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Komara NL, Paragomi P, Greer PJ, Wilson AS, Breze C,
Papachristou GI, Whitcomb DC. Severe acute pancreatitis: capil-
lary permeability model linking systemic inflammation to multior-
gan failure. Am J Physiol Gastrointest Liver Physiol 319: G573—
G583, 2020. First published September 2, 2020; doi:10.1152/
ajpgi.00285.2020.—Severe acute pancreatitis (SAP) includes persis-
tent systemic inflammation (SIRS) and multiorgan failure (MOF).
The mechanism of transition from SIRS to MOF is unclear. We
developed a fluid compartment model and used clinical data to test
predictions. The model includes vascular, interstitial and “third-
space” compartments with variable permeability of plasma proteins
at the capillaries. Consented patients from University of Pittsburgh
Medical Center Presbyterian Hospital were studied. Preadmission
and daily hematocrit (HCT), blood urea nitrogen (BUN), creatine
(Cr), albumin (Alb), and total protein (TP) were collected, and non-
albumin plasma protein (NAPP=TP minus the Alb) was calculated.
Subjects served as their own controls for trajectory analysis. Of 57
SAP subjects, 18 developed MOF (5 died), and 39 were non-MOF
(0 died). Compared with preadmission levels, admission HCT
increased in MOF +5.00 [25%-75% interquartile range, IQR] versus
non-MOF —0.10 [—1.55, 1.40] (P < 0.002) with HCT > +3 distin-
guishing MOF from non-MOF (odds ratio 17.7, P = 0.014).
Preadmission Alb fell faster in MOF than non-MOF (P < 0.01). By
day 2, TP and NAPP dropped in MOF but not non-MOF (P <
0.001). BUN and Cr levels increased in MOF (P = 0.001), but
BUN-to-Cr ratios remained constant. Pancreatic necrosis was more
common in MOF (56%) than non-MOF (23%). Changing capillary
permeability to allow loss of NAPP in this model predicts loss of
plasma oncotic pressure and reduced vascular volume, hypotension
with prerenal azotemia and acute kidney dysfunction, pancreas ne-
crosis, and pulmonary edema from capillary leak in the lung with
acute respiratory distress syndrome. Sequential biomarker analysis
in humans with or without MOF is consistent with this model. This
study is registered on https://clinicaltrials.gov at NCT03075605.

NEW & NOTEWORTHY Acute pancreatitis is a sudden inflam-
matory response to pancreatic injury that may spread to systemic
inflammation, multiorgan failure, and death in some patients. With
the use of the predictions of a new mechanistic model, we com-
pared patients with severe acute pancreatitis with or without multi-
organ failure. All biomarkers of capillary leak and clinical features
of multiorgan failure were accurately predicted. This provides a
new paradigm for understanding and developing new treatments for
patients with severe acute pancreatitis.
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INTRODUCTION

Acute pancreatitis (AP) is an inflammatory condition of the
pancreas with a sudden onset, variable clinical course, and an
increasing incidence over the last several decades (5, 27, 61).
Among gastrointestinal diseases, AP is among the top 3 causes
for hospitalization per year with >290,000 admissions and costs
exceeding 2.7 billion dollars in the United States (47). The ma-
jority of patients with AP will experience a mild clinical course,
whereas 10-20% of patients will develop severe AP with sys-
temic inflammatory response syndrome (SIRS; Ref. 36), persis-
tent SIRS (lasting >48 h; Ref. 8), single-organ failure or
multiorgan failure (MOF, also called multiorgan dysfunction
syndrome; Refs. 5, 54), and <30% mortality (5). Acute pancrea-
titis also has long-standing consequences for the patient (58, 59)
and is responsible for a significant financial burden on the
healthcare systems.

Acute pancreatitis is a rapidly evolving condition with sequen-
tial states of injury, proinflammatory cascade, an anti-inflamma-
tory counterresponse, and resolution/healing. However, multiple
risk factors can alter the magnitude of the response or trigger sec-
ondary complications that contribute to pathology. A hyperproin-
flammatory response results in a “cytokine storm” and SIRS with
potential secondary effects of MOF. A hyper-anti-inflammatory
response can lead the compensatory anti-inflammatory response
syndrome with susceptibility to sepsis and infections. Most of the
morbidity and mortality in AP is associated with MOF, yet the
mechanism linking SIRS to MOF is poorly understood.

A model is a simplified representation of a complex system
that is used to understand the mechanisms leading to an
observed phenomenon. Although SIRS is, by definition, an
inflammatory phenomenon, MOF is more complex and defined
by clinical signs and symptoms rather than by the underlying
mechanisms leading to the phenomenon. Furthermore, MOF is
a syndrome with a defined set of organs that fail in characteristic
ways. Additionally, the only clinically effective way to mitigate
evolving MOF is fluid resuscitation, suggesting that fluid dy-
namics underly some of the pathophysiology. Furthermore, the
loss of plasma from the blood requires a change in the
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permeability of blood vessels, likely in the capillary bed, and
the cells that regulate this function are endothelial cells.

Under normal conditions, endothelial cells control the flux of
molecules and fluids between the vascular and interstitial com-
partments through locally and systemically regulated mecha-
nisms. Increased but locally restricted permeability between
endothelial cells of capillaries and small blood vessels may
occur in a regulated, reversible way after injury or immune acti-
vation. In contrast, severe endothelial injury, dysfunction, or
death may allow small, medium, and large plasma proteins to
freely move from the plasma into the interstitial space.

