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INTRODUCTION: Existing laboratorymarkersandclinical scoringsystemshaveshownsuboptimalaccuracies forearlyprediction

of persistent organ failure (POF) in acute pancreatitis (AP).We used information theory andmachine learning

to select the best-performing panel of circulating cytokines for predicting POF early in the disease course and

performed verification of the cytokine panel’s prognostic accuracy in an independent AP cohort.

METHODS: The derivation cohort included 60 subjects with AP with early serum samples collected between 2007

and 2010. Twenty-five cytokines associated with an acute inflammatory response were ranked by

computing themutual informationbetween their levels and theoutcomeofPOF;5high-ranking cytokines

were selected. These cytokines were subsequently measured in early serum samples of an independent

prospective verification cohort of 133 patients (2012–2016), and the results were trained in a Random

Forest classifier. Cross-validated performance metrics were compared with the predictive accuracies of

conventional laboratory tests and clinical scores.

RESULTS: Angiopoietin 2, hepatocyte growth factor, interleukin 8, resistin, and soluble tumor necrosis factor

receptor1Awere thehighest-ranking cytokines in thederivation cohort; each reflects apathologic process

relevant to POF. A Random Forest classifier trained the cytokine panel in the verification cohort and

achieved a 10-fold cross-validated accuracy of 0.89 (area under the curve 0.91, positive predictive value

0.89, andnegative predictive value0.90),whichoutperformed individual cytokines, laboratory tests, and

clinical scores (all P £ 0.006).

DISCUSSION: We developed a 5-cytokine panel, which accurately predicts POF early in the disease process and

significantly outperforms the prognostic accuracy of existing laboratory tests and clinical scores.

SUPPLEMENTARY MATERIAL accompanies this paper at http://links.lww.com/CTG/A603, http://links.lww.com/CTG/A604, http://links.lww.com/CTG/A605,

http://links.lww.com/CTG/A606, http://links.lww.com/CTG/A607, and http://links.lww.com/CTG/A608

Clinical and Translational Gastroenterology 2021;12:e00351. https://doi.org/10.14309/ctg.0000000000000351

INTRODUCTION
Acute pancreatitis (AP) is a complex clinical syndrome initiated
by pancreatic injury from a variety of pathologicmechanisms (1).
Its incidence has been increasing worldwide (2) and is among the
most common gastrointestinal-related causes for hospitalization
in the United States (3). Systemic inflammatory response de-
velops in approximately half of all patients with AP (4) and may
progress to organ failure, which can lead to death (5,6).

Important determinants of morbidity and mortality in AP are
the development of pancreatic necrosis and persistent organ
failure (POF) (6–8). Outcomes have recently improved in pa-
tients with pancreatic necrosis due to the development of effective
andminimally invasive drainage/debridement techniques (9). On
the other hand, the prediction of POF remains suboptimal despite
extensive research (1,10). Predicting POF early in the disease
course is important to accurately triage patients to proper
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hospitals and wards, prepare for timely organ support in those
with impending organ failure, and risk stratify subjects for clinical
trials.

Previous research efforts laid foundational groundwork in
identifying and developing laboratory tests and scoring systems
for prediction of POF in AP (10). Admission blood urea nitrogen
(BUN), C-reactive protein, creatinine, and hematocrit represent
conventional laboratory tests, whereas Acute Physiology and
Chronic Health Evaluation (APACHE-II), Bedside Index of Se-
verity of Acute Pancreatitis (BISAP), Ranson score, and systemic
inflammatory response syndrome (SIRS) are scoring systems
extensively evaluated in predicting POF (10). However, these
have shown limited accuracies in early prediction of POF, and
many of these tests and scores directly reflect the presence of
organ failure, rather than serving as early prediction tools.

Local cytokine and chemokine levels derived from injured
acinar cells and different inflammatory cell types increase early in
AP in response to pancreatic injury. The magnitude of their cir-
culating levels reflects the degree of tissue injury and innate im-
mune response (11,12). To our knowledge, a machine learning
approach using multiple cytokines has not been previously
evaluated in the prognostication of AP severity. Therefore, we
sought to discover and test a panel of cytokines that would ac-
curately predict POF early in AP by applying information theory
and a machine learning model and additionally compare its
prognostic accuracy with conventional laboratory tests and
scoring systems used in clinical practice.

