members of the Society of Critical Care Medicine and of the European Society of Intensive
Care Medicine [5].

Now, sepsis is defined as a life-threatening organ dysfunction caused by a dysregu-
lated host response to infection. The term also comprises physiological, pathological and
biochemical abnormities induced by infection. Organ dysfunction can be represented by
an increase in the Sequential (Sepsis-related) Organ Failure Assessment (SOFA) Score of
two or more points, which reflects an in-hospital mortality risk of greater than 10%. This
score, designed to monitor patients’ status and disease development during the stay in
ICU, includes six different sub-scores: One for each the respiratory, cardiovascular, hepatic,
coagulation, renal and neurological systems.

Septic shock is defined as sepsis in combination with cardiovascular failure resulting
in an inadequate tissue perfusion and metabolic dysfunction. Furthermore, patients with
septic shock are required to meet the following Sepsis-3 criteria: need of vasopressors to
maintain a mean arterial pressure of 65 mmHg or higher and serum lactate level greater
than 2 mmol/L (>18 mg/dL) in the absence of hypovolemia [5,7].

Although our understanding of the pathophysiological mechanisms of sepsis has
evolved over recent decades, with new therapy regimes being implemented, such as the
approach of early goal-directed therapy, timely administration of antibiotics or use of
modern ventilation systems, mortality rates remain high [8].

For ICU patients with a suspected septic condition, contrast-enhanced computed
tomography (CT) is a fast, cost-efficient, non-invasive and widely available imaging pro-
cedure, mostly applied for detecting a possible focus of the infection as well as assessing
the patients’ clinical course. In this context, the hyperenhancement of adrenal glands
is known as a CT sign associated with the “hypoperfusion complex”, as described by
O’ Hara et al. [9] in children with post-traumatic shock, indicating poor prognosis. For
adults with intense adrenal enhancement, previous studies indicate poor clinical outcome
and high mortality rates in polytraumatized patients and in patients with hypovolemic
or septic shock. Additionally, adrenal enhancement may serve as a predictor for organ
failure [10,11]. Another recent study by Peng et al. [12] described a new special enhancing
pattern (HAGS) of the adrenal glands on dual-phase contrast-enhanced CT in the arterial
phase in patients with septic shock, indicating poor prognosis.

Relative adrenal insufficiency (RAI) regularly occurs in patients with septic conditions
and describes the body’s incapacity to provide the required hormonal response to infection,
although the adrenal glands function at their full capacity [12]. The fast response of these or-
gans to stress during septic conditions is vital for survival. The response is mediated by the
activation of the hypothalamic-pituitary-adrenal axis (HPA), preventing an over-activation
of the immune response [13,14]. The HPA is initiated by cytokines and other inflamma-
tory mediators that trigger the activation of the corticotropin releasing hormone (CRH)
from the hypothalamus and leads to the subsequent release of the adrenocorticotropic
hormone (ACTH) from the pituitary gland during infection [15]. ACTH then binds to
the melanocortin-2 receptor on cells of the adrenal cortex, mediating synthesis of steroids.
This feedforward mechanism of cortisol genesis is balanced through a negative feedback
interaction by cortisol with ACTH and CRH, inhibiting their release [16,17]. The higher
metabolic demand for cortisol and the compensatory mechanism for hypovolemia in pa-
tients with septic shock leads to an increased blood flow to the adrenal glands and to their
subsequent enlargement, which is seen radiologically as intense adrenal enhancement in
contrast-enhanced computed tomography in patients with sepsis and septic shock [9,18,19].

In this study we want to leave behind the approach of qualitative and semiquantitative
evaluation of hyperattenuating adrenal glands. Our aim is to assess quantitative data and
derive cut-off values in order to distinguish sepsis stages and predict patients’ outcomes.
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With these endpoints in mind, the authors compared three more or less time-consuming
methods of adrenal gland analysis. First, the fast and subjective method of ROI, second, the
more elaborate semiautomated quantification of adrenal gland volume and, third, organ
segmentation with subsequent histogram analysis. Previous studies have used histogram
analysis for adrenal mass characterization, however, to the best of our knowledge, it has
never been used for adrenal glands in patients with sepsis and septic shock [20,21].

2. Materials and Methods
2.1. Study Protocol

This prospective single-center study conducted at the University Medical Centre
Mannheim (UMM), Germany, was approved by the local ethics committee. A total of
seventy-six patients were prospectively enrolled. Informed consent was obtained from all
participating patients or their legal representatives. This study was performed according
to standards of the Health Insurance Portability and Accountability Act (HIPAA) and the
Declaration of Helsinki. Criteria for patients to be included into the study were non-surgical
admission to an internist-led ICU and a suspected septic condition as well as performance
of a whole-body CT scan for focus search, with i.v. contrast media application via the upper
extremities or the internal jugular veins. From all the patients included in the study, venous
blood samples for testing parameters known to be associated with a septic condition were
collected within 24 h after they had received the contrast-enhanced CT scan. In light of the
complete clinical course, the laboratory results and the radiological findings, a baseline
could be established, dividing patients into the different study groups at the time-point of
CT imaging. Outcomes were determined on day 8, after 28 days and after 6 months.

