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Simple Summary: Mucinous epithelial pancreatic cystic lesions (PCLs) are premalignant lesions
detectable through imaging techniques; however, distinguishing them from other PCLs with lower
malignancy potential is challenging. Current methods like biochemical markers and genomic studies
are not always reliable. Thermal liquid biopsy (TLB) is an innovative tool that analyzes the ther-
mal profile of biological samples to detect disease-related alterations. In a retrospective study of
35 intracystic fluid samples obtained via fine needle aspiration, predictive models were developed
using machine learning algorithms. Two classification models were created: TLB1, which differenti-
ates mucinous from non-mucinous PCLs, demonstrating 92% sensitivity and 86% negative predictive
value, and TLB2, which identifies benign and malignant mucinous lesions, achieving an area under
the curve of 1.00. TLB shows promise in improving the differential diagnosis of PCLs and in detecting
malignant transformations.

Abstract: Background/Objectives: Mucinous epithelial pancreatic cystic lesions (PCLs) are pre-
malignant lesions readily detectable through imaging techniques such as multidetector computed
tomography, magnetic resonance imaging, and endoscopic ultrasound (EUS). However, distinguish-
ing these from other PCLs with lower or no malignant potential, and the early identification of those
undergoing malignant transformation, remains a diagnostic challenge. Current methods, including
biochemical markers in intracystic fluid (ICF) and genomic studies, offer some assistance but are not
always reliable or accessible. Thermal liquid biopsy (TLB) is a novel diagnostic tool that examines
the thermal profile (thermogram) of biological samples, reflecting their response to heat and thereby
revealing characteristics of their overall composition or disease-induced alterations. Methods: In this
retrospective study, a total of 35 ICF samples (49% mucinous) obtained via EUS-FNA (fine needle
aspiration) were analyzed using TLB. Thermogram data were utilized to develop predictive mod-
els for differential diagnosis between mucinous and non-mucinous PCLs or malignancy detection
through machine learning algorithms. Results: Two classification models were developed: TLB1

Cancers 2024, 16, 4024. https://doi.org/10.3390/cancers16234024 https://www.mdpi.com/journal/cancers

https://doi.org/10.3390/cancers16234024
https://doi.org/10.3390/cancers16234024
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0002-2712-4519
https://orcid.org/0000-0002-5902-4336
https://orcid.org/0000-0002-0091-9856
https://orcid.org/0000-0001-5932-2889
https://orcid.org/0000-0001-5702-4538
https://orcid.org/0000-0001-5664-1729
https://doi.org/10.3390/cancers16234024
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers16234024?type=check_update&version=1


Cancers 2024, 16, 4024 2 of 16

(“mucinous” vs. “non-mucinous” PCLs) and TLB2 (“benign mucinous” vs. “malignant mucinous”
PCLs). The TLB1 model demonstrated a sensitivity of 92% and a negative predictive value of 86%,
with an area under the curve (AUC) of 0.79 (0.59–0.99), indicating good discriminative ability be-
tween the two groups. The TLB2 model exhibited excellent predictive capability, with an AUC of
1.00. Conclusions: TLB analysis of PCLs is a promising tool that could significantly enhance the
differential diagnosis of PCLs, enabling the efficient identification of mucinous lesions and even those
undergoing malignant transformation.

Keywords: differential diagnosis; early diagnosis; intracystic fluid; machine learning; mucinous cysts;
non-mucinous cysts; pancreatic cancer; pancreatic cystic lesions; pancreatic ductal adenocarcinoma;
thermal liquid biopsy

1. Introduction

Pancreatic cystic lesions (PCLs) are a heterogeneous group of lesions with increasing
incidence, usually identified incidentally on imaging studies (multidetector computed
tomography (MDCT), magnetic resonance imaging (MRI), or endoscopic ultrasound (EUS)).
Their clinical relevance lies in the potential of mucinous subtypes like mucinous cystic
neoplasms (MCNs) or intraductal papillary mucinous neoplasms (IPMNs) to develop into
pancreatic ductal adenocarcinoma (PDAC), which is currently a major health problem due
to its increasing incidence and poor prognosis, with surgery being the only potentially
curative treatment [1].

Accurate characterization of mucinous PCLs (M-PCLs) and early detection of malig-
nancy are crucial for effective management of this at-risk population. The current diagnostic
approach is based on a combined analysis of the clinical context, imaging tests, and bio-
chemical markers or genomics. The accuracy or availability of these methods is limited,
and pancreatic surgery is burdened by high morbimortality, especially in the cephalic
duodenopancreatectomy (CDP) [2]. Novel diagnostic modalities are highly desirable, es-
pecially those that are ideally minimally invasive, cost-effective, and accessible, to avoid
unnecessary risks and reduce costs from unnecessary follow-ups.

Thermal liquid biopsy (TLB) is the application of differential scanning calorimetry
(DSC) to biological liquid samples. DSC is a calorimetric technique that measures the excess
heat capacity (CP) associated with biomolecular transitions as a function of temperature. It
provides thermal denaturation profiles (thermograms) that reflect the behavior and interac-
tion of metabolites when heat is applied, providing global insight into the composition of
the sample [3]. This method is expanding in the biomedical field, analyzing several types
of samples [4–7], demonstrating its diagnostic potential.

