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Abstract

Background: Necrotizing enterocolitis (NEC) is a complex disease involving prematurity, enteral feeding, and
bacterial effects. We propose that the underlying initial condition in its pathogenesis is reduced ability of the
neonatal gut epithelial cells (NGECs) to clear oxidative stress (OS), and that when such a NGEC population is
exposed to enteral feeding, the increased metabolic OS tips the population toward apoptosis, inflammation,
bacterial activation, and eventual necrosis. The multi-factorial complexity of NEC requires characterization with
computational modeling, and herein, we used an agent-based model (ABM) to instantiate and examine our
unifying hypothesis of the pathogenesis of NEC.
Methods: An ABM of the neonatal gut was created with NGEC computational agents incorporating rules
for pathways for OS, p53, tight junctions, Toll-like receptor (TLR)-4, nitric oxide, and nuclear factor-kappa beta
(NF-kB). The modeled bacteria activated TLR-4 on contact with NGECs. Simulations included parameter sweeps
of OS response, response to feeding, addition of bacteria, and alterations in gut mucus production.
Results: The ABM reproduced baseline cellular respiration and clearance of OS. Reduction in OS clearance
consistent with clinical NEC led to senescence, apoptosis, or inflammation, with disruption of tight junctions, but
rarely to NGEC necrosis. An additional ‘‘hit’’ of bacteria activating TLR-4 potentiated a shift to NGEC necrosis
across the entire population. The mucus layer was modeled to limit bacterial–NGEC interactions and reduce this
effect, but concomitant apoptosis in the goblet cell population reduced the efficacy of the mucus layer and
limited its protective effect in simulated experiments. This finding suggests a means by which increased apo-
ptosis at the cellular population level can lead to a transition to the necrosis outcome.
Conclusions: Our ABM incorporates known components of NEC and demonstrates that impaired OS man-
agement can lead to apoptosis and inflammation of NGECs, rendering the system susceptible to an additional
insult involving regionalized mucus barrier failure and TLR-4 activation, which potentiates the necrosis out-
come. This type of integrative dynamic knowledge representation can be a useful adjunct to help guide and
contextualize research.

Necrotizing enterocolitis (NEC) is the leading gas-
trointestinal cause of death in neonatal infants. It is di-

agnosed in between one and three per 1,000 live births, with a
mortality rate of 15%–25% [1]. Prematurity, initiation of en-
teral feeding, and a putative bacterial component are con-
sidered necessary for the development of NEC, with
contributing factors including prenatal maternal or fetal in-
sults and formula vs. maternal milk feedings [2]. Although
animal models are used extensively to study NEC [3] and
have provided valuable insight into its pathophysiologic
mechanisms, the often-extreme degree of experimental ma-

nipulation required to generate the NEC phenotype generally
represents a substantial departure from the clinical conditions
associated with the disease. The relative infrequency of NEC
suggests that even in neonatal infants with identified risk
factors, there are robust systems in place that limit the oc-
currence of the disease.

The generation of NEC likely consists of a multi-factorial,
cascading systems failure acting on a susceptible population.
We suggest that the study of NEC requires an integrative
conceptual framework to bring together experimentally iden-
tified pathophysiological mechanisms and to characterize the
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crucial combinations, sequences, and patterns of failure that
lead to the clinical phenotype. To establish the baseline prop-
erties of this framework, we propose a minimally sufficient
unifying hypothesis based on the premise that immature neo-
natal gut epithelial cells (NGECs) have a reduced capacity to
clear reactive oxygen species (ROS) and to manage oxidative
stress (OS). Impaired OS management is accentuated by the
increased metabolic demands brought on by enteral feeding,
leading to a population shift from apoptotic to inflammatory
pathways. Alterations in the gut microenvironment, with
subsequent bacterial virulence activation, can lead to exacer-
bations of mucosal inflammation and the eventual necrosis
characteristic of the disease.