2.2. CT–Data Acquisition

A clinically indicated contrast-enhanced CT scan was performed on all patients partici-
pating in the study and the day of the CT-scan was determined as day 1 regarding outcome
analysis. CT data was acquired on a 16-slice single-source CT scanner system (Somatom
Emotion, Siemens Healthineers, Erlangen, Germany). In an average-weighted patient,
90 mL of iodinated contrast material was applied with a flow rate of 2.5 mL/s followed by
a saline chaser bolus of 20 mL of the same flow rate. The scan protocol consisted of a chest
scan acquired during the arterial phase, optionally a neck scan acquired 40 s after the start
of contrast material application and an abdominal scan acquired during the portal-venous
phase 70 s post contrast material application. The start of the scan was triggered by bolus
tracking within the aortic arch. The abdominal portal-venous phase was acquired at a peak
tube voltage of 130 kVp, and reference tube current of 110 mAs, pitch of 0.95. CT raw data
were reconstructed with a slice thickness of 1.5 mm, slice increment of 0.9 and transferred
to our PACS system.

2.3. Clinical Parameters

All collected medical patient data from the internal ICU stay were reviewed by in-
spection of paper files or by inspection of digital stationary ICU patient files within the
hospital’s management software SAP. Parameters of interest were basic patient data such
as age, previous diseases, cause for admission and days spent on the ICU, as well as sepsis-
associated-parameters obtained from the day of the contrast-enhanced CT scan. These
included basic vital parameters like breathing rate and systolic blood pressure as well as
Glasgow Coma Scale values (GCS), necessary for a SOFA score assessment. To determine
sepsis stages according to the “new” Sepsis 3 criteria using the SOFA score, namely paO2,
FiO2, flow of catecholamine, creatinine, urinary excretion and lactate were used. If possible,
APACHE II-, and SAPS II-scores were assessed as well.

2.4. CT–Image Analysis

“Aycan OsiriX” is an open source Digital Imaging and Communications in Medicine
(DICOM) archiving and distribution system that was used to assess CT images and import
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data for further processing [22]. After the portal-venous abdominal CT scan was imported
into the local database, the Aycan-Eclipse-Tool was used to determine a region of interest
(ROI) with a target size of 0.1 cm2 (between 0.08 and 0.34 cm2).

The following parameters were assessed in duplicate measurements: mean and stan-
dard deviation of both adrenal glands and the inferior vena cava and aorta at the level of
both adrenal glands within the ROI, as well as the area (cm2) of the ROI itself.

For the purpose of organ segmentation, “The Medical Imaging Interaction Toolkit”
(MITK) was used. This is a free open source software system for the development of
interactive medical image processing software, that provides image-guided procedures
and image analysis with interaction features to correct results from (semi)automated
computation, if necessary [23]. DICOM-portal-venous phase abdominal images of patients’
whole-body CT scans were imported into the MITK for segmentation of the adrenal glands.
Slice thickness was 1.5 mm and CT scans were either reformatted in the axial or coronal
plane depending on the best delineation of the left and right adrenal gland.

3D- or 2D segmentation tools with 3D interpolation were used for the segmentation of
adrenal glands. Morphological operations such as “dilation”, “closing” or “filling holes”
were used, if necessary, for refining automatic segmentation as well as manual segmen-
tation depending on the patients’ image. In addition, tumors, blood vessels, fat tissue,
calcifications or infarcted areas of the gland were manually excluded from segmentation.
The following parameters were assessed separately for both adrenal glands: mean density
in Hounsfield Units (HU), median, standard deviation, maximum, minimum, number
of voxels (n) and volume of voxel (V in mm3). Furthermore, histogram data were used
by using the “copy-to-clipboard” function of the statistics’ tool. Negative pixels were
eliminated in order to avoid inclusion of surrounding retroperitoneal fat tissue or small
adenomas within the gland and consecutively false-low HU mean values. The histogram
data provided pixel attenuation (HU) along the x axis versus the frequency of pixels at each
attenuation value along the y axis [20].

2.5. Statistical Analysis

Statistical analysis and graphical representation were performed using dedicated
software: R (Version 3.6 for mac); SigmaPlot (Version 14.0); Excel (2019, MSO).

For quantitative data derived from CT scans, the median and interquartile ranges (IQR)
were calculated for mean attenuation values. Other quantitative data regarding baseline
characteristics are presented as mean ± standard error of the mean (SEM). Categorical
variables were reported as numbers and percentages. The Pearson correlation for all
variables of interest and analysis of variance wase used (with subsequent Bonferroni
correction for multiple testing where appropriate) for comparison of numerical data. To
identify combinations of markers predictive of death or sepsis classification at various
timepoints, elastic net regression for endpoints and sepsis classification was used, chemical
markers were log2 transformed and data was divided into training (80%) and testing
(20%) sets for all available data points per outcome. Receiver operating characteristic
curves were used to illustrate various cut-offs for mortality risks associated with adrenal
gland volume. Attenuation values were corrected for the confounders’ age, sex, evidence of
presence of germs, APACHE-score and SOFA-score. The sepsis groups were compared with
the use of the Mann–Whitney U test for numerical data again with subsequent multiple
testing Bonferroni correction. Boxplot diagrams and Pearson correlations were used for all
radiological data.