In severe AP, endothelial permeability may increase systemi-
cally and lead to the pathological capillary leak syndrome (CLS,
also called vascular leak syndrome, VLS) resulting in tissue
edema and intravascular hypovolemia (11, 19, 41, 45, 63).
Mechanistically, the loss of plasma proteins diminishes the col-
loid osmotic gradient in the postcapillary venules, resulting in
inadequate resorption of fluid from the tissues. Failure of
postcapillary tissue fluid resorption and abnormal accumula-
tion of protein-rich fluid in the interstitial spaces or other fluid
compartments (e.g., 3rd space, compartments not directly
linked to the lymphatic drainage of extravascular proteins)
result in continued loss of intravascular proteins and fluid.
Eventually, the loss of fluid and protein into the tissues and
3rd spaces results in intravascular hypovolemia.

The effects of plasma loss include hemoconcentration and
MOF manifest in the cardiovascular system as hypotension and
hypovolemic shock, in the kidney as prerenal azotemia and
acute kidney injury, in the pancreas as pancreatic necrosis, in
the gut as intestinal mucosal injury, and in other organ systems
(8, 42, 45, 54, 63). In addition to organ hypoperfusion, the
expanded interstitial fluid compartment results in tissue edema
and contributes to organ dysfunction (20, 33). This mechanism
is especially important in the lung, where the process leads to
pulmonary edema, hypoxemia, and acute respiratory distress
syndrome (17, 46). The factors determining the type, extent, and
importance of CLS leading to MOF in AP are poorly defined.

Clinical observations suggest that about half of the patients
who experience SIRS will not progress to MOF, even though
many of these patients have some degree of hypovolemia and
may benefit from early intravenous fluids (13, 60, 65). Other
patients will experience SIRS, CLS, and MOF with significantly
higher morbidity and mortality (36). The importance of missing
variables between SIRS and MOF is reflected by the very poor
positive predictive value (PPV) of all commonly used clinical
severity scoring systems (i.e., <0.60; Ref. 37). We hypothesize
that the difference between patients with MOF and those with-
out MOF (non-MOF) is the dysregulated and irreversible capil-
lary leakage of both small and large plasma proteins between
damaged endothelial cells.

The initial hours of AP are critical to minimize the morbidity
and mortality with specific intervention (23). Since the inflamma-
tory process amplifies and evolves over time, there may be a win-
dow of opportunity to identify patients who are destined to
develop CLS and MOF and intervene, thus preventing much of
the morbidity and mortality of severe AP. However, to target and
minimize the phenomenon, we must understand the underlying
mechanisms linking SIRS to MOF. Furthermore, biomarkers are
needed as dynamic indicators of the pathogenic mechanisms,
processes, and magnitude of SIRS, CLS, and MOF. These bio-
markers can be used to predict the overall disease trajectory

MECHANISM OF ORGAN FAILURE IN ACUTE PANCREATITIS

within the pre-MOF window and would allow for earlier treat-
ment, leading to better outcomes for patients with AP (18).

The aim of this study was to develop an evidence-based,
dynamic model of MOF development and to describe early,
clinically available biomarkers from a series of patients with AP
that were ascertained very early in their clinical course. We
focused on a dynamic modeling of variable capillary permeabil-
ity of smaller and larger plasma proteins in patients with MOF
and non-MOF patients. We hypothesize that the dynamic
changes in levels of plasma albumin (Alb), total protein (TP),
and nonalbumin plasma protein (NAPP; i.e., TP minus the Alb)
could be used as surrogates of capillary permeability, with
changes in hematocrit (HCT) inversely related to loss of plasma
from the vascular compartment. In addition, we used blood urea
nitrogen (BUN) and creatinine (Cr) to estimate the type and se-
verity of renal dysfunction and contrast enhanced computed to-
mography (CT) scans to detect pancreatic necrosis (PNec).
With the use of this model, we identified clinically available
biomarkers that could be tracked in individual patients and
could be used to provide a more accurate assessment of their sta-
tus than the traditional approach of using population-defined
cutoff values for calculation of various severity scores (37).

METHODS

Compartment Model

A compartment model was constructed to organize the major organs
linked to the vascular system as outlined in Fig. 1 to track the conse-
quence of CLS (44). The model organized multiple fluid compartments
and defined permeability of characteristics of the capillary beds to test
the hypothesis that the primary driver to organ dysfunction is capillary
leak in the nonsinusoidal nonfenestrated blood capillaries of the skin,
muscle, adipose tissue, intestinal mesentery, and lungs (53). When
viewed as a descriptive influence diagram with a change in the perme-
ability variable (Fig. 1B), progressive loss of oncotic proteins into the
interstitial and third spaces will result in both cardiovascular hypovole-
mia and pulmonary edema. Loss of fluid return to the heart (venous pre-
load) results in arterial hypotension, with reduced perfusion to the
pancreas (increased susceptibility to pancreatic necrosis) and the kid-
ney (prerenal azotemia and risk of acute kidney injury). The compart-
ment models (Fig. 1, A and B) were used to assess the effects of
altering permeability in the capillary bed with normal periendothelial
pore size of 2 nm, cytokine-driven and regulated increased effective
periendothelial pore size of <7 nm [i.e., the size of albumin (53)], and
finally larger relative pore size (i.e., > 7 nm) representing unregulated
breakdown of the transendothelial barrier allowing free movement of
large plasma proteins between the vascular and interstitial compart-
ments. The model was used to envision new steady states and the pre-
dicted effects of altered endothelial permeability on the plasma
concentration of albumin and larger plasma proteins, on hematocrit lev-
els with concurrent hypovolemia, on cardiovascular physiology, and on
fluid shifting into the lung (i.e., pulmonary edema) and the effects of
decreased blood perfusion on the kidney and pancreas. In this version
of the model, we did not vary the extent of pathogenic capillary leak,
calculate rate constants, or predict the effect of resuscitation with fluids
(e.g., lactated Ringer solution) or proteins (e.g., albumin or plasma).