Our group has been studying TLB as a complementary tool in different pathologies [8,9],
proposing methodologies to analyze thermograms [10,11]. With the advent of artificial
intelligence, the group has recently proposed a methodology to obtain classification models
based on thermograms from serum samples [12].

Intracystic fluid (ICF) is a biological fluid composed of proteins and other metabolites.
Its composition varies in every subtype of PCLs, reflecting their different pathophysiology.
Our group has previously shown the feasibility of obtaining thermograms from ICF samples
(ICF thermograms) [13]. Using more sophisticated tools to build machine learning models,
we hypothesize that ICF-TLB can improve the differential diagnosis between M-PCLs and
non-mucinous PCLs (NM-PCLs) and potentially detect early malignancy-induced changes.
This approach could improve clinical decisions, optimizing patient outcomes.

2. Materials and Methods

Between January 2016 and May 2023, prospective ICF samples of PCLs with indication
for EUS–fine needle aspiration (FNA) (>2 cm and/or presence of Worrisome Features
(WF)/High-Risk Stigmata (HRS)) were collected from patients recruited at the University
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Clinic Hospital (Zaragoza), with a long interruption caused by COVID-19 (January 2020 to
April 2021). The EUS-FNA procedure was performed with an Olympus® 140 curvilinear
echo-endoscope (Olympus, Barcelona, Spain). Boston ScientificTM Expect® 19 or 22-gauge
needles were used depending on the cystic endosonographic features. For ethical reasons,
DSC analysis was only carried out in the case of ICF remaining after analysis of biochemical
markers, for which at least 1 mL Eppendorf was necessary for each patient.

All patients recruited were over 18 years old and had an indication for EUS-FNA
regardless of their participation in the study, which was free and voluntary after receiving
the relevant verbal and written information and signing the informed consent form. The
procedure was approved by the Ethics Committee (Aragon Research Ethics Committee
(CEICA) on 5 October 2016, Act No. 17/2016 and 5 February 2020, Act No. 03/2020.

Exclusion criteria: age under 18, diagnosis other than PCLs, insufficient ICF sam-
ple (<1 mL), inability to obtain a thermogram or to establish a diagnosis due to lack of
clinical information.

Data collected: age, sex, smoking/alcohol habits, location (head or body-tail), size,
MRI/EUS characteristics (WF/HRS, pathognomonic image (serous cystadenoma (SCA)),
Wirsung communication, history of pancreatitis, related symptoms (diabetes, abdomi-
nal pain, jaundice, weight loss), string sign, ICF biomarkers (CEA (carcinoembryonic
antigen) > 192 ng/mL and glucose < 50 mg/dL: higher probability of M-PCLs;
amylase > 250 U/L: Wirsung communication), serum biomarkers (carbohydrate antigen 19.9
(Ca19.9) > 37 U/mL: malignancy if no cholestasis; bilirubin > 1.2 mg/dL: HRS), surgical re-
section, postoperative complications (Clavien–Dindo classification) [14], histopathological
analysis, clinical evolution.

Diagnosis was established as confirmed (histopathologically or pathognomonic mor-
phology in the case of SCA lesions) or high probability (consensus of three expert pancreatol-
ogists (radiologist, clinician, and endoscopist) based on a combined analysis of the clinical
context, imaging tests, and biochemical markers).

The classification of PCLs is shown in Table 1.

Table 1. Classification of pancreatic cystic lesions.

Non-Mucinous PCLs (NM-PCLs). Mucinous PCLs (M-PCLs)

• Pseudocyst (PC)
• Serous cystadenoma (SCA)
• Lymphoepithelial cyst/lymphangioma (LINF)

• MD-IPMN (main duct IPMN)
• BD-IPMN (branch duct IPMN)
• Mucinous cystic neoplasm (MCN)
• Simple mucinous cyst (SMC)

Further subdivided into:

• Benign (bM-PCL)
• Malignant (mM-PCL):

# Malignant IPMN (mIPMN)
# PDAC with cystic component (cPDAC).
# SMC with high-grade dysplasia (SMC-HGD).

Malignant pancreatic cystic lesions were pathologically confirmed.

2.1. Sample Processing

After EUS-FNA, ICF samples were frozen (−80 ◦C) and anonymized with internal
codes following the recommendations of the local ethics committee. For the DSC assay,
samples were thawed at room temperature, centrifuged, and diluted 1:10 in phosphate-
buffered saline, using 400 µL to obtain the thermograms.

A high-sensitivity automated VP-DSC (MicroCal, Malvern Panalytical, Malvern, UK)
was used. The scanning rate was 1 ◦C/min, with a scanning range between 10 and 95 ◦C.
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2.2. Data Analysis
2.2.1. Preparation of Thermograms

A software developed by the group, implemented in Origin 7.0 (OriginLab, Northamp-
ton, MA, USA), was used. It involved baseline subtraction and correction, interpolation to
obtain uniformly distributed data across the temperature range (∆T = 0.25 ◦C), and restrict-
ing the analysis to the interval between 40 and 95 ◦C. Each thermogram was normalized by
its area. The temperatures and their excess CP values were the predictive variables for the
classification model. To reduce the number of predictive variables and avoid overfitting,
information was selected from each degree of temperature, truncating between 55 and
85 ◦C, as these values exhibited the most significant changes.

2.2.2. Obtaining Classification Models (iTLB Models)

From the ICF thermograms, two iTLB models were obtained:

• iTLB1 Model: NM-PCLs vs. M-PCLs, training with confirmed LQP diagnoses and
validating with high probability diagnoses.