3. Results
3.1. Final Cohort

Baseline characteristics are given in Table 1. From 76 patients included from the
internist-led ICU, 54 patients could be assigned according to the new sepsis classification.
There were 7 patients (4 male, 3 female) in the non-sepsis group, 23 patients (16 male,
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7 female) in the sepsis group and 24 patients (12 male, 12 female) in the septic shock group.
Twenty-two patients could not be classified due to early transfer or discharge.

Table 1. Baseline characteristics.

No Sepsis (n = 6) Sepsis (n = 16) Septic Shock (n = 22)

Age, years (mean, range) 74 (33 to 89) 67 (19 to 87) 63 (15 to 82)
Gender, n (%)
Male 3 (50) 11 (69) 10 (46)
Female 3 (50) 5 (31) 12 (54)
Site of infection, n (%)
Lung 4 (67) 10 (63) 15 (68)
Abdominal 1 (33) 2 (13) 2
Urinary tract - 1 (6) 1
Skin - - 1
Heart - 1 (6) 1
Neck - 1 (6) -
Blood - - -
Others - 1 (6) -
Laboratory values, mean ± SEM
White blood cells, 109/L 11.0 ± 1.6 11.5 ± 1.7 18.1 ± 3.2
Platelets, 109/L 175.2 ± 39.8 175.6 ± 26.4 199.1 ± 30.2
Creatinine, mg/dL 1.40 ± 0.3 2.0 ± 0.4 8.4 ± 6.6
C-reactive protein, mg/L 152.2 ± 30.2 188.4 ± 28.5 153.8 ± 29.8
pCO2, mmHg 34.1 ± 6.1 44.3 ± 2.3 43.9 ± 2.8
Lactate, mmol/L 1.4 ± 0.2 1.3 ± 0.2 4.5 ± 0.4
Positive blood cultures, n (%) 2 (33) 10 (63) 9 (41)
ICU parameters, mean ± SEM
ICU days 15 ± 6.5 20 ± 4 13 ± 3
Ventilation days 13 ± 6.4 10 ± 4 11 ± 3
Catecholamine days 11 ± 5.6 11 ± 3 10 ± 3
Antibiotic treatment days 12 ± 4.3 17 ± 4 12 ± 3
Renal replacement therapy days 5 ± 4.1 2 ± 1 3 ± 1
GCS 12 ± 2 7 ± 1 6 ± 1
APACHE II, mean ± SEM 18 ± 4 22 ± 2 28 ± 1
SAPS II, mean ± SEM 36 ± 6 40 ± 5 49 ± 3
SOFA score, mean ± SEM 7 ± 2 9 ± 1 12 ± 1
All-cause mortality, n (%)
8 days
Death 0 (0) 4 (25) 10 (46)
Survivor 6 (100) 12 (75) 12 (54)
28 days
Death 2 (33) 6 (38) 14 (64)
Survivor 4 (66) 10 (62) 8 (36)
6 months
Death 2 (33) 6 (38) 15 (68)
Survivor 4 (66) 10 (62) 7 (32)

SEM: Standard error of the mean; GCS: Glasgow Coma Scale; APACHE II: Acute physiology and chronic health
evaluation II; SAPS: Simplified acute physiology score II; SOFA: Sepsis related organ failure assessment.

In our final patient cohort, we were able to perform image analysis with all three
methods in a total of 44 patients assigned to the three sepsis 3-classification groups for
both adrenal glands. A total of 10 patients had to be excluded a posteriori. Reasons
included poor image quality and organ demarcation, partially due to poor circulatory
function, malformed glands due to tumors, respiration-induced artifacts, foreign material
artifacts, i.v. contrast material administration via lower extremity veins and individual
anatomical variations, e.g., of suprarenal blood vessels. As for the method of segmentation,
in five patients only the left adrenal gland (LAG) and in two patients only the right adrenal
gland (RAG) was successfully segmented, respectively. Figure 1 presents a flowchart of the
formation of the final study cohort.
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3.2. Correlation of HU Attenuation Values for Right and Left Adrenal Gland

Radiological results showed a strong correlation between both adrenal glands for
all methods of image analysis. The correlation coefficients (R) for the mean (HU) values
for different imaging methods were as follows (that is, for mean (median)): ROI: 0.87;
semi-automatic segmentation: 0.88 (0.89); segmentation with histogram analysis: 0.78 (0.77)
with all p < 0.001. The variation of mean HU values for adrenal glands was higher for
RAG (R = 0.59; p < 0.001) than for LAG (R = 0.71; p < 0.001) for inter-methodical correlation
of both ROI and Histogram values, as presented in Figure 2. Due to less data variation,
but excellent correlation between both adrenal glands, we then solely focused on the LAG
when comparing absolute attenuation values between sepsis groups.
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3.3. Method of Region of Interest (ROI)