For the experimental design, the model is predictive of the effects of
permeability changes. Clinical biomarkers that are directly relevant to
the predictions of the model were used to test the model.

Patients

All patients were recruited at the University of Pittsburgh Medical
Center under institutional review board (IRB)-approved research
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Fig. 1. The pathophysiology of fluid sequestration: normal physiology (A) and vascular leak syndrome and hypovolemia (B). Three fluid compartments are organized
as an influence diagram with the lymphatic fluid eventually returning to the heart. The key variable in B is addition of increased, large-molecule capillary permeabil-
ity from disrupted endothelial barrier (c). The shaded nodes reflect sequential dysfunction resulting from disrupted capillary endothelial barrier with tissue edema in
the interstitial compartment with direct effects on the lung (pulmonary edema), progressive hypovolemia with reduced blood return to the heart and hypotension, and
reflex vasoconstriction and hypoperfusion of the pancreas and kidney. Albumin and proteins are lost into the 3rd space compartment, with either delayed lymphatic
return or an irreversible loss to the system (disconnected 3rd space). HCT, hematocrit; MAP, mean arterial pressure; NAPP, nonalbumin plasma protein.

protocols. Patients with AP were ascertained from the Pancreatitis-
associated Risk Of Organ Failure (PROOF; https://clinicaltrials.gov
Identifier NCT03075605) study from 2009 to 2019 as described previ-
ously (24, 37, 63). Patients with severe AP were also recruited to the
Mechanism of Systemic Inflammation-Associated Endothelial and
Epithelial Cell Dysfunction Following Acute Pancreatitis, Trauma,
and Burns (IRB PRO17080710), the Acute Pancreatitis as a Model
to Predict Organ Failure (IRB PRO14060166), and Pancreatic Rest
in Acute Pancreatitis (IRB PRO07080011; NCT00580749), studies
that included more detailed protocols and sample collections in
patients with severe AP. This study represented secondary analysis
of prospective study data supplemented with existing electronic
health records.

Definitions

The definitions and diagnosis of acute pancreatitis and SIRS (12) fol-
lowed the revised Atlanta criteria (RAC) with cumulative SIRS scores >
2 considered positive or severe AP (5). Organ failure was diagnosed
according to the modified Marshall score as described in the RAC for re-
spiratory failure, renal failure, and cardiovascular failure (5), with MOF
indicating more than one organ system (5) and non-MOF indicating one
or no organ failure. Organ failure was subdivided into transient and per-
sistent if it lasted less or more than 48 h, respectively. The term severe
acute pancreatitis is defined in the RAC as persistent organ failure caused
by SIRS but does not distinguish single-organ failure from MOF (5).

CLS reflects pathologically increased capillary permeability due to
changes in the endothelial cell barrier allowing proteins and fluids to
move into the tissue interstitial space (2, 10). We used a clinical diagnosis
of CLS based on pulmonary edema or pleural effusions (in the absence
of heart failure, fluid overload, or lung disease) and hemoconcentration.
Supportive clinical evidence of CLS included new-onset peripheral tissue

edema. Hypovolemia was defined as a decrease in circulatory blood vol-
ume of >10% (48) and measured clinically by a drop in normal blood
pressure, increase in heart rate, and beneficial responses to fluid resuscita-
tion. Orthostatic blood pressure measurements were not included in the
PROOF protocol (34).

Data Elements

Detailed case report forms were available for all study patients (24,
37, 63). The IRB included permission to maintain the identity of the
patients and review their electronic health records, including baseline
laboratory values at any time before the onset of acute pancreatitis.
Specific laboratory values that were collected for modeling included
HCT, Alb, TP, Cr, and BUN. NAPP was calculated from TP and Alb.
Laboratory values were collected from baseline before AP attack,
admission to 24 h, and for each 24-h period thereafter up to 96 h after
admission.

Statistical Methods and Trajectory Analysis

Laboratory biomarker trajectories were calibrated based on date of
pain onset: defined as day “—1” for any measurement before AP onset
and / for any measurement up to 24 h after pain onset, and the value
was incremented by 1 for each 24-h period thereafter in our analysis.
Subjects with available data on >3 days of —/, /, 2, 3, and 4 were
deemed eligible for statistical analysis.

Biomarker time courses were assessed using a linear mixed model
with random intercepts for each subject and fixed effects controlling for
age and sex. Visual inspection of residual plots did not reveal any
obvious deviations from homoscedasticity or normality. P values were
obtained by likelihood ratio tests of the full model with the effect in
question against the model without the effect in question. Wilcoxon
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rank-sum test was applied to compare earliest HCT values. All statisti-
cal tests were run using R (49) and the Ime4 package (6) to perform a
linear mixed-effects analysis.

All authors had access to the study data and reviewed and approved
the final manuscript.