This unifying hypothesis is intended to provide the mini-
mal set of baseline pathophysiologic factors on which
additional putative mechanisms can be placed. Such an inte-
grative analysis requires accounting for the spatio-temporal
biocomplexity of NEC, and although techniques from systems
biology can facilitate the integration, visualization, and
manipulation of mechanistic knowledge and improve trans-
lational efforts [4–6], there is a clear need to expand beyond
the level of individual cells to characterize the behavior of
cell populations [7,8]. Pioneering work has been done in the
application of mathematical modeling to NEC with this
translational goal in mind, specifically in identifying the
conditions in which the addition of probiotics might be ben-
eficial or counter-intuitively detrimental [9]. This type of
computational investigation allows the exploration of a wide
range of conditions to describe, and potentially to explain,
seemingly unanticipated and paradoxical behaviors. This
work was performed using an ordinary differential equation
model; herein, we present an alternative approach that
utilizes agent-based modeling, a technique that offers specific
capabilities for modeling spatially diverse, dynamic, multi-
factorial systems such as NEC.

Dynamic Knowledge Representation
Using Agent-Based Modeling

Agent-based modeling is an object-oriented, rule-based,
discrete-event computational technique that employs a mod-
ular, scalable architecture to simulate biological systems
[6,10,11]. Agent-based models (ABMs) are composed of virtual
environments populated with objects (agents) that execute
behaviors according to programmed rules that govern inter-
actions with the local environment and with other agents. In-
dividual agent behaviors can differ according to local
conditions, and, in aggregate, produce population-level dy-
namics that represent the dynamics of the system as a whole.
Agent-based modeling has been used to represent dynami-
cally complex biological processes such as inflammation [4,12–
17], cancer [18–21], infectious diseases [22–26], and wound
healing [27,28]. In many biomedical applications, agents are
used to represent individual cells in a system, with multiple
classes of agents (cell types) sharing rules extrapolated from
mechanistic knowledge obtained from in vitro experiments.
The cell-as-agent is an intuitive level of resolution for bio-
medical agent-based modeling, as much basic research de-
scribes mechanistic processes that define cellular behavior,
such as signal transduction, gene regulation, protein synthesis,
and compound secretion. The advantages of cell-as-agent
representation match a similar appreciation of the importance

of spatial heterogeneity and population effects in ecology [29–
31], immunology [24,25,32–34], and epidemiology [35,36]. By
capturing the transition from individual agent behavior to the
behavior of populations, ABMs are able to recapitulate non-
intuitive, ‘‘emergent’’ behavioral patterns in dynamic systems,
such as phase transitions in physical systems [37]; flocking/
schooling behavior in birds [38], fish [39], and other ecological
systems [40]; and quorum sensing in bacteria [41,42].

Capturing this type of aggregate behavior is crucial in the
investigation of biomedical systems, because there are several
hierarchies of organization between the level of the mecha-
nism targeted for putative control (often a gene/molecule) and
the clinical relevance/implications of that intervention (whole
organism), each representing a potential epistemological
boundary where inferred consequences at a higher level of
organization cannot be assumed from mechanisms identified
at a lower level. There is a need to establish a modeling relation
between the model (be it an experimental biological system or
simulation) and the biological referent, where the ‘‘modeling
relation’’ is defined as the mapping of the generative processes
and generated outputs between the model and its referent
[10,43]. This is precisely the challenge in the translational in-
terpretation of basic science research into NEC. A primary goal
of agent-based modeling is to explore the dynamic conse-
quences of a particular mechanistic hypothesis by extending
the contextual range in which those mechanisms are manifest;
i.e., at a higher level of biological organization. Dynamic
knowledge representation aids in formalizing the modeling
relation and fills in the gaps between the context in which
mechanisms are identified (i.e., pathway information identi-
fied through in vitro experiments) and the multiple scales/
contexts traversed to get to the clinical/organism level. One of
the most important transitions occurs in the extrapolation of
single-cell behavior into cellular population behavior. There-
fore, we have chosen the cell-as-agent resolution as a means of
bridging the intra-cellular molecular knowledge derived from
basic experimental investigations to the population-level,
space-incorporating, tissue- and organ-level context necessary
to represent the system-level behavioral dynamics present in
the clinical manifestations of NEC.