Attenuation values (rounded values) from a ROI (range 0.08 to 0.34 cm2, average
0.27 cm2) for the LAG (HU) were as follows (that is, median (IQR)): no sepsis 97 (85 to 111);
sepsis 72 (61 to 84); septic shock 91 (77 to 112). The values corrected for the confounders age,
sex, evidence of presence of germs, APACHE score and SOFA score were (median (IQR)):
no sepsis 24 (10 to 34); sepsis −9 (−17 to 0); septic shock 2 (−15 to 25). Figure 3A illustrates
the distribution of absolute mean (HU) values for the LAG according to the different groups
of sepsis severity at day 1 of their ICU stay. Between the groups for sepsis (2) and septic
shock (3), there was a significant difference with higher attenuation values for patients with
septic shock (p = 0.0020), which was also significant after multiple testing (ANOVA with
subsequent Bonferroni, p = 0.023). The differences in between the other groups were not
significant (p > 0.05).
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Figure 3B illustrates the distribution of the corrected ROI (HU) values for the LAG,
respectively. There were significant differences between the sepsis group (2) and septic
shock group (3) (p = 0.022), and between the “no sepsis” and sepsis group (2) (p = 0.044),
which were no longer significant after multiple testing correction (p = 0.104).

3.4. Method of Semi-Automated Organ Segmentation

Attenuation values (rounded) for segmentation with manual adjustments were as
follows (that is, median (IQR)): no sepsis 76 (59 to 84); sepsis 49 (32 to 64); septic shock 69
(52 to 81). These values corrected for confounders were (median (IQR)): no sepsis 15 (2 to
26); sepsis −11 (−18 to 3); septic shock 5 (−7 to 16).

Figure 4A illustrates the distribution of absolute segmentation (HU) values for the
LAG according to the different groups of sepsis severity at day 1 of their ICU stay. Between
the groups for sepsis and septic shock—as demonstrated for the method of ROI—there
was a significant difference in attenuation values for patients with septic shock (p = 0.0035),
which remained significant after multiple testing correction (p = 0.013). The significant
difference between groups 1 and 2 (p = 0.036) was no longer significant after multiple
testing correction (p = 0.074).
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between sepsis (2) and septic shock (3) (p = 0.0035), also significant after multiple testing (ANOVA,
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Figure 4B illustrates the distribution of the corrected segmentation HU values, respec-
tively. After correcting for confounders, the difference between mean attenuation values for
the sepsis (2) and septic shock group (3) remained significant (p = 0.018), also after multiple
testing correction (p = 0.048).

Adrenal segmentation volumes for both genders are presented in Table 2. Total adrenal
gland volume on average increased around 20%, both between the “no sepsis” and septic
shock group, and between the sepsis and septic shock group, but not between the no sepsis
and sepsis group. The highest increase was around 26% for LAG volume between the “no
sepsis” and septic shock group. RAG volume remained unchanged (±4−6%).

Table 2. Adrenal volumes (cm3).

All Patients No Sepsis Sepsis Septic Shock

n = 42 n = 6 n = 15 n = 21

LAG 4.3 ± 1.5 4.5 ± 1.9 5.8 ± 2.0
RAG 4.7 ± 1.1 4.2 ± 1.7 4.5 ± 1.9
Total 9.0 ± 1.3 9.1 ± 1.9 10.8 ± 2.1

LAG = Left adrenal gland; RAG = Right adrenal gland.

A small adrenal gland volume of the LAG in the septic shock group was associated
with higher mortality, significant for the endpoints day 8 and 6 months. Figure 5A illus-
trates the receiver operating characteristic curve (ROC) correlating LAG volume and ICU
mortality at day 8. A cutoff value of 4.7 cm3 provided a sensitivity of 70% and a specificity
of approx. 82% for the risk of mortality during ICU stay. The likelihood ratio (LR) for
death with a LAG volume of less than 4.7 cm3 was 3.85 (AUC = 0.80; p = 0.006). Figure 5B
presents the ROC for LAG and mortality at 6 months with a sensitivity of approx. 73%
and a specificity of around 83% at a cutoff value of 5.4 cm3. The LR for death with a LAG
volume of less than 5.4 cm3 was 4.40 (AUC = 0.744; p = 0.035).
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Figure 5. Receiver operating characteristic curve (ROC) between the left adrenal gland volume (NNL)
and mortality at day 8 (A), showing a sensitivity of 70% and a specificity of around 82% with an
AUC = 0.80 (p = 0.06) for a cutoff at 4.7 cm3. ROC for 6 months (B), with a sensitivity of 73% and a
specificity of 83% with an AUC = 0.744 for a cutoff at 5.4 cm3 (p = 0.035).

3.5. Histogram Analysis

Positive attenuation values for LAG (rounded) for histograms subsequent to organ
segmentation were as follows (median (IQR)): no sepsis 106 (91 to 113); sepsis 91 (80 to
100); septic shock 102 (91 to 115). These values—corrected for confounders—were (median
(IQR)): no sepsis 12 (−6 to 15); sepsis −6 (−11 to 2); septic shock 3 (−7 to 12).

Figure 6A illustrates the distribution of absolute histogram HU values (negative pixels
excluded) for the LAG according to the different groups of sepsis severity at day 1 of
their ICU stay. As with the methods of ROI and Segmentation, histogram attenuation
values likewise showed a significant difference of mean attenuation values between the
sepsis (2) and septic shock (3) group with higher attenuation values for patients with septic
shock (p = 0.0021), which remained significant after multiple testing correction (ANOVA,
p = 0.0010). The difference between the patients not classified with sepsis (1) and sepsis was
also significant (p = 0.018) with higher attenuation values for the no sepsis group, which
remained significant after multiple testing correction (p = 0.042). There was no difference
between group 1 and 3 (p = 0.71).