RESULTS

A total of two hundred eighteen charts of patients with AP
were screened for inclusion in this analysis. One hundred sixty-
one patients were excluded for missing baseline albumin and
other baseline characteristics. Ultimately, a total of fifty-seven
subjects met inclusion criteria with a minimum of preadmission,
day of pain, and 24 h after pain onset and preferably continuing
until 96 h of pain onset.

Median age of our studied cohort was 57 yr, and 54% were
female. Three main etiologies were biliary (54%), idiopathic
(12%), and postendoscopic retrograde cholangiopancreatogra-
phy pancreatitis (14%). Eighteen subjects developed MOF,
eight had single-organ failure, and seventeen subjects did not
develop any organ failure. Five patients with severe AP died
during the course of hospitalization. Baseline characteristics of
the study population are summarized in Table 1.

Consequences of Hypovolemia and Hypotension

Hemoconcentration. Hemoconcentration describes the increase
in the fraction of red blood cells in the blood as a function of loss
of plasma. This phenomenon is well known in severe AP and is
included in some severity scores [e.g., Acute Physiology and
Chronic Health Examination (APACHE)-II, Harmless Acute

Table 1. Baseline characteristics of the study cohort, multior-
gan failure subset, and patients with single-organ failure or
without organ failure

Non-MOF, n =39 MOF, n=18 P Value
Age, yr 55 [36, 63] 63 [56.2,70.8] 0.078
BMI, kg/m? 31[26.4,36.6] 30.8 [26, 34] 0.668
Sex, female 24 (61.5) 7 (38.9) 0.190
Race

White 36 (92.3) 15 (83.3)

Black 3(7.7) 3(16.7) 0.574
Etiology

Biliary 19 (48.7) 12 (66.7)

Idiopathic 4(10.3) 3(16.7)

Post-ERCP 7(17.9) 1(5.6)

Alcohol 4(10.3) 0(0.0)

Other 3(7.7) 0(0.0)

HTG 2(5.1) 2 (11.1) 0.274
Active drinking 18 (46.2) 7 (38.9) 0.821
Active smoking 10 (25.6) 3(16.7) 0.681
ICU admission 10 (25.6) 18 (100.0) <0.001
Total length of stay, days 715.5,11.0] 28.5[12.5,45.5] 0.002
Death 0 6 <0.001
Pancreatic necrosis

No 16 (41.0) 0(0.0)

Yes 9(23.1) 10 (55.6)

No CECT 14 (35.9) 6(33.3)

Unknown 0(0.0) 2 (11.1) 0.001
SIRS-positive within 48 h 17 (43.6) 18 (100.0) <0.001

Values are totals (percentage) or median [IQR]. BMI, body mass index;
CECT, contrast-enhanced computed tomography scan; ERCP, endoscopic retro-
grade cholangiopancreatography; HTG, hypertriglyceridemia; ICU, intensive care
unit; MOF, multiorgan failure; non-MOF, single-organ failure or without organ
failure; SIRS, systemic inflammatory response syndrome.
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Pancreatitis Score (HAPS), Panc 3, Ranson, summarized in
Mounzer et al. (37)]. However, the patient’s HCT at the time of
AP evaluation reflects the combined effects of their baseline
HCT and hemoconcentration. Patients with MOF had a slightly
higher, although nonsignificant, HCT on admission, with median
hematocrit 44.4 [43.3-45.4] versus 39.9 [37.3-42.1] (P = 0.08).

We evaluated the change of HCT in subjects comparing pre-
AP data and data within 24 h of pain onset. Patients with MOF
had incremental increases in hematocrit from baseline of 5.00
[25%-75% interquartile range, IQR], which was significantly
higher than incremental changes in non-MOF of —0.20 [—1.55,
1.40] (P < 0.002). Using a rise in HCT > 3 from baseline in
individual patients in this study distinguishes MOF from non-
MOF [odds ratio (OR) 17.7, P = 0.014].

We compared the results calculated using individual patient
trajectories with the results using typical population-based, cut-
off values for hemoconcentration of HCT > 40% (22), HCT >
43 for men and HCT > 39.6 for women (26), HCT > 44 (7), or
HCT > 47 (3). None of these HCT cutoff values was significant
in distinguishing MOF from non-MOF, including HCT > 43 in
all subjects (OR 6.2 P =0.10), HCT > 43 inmen (OR 0.71, P =
1), and HCT > 40 in women (OR 2.1, P = 1). These data sug-
gest that population-based cutoff values for HCT used to evalu-
ate hemoconcentration are of limited value in individual
patients, whereas individual patient trends over time, beginning
with baseline data, are better indicators of hemoconcentration as
previously hypothesized (64).

Visceral organ hypotension. Hypotension, as a clinical
term, is used to describe a decrease in the systemic blood
pressure below normal levels resulting in abnormal clinical
signs and symptoms, arbitrarily defined as a systolic blood
pressure < 100 mmHg or mean arterial pressure < 70 mmHg
(39). The origin of hypotension can be low cardiac output,
which includes heart failure and hypovolemia, or systemic
vasodilatation with low peripheral resistance as in sepsis or
dysautonomia. Our compartment model of CLS (Fig. 1) pre-
dicts that hypotension is a result of hypovolemia, causing
reducing blood return to the heart (low cardiac ventricular
preload) and a reflex peripheral vasoconstriction. The role of
severe abdominal pain with hypovolemia, as is typical for
severe AP, was modeled to reflect the baroreceptor-mediated
vasoconstriction reflex with visceral organs being more
severely affected compared with systemic vascular beds mak-
ing visceral organs such as the pancreas, intestinal mucosa,
and kidneys selectively more severely hypotensive (9, 50).
Thus we analyzed biomarkers from two different visceral
organ systems that are typically evaluated during AP, the kid-
neys (modeled as a visceral organ) and the pancreas.

