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Abstract. (1) Background: Identifying early pancreas parenchymal changes remains a challenging
radiologic diagnostic task. In this study, we hypothesized that applying artificial intelligence (AI)
to contrast-enhanced ultrasound (CEUS) along with measurement of Heat Shock Protein (HSP)-
70 levels could improve detection of early pancreatic necrosis in acute pancreatitis. (2) Methods:
Acute pancreatitis (n = 146) and age- and sex matched healthy controls (» = 50) were enrolled
in the study. The severity of acute pancreatitis was determined according to the revised Atlanta
classification. The selected severe acute pancreatitis (AP) patient and an age/sex-matched healthy
control were analysed for the algorithm initiation. Peripheral blood samples from the pancreatitis
patient were collected on admission and HSP-70 levels were measured using ELISA. A CEUS de-
vice acquired multiple mechanical index contrast-specific mode images. Manual contour selection
of the two-dimensional (2D) spatial region of interest (ROI) followed by calculations of the set of
quantitative parameters. Image processing calculations and extraction of quantitative parameters
from the CEUS diagnostic images were performed using algorithms implemented in the MATLAB
software. (3) Results: Serum HSP-70 levels were 100.246 ng/ml (mean 76.4 ng/ml) at the time of
the acute pancreatitis diagnosis. The CEUS Peek value was higher (155.5) and the mean transit
time was longer (40.1 s) for healthy pancreas than in parenchyma affected by necrosis (46.5 and
34.6 s, respectively). (4) Conclusions: The extracted quantitative parameters and HSP-70 biochem-
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ical changes are suitable to be used further for Al-based classification of pancreas pathology cases
and automatic estimation of pancreatic necrosis in AP.

Key words: severe pancreatitis, acute necrotic pancreatitis, heat shock protein-70,
contrast-enhanced ultrasound, algorithm, artificial intelligence, early diagnosis.

1. Introduction

Acute pancreatitis (AP) is one of the most common gastrointestinal disorders, and cases
have been steadily increasing over the past few decades (Yadav and Whitcomb, 2010). Ab-
dominal pain is the most commonly presented symptom of AP, but it does not necessarily
reflect the severity of the disease (Afghani et al., 2015). The clinical challenge is the early
identification of the 20% of patients for whom AP will become severe in a matter of days
(Afghani et al., 2015). Usually, the clinical signs of acute pancreatitis are non-specific,
with serum amylase and lipase levels correlating poorly with disease severity (Fei and Li,
2017). The severe form of the disease is accompanied by serious complications and is
reported to have a high mortality rate (Frossard et al., 2008). The mortality rate of AP,
especially the clinically severe form (SAP), can be as high as 15-48.4% (Dellinger et al.,
2012). Imaging is recommended to confirm the clinical diagnosis, evaluate the cause of
the abdominal pain, and grade the extent and severity of acute pancreatitis (Fei and Li,
2017). There are many etiological factors such as trypsin autodigestion, pancreatic micro-
circulation malfunction, calcium overload in pancreatic acinar cells, oxygen-free radical
injury, and cytokine injury involved in the pathogenesis of severe forms of acute pancre-
atitis (Frossard et al., 2008). More recently, heat shock proteins (HSPs), particularly HSP-
70, have received increasing attention as a stress-responsive protein. It plays a role in the
pathogenesis and development of acute pancreatitis (Frossard et al., 2008). The increased
expression of HSP-70 associated with pancreatic inflammation may confer a protective
effect for the remaining acini after acute pancreatitis (Feng and Li, 2010).

The importance of early identification of AP severity may alter clinical decisions.
In addition, speedy detection of pancreatic and/or peripancreatic necrosis, fluid collec-
tion, infection may change therapeutic protocols (Steinberg and Tenner, 1994; Bradley,
1993). Therefore, rapid evaluation by contrast enhanced ultrasound (CEUS) of the severe
cases of AP might be critical. This is especially relevant when CT is not available, or
patient’s condition is too critical. Prompt early identification can reduce morbidity and
mortality (Fei and Li, 2017).