• iTLB2 Model: benign (bM-PCLs) vs. malignant (mM-PCLs), training with all M-PCLs
due to the small sample size.

The proposed thermogram analysis methodology was developed previously [12] and
is based on obtaining a classification model from the shape information of the thermograms
using pairs of temperatures through the K-Top-Scoring-Pair function (R switchBox library).
The classification model was fitted using Lasso logistic regression by applying the ncvreg
package in R (version 4.3.2) and cross-validated for model fit.

The classification model provided a single number per patient (−∞, +∞). If the model
provided a number < 0, the lesion was classified as an NM-PCL (for iTLB1) or bM-PCL (for
iTLB2), whereas if the number was >0, the lesion was classified as an M-PCL (for iTLB1) or
mM-PCL (for iTLB2).

The performance of both models was evaluated by calculating common performance
indexes: sensitivity, specificity, positive and negative predictive values (PPV and NPV),
receiver operating characteristic (ROC) curve, and its area under the curve (AUC) with its
95% confidence interval (CI).

2.2.3. Statistical Analysis

The Kolmogorov–Smirnov–Lilliefors test or the Shapiro–Wilk test (depending on the sam-
ple size) was used to assess the normality of the variables. Medians between two independent
groups were compared using the Wilcoxon test for variables with non-normal behavior.

For all tests, a two-sided p-value < 0.05 was considered statistically significant. Sta-
tistical analyses were performed using the R language and environment for statistical
computing, version 4.3.2 (31 October 2023).

3. Results

A total of 41 patients with PCLs were recruited; six met the exclusion criteria (insuffi-
cient information in the clinical history (n = 1); diagnosis other than PCL (n = 2: adrenal
gland pheochromocytoma and pancreatic metastasis of primary renal tumor); incorrect
nomenclature that prevented adequate identification of the sample with the patient (n = 2);
and technical impossibility of obtaining the thermogram (n = 1)); thus, the final sample
size was 35, of which 22 (63%) had pathological confirmation: 17 (49%) were M-PCLs, with
8/17 (47%) being mM-PCLs.

3.1. Demographics

Table 2 provides a summary of the cohort demographics. Tables S1 and S2 show more
detailed characteristics.
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Table 2. Descriptive characteristics of the cohort of patients with pancreatic cystic lesions (PCLs),
including non-mucinous PCLs (NM-PCLs) and mucinous PCLs (M-PCLs).

Cyst # n % Total (% Group) Age * Sex: n (%) ♀ Size ** (mm) Loc: n (%) B-T ***

NM-PCLs: 18 51% (100%) 64 (49–86) 8 (44%) 46 [38; 62] 8 (44%)

PC 11 31% (61%) 62 (49–75) 3 (27%) 55 [33; 85] 5 (45%)

SCA 5 14% (28%) 72 (60–86) 4 (80%) 45 [40; 45] 2 (40%)

LINF 2 6% (11%) 55 (52–59) 1 (50%) 48 [47; 48] 1 (50%)

M-PCLs: 17 49% (100%) 61 (36–83) 10 (59%) 32 [26; 50] 9 (52%)

IPMN 10 29% (59%) 68 (48–83) 4 (40%) 28 [25; 35] 4 (40%)

MCN 2 6% (12%) 39 (36–42) 2 (100%) 31 [30; 31] 2 (100%)

SMC-HGD 1 3% (6%) 55 (55–55) 1 (100%) 58 [58; 58] 1 (100%)

PDAC 4 11% (23%) 53 (38–74) 3 (75%) 65 [44; 80] 2 (50%)

Total 35 100% 62 (36–86) 18 (51%) 40 [30; 52] 17 (49%)

Data are categorized by cyst type, number of cases (n), percentage of total cases, age *, sex distribution, size of
the lesions **, and their location ***. * Mean age of patients with the minimum and maximum in parentheses.
** Median size of the lesions in millimeters with the interquartile range in brackets. *** Number and percentage of
lesions located in the body-tail (B-T) of the pancreas. Cyst #: Type of pancreatic cystic lesion, PC: Pseudocyst,
SCA: Serous Cystadenoma, LINF: Lymphoepithelial cyst/Lymphangioma, IPMN: Intraductal Papillary Mucinous
Neoplasm, MCN: Mucinous Cystic Neoplasm, SMC-HGD: Simple Mucinous Cyst with High-Grade Dysplasia,
PDAC: Pancreatic Ductal Adenocarcinoma.

3.2. Symptoms

Most PCLs (69%) presented symptoms:

• NM-PCLs: 67% (12/18) abdominal pain (2/5 SCAs and 10/11 PCs, nine with underly-
ing chronic pancreatitis).

• M-PCLs: 71% (12/17) symptomatic.

# bM-PCLs: 44% (4/9) abdominal pain, one of them (IPMN) with acute pancreatitis.
# mM-PCLs: jaundice (100% of malignant IPMNs (mIPMNs) and 25% of PDACs)

and weight loss (100% of PDACs and 67% of mIPMNs) were predominant.

Five patients with PCLs presented new-onset diabetes: two SCAs (both ≥40 mm) and
three mM-PCLs (two mIPMNs and one PDAC).

3.3. Morphological Characteristics, String Sign, and Biochemical Markers

Table 3 summarizes the diagnostic performance of imaging tests, string sign, and
biochemical markers.