Kidney dysfunction in MOF. We tested the hypothesis that
MOF was associated with hypotension from hypovolemia by
evaluating the changes in BUN (linked to renal nitrogen clear-
ance) and creatinine (linked to kidney perfusion and filtration). In
our study, the MOF subset of patients with AP had higher levels
of BUN and creatinine at the baseline and also at the subsequent
time points as seen in the results of our linear mixed-effects
model in Table 2 and illustrated in Fig. 2. Multiorgan failure sub-
set had a sharper increase in BUN (P < 0.001) and Cr (P <
0.001) compared with non-MOF subset. Despite distinctive BUN
and Cr slopes, BUN-to-Cr ratio did not change and did not show
significant difference between MOF and non-MOF subsets. This
indicates that the primary early effect of MOF on the kidney is
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Table 2. Results from mixed linear model: Cr, BUN, and BUN-to-Cr ratio

BUN Cr BUN-to-Cr Ratio

Coefficient Estimates (95% CI) P Estimates (95% CI) P Estimates ( 95% CI) P
Intercept 11.53 (7.66-15.40) <0.001 0.66 (0.42-0.90) <0.001 16.15 (13.65-18.65) <0.001
Day from pain onset —0.10 (—0.77 to 0.58) 0.782 0.01 (—0.05 to 0.07) 0.639 —0.38 (—0.85 to 0.08) 0.105
Multiple organ failure = true 11.48 (5.44-17.53) <0.001 0.55 (0.16-0.95) 0.006 1.59 (—2.34 t0 5.52) 0.427
Male 4.78 (—0.44 to 10.01) 0.073 0.63 (0.31-0.94) <0.001 —1.87 (=5.23 to 1.49) 0.275
Day-by-MOF interaction 4.15(2.91-5.39) <0.001 0.46 (0.34-0.57) <0.001 —0.18 (—1.03 to 0.67) 0.672
Random effects
o’ 47.65 0.39 22.55
Too 86.34 subject 0.25 subject 34.81 subject
ICC 0.64 0.38 0.61
n 60 subject 60 subject 60 subject
Observations 205 205 205
Marginal 1?/conditional 12 0.446/0.803 0.558/0.728 0.026/0.617

Values are means (95% CI). Significant P values shown in bold. The models do not show any significant changes over time for the non-multiorgan failure
(non-MOF) group, although men show significantly higher creatinine (Cr) levels compared with women. The MOF group showed increased mean blood urea
nitrogen (BUN) and Cr levels as well as an increase in BUN and Cr levels over time as shown in the interaction term “Day-by-MOF interaction.” There was no
significant difference across any explanatory variable for BUN-to-Cr ratio. proof.id is the subject identifier. 6°, Fixed-effects variance; T, between-subject var-

iance; ICC, intraclass correlation coefficient.

perfusion and filtration rather than dysfunction of the renal epithe-
lial cells indicating prerenal azotemia (28, 40).

Pancreatic necrosis. Pancreatic necrosis (PNec) is a compli-
cation of AP that is usually diagnosed with a contrast-enhanced
CT scan (CECT) and demonstrating nonperfusion of a section
of the pancreas. The severity of PNec is typically graded as
<30, 30-50, and >50% of the gland (4). PNec was observed in
9 of 39 non-MOF subjects (23%) and 10 of 18 subjects with
MOF (56%). Among subjects with MOF, 6 of the 18 patients
did not receive a CECT scan and 2 had having an inconclusive
CT scan because they were done without a contrast agent. Thus
10 of 10 (100%) of subjects with MOF with a CECT had signifi-
cant PNec. Among non-MOF subjects, 14 of the 39 patients did
not have AP at a severity level for the managing physicians to
obtain a CECT scan so occult PNec could not be excluded.

Among non-MOF subjects with a CECT, 36% had PNec. Our
interpretation is that PNec, an organ perfusion deficit, is present
in the majority of patients with MOF.

Mechanisms of Hypovolemia and Hypotension

A critical but unanswered question concerning AP-associ-
ated hypovolemia is whether increased capillary permeability
in non-MOF and MOF is regulated or unregulated. Our hy-
pothesis is that regulated increase in permeability would favor
transudation of Alb over larger proteins (i.e., NAPP) and that
regulated increased permeability would begin resolving by 48
h, whereas unregulated permeability would persist. To test
these hypotheses, we measure the trajectory of plasma Alb,
TP, and NAPP at pre-AP time points, on admission and daily
for 4 days.
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Fig. 2. The trajectories with 95% confidence intervals (shaded gray) of biomarkers blood urea nitrogen (BUN; A), creatinine (Cr; B), and BUN-to-Cr ratios (C) over
time. The larger confidence intervals are associated with multiorgan failure (MOF; red line). Day —! represents baseline values acquired before acute pancreatitis
onset (see main text). Time points 0—4 are days after pain onset. Comparisons between subsets with (red) and without (blue) MOF are shown.
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Albumin, Total Protein, and Albumin-to-Total Protein Ratio