Although computed tomography (CT) is considered a gold standard radiological
modality for assessing local complications of AP, CEUS could be considered a safe alter-
native as it is a reliable, non-invasive imaging modality with no radiation exposure and
high sensitivity and specificity. If the pancreatic region is clearly visible on ultrasound,
CEUS could be used to assess the severity of acute pancreatitis It provides information
on the pancreatic parenchyma’s vascularization, detecting areas of non-viable pancreatic
tissue, i.e. necrosis. A significant correlation between CEUS and CT was found for pan-
creatitis CT severity index and the extent of necrosis for the severity of AP. As CT con-
trast medium is nephrotoxic, it can aggravate AP in animal models by impairing the pan-
creatic microcirculation (Foitzik et al., 1994; Schmidt et al., 1995; Golea et al., 2010).
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However, ultrasound contrast agents are non-nephrotoxic, have fewer side effects, and, as
reported in literature (Ethridge et al., 2000), the expression of HSP70 is increased after
contrast-enhanced ultrasound. Thus, it could be considered as a safe and reliable alter-
native (Ethridge er al., 2000). The objective of this study is to assess the role of CEUS
and HSP-70 for the detection of early pancreatic parenchymal necrosis in AP. Thus, to
propose a concept of algorithm for extraction of informative quantitative parameters from
CEUS images to be used further for training of the Al-based classifiers for automated
classification of pancreas pathologies. Recently, with the development of technology and
the evolution of artificial intelligence (AI) and deep neural networks, the computer-aided
diagnosis (CAD) is becoming more accessible and accurate (Poce et al., 2024).

2. Patients and Methods
2.1. Study Design and Patient Population

We have conducted a prospective observational study in the period between November
2018 and December 2020. All patients admitted to the Center of Abdominal Surgery,
Emergency Room or Intensive Care Unit at Vilnius University Hospital “Santaros
klinikos” (Lithuania) with a diagnosis of acute pancreatitis and onset of the disease within
72 hours were included in this study. Total number of 146 (n = 146) were enrolled in the
study. The Regional Ethics Committee approved the study (protocol No. 158200-17-941-
455) and all the patients provided written informed consent.

The diagnosis was established on the basis of acute abdominal pain, at least 3-fold ele-
vated levels of serum amylase and typical radiological findings. The contrast-enhanced CT
scan was performed on admission, on day 4 to 7 after onset of the disease, to demonstrate
the presence of pancreatic necrosis. According to the clinical course and clinical severity
scores (Modified Atlanta Classification for Acute Pancreatitis, APACHE II > 7, MODS
> 2) patients were stratified into mild, moderate and severe acute pancreatitis groups.
Clinical data related to the severity of disease, development of organ dysfunction and/or
septic complications was prospectively collected in a standardized fashion. Patients with
chronic pancreatitis or repetitive episodes of acute pancreatitis were excluded. Peripheral
blood samples from patients were drawn on admission to the hospital. Afterwards, cen-
trifugation serum HSP-70 levels were measured using the standard technique utilizing
Human HSP-70 ELISA Kit (Bender MedSystems GmbH, Vienna, Austria).

2.2. Measurement of HSP-70 Concentration in Serum Samples

HSP-70 concentration was quantified in the serum using a commercially available
enzyme-linked immunoassay (Bender MedSystems GmbH, Vienna, Austria). In brief, hu-
man HSP 70 present in the sample binds to antibodies adsorbed to the microwells. Fol-
lowing incubation, unbound biological components are removed during a wash step and
a biotin-conjugated anti-HSP70 antibody is added and binds to human HSP70 captured by
the first antibody. Following incubation unbound biotin- conjugated anti-human HSP70
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antibody is removed during a wash step. Streptavidin conjugated to horseradish peroxidase
(HRP) is added and binds to the biotin conjugated anti- human HSP70 antibody. Further-
more, incubation unbound Streptavidin-HRP is removed during a wash step, and serum
solution reactive with HRP is added to the wells. A coloured product is formed in pro-
portion to the amount of human HSP-70 present in the sample. The reaction is terminated
by addition of acid and absorbance is measured using a spectrophotometer at 450 nm.
A standard curve is prepared from 7 human HSP70 standard dilutions and HSP70 sample
concentration is determined. All specimens were tested in replicate wells.