Materials and Methods

Overview of modeling process: Sequential
and modular dynamic knowledge representation

Prior to a detailed discussion of the implementation of the
NEC ABM, we relate the sequence and rationale for the model
development process, as it is integral to the conclusions ar-
rived at in this paper.

The NEC ABM was created using Netlogo 4.1.1 (available
at http://bionetgen.org/SCAI-wiki/index.php/Main_Page;
Supplementary Table 1, available at www.liebertonline.com/
sur, contains a text description of the rules incorporated into
the ABM). The agent classes were NGECs, Goblet Cells (GCs),
and Bacteria. Table 1 lists these classes with brief descriptions
of the cell type represented and a list of cellular functions
incorporated into the agents’ rule sets.

Modeling NGECs as computational agents

The NGECs were modeled to perform nutrient metabolism,
senescence, apoptosis, inflammation, and necrosis. The agent
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rules representing molecular processes such as receptor acti-
vation, signal transduction, metabolism, and transcription fac-
tor effects were expressed using a detailed qualitative approach
[44,45] that consists of relatively detailed component represen-
tation (i.e., enzymes, molecular species, and genes) with quali-
tative representation of biochemical kinetics using a logic-
based, algebraic rule construction. As a result, molecular inter-
action rules are expressed as conditional statements of the form:

� If Ligand A is present, then bind to and activate Re-
ceptor B;

� If Receptor B is activated, then increase Signal Trans-
duction Enzyme C by 1; etc.

The exception to this type of rule construction is the use of Hill
functions to represent feedback control loops for metabolic
stress homeostasis (see ‘‘Modeling ROS Management’’ be-
low). See Figure 1A for an overview of the pathways incor-
porated and represented as rules in the NGEC agents; Table 1
lists the agent classes, their descriptions, and their functions;
Supplement 1 includes detailed descriptions of the specific
rules that were programmed into the NEC ABM.

Table 1. Agent Types, General Behaviors, and Functions Included

in the Necrotizing Enterocolitis Agent-Based Model

Agent Description Functions

NGECs Agents that perform basic metabolic
functions; secrete inflammatory
mediators; regulate cell death
pathways

� Cellular respiration: Nutrient consumption
that leads to generation of ROS

� ROS clearance: Decreases total ROS within
each agent

� Tight junction formation: Prevents
interaction of bacteria with cells

� Apoptosis: Programmed cell death without
spillover of cell contents

� Inflammation: Activation leads to
production of mediators (TNF-a and NO$),
which are both secreted.

� Necrosis: Cell death by excessive
inflammatory signaling with spillover of
cell contents (i.e., DAMPs)

Goblet cells Agents with ability to create protective
mucus barrier for NGECs

� Same cellular and metabolic processes as
NGECs

� Secretion of mucus, which prevents
interaction between NGECs and bacteria

Bacteria Agents with ability to activate
inflammatory pathways in NGECs
through interaction with TLR-4

� Generation of PAMPs, which activate
NF-kB in NGECs via TLR-4

� Interaction with NGECs is inhibited by
tight junctions and mucus

Reactive oxygen species Produced by cells as part of metabolism
secondary to consumption of
nutrients

� Low amounts cause generation of p53
� Large amounts cause generation of free

NF-kB
p53 Generated by cells depending on

amount of ROS; initial effector of
apoptosis

� Generation of cytochrome c, which
activates caspases to effect apoptosis

Nuclear factor-kB Principal pro-inflammatory signaling
molecule for cells

� Leads to generation of TNF-a and NO
� Presence initiates production of I-kB, its

inhibitor
Nitric oxide Product of NF-kB inflammatory

pathway
� Inhibits production of tight junction

proteins
� Secreted and absorbed by cells
� Incorporated into total ROS

Tumor necrosis factor-a Product of NF-kB inflammatory
pathway

� Secreted and absorbed by cells
� Activates NF-kB
� Activates RIP kinase

RIP kinase TNF-a receptor-mediated
inflammatory pathway

� Leads to necrotic cell death
� Spillover of NO and TNF-a to surrounding

cells
� Release of DAMPs

TLR-4 Receptor that recognizes DAMPs and
PAMPs

� Activates NF-kB

PAMPs Secreted products of bacteria � Activates NF-kB
Mucus Secreted product of goblet cells � Prevents interaction between PAMPs and