METHODS
Study population

The Pancreatitis-associated Risk of Organ Failure (PROOF) is an
observational, prospective, cohort study involvingpatientswithAP
enrolled at the beginning of their hospitalization. The PROOF
protocol and cohort characteristics have been previously described
(13,14). AP was defined according to established guidelines (15).
Patients with chronic pancreatitis, pancreas cancer, others cancer
requiring chemotherapy within the last 6 months, history of solid
organ transplantation, pregnant women, and prisoners were ex-
cluded. Only direct admissions or patients transferred from an
outside hospital within 12 hours from presentation were included.
PROOF has been approved by the Institutional Review Board
(IRB) of theUniversity of Pittsburgh (Pro00000496) and registered
at clinicaltrials.gov (NCT03075605).

Derivation phase (2007–2010)

Serum samples were obtained from 60 subjects on days 2 (en-
rollment), 3, and 4, relative to the onset of pain, and then stored at
280°C. They were batch analyzed using the Bio-Plex suspension
array system, which included a fluorescent reader and Bio-Plex
Manager analytical software (Bio-Rad Laboratories, Hercules,
CA) at the University of Pittsburgh Cancer Institute Luminex
Core (16). The Luminex platformwas selected due to its ability to
screen large number of markers in the same bio samples and
based on available expertise at the University of Pittsburgh.
Twenty-five cytokines associated with the development of an
acute inflammatory response were studied using a proin-
flammatory cytokine panel, based on our hypothesis that early
development of a proinflammatory milieu is associated with
clinical decompensation, including organ failure (see Table A,
Supplementary Digital Content, http://links.lww.com/CTG/
A603). Their levels weremeasured in a total of 180 samples, i.e., at

3 different time points per subject (at days 2, 3, and 4). The
cytokines were first discretized using an algorithm by Fayyad and
Irani (17). Next, the Mutual Information between each cytokine
(exposure variable) and POF (primary outcome) was computed
(see Table B, Supplementary Digital Content, http://links.lww.
com/CTG/A604) (18). Mutual Information scores range from
0 to 1 for a binary classification task, where 0means the 2 variables
are statistically independent and 1 means that they are perfectly
correlated. Cytokines were deemed relevant to the outcome when
theMutual Information score was$0.2 for at least 2 of the 3 days
calculated.

Verification phase (2012–2016)

Serum levels of the top 5 cytokines identified in the derivation
phase were measured in the verification cohort before initiation
of any interventions such as ERCP or plasmapheresis, using
Meso Scale Discovery (MSD) MULTI-SPOT Assay System
(MESO QuickPlex SQ 120 instrument) in the laboratory of in-
vestigators Whitcomb and Papachristou (19,20). The MSD
platform was selected for the verification cohort due to its high
reliability and sensitivity for measuring of levels at the lower
detection threshold (21). The cytokines included angiopoietin 2
(Ang-2), hepatocyte growth factor (HGF), interleukin 8 (IL-8),
resistin, and soluble tumor necrosis factor receptor superfamily
member 1A (TNF-R1). They were measured on 3 separate assay
kits: the V-Plex Human Proinflammatory for IL-8 and 2 custom
human duplex kits combining Ang-2 and HGF on one and
resistin and TNF-R1 on the other, purchased from MSD (Gai-
thersburg, MD). Using MSD Discovery Workbench analysis
software v4.0 (Rockville, MD), standard curves were formed by
fitting the electrochemiluminescence signal from calibrators to a
4-parameter logistic model with a 1/y2 weighting. R2 values for
the fitted curves were .0.95 for all cytokines.

Serum samples were run in duplicates with median intra-assay
variability being 2.70%–9.56% and interassay variability
7.44–43.48 (see Table C, Supplementary Digital Content, http://
links.lww.com/CTG/A605). At the time of statistical analysis, Ang-
2 and TNF-R1 levels were found to be inaccurate in the first 36
serum samples measured. On further investigation, we discovered
that the custom human duplex kits used for these samples were
defective. These values were excluded from analysis and not re-
peated to avoid introduction of interbatch variability.