Figure 6B illustrates the distribution of the corrected histogram HU values, respectively.
The significant difference between mean attenuation values for the sepsis- (2) and septic
shock (3) group (p = 0.040) was no longer significant after multiple testing (p = 0.079). There
was no significant difference between the other groups (p = 0.079, p = 0.88).

The histograms grouped by septic condition are presented in Figure 7A–C. Histograms
for the groups were the following: the no sepsis group had a range from −139 to 248 HU,
mean attenuation of 72 HU, the sepsis group had a range from −171 to 221 HU, mean
attenuation of 49 HU and the septic shock group had a range from −185 to 317 HU, mean
attenuation of 71 HU.
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with hyperattenuating glands show high frequencies with high attenuation values.

3.6. Comparison of Image Analysis Methods

Considering the significantly lower range of data variation in LAG analysis, Table A1
(see Appendix A) presents the absolute and corrected mean attenuation values, as well
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as significant p-values for LAG for the three different methods of image analysis and the
different groups classified by the Sepsis 3-criteria.

All of the methods showed a significant difference between attenuation values of the
sepsis (2) and septic shock group (3), histogram analysis also between the no sepsis (1)
and sepsis group (2) (p < 0.05). After correction for confounders, only the method of semi-
automated segmentation remained significant (p = 0.048). None of the three image analysis
methods performed in this study was able to differentiate between the groups, no sepsis (1)
and septic shock (p > 0.05). For the comparison of goodness criteria, scatterplots of mean
LAG density values in combination with mean density values of the IVC are presented for
all methods of image analysis.

3.6.1. Region of Interest

A scatterplot of LAG uncorrected mean HU values assessed by ROI and the corre-
sponding mean HU values of the inferior vena cava (IVC) for the sepsis and septic shock
groups is illustrated in Figure 8A. Patients without septic conditions are excluded from this
figure. The first cut-off-value of LAG mean values with a threshold of 90 HU or higher (a)
resulted in a sensitivity of 55% with a specificity of 94% for patients with septic shock, with
a positive predictive value (PPV) of 92% and a negative predictive value (NPV) of 60%.
The second cut-off with a threshold of 112 IVC mean HU values or higher (b) provided
a sensitivity of 82% and a specificity of 75%, with a PPV of 82% and a NPV of 75%. The
combination of a and b (blue area) resulted in a sensitivity of 50% with a specificity of 100%
(PPV = 100%; NPV = 59%). Twelve out of twenty-two (55%) patients with septic shock
showed attenuation values of the LAG equal or above 90 HU. Nine of these twelve patients
(75%) died (within a range of 1 to 55 days, mean 11 days).

3.6.2. Segmentation

A scatterplot of LAG uncorrected mean segmentation values HU and the correspond-
ing mean values HU of the inferior vena cava (IVC) for the sepsis and septic shock groups
is illustrated in Figure 8B. Patients without septic conditions are excluded from this figure.
The first cut-off-value of LAG mean values with a threshold of 70 HU or higher (a) pro-
duced a sensitivity of 52% with a specificity of 92% for patients with septic shock, with a
positive predictive value (PPV) of 92% (PPV = 92%; NPV = 58%). The second cut-off with a
threshold of 112 IVC mean values HU or higher (b) provided a sensitivity of 81% and a
specificity of 73% (PPV = 82%; NPV = 73%). The combination of a and b (blue area) resulted
in a sensitivity of 48% with a specificity of 93% (PPV = 91%; NPV = 56%). Eleven out of
twenty-one (52%) patients with septic shock showed attenuation values of the LAG equal
or above 70 HU. Seven of these eleven patients (64%) died (within a range of 1 to 55 days,
mean 12 days).
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Figure 8. (A) A scatterplot of LAG uncorrected mean values HU assessed by ROI (A) and the corre-
sponding mean values HU of the inferior vena cava (IVC) for sepsis and septic shock groups. Patients
without septic conditions are excluded in this figure. First cut-off-value of LAG mean values with a
threshold of 90 HU or higher (a) with a sensitivity of 55% and a specificity of 94% for patients with
septic shock, with a positive predictive value (PPV) of 92% and a negative predictive value (NPV) of
60%. The second cut-off with a threshold of 112 IVC mean values HU or higher (b) with a sensitivity
of 82% and a specificity of 75% (PPV = 82%; NPV = 75%. The combination of (a) and (b) (blue area)
resulted in a sensitivity of 50% with a specificity of 100% (PPV = 100%; NPV = 59%); (B) A scatterplot
of LAG uncorrected mean segmentation values (B) HU and the corresponding mean values HU of the
inferior vena cava (IVC) for sepsis and septic shock. Patients without septic conditions are excluded in
this figure. The first cut-off-value of LAG mean values with a threshold of 70 HU or higher (a) produced a
sensitivity of 52% with a specificity of 92% for patients with septic shock, with a positive predictive value
(PPV) of 92% (PPV = 92%; NPV = 58%). The second cut-off with a threshold of 112 IVC mean values
HU or higher (b) provided a sensitivity of 81% and a specificity of 73% (PPV = 82%; NPV = 73%). The
combination of (a) and (b) (blue area) resulted in a sensitivity of 48% with a specificity of 93% (PPV = 91%;
NPV = 56%); (C). A scatterplot of LAG uncorrected positive histogram attenuation values HU and the
corresponding mean values HU of the inferior vena cava (IVC) for sepsis and septic shock groups is
illustrated in (C). Patients without septic conditions are excluded in this figure. The first cut-off-value of
LAG mean values with a threshold of 75 HU or higher (a) produced a sensitivity of 52% with a specificity
of 93% for patients with septic shock (PPV = 92%; NPV = 58%). The second cut-off with a threshold of
112 IVC mean values HU or higher (b) provided a sensitivity of 81% and a specificity of 67% (PPV = 77%;
NPV = 71%). The combination of (a) and (b) (blue area) resulted in a sensitivity of 48% with a specificity
of 93% (PPV = 91%; NPV = 56%).
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3.6.3. Histogram