Regarding HRS,

• Mural nodules > 5 mm (n = 3): two IPMNs (one mIPMN), one PC (disappeared in
follow-up).

• Solid component (n = 4): All malignant, two PDACs, two mIPMNs.
• Dilated Wirsung > 10 mm: one main duct IPMN (MD-IPMN), not fit for surgery and

negative cytology, favorable evolution to date.

Regarding WF,

• Cyst wall thickening (n = 4): two PCs, one SCA, one PDAC.
• Size > 30 mm: 6/8 M-PCLs.
• Dilated Wirsung 5–9 mm: one PDAC, five IPMNs (three mIPMNs).
• Lymphadenopathies: two PDACs.

Regarding biochemical markers, it should be noted that in the cohort, ICF glucose was
available for only 10 patients.
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Table 3. Diagnostic performance of imaging tests, HRS/WF, string sign, biochemical markers, and
classification models in differentiating non-mucinous vs. mucinous and benign vs. malignant
pancreatic cystic lesions (PCLs).

Non-Mucinous vs. Mucinous Benign vs. Malignant

Acc Sens Spec PPV NPV Acc Sens Spec PPV NPV

MDCT 75% 73% 80% 89% 57% 88% 88% 88% 88% 88%

MRI 56% 44% 71% 67% 50% 75% 33% 100% 100% 71%

EUS 77% 67% 90% 89% 69% 91% 75% 100% 100% 88%

Dilated Wirsung 65% 50% 78% 67% 64%

Nodules 53% 12% 89% 50% 53%

Solid component 76% 50% 100% 100% 69%

Lymph 65% 25% 100% 100% 60%

String sign (ICF) 71% 59% 83% 77% 68%

ICF-CEA 79% 76% 82% 81% 78%

ICF Glucose 60% 50% 67% 50% 67%

Serum Ca19.9 68% 62% 70% 45% 82%

iTLB1 Model 77% 92% 60% 73% 86%

iTLB2 Model 100% 100% 100% 100% 100%

The metrics include accuracy (Acc), sensitivity (Sens), specificity (Spec), positive predictive value (PPV), and
negative predictive value (NPV). Each column under “Non-Mucinous vs. Mucinous” and “Benign vs. Malignant”
provides the respective performance metrics (Acc, Sens, Spec, PPV, NPV) for the listed diagnostic tools and
models. Imaging Studies: Multidetector Computed Tomography (MDCT), Magnetic Resonance Imaging (MRI),
Endoscopic Ultrasound (EUS), presence of a dilated main pancreatic duct (Dilated Wirsung), presence of mural
nodules (Nodules), presence of a solid component within the cyst (Solid Component), and presence of suspicious
lymphadenopathies (Lymph). Intracystic fluid Characteristics: presence of a string sign in ICF indicating mucinous
content (String Sign [ICF]). Biochemical Markers: Carcinoembryonic Antigen (ICF-CEA) in ICF, glucose level
in ICF (ICF Glucose), and Carbohydrate Antigen 19.9 in serum (serum Ca19.9). Classification Models: iTLB1
Model, which differentiates non-mucinous vs. mucinous PCLs, and iTLB2 Model, which differentiates benign
vs. malignant mucinous PCLs. Notes: Thresholds for CEA, glucose, and Ca19.9 are 192 ng/mL, 50 mg/dL, and
37 U/mL, respectively; iTLB: intelligence Thermal Liquid Biopsy.

3.4. Cytology

Performed in 43% of the samples: 20% hypocellular and 33% misdiagnosed (three
malignancies and two mucinous changes misidentified).

3.5. Surgical Resection

Performed in 49% (17/35) of cases:

• Six distal pancreatectomies: one due to complication (pancreatic fistula), the remaining
five due to suspected mM-PCLs with HRS/WF: pain (3/5), size > 30 mm (4/5), growth
(3/5), acute pancreatitis (1/5), 8 mm mural nodule (1/5), elevated serum Ca19.9 (1/5).
All of them were confirmed as M-PCLs, but only one showed high-grade dysplasia
(HGD), with its only WF being growth. All of them presented minor complications.

• Five CDPs: All performed due to suspected mM-PCLs with HRS/WF: new-onset
diabetes (5/5), jaundice (2/5), elevated serum Ca19.9 (3/5), size > 30 mm (3/5), dilated
Wirsung (3/5), or solid component (2/5). Among these, two were confirmed as SCAs,
with no postoperative complications, and three were confirmed as mM-PCLs, with
one postoperative death.

• Three exploratory laparotomies, two cystogastrostomies, and one emergency surgery
(hemoperitoneum).
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3.6. ICF Thermograms