Statistical model

Descriptive statistics are presented as counts and proportions for
categorical data and asmedian [interquartile range] for continuous
data. The distributions of biomarker levels were assessed for nor-
mality using graphical methods and the Shapiro-Wilk test. Com-
parisons in discrete baseline characteristics between the derivation
and verification AP cohorts and between AP subjects with and
without POF were performed using the x2 test. Comparisons for
continuous variables used the Mann-Whitney U test. The above
statistical tests were performed using the R Project software (www.
r-project.org). To adjust for multiple comparisons, the Hommel
procedure was adopted for calculating adjusted P values. Two-
tailed P values,0.05 were considered statistically significant.

Five cytokines with the highest mutual information gain were
selected to build a novel cytokine panel. This panel was then used
to train a Random Forest model using samples from the verifi-
cation cohort of 133 subjects (22). Predictive performance met-
rics were computed for the primary end point (POF) (23). POF
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was defined according to the Modified Marshall Score System as
recommended by the Revised Atlanta Classification (7).

Ten-fold cross validation was performed to estimate how well
the model would generalize to an independent data set. The ac-
curacy of the Random Forest model was compared with each
individual cytokine, as well as conventional laboratory tests, and
clinical scoring systems,measured in the verification cohort at the
time of study enrollment.

RESULTS
Demographic and clinical data of the derivation and verification
cohorts are shown in Table 1.

Derivation phase

Eight biomarkers—Ang-2, HGF, IL-6, IL-8, IL-10, macrophage
chemoattractant protein 1 (MCP-1), resistin, and TNF-RI—met the
Mutual Information criteria (see Table B, Supplementary Digital
Content, http://links.lww.com/CTG/A604). Of these, HGF was
highly correlated with IL-10 (R2 5 0.77), IL-8 with MCP-1 (R2 5
0.84), and resistinwith IL-6 (R250.79). IL-10,MCP-1, and IL-6were
subsequently excluded from the selected cytokine panel because they

did not provide any independent information and showed lower
informationgainwhencompared toHGF, IL-8, andresistinondays2
and 3. One potential approach could have been to exclude IL-8 be-
cause both Ang-2 and resistin were strongly correlated with IL-8.
However, because IL-8 is a well-studied cytokine for the prediction of
severity inAP,we felt that itwasmeaningful to retain in thefinalpanel
(24). Furthermore, the information gain of IL-8 was high (0.83 and
0.77 on days 2 and 3; see Table B, Supplementary Digital Content,
http://links.lww.com/CTG/A604) supporting its inclusion. Mecha-
nistically, IL-8 levels reflect the inflammatory pathway,whereasAng-
2 is implicated in the vascular leak and resistin is an adipokine as-
sociatedwith fat necrosis. Taken together, we decided to include IL-8
representing a unique pathway in the cytokine panel.

Thus, the final 5 cytokines selected were Ang-2, HGF, IL-8,
resistin, and TNF-R1. Supplemental Table D, (see Supplementary
Digital Content, http://links.lww.com/CTG/A606) lists the corre-
lation coefficients between the selected cytokines with the median
being relatively low (R25 0.52), indicating that each cytokine may
represent different aspects of the pathophysiologic mechanisms of
disease. Comparisons of the 5 cytokine levels between patients
without POF and with POF are depicted in boxplots (Figure 1).

Table 1. Demographic and clinical characteristics of the study population

Variable Derivation cohort (n5 60) Verification cohort (n 5 133) Overall cohort (n5 193) P valueb

Age

Median [IQR], y 53 [40–67] 50 [36–67] 51 [37–67] 0.868

Sex

Male (%) 34 (56.7) 63 (47.4) 97 (50.3) 0.868

Race

White (%) 52 (86.7) 125 (94.0) 177 (91.7) 0.172

African American 8 (13.3) 5 (3.8) 13 (6.7)

Other 0 (0.0) 3 (2.2) 3 (1.6)

BMI

Median [IQR], kg/m2 29 [25–32] 30 [26–36] 30 [25–35] 0.246

Etiology

Biliary (%) 17 (28.3) 60 (45.1) 77 (39.9) 0.003

Alcoholic 11 (18.3) 9 (6.8) 20 (10.4)

Idiopathic 18 (30.0) 14 (10.5) 32 (16.6)

Other 14 (23.3) 50 (37.6) 64 (33.2)

Severitya

Mild (%) 24 (40.0) 62 (46.6) 86 (44.6) 0.014

Moderately severe 5 (8.3) 34 (25.6) 39 (20.2)