A scatterplot of LAG uncorrected positive histogram attenuation values HU and the
corresponding mean values HU of the inferior vena cava (IVC) for the sepsis and septic
shock groups is illustrated in Figure 8C. Patients without septic conditions are excluded
from this figure. The first cut-off-value of LAG mean values with a threshold of 75 HU or
higher (a) produced a sensitivity of 52% with a specificity of 93% for patients with septic
shock (PPV = 92%; NPV = 58%). The second cut-off with a threshold of 112 IVC mean
values HU or higher (b) provided a sensitivity of 81% and a specificity of 67% (PPV = 77%;
NPV = 71%). The combination of (a) and (b) (blue area) resulted in a sensitivity of 48% with
a specificity of 93% (PPV = 91%; NPV = 56%). Eleven out of twenty-one (52%) patients with
septic shock showed attenuation values of the LAG equal or above 75 HU. Nine of these
eleven patients (82%) died (within a range of 1 to 55 days, mean 11 days).

4. Discussion

The aim of our study was to evaluate three different quantitative HU density anal-
ysis methods as well as the use of volumetry of adrenal glands, which could possibly
provide quantitative values with discriminatory power allowing to differentiate between
patients either with sepsis, with septic shock or not classified with sepsis and predicting
their outcome.

The main findings of our study are three-fold: first, high mean density values of the
left adrenal gland (LAG) alone or in combination with high mean density values of the
Inferior Vena Cava (IVC) are highly specific for septic shock regardless of the method of
image analysis (ROI, Segmentation, Histogram). Second, semi-automated segmentation
of the LAG due to least data variation seems to have the highest discriminatory power to
differentiate between sepsis and septic shock. It furthermore seems to provide additional
short- and long-term prognostic value. Finally, and thirdly, we concluded that none of the
three quantitative adrenal gland HU density analysis methods investigated in patients with
septic conditions is capable to clearly differentiate between all sepsis stages.

Data variation between ROI and Histogram method was higher for RAG. Therefore,
we limited analysis on LAG and suggest doing so when gathering quantitative data. Less
HU value variation in LAG may be due to the anatomical proximity of the RAG to the liver,
with consequently especially in slim or cachectic patients problems to avoid measuring
liver density as partial volume. Another explanation of the differences between LAG and
RAG would be due to the fact that the left adrenal veins drain into the left renal vein, while
the RAG directly drains into the IVC. As a result, the LAG might be exposed to a higher
pressure, thus be more prone to hyperplasia or adenomatous change [24].

4.1. Hyperattenuating Adrenal Glands and Sepsis

According to the definition of hyperattenuating glands by O’ Hara et al. [9] (adrenal
density HU equal or greater than the inferior Vena Cava), only 2 out of our 44 patients (5%)
showed hyperattenuating glands assessed by ROI. They both died after 1 and 4 days of
ICU treatment. In our study population due to ROI analysis, 12 out of 22 (55%) patients
with septic shock showed attenuation values of the LAG equal or above 90 HU. This cut-off
was highly specific for septic shock (94%). Nine out of these twelve patients (75%) died.
As for the methods of Segmentation and Histogram, numbers were similar (52% of septic
shock patients above cut-offs, with 84%, respectively, 62% mortality). Therefore, we draw
the conclusion that adrenal enhancement is an insensitive but highly specific CT sign in
patients with septic shock, indicating poor prognosis, even if adrenal HU values are lower
than those measured in IVC.

Several previous studies and case reports have described similar phenomena of hyper-
attenuating glands in severely ill patients, such as the fluctuating occurrence, its prognostic
value and the issue of a generally admitted definition.

Rotondo et al. [25] retrospectively reviewed abdominal CT scans from 15 adult pa-
tients with clinical hypovolemia suffering from mostly blunt abdominal trauma. In this
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case study, none of these patients—of whom, all died within 24 h—showed increased
adrenal enhancement. However, the definition of abnormal enhancement was subjective
and the pathogenesis between their patient cohort with hypovolemic shock and our co-
hort with septic shock is different. Hence, patient populations and conclusions may not
be comparable.