2.3. The Algorithm for Analysis of CEUS Images

CT scan shows the region of pancreas affected by AP, however, it is a more expensive
technique and due to non-portability it is not suitable to be applied in operation room.
Therefore, due to portability and lower application costs of CEUS technique, the related
ultrasonic CEUS images were analysed further.

For CEUS imaging a non-invasive ultrasound imaging device (Hitachi Arietta 70, Hi-
tachi Aloka Medical, Japan) and ultrasound contrast agent (SonoVue, Bracco, Milan,
Italy) were used following the manufacturer’s instructions. To implement the Al-based
classifiers for the automated classification of CEUS diagnostic images of clinical patholo-
gies into the different classes, it is necessary to select, extract and calculate a set of quan-
titative parameters.

The acquired low mechanical index (0,07) contrast harmonic images (movie clips up
to 60 seconds) were further post-processed by manually selecting the rough contour of
two-dimensional (2D) spatial regions of interest (ROI) (Fig. 1a). Subsequently, the set of
quantitative parameters for both regions of parenchyma tissue (healthy and affected by
necrosis) were automatically calculated. For healthy tissue, calculation of area S; and a
set of related radiomic quantitative parameters (Echegaray et al., 2018; Haralick et al.,
1973; Mashayekhi et al., 2020), S, = {11, S2n, S35 - . . Snn} was performed (Fig. 1b). For
tissue affected by necrosis, calculation of area S> and a set of related radiomic quantita-
tive parameters (Echegaray et al., 2018; Haralick et al., 1973; Mashayekhi et al., 2020)
Sn = {S1n, $2n, S35 . . . Snyn} Was performed (Fig. 1b). For the reconstruction of the perfu-
sion dynamic curve, integration of backscatter intensity amplitudes within the estimated
region of healthy parenchyma tissue was performed for each image from a set of im-
ages acquired during a time duration of 60 s after injection of contrast agent (Fig. 1c).
The appropriate set of related quantitative parameters (Dietrich et al., 2012; Omoto et
al., 2017; Saftoiu et al., 2015) (P = {p1, p2, p3 ... pn}) describing the reconstructed
perfusion dynamic curve was calculated as well (Fig. 1c). To shorten the time of post-
processing (Tiwari et al., 2020), we are proposing the combined set of quantitative param-
eters (S, Sn, P) extracted from the diagnostic images and perfusion dynamic curves to be
used for the classification, instead of the whole CEUS images. The proposed list of quan-
titative parameters covers entropy, energy, contrast, correlation, energy from grayscale co-
occurrence matrix, homogeneity, mean, standard deviation, RMS, variance, smoothness,
kurtosis and skewness (Tiwari et al., 2020). Such parameters were successfully applied in
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Fig. 1. The workflow of post-processing of acquired CEUS images and Al-based classification for estimating
the level of acute pancreatitis.

our previous work for detection of skin cancer by analysing ultrasonic images (Tiwari et
al., 2020).

Calculations including image processing and extraction of the set of the quantitative
parameters were performed using developed special algorithms implemented in the MAT-
LAB 2020a software (The MathWorks Inc., Natick, MA USA). It is also essential to select
and use only statistically significant parameters (p < 0.05) within a set for use as input
data in the classification algorithms (Tiwari et al., 2020).