Severe 31 (51.7) 37 (27.8) 68 (35.2)

Length of stay

Median [IQR], days 12 [6.0–23.5] 6 [4.0–15.2] 7 [4.0–17.8] 0.029

In-hospital mortality

Deaths (%) 6 (10.0) 9 (6.8) 15 (7.8) 0.868

Values for age and BMI are rounded to the nearest whole number.
Bold indicates statistically significant P value.
BMI, body mass index; IQR, interquartile range.
aPer Revised Atlanta Criteria (7).
bChi-square test for discrete values and Mann-Whitney U test for continuous variables.
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Verification phase

Comparison of clinical characteristics and cytokine levels between
subjects with and without POF in the verification cohort are shown in
Table E (see Supplementary Digital Content, http://links.lww.com/
CTG/A607). The cytokine panel was evaluated by 10-fold cross vali-
dation of a Random Forest classifier. The trained classifier was com-
pared with a hand-picked combination of clinical variables (clinical
panel), individual cytokines, existing laboratory parameters, and scor-
ing systems. The hand-picked clinical panel included age, sex, body
mass index, BUN, creatinine, and SIRS score at enrollment. The per-
formance metrics of all the above for predicting severe pancreatitis are
shown inTableF (see SupplementaryDigitalContent, http://links.lww.
com/CTG/A608). The 5-cytokine panel showed the highest accuracy
(0.89). The accuracy of the 5-cytokine panel was compared with the
other studymarkers using a 1-sided Binomial test and a probability of
success of 0.89 (the cross-validated accuracy of the 5-marker panel).
The P values for the alternative models were determined using the
empirical number of correct predictions for that model across the
cohort, under a Binomial test. A Bonferoni correction factor of 18 was
applied to account for testing the 18 alternative models.

In a sensitivity analysis including only subjects with complete
data (n5 97), the cytokine panel performance improved slightly
(overall accuracy 0.92, sensitivity 0.92, specificity 0.76, positive
predictive value 0.92, and negative predictive values 0.93). In
additional analyses, the cytokine panel’s predictive performance
did not improve when adding the 3 other high-performing cy-
tokines (MCP-1, IL-10, and IL-6), clinical parameters, and/or
laboratory tests to the modeling (data not shown).

The accuracies of the individual cytokines included in the
panel, single laboratory tests, and scoring systems compared
against the cytokine panel are shown in Table 2. The cytokine
panel significantly outperformed all single cytokines, laboratory
tests, and clinical scores assessed (all P, 0.05; Figure 2, Table 2).

DISCUSSION
The lack of an accurate tool to predict severe pancreatitis early in
the disease course has hampered additional progress in clinical
management and the execution of therapeutic trials. In this study,
we developed a novel panel of 5 cytokines, which accurately
predicts POF as early as within 24 hours from symptoms onset.

Importantly, the featured cytokines are biologically relevant in
the pathophysiology of AP, which increases the likelihood for
replication and future validation.

The 5-cytokine panel consists ofAng-2,HGF, IL-8, resistin, and
TNF-R1, which have distinct roles in the pathophysiology of AP.
Severe innate immune system response, lipolysis of peri-/intra-
pancreatic fat, and vascular leak are recognized mechanisms that
promote POF in AP (1). We theorize that the selected cytokines
may reflect complementary pathways leading to POF (Figure 3).
Independently, the selected cytokines outperformed most of the
commonly used laboratory tests and clinical scoring systems for
predictingPOFwith theirperformance being augmentedwhenany
of the 5 cytokine levels crossed the panel’s threshold.

Previous studies on conventional laboratory parameters and
clinical scores as predictors of severeAP laid the framework for this
work; however, they have only reportedmodest accuracies (10,25).
In a multicenter cohort study, the area under the curve (AUC) for
admission BUN and hematocrit was 0.65 and 0.67 in predicting
POF, respectively (26). Similarly, existing laboratory tests and
scoring systems did not exceed an AUC of 0.75 in another large
prospective study (10). In contrast, individual cytokines appear to
perform slightly better. Malmstrom et al. reported the AUC of
admission IL-6 and IL-8 levels to be 0.84 and 0.71, respectively, in
predicting multiorgan failure (25). Ang-2 revealed AUCs of 0.81
and 0.85 for predicting POF in 2 independent studies (20,27). This
can be partially explained by cytokine elevations likely occurring
before any physiologic perturbations relevant to POF can be
detected by laboratory parameters and clinical scores (Figure 3)
(28). However, their prognostic performances varied widely be-
tween different studies, highlighting the disadvantage of using a
single biomarker for AP severity prediction.