Cheung et al. [26] reported two patients with septic shock and adrenal enhancement
with one of these two patients showing no other signs of visceral hypoperfusion. They
concluded that persistent adrenal enhancement may only be observable in the early stages
of septic shock, due to the initial adrenal stress response, but diminishes within its course
due to circulatory failure worsened by vasoconstriction. However, they evaluated abdom-
inal CT scans acquired during the arterial, and not during the portal-venous, phase for
hyperenhancement and only had a small series of patients, so data are too limited to draw
definitive analogies.

Bollen et al. [11] observed intense adrenal enhancement—defined as enhancement
greater than adjacent vascular structures such as the inferior vena cava—in three out of
thirty-eight (8%) patients with acute pancreatitis with early organ failure, proposing that
hyperenhancing adrenals may be a new prognostic indicator for poor prognosis. The
patients in this study represent a subgroup of our patient cohort, hence, study results are
comparable.The shortcoming of their study is, again, the small series of patients, making
data too limited to draw firm conclusions.

4.2. Adrenal Gland Volume and Septic Shock

Besides the qualitative or semiquantitative CT attenuation assessment of adrenal
glands, the diagnostic and prognostic value for quantitative adrenal gland-derived data has
been described, namely for adrenal gland volume assessed by segmentation in CT images.
In the most severely affected patient group with septic shock, adrenal gland volume seems
to be increased significantly and the absence of this enlargement in this subgroup, on the
contrary, is associated with an even higher mortality [18,27,28].

One of the mechanisms involved in contributing to better outcomes for patients in
septic shock that show adrenal gland enlargement, may be explained by the increased
adrenal blood flow in septic conditions in combination with reduced venous drainage,
resulting in an increased adrenal volume with a subsequent elevated hormonal response
crucial to fight critical illness. However, this effect may only last for a limited time and
be dependent on various individual conditions, since other studies have also shown that
adrenal gland swelling may be caused by ischemia, edema, microbleeds or necrosis of
adrenal glands and that only the early phase of sepsis may be associated with abnormal
enlarged adrenals [12,18]. Additionally, Jung et al. [27] showed in their study that the
enlarged adrenal glands of some septic shock patients were able to fully reover from their
morphologic changes and others did not, underlining the importance of individual factors
yet to be assessed in further studies. Although adrenal gland volume, according to our data,
seems to be a promising prognostic factor in patients with septic shock, another recently
published study by Mongardon et al. [29] suggests that adrenal gland volume is not an ade-
quate surrogate for the outcome of patients with successful cardiopulmonary resuscitation
after cardiac arrest, a state sometimes described as a “sepsis-like syndrome” [30].

To inquire about the correlation of hyperattenuating glands and circulatory failure,
we plotted patients’ absolute mean values of the LAG with the corresponding values of the
IVC. Our results showed that any of our image analysis approaches (ROI, Segmentation,
Histogram) showed high specificity for the high mean values of the LAG, alone or in
combination with the high mean values of the IVC for patients with septic shock. However,
this seemingly only holds true when patients with severe courses of diseases other than
septic shock are excluded. In our study population, the combination of ROI and IVC
values seemed to provide the highest specificity for patients with septic shock with the least
amount of time and effort spent on image analysis. However, this may not seem surprising,
as patients with septic shock suffer from circulatory backward heart failure, resulting in
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retrograde accumulation of the i.v. contrast medium in the IVC with subsequent high
attenuation values.

The results furthermore show a significant difference between LAG mean values of
sepsis and septic shock groups, which remained significant after correction for confounders
only for the analysis approach of AdSegmentation. However, we doubt that this promising
finding could become relevant in daily clinical routine, as semi-automated segmentation is
time-consuming and, at least in our study, no clear cut-offs could be determined. Surpris-
ingly, the group with no septic conditions showed very high attenuation values, comparable
to those of patients with septic shock. This, on the one hand, might be explained by the
small number (n = 6) of patients not classified with sepsis, making it difficult to draw
firm conclusions. On the other hand, these patients had severe courses of disease other
than septic (e.g., myocardial infarction, central pulmonary embolism) with high adrenal
attenuation values underlining once more the low sensitivity of adrenal hyperenhancement
for septic conditions.

The lack of clear discrimination between the groups may be explained by the very
dynamic nature of septic conditions as the maybe most important limiting factor of all:
intense adrenal enhancement in adults may only be apparent in the early stages of shock,
as vasoconstriction in subsequent stages of septic shock may not cause abnormal enhance-
ment [26]. This would have ruled out our very severely affected patients with prolonged
septic shock from positive correlation with high adrenal attenuation values, as overall
adrenal enhancement decreases in late stages of circulatory failure.

Lastly, increased density values in adrenals are also measured during acute adrenal
hemorrhage [31].

4.3. Limitations

The study design included a follow-up of six months, so a relatively high number of
patients dropped out of this endpoint subanalysis, because the follow-up calls failed. These
circumstances led to our final rather small study cohort of 44 patients. A larger number of
study patients, in particular for the group without sepsis with six patients in it, would have
been required to guarantee sufficient statistical power.

Each of our three different image analysis approaches had its pitfalls and limitations.
First, drawing a ROI has the advantage of being a fast technique, easily avoiding partial
volume effects or organ areas with artefacts [32]. The drawbacks are its high subjectivity
and variability.