TLR-4

DAMP = damage-associated molecular pattern; I-kB = nuclear factor kappa-beta inhibitor; NF = nuclear factor; NF-kB = nuclear factor
kappa-beta; NO$ = nitric oxide; NGEC = neonatal gut epithelial cells; PAMP = pathogen-associated molecular pattern; RIP = receptor-
interacting protein; ROS = reactive oxygen species; TLR = Toll-like receptor; TNF-a = tumor necrosis factor-alpha.
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FIG. 1. Overview of agent classes and functions in necrotizing enterocolitis (NEC) agent-based model (ABM) and schematic
for Hill equations. (A) Interactions between states of the three cell types represented in the NEC ABM: Neonatal gut epithelial
cells (NGECs), goblet cells, and abstracted bacteria. Intracellular pathways of NGECs are displayed in detail and color-coded
according to function: Cellular metabolism (yellow), reactive oxygen species (ROS) generation and management (green),
senescence and apoptosis (orange), nuclear factor kappa-beta (NF)-kB (blue), tight junction (TJ) metabolism (gray), Toll-like
receptor (TLR)-4 (violet), tumor necrosis factor (TNF)-a (red), nitric oxide (pink), and necrosis (black). Goblet cells include all
these pathways (represented abstractly as block labels) plus the ability to produce mucus. Abstracted bacteria have move-
ment rules, release pathogen-associated molecular patterns (PAMPs), and can adhere to NGECs with impaired TJs if there is
no mucus intervening. Detailed descriptions of the agent rules and interactions can be found in Supplement 1. (B) How
NGEC metabolism and oxidative stress (OS) management are modeled with Hill equations. Each NGEC incorporates the
following pathway for ROS management, with a unique Hill equation used to represent each part of the pathway. The
replenishment rate for nutrients (nutrient inflow) in the system was adjusted on scale by a variable in its Hill equation. Hill
equations for ROS and ROS clearance interact to produce a final, overall metabolic ROS value. The interactions between the
Hill equations represent the control architecture of management of baseline metabolic OS. For details on the specific Hill
equations, see Supplement 1. Abbreviations: DAMPs = damage-associated molecular patterns; IkB = NF-kB inhibitor;
RIP = receptor-interacting protein kinase.
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Modeling ROS management

Our central hypothesis requires representing how each
NGEC produces and manages the ROS generation from cel-
lular metabolism. The generation of ROS by cellular respiration
has been well established [46]. We used a series of Hill function
equations to model the relations among nutrients, cellular
consumption, ROS generation, and ROS clearance (Fig. 1B;
Supplement 1). Hill equations often are used to model the
dose–response relations between a receptor and ligand math-
ematically, producing a sigmoid (S-shaped) curve. Hill equa-
tions were used in the NGECs to: (1) Approximate the kinetics
of the cell’s graduated generation of ROS secondary to me-
tabolism; and (2) represent the response of the cell’s intrinsic
oxidative stress clearance machinery to remove the ROS pro-
duced. We limited the coverage of the Hill equations to the
management of metabolism-induced stress; we recognize that
there is a cross-over between this type of OS and that brought
on by exogenous ROS, but for the purposes of separating in-
ternal cellular homeostasis and the NGEC response to external
stimuli, we deal with these two types of OS with different
modeling modules for different cellular pathways, which are
merged downstream to determine the cellular fate (see Fig. 1A
and the section on ‘‘Modeling the Effects of Stress’’).