The principle of Al-based classifier for automatic estimation of the level of acute pan-
creatitis risk (none, low, moderate, or high) was presented as well (Fig. 1d). In computer-
aided diagnostics (CAD), many machine learning methods have been used for training and
performance evaluation of the classifiers (e.g. linear regression (LR), Naive Bayes (NB),
Decision Tree (DT), Neuro-Fuzzy (NF), K — Nearest Neighbour (NN), Fuzzy C-Mean



310 A. Kielaite-Gulla et al.

(FCM), Support Vector Machine (SVM), Artificial Neural Network (ANN), etc.), thus
potentially useful in the images for pancreas diseases (Saftoiu et al., 2015; Shi et al.,
2009; Kotsiantis et al., 2006). Machine learning is a branch of artificial intelligence (AI)
focused on building applications that learn from data and improve their accuracy over time
without being programmed to do so (Machine Learning, 2021). In the case of applying
for classification only the set of quantitative parameters instead of whole images, based on
our previous B-mode ultrasonic image analysis and skin cancer detection experience, the
classifiers such SVM and LR are expected to be the most accurate (Tiwari et al., 2020).

3. Results
3.1. Analysis of Perfusion Dynamics and Acute Severe Pancreatitis

The subjects were categorized into two groups (patient and healthy control groups) based
on the presence of acute pancreatitis diagnosis on admission. The studied patient for an
algorithm establishment was a 28-year-old male with severe acute pancreatitis who was
admitted to the ER less than 24 hours after the symptoms started. The diagnosis was
confirmed by clinical examination and by ultrasound examination. The patient’s condition
became unstable, and he was transferred to the Intensive Care Unit (ICU), where a CT scan
(Fig. 2) and CEUS were simultaneously performed.

The appropriate sets of quantitative parameters within the selected ROI of each CEUS
images were acquired. Automated estimation of region boundaries of healthy parenchyma
tissue within the pancreas ROI was performed by appropriate threshold analysis (e.g. Otsu,
etc.). During the analysis, it was assumed that during CEUS procedure, the contrast ma-
terial penetrates regions of healthy parenchyma tissue, with limited penetration in regions
affected by necrosis of parenchyma tissue. Further, healthy and impaired areas (affected by
necrosis) were automatically estimated and quantitatively evaluated as percentages com-
pared of overall ROI (Figs. 3, 4).

An example of a CEUS image of a healthy pancreas (healthy female volunteer) ac-
quired at 15 s after injection of contrast agent and an estimated area of healthy parenchyma
(according to the presence of perfusion) is presented in Fig. 3. The automatically detected
area of healthy parenchyma is marked in white, with the area covering 100.0% of the
overall pancreas ROI. The CEUS B-mode image of pancreas affected by acute pancreati-
tis (male patient) acquired 22 s after injection of contrast agent, and an estimated area of
healthy parenchyma (according to the presence of perfusion) is presented in Fig. 4. Here,
the automatically detected area of healthy parenchyma (white) covers 55.6% of the over-
all ROI. The remaining part of the tissue is affected by necrosis and covers 44.4% of the
overall ROL.

Reconstructed normalized perfusion dynamic curves by approximations of log-normal
distributions (Dietrich et al., 2012) for healthy volunteers and patients with pancreas af-
fected by necrosis are presented in Fig. 5. Estimated parameters (Dietrich ef al., 2012;
Omoto et al., 2017; Saftoiu et al., 2015) from the reconstructed normalized perfusion dy-
namic curves are presented in Table 1. Here, the Peek value is higher (155.5) and the mean
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Fig. 2. 28 years old male with severe acute pancreatitis. Contrast-enhanced CT (portovenous phase, the same
axial plane as on CEUS image) confirmed acute necrotizing pancreatitis (arrows) with acute necrotic collection
(star).

transit time is longer (40.1 s) for a healthy pancreas in a healthy volunteer compared with
parenchyma affected by necrosis in a patient with acute necrotizing pancreatitis (46.5 and
34.6 s, respectively).