Second, semi-automatic whole-organ segmentation and volumetry is less subjective
and more representative, but a time-consuming method, because of necessary manual
adjustments. Among these were the removal of vascular structures, fatty tissue or the
manual accurate demarcation of adjacent anatomical structures.

Third, while the main advantage of histogram analysis might be its objectivity, it is
prone to deterioration of CT image quality and increased image noise. Several factors may
have impacted image quality in our cohort, e.g., patients’ body physique and breathing
artifacts, but also the parameters of tube voltage and tube current, collimation, slice thick-
ness, reconstruction kernel, intravenous contrast medium injection flow rate and CT scan
delay [20] are known to influence image quality. In our study, however, these limitations
only applied to several patients in our study and led to study dropouts or influenced image
quality, since not all of these parameters were standardized.

A major finding of our study is that the total adrenal volume computed by semi-
automated segmentation seems to be increased by about 20% for patients with septic shock,
and LAG volume even increased by around 26% percent. Furthermore, adrenal gland
enlargement seems to provide prognostic value for patients with septic shock. We could
replicate similar findings of previous studies [18,27,28] and even expand its prognostic
value, suggesting that adrenal gland volume could serve as a surrogate for long-term
mortality. In our study population, septic shock patients with no increase in LAG volume
were approximately four-times more likely to die within eight days and even six months.
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Interestingly, the LAG volume of patients not classified with sepsis in comparison to those
in septic shock, showed the highest difference in LAG volume (26%), although mean
attenuation values were comparably high. Therefore, we assume that adrenal enlargement
could be a pathomechanism specific for septic shock, not occurring in circulatory failure of
another cause (e.g., coronary failure).

Nougaret et al. [28] made a similar assumption and hypothesized that increased
adrenal gland volume could be a surrogate for a rather vital response during sepsis,
unlike edema or necrosis of the gland. This phenomenon may be explained by the higher
metabolic demand for cortisol and the compensatory mechanism for hypovolemia in
patients with septic shock, that led to an increased blood flow to the adrenal glands and to
their subsequent enlargement [9,18,19].

Jung et. Al. [27] showed that in septic shock, total adrenal gland volume was an
independent prognostic factor for 28-day mortality. Their adrenal gland volume was nearly
doubled in the septic shock groups in comparison with the nonseptic ambulatory group,
and increased by 35% in comparison to the nonseptic ICU group. Viewing this data, we
showed similar enlargement values (20%) for our septic shock group compared to the
nonseptic ICU group and extended prognostic value of adrenal gland volume to long-term
mortality for our follow-up of six months.

However, some limitations should be acknowledged. First, adrenal gland volume may
be affected by factors like gender, weight, body surface area, race or even geographical
regions. We did, however, not include any of these factors in our calculations. Furthermore,
pre-existing conditions like depression and Cushing’s disease are also known to increase
adrenal gland volume [12,24,28,33–37]. However, within our study population gender
distribution was nearly equal and there were no patients with Cushing’s disease and only
two patients with depression, one each from the sepsis and septic shock group, so that
systematic bias seems unlikely.

5. Conclusions

This study demonstrates that there is no additional diagnostic value in performing
time-consuming semi-automated whole-organ adrenal gland segmentation analysis in
patients with sepsis or septic shock. High absolute CT density values assessed by simple
ROI analysis—alone or in combination with IVC CT density assessemnt—may provide
a high specificity for patients with septic shock, which could be used as an additional
decision-making support in evaluating their health status and prognosis. A more time-
consuming segmentation image analysis may deliver, however, additional prognostic value,
as the adrenal gland volume in our cohort was generally increased in patients with septic
shock whilst a smaller volume was associated with a higher mortality within the subgroup,
even for the long-term survival of six months. For the method of histogram analysis of
adrenal glands in patients with septic conditions, we do not see any diagnostic and/or
prognostic value justifying time and effort in clinical routine. However, further studies
with larger series of patients will be needed, to determine if these encouraging findings
will find their way into clinical practice.
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Appendix A

Table A1. CT attenuation values HU of the left adrenal gland (LAG) for all methods of image analysis.

Methods Groups
No Sepsis (1) Sepsis (2) Septic Shock (3)

n = 6 n = 16 (15) n = 22 (21)

Region of
Interest (ROI)

mean 90 14 * 71 −10 * 96 5 *
median 97 24 * 72.0 −9 * 90 2 *

IQR 26 23 * 23 17 * 39 39 *
p-value 1 < 0.05 p = 0.023

Segmentation

mean 72 12 * 49 −10 * 71 5 *
median 76 15 * 49 −11 * 69 5 *

IQR 25 24 * 32 21 * 29 23 *
p-value 1 < 0.05 p = 0.013/0.048 *

Histogram

mean 101 6 * 90 −6 * 105 3 *
median 106 12 * 91 −6 * 102 3 *

IQR 21 21 * 21 13 * 25 3 *
p-value 1 < 0.05 p = 0.042 p = 0.010

* = Corrected for confounders: age, sex, evidence for presence of germs, creatinine, APACHE-Score, SOFA-Score;
1 = Bonferroni correction for multiple testing; IQR = Interquartile Range.
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