To evaluate the dynamic changes in plasma proteins, we used
linear mixed-effects models, the results of which can be seen in
Table 3. Preadmission Alb and TP values were similar between
the two subsets. We noted a consistent decline in Alb, TP, and
NAPP levels throughout study time points in both MOF and non-
MOF subsets. In the non-MOF subgroup, there were slight but
nonsignificant differences in Alb, TP, and NAPP trends in
patients with SIRS (n = 17) or without SIRS (n = 22), so the two
subgroups were combined. However, in comparison with non-
MOF subset, patients with MOF demonstrated a sharper decline
in Alb (P < 0.001), TP (P < 0.001), and NAPP (P < 0.05; Fig.
3). On day 1, there appeared to be a slight increase in NAPP in
the MOF group, possibly reflecting albumin loss. However, be-
ginning on day 2, the albumin-to-NAPP ratio in the non-MOF
began decreasing, whereas the MOF ratio increased, reflecting a
proportionately larger loss of NAPP in MOF (Fig. 3C). Assuming
the NAPP is mostly large-molecular-weight proteins (e.g., immu-
noglobulins), it appears that capillary leak in non-MOF subjects
is regulated (loss of proteins the size of albumin), whereas the
capillary leak in MOF is initially regulated but becomes unregu-
lated by the end of day I, with continued and indiscriminate loss
of plasma proteins into interstitial and third spaces over the dura-
tion of the observations. Thus it follows that systemic dysfunction
of endothelial cells and CLS is a proximal cause of MOF.

DISCUSSION

The compartment model with variable capillary permeability
could be used to describe the mechanism and the characteristics
of organ systems that typically fail during the transition from
SIRS to MOF. The key variable in the model is the inclusion of
the unregulated loss of large plasma proteins in the MOF case.
We tested this hypothesis focusing on NAPP as a biomarker and
demonstrating for the first time, to our knowledge, that exuda-
tion of large plasma proteins from the vascular compartment

MECHANISM OF ORGAN FAILURE IN ACUTE PANCREATITIS

during the initial phases of AP is a critical variable determining
progression of SIRS to MOF.

Our approach differs from epidemiological and cohort-based
studies that depend on subgroup classifiers and population aver-
ages to define pathological cutoff values for various biomarkers.
We used each subject’s pre-AP biomarker values as baseline
and determined post-AP trajectories to track mechanism-spe-
cific processes and then summarized the quantitative effects
between patients with similar features (i.e., SIRS) and different
outcomes (i.e., MOF). The importance of modeling AP in this
way is highlighted by comparison of HCT levels using the sub-
ject’s baseline level, which showed dramatic changes, versus
population-based average cutoff values from various cohort
studies that could not accurately distinguish MOF from non-
MOF.

Our compartment model/influence diagram allowed key clini-
cal features of MOF to be organized and help visualize the
effect of progressive loss of Alb and NAPP and corresponding
fluid shifts on multiple systems of importance in AP. Of note,
the half-life of albumin and immunoglobulins (e.g., IgG, a major
component of large-molecular-weight proteins) is ~3 wk (1,
32), making their concentrations ideal for short-term dynamic
studies. Our findings of incremental increase in HCT only in
patients with MOF with loss of both Alb and NAPP and strong
clinical evidence of hypoperfusion of the kidneys (prerenal azo-
temia) and pancreas (high frequency of PNec) fit this model and
further support the hypothesis that systemic dysfunction of en-
dothelial cells with increased permeability to both small and
large proteins (i.e., pathological CLS) is a proximal cause of
MOF. Thus these data clarify a major pathological mechanism
of MOF in AP and possibly other disorders with SIRS and MOF
such as multiple trauma, severe burns, and sepsis (55).

The Importance of SIRS

Systemic inflammation (i.e., SIRS) is a systemic response to
pancreatic injury that has been characterized as a cytokine storm

Table 3. Results from mixed linear model: albumin, total protein, albumin-to-total protein ratio, and nonalbumin plasma

protein
Albumin Total Protein Albumin/Total Protein Nonalbumin Plasma Protein
Coefficient Estimates (95% CI) P Estimates P Estimates P Estimates P

Intercept 3.76 (3.61-3.91) <0.001 6.87 (6.61-7.13) <0.001  0.55(0.53-0.57) <0.001  3.11(2.89-3.33) <0.001
Day from pain onset —0.17 (=0.21 to —0.13) <0.001 —0.29 (—0.35 to —0.23) <0.001 —0.00 (—0.01to 0.00) 0.564 —0.12 (—0.17 to —0.08) <0.001
Multiple organ

failure = true —0.10 E70.35 to ().14% 0.415 0.00 E70.42 to ().42; 0.995 —0.01 570.05 to ().()2; 0.510  0.10 (—0.26 to 0.45; 0.599
Male 0.15 (—0.05 to 0.34 0.138  0.23 (—0.11to 0.57 0.177  0.00 (—0.03 to 0.03 0.886  0.08 (—0.22 to 0.38 0.599
Day-by-MOF

interaction —0.13 (—=0.20to —0.05)  0.001 —0.23 (—0.34 to —0.12) <0.001 —0.00 (—0.01t0 0.01) 0.789 —0.10(—0.18 to —0.01)  0.022
Random effects
o’ 0.16 0.40 0.00 0.23
Too 0.09 subject 0.31 proof.id 0.00 proof.id 0.26 proof.id
ICC 0.35 0.43 0.51 0.53
n 60 proof.id 60 proof.id 60 proof.id 60 proof.id
Observations 208 207 207 207
Marginal rz/condi-

tional r* 0.411/0.619 0.418/0.671 0.011/0.514 0.148/0.600

Values are means (95% CI). Significant P values marked in bold, and range is actually (95% CI). The models show significant reductions in albumin, total

protein, and nonalbumin plasma protein in the non-multiorgan failure (non-MOF) group equal to the negative value for “day from pain onset” for each unit of
day. In addition, the interaction term between MOF and day from pain onset shows the additional significant decrease for those with MOF for each day. There
was no significant difference for any explanatory variable for albumin-to-total protein ratio. proof.id is the subject identifier for within-subject variance. G2,