The means and standard deviations of the normalized ICF thermograms for each PCL
subtype were represented (Figure 1) to observe inter- and intra-individual variability.
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Figure 1. Normalized thermograms of intracystic fluid (ICF) for each pancreatic cystic lesion (PCL)
subtype. This figure displays the means and standard deviations of the normalized thermograms
of ICF for various PCL subtypes. The thermograms represent the excess heat capacity (CP) in
arbitrary units (a.u.) as a function of temperature (◦C), showing the variability both between and
within individuals with each subtype. The black lines represent the mean CP values, while the
shaded areas indicate the standard deviations, illustrating the range of thermal responses for each
subtype of PCL. This graphical representation helps visualize the distinct thermal profiles associated
with each type of cystic lesion. Panel (A) represents cysts with confirmed diagnoses and includes
thermograms for Serous Cystadenoma (SCA, n = 4), Pseudocyst (PC, n = 1), Walled-off Necrosis
(WON, n = 3), Lymphoepithelial cyst/Lymphangioma (LINF, n = 2), Intraductal Papillary Mucinous
Neoplasm (IPMN, n = 2), Mucinous Cystic Neoplasm (MCN, n = 2), Simple Mucinous Cyst with
High-Grade Dysplasia (SMC-HGD, n = 1), and Pancreatic Ductal Adenocarcinoma (PDAC, n = 4).
Panel (B) represents cysts with highly probable diagnoses and includes thermograms for Serous
Cystadenoma (SCA, n = 1), Pseudocyst (PC, n = 6), Intraductal Papillary Mucinous Neoplasm (IPMN,
n = 5), and Walled-off Necrosis (WON, n = 1).

3.6.1. iTLB1 Model: NM-PCLs vs. M-PCLs

Developed from the area-normalized ICF thermograms from PCLs with confirmed diag-
noses, with 45% (10/22) being NM-PCLs (four SCAs, two lymphoepithelial/lymphangiomas
(LINF), and four PCs), and 55% (12/22) being M-PCLs (five IPMNs (three mIPMNs), two
MCNs, four pancreatic ductal adenocarcinomas with associated cystic component (cPDAC),
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and one simple mucinous cyst with HGD (SMC-HGD)). Figure 2A–C display their means
and standard deviations.
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Figure 2. Mean normalized thermograms by area for each group and results of the iTLB1 model for
differentiating thermograms of intracystic fluid from non-mucinous and mucinous lesions from PCLs
with confirmed diagnosis. In panel (A), the green line represents non-mucinous PCLs, while in panel
(B), the red line represents mucinous PCLs. The grey shading indicates the mean ± standard deviation
for each group. Panel (C) displays the mean normalized thermograms by area for each group
overlapping, with non-mucinous lesions in green and mucinous lesions in red. Black dots represent
the temperatures used in the iTLB1 model, with vertical dashed lines marking the temperature
range used to train the model (55–85 ◦C). After, this figure presents the results of the iTLB model
obtained for differentiating the thermograms of intracystic fluid (ICF) from non-mucinous lesions
(NM-PCLs) and mucinous lesions (M-PCLs). Panel (D) shows the absolute value of the coefficients
of the iTLB1 model for each of the predictive temperature pairs. Panel (E) illustrates the median
differences in the iTLB1 model results for each group (non-mucinous in green and mucinous in
red), with the horizontal line representing the zero cutoff point. Panel (F) shows the area under the
ROC curve (AUC) of the iTLB1 model. Panel (G) presents the contingency table for the prediction
results (top) and the performance metrics of the iTLB1 model (bottom). Notes: CP: excess heat
capacity; a.u.: arbitrary units; AUC: area under the curve; iTLB: intelligence Thermal Liquid Biopsy;
Acc: accuracy; Sens: sensitivity; Spec: specificity; PPV: positive predictive value; NPV: negative
predictive value.

The iTLB1 model consists of two temperature pairs, illustrated in Figure 2D, along with
the absolute value coefficients assigned to each pair and depicted in the mean thermograms
of each group in Figure 2C. Statistically significant differences were observed in iTLB1 scores
between the medians of the NM-PCL group (−1.31 [−1.31;0.04]) and the M-PCL group
(1.54 [0.04;1.54]) (Wilcoxon test: p-value = 0.042), with an AUC of 0.79 (95% CI = 0.59–0.99)
(Figure 2E,F). The prediction results showed sensitivity, specificity, PPV, and NPV of 92%,
60%, 73%, and 86%, respectively (Figure 2G). In other words, 6/10 NM-PCLs and 11/12
M-PCLs were correctly classified.
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Subsequently, the iTLB1 model was applied to the ICF thermograms of PCLs with
high probable diagnosis (remaining 37%). Figure 3A shows the iTLB1 model scores for
each type of lesion, considering all PCLs. Among the NM-PCLs, the misclassified cases
were PC (5/11) and SCA (3/5). Among the M-PCLs, only 3/10 IPMNs were misclassified,
all of them benign; thus, all mM-PCLs were correctly classified as mucinous. However, no
statistically significant differences were observed between bM-PCLs (0.189 [−1.313;1.544])
and mM-PCLs (1.544 [1.169;1.544], Wilcoxon test: p-value = 0.180) (Figure 3B).
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Figure 3. iTLB1 model scores for different cystic lesions in patients with confirmed and highly proba-
ble diagnoses. Panel (A) presents the scores by cyst type (non-mucinous in green, non-malignant
mucinous in black, and malignant mucinous in red). Panel (B) shows the scores based on ma-
lignancy (red for malignant and black for non-malignant mucinous lesions). Notes: iTLB: intelli-
gence Thermal Liquid Biopsy; PC: Pseudocyst; SCA: Serous Cystadenoma; LINF: Lymphoepithe-
lial/Lymphangioma; MCN: Mucinous Cystic Neoplasm; IPMN: Intraductal Papillary Mucinous
Neoplasm; mIPMN: malignant Intraductal Papillary Mucinous Neoplasm; SMC-HGD: Simple Muci-
nous Cyst with High-Grade Dysplasia; PDAC: Pancreatic Ductal Adenocarcinoma; ns: not significant.