Variables were created to represent nutrients, cellular con-
sumption, and metabolism-induced ROS generation. Nutrient
availability was modeled using a patch variable, and spatial
heterogeneity of the bioavailability of nutrients was simulated
by a random distribution of the amounts of nutrients at the
start of the experiment. Enteral feeding was simulated by
having each patch regenerate nutrients at a set global rate
based on the amount of the feeding (alterable for each experi-
ment). Rates of consumption and ROS generation were calcu-
lated by Hill equations for each individual NGEC. Individual
NGECs decreased their rate of consumption depending on the
overall amount of p53 present within the cell, as discussed in
detail below (‘‘Modeling the Effects of Excess Stress’’). Vari-
ables determining cellular ROS management were modeled on
the basis of two concepts: stress clearance sensitivity (the ability
to detect ROS) and stress clearance capability (the ability to
neutralize ROS)(Fig. 1B). Both variables manipulated separate
parts of a single Hill equation for stress clearance, but for these
simulations, the choice was made to focus on alterations in
stress clearance capability under the rationale that immaturity
might be manifest as a decrease in enzyme capability rather
than increased responsiveness to stimuli.

We hypothesized that NEC is manifested only within sus-
ceptible populations; i.e., those with reduced ability to clear OS
across the population, such that some critical percentage of the
NGECs undergo the transition to the inflammatory and ne-
crosis-generating phenotype. A random-normal distribution
of stress clearance capability, with a set upper bound for each
population called the stress clearance capability maximum
(SCCmax), was used to assign a stress clearance capability to
individual NGECs, thereby simulating a heterogeneous pop-
ulation within the NEC ABM. The upper-bound stress clear-
ance capability value was decreased incrementally for each
experiment, thus simulating different NGEC populations.
Stress clearance capability values were determined relative to
an absolute value (AbSCCmax), arbitrarily set at 0.500 with no
units and representing fully mature OS management. The
variable for stress clearance sensitivity could be manipulated

prior to the start of each experiment, but in our experiments,
this value was kept constant for all NGECs for all experimental
runs because our hypothesis focused on immaturity of the OS
management capability, not sensing, although we recognize
that the latter hypothesis may be a legitimate one.

Modeling the effects of stress: Role of p53 and
pathway to apoptosis (Fig. 1A: Pathway Orange)

An NGEC state variable was used to represent the excess or
‘‘overflow’’ amount of metabolism-generated OS remaining
after the NGEC clearance function (i.e., the amount of me-
tabolism-derived ROS that could not be cleared by the base-
line management system). We recognize that metabolism-
derived ROS is not the only OS seen by the cells: Inflammatory
conditions are associated with extracellular sources, such as
ROS, nitric oxide (NO$), and secondary metabolites produced
by inflammatory cells. For modeling purposes, we made
distinctions between OS generated as a result of metabolism,
externally generated ROS (produced by inflammatory cells
and not included in the current ABM), and NO$.

The first distinction was based on the need to separate
metabolism-derived and inflammatory cell-generated ROS in
order to represent explicitly the presumptive mechanism
underlying our central hypothesis: That immature NGECs
have reduced OS management capability, and, as a result,
otherwise-manageable byproducts of cellular respiration will
place these immature NGECs at risk for additional insults
(i.e., increased system fragility). Although the effects of ex-
ogenous ROS may be important in the propagation of NEC,
this process presupposes an initiating factor that starts the
inflammatory cycle. The focus of our investigation was
identification of those initiating factors and an attempt to es-
tablish a causative chain of events that meshed with the
known subsequent contributory factors. As a result, exoge-
nous sources of ROS, either from inflammatory cells or se-
creted by epithelial cells, were not included in the ABM.