Fixed-effects variance; to0, between-subject variance; ICC, intraclass correlation coefficient.
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(31, 55). SIRS appears to be the bridge between local pancreatic
inflammation to MOF with 100% of our patients with MOF hav-
ing SIRS. Furthermore, the absence of SIRS predicts no MOF in
multiple previous studies (e.g., negative predictive value of 0.88—
0.96; Ref. 37). However, the PPV of SIRS to predict MOF is
poor (e.g., 0.11-0.43; Ref. 37), indicating that other critical varia-
bles exist between the states associated with SIRS and MOF.

We found non-MOF AP subjects had a significant loss of Alb
from the plasma, suggesting that factors associated with the
innate immune system during SIRS affect capillary permeability.
However, the effect of SIRS alone likely reflects a regulated
increase in permeability, since the trajectory of Alb loss in non-
MOF was significantly less than in MOF and the organ systems
that were measured appeared to compensate for this effect and

MOF == No =+ Yes
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MOF =4 No =+ Yes

Fig. 3. The trajectories with 95% confidence
intervals (shaded gray) of biomarkers albumin
(A), total protein (TP; B), nonalbumin plasma
protein (TP minus albumin; C), and albumin-
to-TP ratio (D) over time. Day —I represents
baseline values acquired before acute pancrea-
titis onset (see main text). Time points 0—4 are
days after pain onset. Comparisons between
subsets with (red) and without (blue) multior-
gan failure subset (MOF) are shown.
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the progression to MOF required a further factor causing patho-
logical responses in the endothelial cells. The cytokine storm as
associated factors clearly has many deleterious effects on various
body functions such as cardiac function. However, patients with
and without MOF have SIRS, suggesting that these factors alone
are not sufficient to cause pathogenic CLS and/or MOF.

Regulation of Capillary Permeability

Normally, capillary integrity depends on the binding of adhe-
rens junctions and tight junctions between endothelial cells (55).
A variety of cytokines increase capillary permeability through a
regulated disruption of adherens junctions (14, 15, 30). In
trauma, interleukin (IL)-1 and tumor necrosis factor (TNF) have
been associated with directly increasing capillary permeability
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(56). Trauma, sepsis, burns, and certain inflammatory conditions
share the sequence of SIRS with variable CLS with hypoten-
sion, edema, and other issues (55).

Capillary permeability at the endothelial level is also regu-
lated by angiopoietin-1 (ANG I) and angiopoietin-2 (ANG II).
These antagonistic autocrine peptides are expressed exclusively
in the endothelial cells (51). ANG I inhibits capillary leakage by
stabilizing the endothelium, whereas ANG II enhances capillary
leak by priming the endothelium to respond to inflammatory
cytokines. High levels of ANG II are present in patients with
sepsis and CLS (63). We (63) previously found that ANG II lev-
els from peripheral blood were significantly elevated early in
the course of AP in patients that developed MOF. Although sys-
temically elevated ANG II levels could cause systemic capillary
leak, these data fail to distinguish ANG release by a regulated
versus unregulated mechanism and fail to directly link the cyto-
kine storm of SIRS with MOF.

Association of Albumin and NAPP Levels With Severe Acute
Pancreatitis

Plasma Alb levels have been identified as biomarkers associ-
ated with MOF and poor outcomes in AP (21, 29, 52). Albumin
is a negatively charged plasma protein that is synthesized in the
liver and excreted into the bloodstream (16). It is a flexible,
ellipsoid-shaped molecule with a molecular mass of 66.5 kDa
and a diameter of 3.8 by 15 nm (57), typically modeled as a di-
ameter of ~7 nm (53). Alb is a significant contributor to total
plasma proteins and represents a protein of intermediate size
that is above the typical periendothelial cell filtration cutoff size
in nonsinusoidal nonfenestrated blood capillaries of ~5 nm as
seen in skin, muscle, adipose tissue, intestinal mesentery, and
lung (53). About 3040% of Alb is found in the vascular com-
partment, whereas the remaining Alb is distributed in the much
larger extravascular compartment so that the concentration of
Alb is higher in the blood. The Alb in the interstitial space nor-
mally returns to circulation via the lymphatics system to estab-
lish a steady state. Much of the Alb found in interstitial spaces is
transferred directly through the endothelial cells by a transcellu-
lar pathway involving caveolae via an absorptive (receptor-
mediated) or fluid-phase pathways that are also highly regulated
(35). The fact that plasma Alb but not NAPP levels dropped in
non-MOF AP (Fig. 3) suggests that the increased permeability
is regulated, especially since non-MOF patients tend to recover
quickly unless they develop complications such as sepsis or
infected PNec.

In contrast to non-MOF, the rapid drop in Alb and NAPP in
MOF suggests severe damage to the endothelial cells (e.g., en-
dothelial cell toxicity) resulting in unregulated capillary leak
with increases in Alb-to-TP or Alb-to-NAPP ratio on days 2—4
with continued loss of larger plasma proteins. In addition, there
appears to be a breakdown in the intestinal epithelial barrier
with leakage of intestinal bacteria and/or bacterial products
from the gut lumen into the mesenteric lymphatics during MOF
that may be responsible for the persistence of SIRS (25).
Whether the CLS and gut leak are affected by the same
upstream pathological agent(s) is unknown.