3.6.2. iTLB2 Model: bM-PCLs vs. mM-PCLs

Developed to detect malignancy, given the ineffectiveness shown by the iTLB1 model.
All M-PCLs (n = 17, 71% with confirmed diagnosis) were used for the training, with 53%
being bM-PCLs (seven IPMNs, two MCNs) and 47% being mM-PCLs (three mIPMNs, one
SMC-HGD, four PDACs).

Figure 4A–C show the means and standard deviations of the area-normalized ICF
thermograms for each group.

The iTLB2 model consists of three temperature pairs, illustrated in Figure 4D, along
with the absolute value coefficients assigned to each pair and depicted in the mean ther-
mograms of each group in Figure 4C. Statistically significant differences were observed in
the iTLB2 score between the medians of the bM-PCL group (−2.17 [−3.30;−2.17]) and the
mM-PCL group (1.90 [1.90;1.90]) (Wilcoxon test: p-value < 0.001), with an AUC of 1.00 (95%
CI = 1.00-1.00) (Figure 4E,F). The prediction results showed a performance index of 100%
(Figure 4G).
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Figure 4. Mean area-normalized thermograms for mucinous group and results of the iTLB2 model
for differentiating thermograms of intracystic fluid from benign mucinous and malignant mucinous
lesions. In panel (A), the black line represents benign mucinous pancreatic cystic lesions (bM-PCLs),
while in panel (B), the red line represents malignant mucinous pancreatic cystic lesions (mM-PCLs).
The grey shading indicates the mean ± standard deviation for each group. In panel (C), the mean
thermograms of both groups are superimposed, with vertical dashed lines marking the temperature
range used to train the classification model (55–85 ◦C) and blue dots representing the temperatures
used in the iTLB2 model. After, this figure presents the results of the iTLB2 model obtained for
differentiating the thermograms of intracystic fluid (ICF) from benign mucinous lesions (bM-PCLs)
and malignant mucinous lesions (mM-PCLs). Panel (D) shows the absolute value of the coefficients
of the iTLB2 model for each of the predictive temperature pairs. Panel (E) illustrates the median
differences in the iTLB2 model results for each group (benign mucinous in black and malignant
mucinous in red), with the horizontal line representing the zero cutoff point. Panel (F) shows the area
under the ROC curve (AUC) of the iTLB2 model. Panel (G) presents the contingency table for the pre-
diction results (top) and the performance metrics of the iTLB2 model (bottom). Notes: CP: excess heat
capacity; a.u.: arbitrary units; AUC: area under the curve; iTLB: intelligence thermal liquid biopsy;
Acc: accuracy; Sens: sensitivity; Spec: specificity; PPV: positive predictive value; NPV: negative
predictive value; bM-PCL: benign mucinous pancreatic cystic lesion; mM-PCL: malignant mucinous
pancreatic cystic lesion.

4. Discussion

PDAC is the third leading cause of cancer deaths in the USA [15], with 20% of patients
being surgical candidates at diagnosis, and a 5-year overall survival rate of 10% [16]. Its
indolent course often leads to delayed diagnosis, exacerbated by the lack of effective
biomarkers and screening programs [1]. The accurate identification of certain at-risk
populations [17], including patients with M-PCLs [18], is crucial.

PCLs are a heterogeneous group of lesions with increasing incidence [19], ranging from
inflammatory fluid accumulation residual to pancreatic diseases to true cysts with epithelial
lining, which determines their malignancy risk. Within this group, M-PCLs, with their
characteristic mucin-producing columnar epithelia, stand out. However, differentiating
them from imaging tests is one of the current diagnostic challenges, especially when
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they are smaller than 2 cm, and other tools, such as ICF biomarkers or genomics, are
not always accurate or available. Therapeutic decision-making should always be done in
multidisciplinary committees, relying on clinical practice guidelines that, however, present
a certain variability in their recommendations [20].

According to the series, M-PCLs were the most common epithelial cysts, with IPMNs
(70%) predominating over MCNs (25%). SCAs account for 10–16% of total PCLs, and
lymphoepithelial lesions/lymphangiomas are rare (0.5%). The study cohort mimics these
reported frequencies, as well as data on distribution by sex, age, and location, as shown
in Table 2. In surgical series, the most resected PCLs were also M-PCLs (45% IPMNs, 16%
MCNs), followed by SCAs (16%) [21]. In this study, IPMNs were also the most frequently
operated on (44%), followed by MCNs (12%) and SCAs (9%).

The sample size is small, and this is probably the biggest weakness of our study,
together with its implementation in a single center. For this reason, this study is considered
a pilot study, and we are already working on expanding the sample size in collaboration
with other centers for future studies. However, despite the small size, it is a balanced
sample with representation of the main subtypes, including rare ones such as LINF and
SMC [22]. The predominance of symptomatic patients is explained by the inclusion of
PCs on underlying chronic pancreatitis and the selection biases inherent to the exclusive
recruitment of patients with PCLs using EUS-FNA criteria, including symptomatic PCLs.

The methodology applied to obtain iTLB models was previously described in serum
samples [12]. However, there was a difference when it was applied to ICF thermograms. A
range temperature between 60 and 80 ◦C was used in serum samples, while a bigger range
was applied in ICF samples (55–85 ◦C). The reason for this change is that ICF samples
experience less cooperative unfolding between their proteins, leading to thermograms
whose CP value starts to increase at lower temperatures and ends at its baseline at higher
temperatures than serum samples. This phenomenon can be observed by comparing the
thermogram figures in this manuscript with, for example, the article published on serum
samples [12].