Alternatively, because the NO effect on tight junction me-
tabolism was incorporated into the ABM (see ‘‘Modeling
Tight Junction Protein Metabolism’’ below), OS effects re-
sulting from NO$ and its secondary metabolites (abstractly
represented together with a variable called ‘‘NO’’) were in-
cluded in the NGECs. The total amount of OS sensed by the
NGEC was represented by the sum of internally generated
metabolic stress (from the Hill equations) plus a scale-cor-
rected value of NO$ present in the cell. The OS level affects the
role of the protein p53, which is generated by cells in the
presence of damaged DNA resulting from oxidative stress
[47,48]. This p53 is a crucial control point for senescence [49] to
allow DNA repair; in these cells, metabolism is substantially
decreased, allowing the ROS to be cleared and the cell even-
tually to return to a normal state. The p53 also is a direct
effector of apoptosis through stimulating the release of mi-
tochondrial cytochrome c and recruitment of caspases [50].
The exact mechanism by which cells choose between senes-
cence and apoptosis is unknown: For purposes of the NEC
ABM, we represented three categories of ‘‘stress,’’ each tied to
a different means of handling p53:

1. Low Stress, where metabolism and consumption were
governed by the baseline Hill equations; in this state,
the NGEC p53 amounts would decrease over time.
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2. Mid-Range Stress, where p53 was produced and, as it
rose, shifted the metabolism-governing Hill function to
reduce consumption (i.e., produced senescence). This
allowed metabolism-derived OS to decrease until the
amount of stress dropped into the Low Stress range, at
which point, p53 decreased.

3. High Stress, reached when p53 continued to be pro-
duced until the concentration crossed a set threshold
leading to the generation of variables for cytochrome c
and caspase proteins that subsequently activated apo-
ptotic mechanisms. This level of stress also activated
inflammatory pathways (see below in ‘‘Modeling the
Effects of Excess Stress.’’)

These two thresholds for p53 activity (with the resulting three
categories of behavior) were set during calibration of the
model and are consistent with the different roles of p53 in
different stress states.

In our model, a cell undergoing apoptosis would continue
to exist in the ABM environment but would no longer interact
with other agents in the system or carry out metabolic pro-
cesses; this arrangement mimics the non-inflammation-
generating characteristics of apoptosis. We abstracted out
cellular reproduction and as a result made the modeling
decision that apoptotic cells would be replaced through
cellular division and migration. Each NGEC also had a
minute random chance of undergoing apoptosis.

Pathways to inflammation and necrosis

The cellular pathways incorporated in the current NEC
ABM up to this point did not include inflammatory pathways
to necrosis. In fact, the p53 control mechanism operating
within the Mid-Range Stress is extremely robust in terms of
preventing apoptosis secondary to metabolism; this is con-
sistent with the general recognition that metabolism-gener-
ated OS usually is not relevant pathophysiologically.
Furthermore, because apoptosis is recognized as a non-in-
flammatory cell fate, the next modeling step involved adding
pathways for inflammation and necrosis to the ABM in a
fashion consistent with published knowledge. The first step
was to simulate the initiation of inflammation arising from a
failure point in the p53 OS response system where excess OS
activated inflammatory pathways leading to nuclear factor
kappa-Beta (NF-kB). Additionally, exogenous inflammatory
triggering was included through a representative pathogen-
associated molecular pattern (PAMP)/damage-associated
molecular pattern (DAMP) signaling pathway, Toll-like re-
ceptor 4 (TLR-4). We hypothesized that both of these com-
ponents are necessary in the cascading systems failure that
leads to NEC.

Modeling effects of excess stress:
NF-kB and tumor necrosis factor-a
(TNF-a)(Fig. 1A: Pathways Blue and Red)

The analysis of the effect of excess OS overriding the p53
control system focused on the role of NF-kB. The behavior of
NF-kB was modeled to reflect its dis-inhibition activation
mechanism, well described in the literature [51]. At baseline
non-activation, a variable for NF-kB was bound to a variable
for ikB, its inhibitor. Activation of NF-kB resulted from its
separation from ikB and the release of a free NF-kB variable.