Inour study, the accuracyof the5-cytokinepanelwas significantly
higher than each selected cytokine alone (Table 2). The contribution
of different pathways mediating POF may vary between subjects
across an AP cohort. Therefore, a panel of cytokines that reflects
multiple nodes in the pathophysiology of POF has the potential to be
highly accurate in predicting POF. To our knowledge, this is the first
study to perform a head-to-head comparison on the prognostic ac-
curacies of a cytokine panel versus individual cytokines, existing
laboratory markers, and scoring systems in the same prospectively

Figure1.Comparisons of cytokine levels between themild/moderately severe group (i.e., noPOF; green) and the severe group (i.e., POFpresent; red) in the
verification cohort. All P values were,0.001 when comparing cytokine levels between groups. Ang-2, angiopoietin 2; HGF, hepatocyte growth factor; IL-8,
interleukin 8; POF, persistent organ failure; TNF-R1, tumor necrosis factor alpha receptor superfamily 1A.
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enrolled AP cohort. The 5-cytokine panel was also compared and
found tobemoreaccurate toahand-pickedpanelof selectedclinically
relevant variables. Our results suggest that early in theAP course, this
novel cytokinepanel performswith significantlyhigher accuracy than
any available tools for predicting POF.

There are several strengths in this study. First, we prospectively
enrolled patients with AP and collected blood early in the disease
course. Timely enrollment is crucial to examine cytokine concentra-
tionsduring theearlyphaseofAP.Byaccomplishing this, thevalidityof
the results was not only enhanced, but our findings could also con-
tribute to the understanding of the inflammatory milieu in the early
phase of AP. Second, detailed clinical data were prospectively collected
for each enrolled subject with the disease severity being categorized
according to the Revised Atlanta Classification, which represent the
most updated severity categorization. Third, serum samples from 2
independent cohorts were analyzed with the 5-cytokine panel being
developed in a derivation cohort and then verified in a separate cohort.
The Luminex platform was selected for analyses in the derivation co-
hort due to its ability to rapidly screen many markers in an unbiased
manner.TheMSDplatformwasselected for theverificationcohortdue
to itshighreliability and improvedsensitivity formeasuring levels at the

lower detection threshold (29). The use of 2 different methods for
cytokine measurements likely enhances the generalizability of our re-
sults. Application of information theory in the derivation cohort pro-
videdanunbiasedstatistical approachfor identifyingcytokineswith the
best predictive performance. The process of ranking all candidate cy-
tokines according to their information gain contributed to the dis-
covery of a novel set of 5 biomarkers that, when combined, was highly
predictive of POF. The complexity of AP pathophysiology suggests a
nonlinear relationshipbetweencirculating levelsof cytokines (predictor
variables) early in the course of AP and POF (outcome). We used
Random Forests model, which is well suited to learning complex,
nonlinear decision boundaries, because they are constructed from
decision trees, which can learn arbitrary decision boundaries. In ad-
dition, mutual information filter and Random Forest training algo-
rithm with bootstrap aggregation minimized the risk of overfitting
(overestimation of a model’s true accuracy) (30).

There are a few aspects of this study for consideration to accu-
rately interpret the results. First, despite extensive efforts, our veri-
fication cohort was of a statistically modest sample size (n 5 133)
with only 9 deaths. Because of its low event rate, it was not feasible to
build a prediction model for mortality with sufficient statistical
power in our cohort. POF represents an independently meaningful
clinical end point as it relates to length of stay and represents a
surrogate end point for mortality. Similarly, the current sample size
did not enable us to perform robust subgroup comparisons.