4.1. Differential Diagnosis of NM-PCLs vs. M-PCLs

In clinical practice, the diagnostic workup begins with imaging tests, with a reported
accuracy of diagnosis of 47–78% with most advanced modalities [23]. In a recent meta-
analysis [24], MDCT showed an accuracy of 39–45%, and EUS, limited by interobserver
variability, had a sensitivity and specificity of 36–91% and 45–81% [25]. In the study cohort,
the accuracies of MDCT and MRI were 75% and 56%, respectively, and EUS had a sensitivity
and specificity of 67% and 90%.

String sign showed a sensitivity, specificity, PPV, and NPV for M-PCLs of 59%, 83%,
77%, and 68%, similar to the study [26].

Regarding ICF biomarkers, in a recent meta-analysis, CEA showed a sensitivity and
specificity for M-PCLs of 58% and 87% [27]. This study cohort had a higher sensitivity
(76%) and slightly lower specificity (82%). However, it is reported that up to 30% of IPMNs
have CEA levels < 192 ng/mL, and in this study, it was observed in 20% of IPMNs and
50% of MCNs. Additionally, CEA is not valid for distinguishing IPMN from MCN or
as a malignancy marker, and recent publications raise doubts about its suitability [28,29].
Regarding glucose, the same meta-analysis attributed a sensitivity and specificity of 93%
and 89% for M-PCLs, with an accuracy of 89% and an AUC of between 0.87 and 0.91 [30],
surpassing CEA [31]. However, it is not a malignancy marker either, and reading errors
occur in up to 22% of cases due to ICF viscosity [32]. There is also evidence of confounding
results in PCs [33], with nearly 30% false positives. In the study cohort, the diagnostic
performance of glucose was markedly lower, although the small number of cysts for which
we have glucose values must be considered.

Regarding genomics in ICF, the identification of KRAS mutations showed high speci-
ficity (96%) and low sensitivity (45%) for IPMNs, as they may also exist in up to 35% of
MCNs. The associations of KRAS-GNAS mutations result in higher sensitivity (91%), but
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their simultaneous presence is less than 50% [34]. Moreover, genomics is expensive and not
widely available, as in our case.

There are other new techniques like needle-based confocal laser endomicroscopy,
EUS through the needle biopsy, and contrast-enhanced EUS. Needle-based confocal laser
endomicroscopy is a technique that provides high-resolution images by introducing a
fiber optic probe (0.85 mm) through a 19G needle, allowing histological analysis of the
cyst wall in real time. In different clinical trials, better performance with respect to CEA,
and even EUS-FNA, has been observed in the characterization of PCLs, with a diagnostic
yield of up to 88% and a diagnostic accuracy of up to 96%. However, it is a technique
that is not free of complications, such as the increased risk of pancreatitis or intracystic
hemorrhage. Other disadvantages are its high cost, which prolongs the examination time,
the endoscopist’s learning curve, its limited availability, the technical difficulties preventing
the acquisition of adequate images in certain situations, and the fact that it is not an optimal
test for ruling out malignancies because it only allows the visualization of a small surface
of the interior of the cyst [35]. EUS through the needle biopsy consists of introducing a
mini-forceplier (Moray microforceplier) through a 19G needle to perform a direct biopsy of
the cyst wall. Various publications have proven its usefulness in the characterization of
PCLs, with an interesting diagnostic yield of around 62% for differentiating mucinous and
non-mucinous lesions and up to 71.5% for detecting malignancies. Its main drawback is its
significant association with adverse effects of up to 16% (11.5% in more recent series), the
most frequent being intracystic hemorrhage. In a recently published series, risk predictors
associated with complications were identified in the following order from highest to lowest:
diagnosis of IPMN, number of passes (higher risk with more passes), age (higher risk with
older age), and complete aspiration of the cyst. Thus, a high-risk group was identified
(associated with 28% of adverse events), made up of patients diagnosed with IPMN in
whom multiple passes were performed. Therefore, this is a technique in which it is essential
to select the patient appropriately to ensure that the risk/benefit ratio is adequate, and this
circumstance further limits its diagnostic yield [36]. Contrast-enhanced EUS involves using
ultrasound contrasts simultaneously with EUS. These contrasts provide information on the
microvascularization of the lesions, improving their characterization. In general, it is a safe
technique with a very low rate of adverse effects. Most studies do not focus so much on
its ability to characterize the different PCLs, but on its usefulness in characterizing mural
nodules with suspected malignancies. A recent systematic review that analyzed eight
studies in which contrast-enhanced EUS was performed concluded that the technique has
a diagnostic accuracy of 95% in identifying malignant nodules [37]. However, its capacity
for differential diagnosis of different PCLs is more limited, and it is not available in many
centers, as in our case.

Faced with these results, the iTLB1 model showed sensitivity, specificity, accuracy, and
AUC of 92%, 60%, 77%, and 0.79 for differentiating M-PCLs and NM-PCLs. Compared to
other tools in the cohort (Table 3), it had superior sensitivity and NPV, and compared to
data reported in the literature, its accuracy and AUC are only surpassed by glucose and
genomics, but its results are not affected by ICF viscosity, and it has better affordability.