In a negative feedback control loop, free NF-kB resulted in the
generation of variables for ikB mRNA and, consequently, ikB
protein. Any free ikB would immediately bind to and de-
crease free NF-kB. Both ikB mRNA and protein were pro-
duced at the baseline state until all free NF-kB was bound. In
the literature, NF-kB has been documented to be activated by
the administration of exogenous free radicals [52,53]; we
modeled this effect by having NO positively feed back on the
total OS level of the NGECs. When the oxidative stress level
rose into the High Stress category, the NF-kB pathways were
activated. The presence of free NF-kB in the cell was made to
increase the production of variables for TNF-a [54] and NO
[55–57]. The TNF-a and NO were secreted to surrounding
patches. Also, NF-kB directly decreased the variable for cy-
tochrome c, thus inhibiting apoptosis [58,59].

The modeled effects of TNF-a were derived from the lit-
erature also [60]. After secretion, TNF-a activates the NF-kB
pathway by interacting with a variable for TNF-a receptor
(TNF-aR), which is expressed constitutively on all NGECs.
By interacting with TNF-aR, TNF-a increases a variable
representing receptor-interacting protein (RIP) kinase, an
effector of necrosis [61]. As opposed to apoptotic cells, NGECs
undergoing necrosis would diffuse their variables for TNF-a
and NO$ into surrounding patches; this reflects the pro-
inflammatory nature of necrosis vs. the non-inflammation-
inducing nature of apoptosis.

Modeling the influences of microbial pathogens
and cellular damage: TLR-4 (Fig. 1A: Pathway Violet)

A variable for TLR-4 was created based on a review of the
literature [62,63]. Variables for PAMPs and DAMPs could
interact with TLR-4. We recognize that there are other path-
ways for responding to PAMPs/DAMPs; however, the con-
tribution of TLR-4 has been studied extensively in NEC, and
for abstraction purposes, we focused the representation of the
PAMP/DAMP response within the current ABM to the TLR-4
pathway. The PAMPs were modeled as resulting from bac-
teria (see section below on ‘‘Modeling Bacteria as Computa-
tional Agents’’), whereas DAMPs were generated by necrotic
NGECs (represented by an abstract variable called ‘‘damage-
signal’’). Downstream signal transduction through the TLR-4
pathway was highly abstracted and resulted in activation of
NF-kB. Following this point, NF-kB activity followed the
same pathway as that resulting from TNF-a activation. The
importance of this pathway is that it provided an additional
and alternative route for the activation of NF-kB.

Modeling tight junction protein metabolism
(Fig. 1A: Pathway Gray)

All NGECs maintain tight junctions, which prevent direct
interaction with bacteria. Rules for tight junction formation
and metabolism were derived from the literature [64]. Al-
though the actual cellular tight junction complex is composed
of several families of proteins, we abstracted it into a single,
unified Tight Junction protein variable, which was generated
from variables for tight junction protein mRNA, translated
into a cytoplasmic tight junction protein, then localized to the
cell membrane as the final, functional complex. This ab-
stracted model was sufficient to interact with variables for
other cellular products, such as NO$, which degraded tight
junction mRNA and cytoplasmic proteins [65].
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Modeling GC dynamics

An agent sub-class was created for GCs; they were re-
presented as a subgroup of NEGC agents. In addition to in-
corporating all the stress management and response
pathways present in the NGECS, they included rules gov-
erning the production of mucus [66–68]. Goblet cells increased
patch variables for mucus, which was diffused to surrounding
patches. Sufficient amounts of mucus prevent interaction be-
tween bacteria and NGECs. However, GCs could be subjected
to the same risk of apoptosis as the rest of the NGECs, ex-
tending our unifying hypothesis of impaired OS management
to GC populations. The importance of this model component
is that it provides a pro-necrosis pathway (for the entire
population) that arises from apoptosis, which normally is
considered an inflammation-damping trajectory. As GCs
were depleted through OS-induced apoptosis, there was a
reduction of the mucus layer and a greater likelihood of
bacteria–NGEC contacts. It should be noted that this latter
effect manifested only at the mixed cellular population level
and therefore constituted the type of emergent property that
challenges the translation of cellular mechanism to tissue and
organ function.