3.2. Biochemical Changes and Acute Pancreatitis

In order to validate the reliability of non-invasive techniques (e.g. CEUS), the gold stan-
dard technique should be used as well. For example, measures in diagnosing acute pan-
creatitis are three times increased lipase and amylase levels. Recently, new and novel
biomarkers have emerged. HSP-70 has been evaluated for use in the early diagnosis of
acute pancreatitis. Bhagat et al. proved that HSP-70 played a vital role in protecting or-
ganisms against pancreatitis and found that the high expression of HSP-70 induced by
hyperthermia can inhibit trypsinogen activation in cerulein-induced pancreatitis, result-
ing in its decreased severity. Furthermore, in non-thermally stressed rats, pretreatment of
antisense-HSP-70 can aggravate the severity of pancreatitis while reducing the HSP-70
expression (Ethridge et al., 2000). Also, factors such as an accelerated protein degradation
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Fig. 3. Example of a CEUS image (15 s after injection of contrast agent) of a healthy pancreas (healthy volun-
teer — female) and estimated area of a healthy parenchyma (according to the presence of perfusion): a — contrast
harmonic image of the pancreas region and manually selected ROI according to the solid red line, b — extracted
informative ROI for further automatic detection of healthy parenchyma areas being marked with a solid green
line, ¢ — automatically detected area of a healthy parenchyma is binary marked (white) and covers 100.0% of
the overall pancreas ROI.

rate and post-transcriptional regulation of HSP play a key role in the serum expression lev-
els of HSP-70 proteins, especially in the setting of CEUS in liver tumors (Liu ez al., 2010).

4. Discussion

In this paper we present two novel Al-based approaches combined with biochemical mark-
ers for early AP severity detection. First, automatic adaptive detection of ROI boundaries
of the pancreas region within multiple contrast harmonic imaging (CHI) mode images.
Second, the compensation of artifacts influences the stability of spatial pancreas tissue
position within the detected ROI while comparing with HSP-70 levels. Additional arti-
facts are caused by physiological movements of patient body tissues due to breathing and
pulsation of larger blood vessels and by additional transducer movements caused by the
ultrasonography operator during examination and the image acquisition procedure.
Further study results are currently being analysed to process more images of healthy
volunteers and patients with acute pancreatitis of various severity levels. Unfortunately,
the worldwide outbreak of SARS-Cov-2 makes some limitations of clinical studies with
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Fig. 4. A CEUS image of a pancreas at 22 s after injection of contrast agent, and estimated area of a healthy
parenchyma (according to the presence of perfusion) from a male patient with acute necrotizing pancreatitis:
a — contrast harmonic image of the pancreas region and manually selected ROI marked with a solid red line,
b — extracted informative ROI for further automatic detection of healthy parenchyma areas marked with a solid
green line, ¢ — automatically detected area of a healthy parenchyma (white colour) covering 55.6% of overall
pancreas ROIL.
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Table 1
Estimated quantitative parameters from the reconstructed normalized perfusion dynamic curves.

Parameters Parenchyma affected by necrosis Healthy pancreas of healthy
(patient with acute pancreatitis) volunteer

Peek value, arbitrary units 46.5 155.5

Time to peek after injection 19s 242s

of contrast agent, s (10 s after appearance of contrast (10.9 s after appearance of
agent caused reflections) contrast agent caused reflections)