This illustrates the challenges of enrolling patients with AP and
obtaining blood samples within the early hours from symptom
onset. Second, a larger proportion of patients developed POF in the
derivation cohort compared with the verification cohort. This
could have resulted in an overestimation of themutual information
between selected cytokines and the primary end point. Neverthe-
less, the cytokine panel’s high predictive performance in the veri-
fication cohort in which the prevalence of POFwas lower indicates
that our results were minimally affected by the above discrepancy.
Third, there was a time period of 10 years from inception to
completion of study. Thus, there was a potential risk of cytokine
degradation at the time ofmeasurement of their levels. In addition,

Figure 2. Receiver operating characteristic (ROC) curves comparing the
cytokine panel (blue) to the clinical panel (black), BISAP (red), and BUN
(green) in the verification cohort. AUC, area under the curve; BISAP,
Bedside Index of Severity of Acute Pancreatitis; BUN, blood urea nitrogen.

Table 2. Comparative performance of conventional laboratory

tests and existing clinical scoring systems against the cytokine

panel

Cutoff Accuracy P valuea

Cytokine panel NA 0.89 ref

Cytokinesb

Ang-2 23,690 0.81 0.005

HGF 3,211 0.81 0.005

IL-8 33 0.73 0.000

Res 5,482 0.74 0.000

TNF-RI 2,712 0.72 0.000

Laboratory testsc

BUN 20.0 0.55 0.000

Cr 1.8 0.56 0.000

CRP 19.8 0.65 0.000

Hct 44.0 0.56 0.000

IL-6b 19 0.78 0.000

MCP-1 978 0.74 0.000

Clinical scores

APACHE-II 8 0.56 0.000

BISAP 2 0.63 0.000

Ranson 8 0.63 0.000

SIRS 2 0.54 0.000

Ang-2: angiopoietin 2; APACHE-II: Acute Physiology and Chronic Health
Evaluation; BISAP: Bedside Index of Severity of Acute Pancreatitis; BUN: blood
urea nitrogen; Cr: creatinine; CRP: C-reactive protein; HCT: hematocrit; HGF:
hepatocyte growth factor; IL-8: interleukin 8; MCP-1: macrophage
chemoattractant protein 1; Res: resistin; SIRS: systemic inflammatory response
syndrome; TNF-RI: tumor necrosis factor receptor superfamily IA.
aOne-sided binomial test.
bCytokine levels are given in pg/mL;
cValues are given in mg/dL except in % for HCT.
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recently identified AP biomarkers were not included in this study.
For example, disease-associated molecular patterns such as heat
shock proteins, high mobility group box 1, histones and adenosine
triphosphate have been associated with disease severity in AP (28).
Endothelial leukocyte markers (e.g., P-, E- selectin) and prior tar-
gets of clinical trials (e.g., plasmin activating factor and trypsin)
were also not explored. Inclusion of thesemarkers in future studies
may further enhance predictive performance of the cytokine panel.
Finally, the cytokines included in our panel are not routinely
measured in clinical laboratories (31). Therefore, the panel is not
readily available for clinical decision making in its current form.
Additional work is required to develop an assay that would provide
fast cytokine measurements for clinical decision making. An ex-
ample of this strategy has been the development of a point of care
assay for IL-6 for the management of sepsis (32).

In conclusion, using innovativemachine learning techniques, we
developed a novel panel of biologically relevant cytokines that ac-
curately predicts POF early in AP. This panel can potentially guide
the early management of AP and inform the design of clinical trials.
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Figure3.Proposedconceptualmodel for prediction of severe acute pancreatitis. The figurewas constructed to aid discussion of the results and is notmeant
to exhaustively represent all cytokines and biomarkers associated with acute pancreatitis. IL, interleukin; HGF, hepatocyte growth factor; TNF-a, tumor
necrosis factor alpha.

Study Highlights

WHAT IS KNOWN

3 Many laboratory tests and clinical scores are used to predict
persistent organ failure in acute pancreatitis but are only
modestly accurate.

3 Lack of an accurate tool to predict persistent organ failure in
acute pancreatitis early in the disease course has significantly
hampered progress in clinical management and execution of
therapeutic trials.

WHAT IS NEW HERE

3 A highly accurate panel of 5 cytokines was developed to
predict persistent organ failure in acute pancreatitis using
machine learning techniques, which significantly
outperformed existing laboratory tests and clinical scores.

TRANSLATIONAL IMPACT

3 Once developed for clinical use, this panel may accelerate
identification of patients at risk of persistent organ failure and
promptly assign appropriate level of care in acute
pancreatitis.

3 This panel may be useful for the design of future drug trials in
acute pancreatitis.
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