In the subsequent validation with lesions without a confirmed diagnosis, four PCs
were misclassified (5/11 in total, only one confirmed histopathologically), all associated
with severe underlying inflammation (advanced chronic pancreatitis or necrohemorrhagic
acute pancreatitis), most likely reflecting the heterogeneous ICF composition of PCs due
to its inflammatory pathophysiology. Presumably, by increasing the sample size, TLB
models could not only identify this inflammatory nature but also potential complications,
such as necrosis, infection, or hemorrhage, through the global analysis of ICF components.
Evidence of this is the characteristic pattern of walled-off necrosis lesion thermogram
already observed in our cohort (Figure 1).
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4.2. Identification of Malignancies

Regarding distinguishing bM-PCL from mM-PCL, a recent meta-analysis [24] de-
scribes a sensitivity and specificity of 36–71% and 64–100% for MDCT, and 76% and 80%
for MRI, with an accuracy of 81% when combining both [38]. In the study cohort, MDCT
showed a higher sensitivity (88%) and specificity (88%), and MRI showed lower sensitivity
(33%) but excellent specificity (100%), with EUS being the most accurate test (91%), with a
sensitivity and specificity of 75% and 100%.

As shown in Table 3, HRS/WF showed low sensitivity but high specificity (up to
100% for some signs like solid components or suspicious lymphadenopathies) despite the
performance being lower than described in consensus guidelines [25]. For these signs,
the literature describes a limited isolated value on malignancy prediction, with increasing
stepwise risk as the number of WF increases (22% with one, 100% with ≥4) [23]. In this
study, both observations were observed, with examples of isolated mural nodules described
in PCs, as well as a tendency for mM-PCLs to accumulate several HRS/WF (37% with
≥3). However, contrary scenarios were also observed, with M-PCLs with ≥3 WF without
evidence of malignancy.

Two clinical signs were of particular relevance: new-onset diabetes (37% mM-PCLs),
but a distracting factor in the surgical indication on two SCAs, and jaundice (50% mM-PCLs,
75% in the pancreatic head and in any NM-PCL or bM- PCL).

According to previous reviews [39], cytology showed high specificity (83–100%) but
low sensitivity (50%), with up to 60% hypocellular samples. In this study, 20% of the
samples were hypocellular, and existing malignancy was misdiagnosed in 20% of the cases.

Genomics in ICF can also detect malignancy using helpful mutations (TP53, SMAD4,
CDKN2A, PIK3CA) with high specificity (92–98%) but low sensitivity (9–39%) [27] despite
its cost and limited availability, as is the case for our center.

Faced with these data, the iTLB2 model was shown to be the most valuable tool in
detecting malignancies, with a performance of 100%. Notably, it correctly identified one
mM-PCL in its earliest stage of malignancy (HGD) that had been operated by growth,
without any other WF. It must be noted that, given the small sample size, all M-PCLs
(histopathologically confirmed or not) were included in the model training, so it could not
be validated and could only be considered a pilot study. More studies are necessary to
confirm these results.

Finally, a sub-analysis of surgical indications and complications was performed to
assess the possible influence of both models on decision-making and patient outcomes.
All surgeries were correctly indicated following current guidelines based on suspicion
of mucinous origin and the presence of symptoms or HRS/WF. However, malignancy
was only confirmed in 1/5 distal pancreatectomies (all of them presenting minor post-
surgical complications) and in 3/5 CDPs (one post-surgical death), with the other two
being SCAs (fortunately without post-surgical complications). In the hypothetical scenario
where iTLB had been considered in decision-making, the iTLB1 model would not have
identified the non-mucinous origin of the two operated SCAs, but the iTLB2 model would
have correctly identified the absence of malignancies in the four benign distal pancreate-
ctomies, avoiding surgery (67% of distal pancreatectomies) and its associated morbidity
(minor complications).

Regarding limitations, this is a retrospective single-center study with a small sample
size, with only 63% of histologically confirmed diagnoses; however, the diagnostic approach
without histology follows current standards of clinical practice. ICF glucose determination
was not performed in older samples because of the relatively recent evidence of its utility.
The inclusion bias in patient recruitment was already commented on (for example, it would
be very interesting to be able to assess the performance of this technique in asymptomatic
patients, thus removing the selection bias in our study). TLB is a highly sensitive but less
specific tool. TLB does not specifically inform on the identity of the proteins responsible
for the changes observed in the thermogram and neither can the temperature pairs of the
models be justified by biomarkers or biological mechanisms by themselves.
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The continuation of this study will focus on increasing the sample size through mul-
ticenter studies, including additional glucose measurement and performing proteomics
analysis to discover the proteins responsible for the thermogram patterns.

5. Conclusions

Despite all these findings requiring future clinical validation through multicenter stud-
ies with larger sample sizes, iTLB emerges as a promising, minimally invasive, inexpensive,
and easy-to-apply tool for improving differential diagnosis of PCLs and malignancy de-
tection, even in the early stages. Its methodology allows the overall screening of the total
composition of ICF in a single analytical process, avoiding the loss of information inherent
in current strategies that consider individual biomarkers.

The future will probably bring diagnostic models that combine different tools using
simultaneous analysis of different sources to increase diagnostic accuracy. iTLB has this
multiple analysis strategy as one of its best advantages, and therefore, in our opinion, it
could be a key diagnostic method.
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