Kidney and Pancreas

We focused on two intraabdominal organs, the kidney and
the pancreas, that are affected by hypovolemia and reflex

MECHANISM OF ORGAN FAILURE IN ACUTE PANCREATITIS

vasoconstriction resulting in diminished perfusion. BUN and Cr
are common clinical laboratory analytes that are used to assess
kidney function and can be used to estimate intravascular vol-
ume depletion with a proportional rise in BUN and Cr (i.e., pre-
renal azotemia; Ref. 18). Evidence of prerenal azotemia was
demonstrated in this cohort (Fig. 2). Furthermore, we identified
a very high rate of PNec in the pancreas of MOF (100% with
CECT) versus non-MOF (<40% with CECT), although data
were not available in all patients. These data also support our
previous hypothesis of parallel mechanisms of kidneys and pan-
creas damage as a rise in Cr was predictive of PNec (38).

Study Strengths and Weaknesses

This study has numerous strengths. First, we were able to select
a cohort of patients that were rapidly ascertained, within <24 h of
pain onset, so that early biomarkers of pancreatitis were captured.
Second, we used mechanistic modeling to test our hypothesis
rather than agnostic data-driven models. Mechanistic models are
more useful in this type of study because each variable is
defined by known location and effect within the model, and the
effects of multiple organized and structured variables can be
applied and tested in individual cases. Mechanistic models
also provide insights into causes of phenomenon rather than
measuring the association between variables, and they require
far fewer subjects because limited number of variables avoids
penalties of multiple testing and false discovery (62). Third,
we used pre-AP laboratory values of each patient as their own
baseline, providing a more accurate assessment of dynamic
changes in biomarkers rather than using population averages
as in typical scoring systems as previously recommended by
leading experts (44). Fourth, the longitudinal measurements of
biomarkers allowed analysis of the complex behavior of each
element via generalized linear mixed model, which is less sen-
sitive to missing data. Furthermore, our data set encompassed
the detailed chronology of AP and the endpoints. Fifth, the use
of compartment/influence models also provides rationale for
designing the study and understanding sequential events and
risks for dysfunction of the cardiovascular system, the lungs,
the kidney, and the pancreas in severe AP. Another important
feature of this study is the use of common clinical biomarkers
or examinations so that the application of new insights can be
rapidly applied to patient care.

There were several limitations to this study. First, pre-AP
data and other data were obtained from existing medical records
so that analysis was limited to 57 of 218 previously ascertained
patients. As a result, some of the patients from our prospective
studies had to be excluded in this analysis because laboratory
tests such as Alb and TP were not ordered at the time of AP
admission; because there were no prior medical records in the
electronic health record to obtain preadmission laboratory val-
ues; or because some patients were transferred to our center sev-
eral days after the onset of pain and laboratory samples and
key measures were not acquired at the outside hospital.
Nevertheless, the approach and sample size were sufficient to
provide statistically significant differences between the patients
with MOF and non-MOF patients and provide critical new
insights into the nature of CLS in MOF. Second, CECT scans
were only performed in a subset of patients based on clinical
indications, so a more accurate estimate of PNec in non-MOF
and MOF was not possible. Third, the permeability of
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endothelial cells was not directly measured, nor were the con-
centrations of plasma proteins in the interstitial and other com-
partments. However, the compartment/influence model was
based on known physical and biological principles. The clinical
measures of total protein and albumin provide a reasonable esti-
mate of different capillary permeabilities that are associated
with well-established endothelial cell barrier functions. Thus we
believe that this approach is clinically useful, and the results and
interpretation are compelling.

Future directions include studies to determine how human
microvascular endothelial cells respond to serum of patients
with SIRS with or without MOF and if the response is dramatic,
to determine the mechanisms and mitigation. Second, studies
focusing on the use of fresh-frozen plasma in patients with early
signs of NAPP loss are needed. Traditional clinical studies of
AP often result in ascertainment of patients after 72 h from onset
(23); thus new technology needs to be developed to automati-
cally screen the electronic health records and alert physicians
and researchers to these conditions within 6 h of arriving at the
emergency department (44).

Conclusions

Trajectory analysis of individual patients using changes in
their own biomarker levels suggests that a regulated increase in
epithelial permeability in most patients with AP and SIRS that
is likely associated with a cytokine storm. The dramatic, pro-
gressive, and sustained loss of both Alb and NAPP from the
plasma in patients with MOF suggests widespread dysfunction
or loss of the endothelial cells with unregulated CLS. These
data are consistent with a mechanistic model in which transuda-
tion of large and small proteins and fluids into the lungs results
in pulmonary edema and lung failure. Loss of intravascular pro-
teins results in tissue edema and third spacing within extrava-
scular compartments and hypovolemia and hemoconcentration
within the vascular compartment. Intravascular hypovolemia
leading to systemic hypotension with visceral organs suffering
disproportional effects, possibly aggravated by reflex vasocon-
striction of the mesenteric and/or renal arterioles or other mech-
anisms. Further evaluation of the agents causing epithelial cell
dysfunction or loss in AP and other diseases with SIRS and CLS
and therapeutic interventions to prevent MOF is needed.
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