Area under the “wash in” curve 7858 29595

Mean transit time MTT, s 34.6s 40.1s

MTT (50% of peak), s 23.2s 26.5s

“Wash in” rate 9.3 28.7

“Wash out” rate 2.1 5.7

Rise time, s 8.4s 93s

Fall time, s 24.6 s 29.1s

Wash in perfusion index 940.96 3175.1

real patients and healthy volunteers. Afterwards, the Al-based classification will be ap-
plied to detect the presence of early-stage AP severity. While CEUS remains a reliable
non-invasive diagnostic test for detecting morphological changes of the pancreas, evalu-
ating conditions of the vasculature, visualizing contours of pancreas, quantifying perfu-
sion and necrotic areas, it could be used along with CT and magnetic resonance imaging
(MRI) (Omoto et al., 2017). Perfusion analysis by evaluating the time-intensity curve at
early arterial and late venous phases (wash-in and wash-out) was performed to investigate
chronic pseudotumoral pancreatitis and pancreatic cancer. During the study by Gheonea
etal. (2013) of 51 patients (chronic pancreatitis 19 and pancreatic cancer 32), the achieved
sensitivity and specificity were 93.75% and 89.47%, correspondingly. In addition, during
the study of 173 patients (chronic pancreatitis 35 and pancreatic cancer 138), the achieved
sensitivity and specificity were 88.6% and 97.8%, respectively. Ardelean et al. have in-
troduced a retrospective study of 197 patients. In 60 examinations of acute pancreatitis,
the pancreatic necrosis was diagnosed in 30 cases. The estimated accuracy of necrotic
lesions was 97.4%, and authors declared CEUS to be the cost-effective method for detect-
ing pancreatic necrosis, comparable to CT (Ardelean et al., 2014). Omoto et al. presented
results of time-intensity curve parameters being used for quantitative perfusion analysis
and differentiation of pancreatic carcinomas (Ardelean et al., 2014). The intensity gains
at time after of 60 s was enumerated as the most accurate for diagnosis of pancreatic car-
cinomas. Additionally, CEUS is suitable for differentiation between normal and inflamed
tissue, abscesses, cysts, and necrosis (Saftoiu et al., 2015).

The importance of HSP-70 expression after CEUS have been described in liver dis-
eases with the mean density 0.35 while compared in radiofrequency ablation group with
0.31 accordingly (Liu ez al., 2010). In addition, Ethridge RT et al. found the increase levels
of HSP-70 and HSP-27 expressed after induction of pancreatitis (Ethridge et al., 2000).
Furthermore, literature shows that expression of HSP-70 and HSP-27 with pancreatic in-
flammation may play a protective effect for the remaining acini after an acute pancreatitis
episode (Ethridge et al., 2000).
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In our study, the algorithm concept and workflow of post-processing of acquired CEUS
images was used to estimate sets of quantitative parameters for healthy tissue of pancreas
parenchyma and tissue affected by necrosis. Also, the principle of the Al-based classifi-
cation for estimating the risk level of acute pancreatitis (none, low, moderate, high) was
presented to overcome the limitations of ultrasound. Major disadvantages of ultrasound
remain the limited visibility of the pancreas and peripancreatic region in a large propor-
tion of patients with severe acute pancreatitis because of the presence of overlying bowel
gas, particularly in the case of ileus. The body habitus may also limit the penetration of
acoustic waves in obese patients. Additionally, abdominal ultrasound is less accurate in
delineating extrapancreatic inflammatory spread within retroperitoneal spaces. Finally, ul-
trasound is operator-dependent and displayed on a limited number of images that are not
easy to comprehend and convey to practicing clinicians. Applying Al and CEUS enhance
sensitivity and specificity for the assessment of the early severity of acute pancreatitis.

Authors declare that the small number of patients and additional artifacts in the images
are limitations to the study.

5. Conclusions

Further studies are now underway to determine whether pairing the CEUS, conventional
radiology tests (i.e. CT, MRI) and Al techniques (image acquisition, further sophisticated
post-processing, and classification) and biochemical markers (i.e.HSP-70) will result in a
valuable new diagnostic and clinical decision support tool in early diagnosis of AP and
the presence of pancreas tissue necrosis.

6. Patents

A patent application was filed describing the findings in this paper. The patent application
number is LT2020 538.
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