Modeling bacteria as computational agents

An agent class was created for generic ‘‘Bacteria.’’ The
representation of bacteria in this ABM was extremely abstract:
They were able to move independently and to adhere to
NGECs in the absence of adequate mucus and intact tight
junctions. On attachment, bacteria would increase a variable
for PAMPs, which interacted with a variable for TLR-4.

Executing the model: Simulation time scale

A variable for time was created based on each ‘‘tick’’ of the
model, which is one execution cycle of the ABM’s code. One
tick represents 5 min of simulated time. Twelve ticks were
made to correspond to 1 h, which were subsequently mea-
sured in days.

Simulation experiment outputs and conditions

All experiments were run for seven days of simulated time.
To establish the metrics of model behavior, we defined five
simulation outcomes. The first three were based on what cell
fate type represented the majority of NGECs at the end of a
simulation run ( > 50% or > 312 cells): (1) Necrosis, when the
majority of NGECs underwent necrosis; (2) Apoptosis, when
the majority of NGECs underwent apoptosis; and (3) Healthy,
when the majority of the NGEC population did not undergo
either necrosis or apoptosis. There also were two classes of
outcome interposed when no single outcome type was in the
majority: (1) Mixed Necrosis–Apoptosis, when the number of
necrotic and apoptotic NGECs was greater than the number
of apoptotic and healthy NGECs; and (2) Mixed Apoptosis–
Healthy, when the number of apoptotic and healthy NGECs
was greater than the number of necrotic and apoptotic
NGECs.

To map the behavior of the ABM to the clinical manifes-
tation of NEC, we further defined a ‘‘survival outcome’’ as a
non-Necrosis outcome. The rationale for this division is that,
given the inflammation-damping effects of apoptosis, we did
not consider apoptotic NGEC populations either as a proxy

for the NEC phenotype or necessarily to be a pathway to the
bowel necrosis seen in clinical NEC. We abstracted out NGEC
replication and regeneration and therefore considered apo-
ptotic NGECs as being replaced without negative conse-
quences within the timeframe of the simulated experiments
(seven days). Furthermore, although we defined the Necrosis
outcome as representing the clinical manifestation of NEC, the
presence of the Mixed Necrosis–Apoptosis outcome also re-
presented a potentially interesting subset of behaviors by the
NEC ABM. These simulations represented a group where
‘‘patches’’ of necrotic NGECs were present, but these areas did
not propagate throughout the system. This group may
therefore represent ‘‘NEC scares,’’ with corresponding im-
plications for additional investigation. However, for the cur-
rent set of experiments, the focus was on establishing the level
and patterns of outcome present in the NEC ABM.

Successive parameter sweeps to indentify clinically
relevant model configurations

Initial experimental simulations consisted of parameter
sweeps of the maximum Stress Clearance Capability (SCCmax)
with maximum feeding and without bacteria or goblet cells.

FIG. 2. Schematic description of parameter sweeps per-
formed for maximum stress clearance capability (SCCmax).
Population of neonatal gut epithelial cells (NGECs) in the
necrotizing enterocolitis (NEC) agent-based model (ABM)
has a normal distribution of values for SCC for each cell; this
allows intercellular heterogeneity within the population. This
normal distribution has an upper bound, represented by the
SCCmax. Absolute maximum SCCmax value in the NEC ABM
was 0.500 (arbitrarily set and unit-less). When performing
parameter sweep, the SCCmax was decreased sequentially,
with the normal distribution of SCC values falling into pro-
gressively narrower ranges, resulting in NGEC population
with progressively impaired oxidative stress (OS) manage-
ment capability. This figure presents examples of distribu-
tions of NGEC SCC at SCCmax of 100% (representing fully
mature OS management capability), 85%, and 50%.
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Maximum feeding in the absence of bacteria or goblet cells
was used to establish a baseline behavior space of the NGEC
populations and to determine tipping points of the NGEC OS
management system in terms of health, apoptosis, or necrosis.
The SCCmax was decreased incrementally across the entire
range of values, thus placing the NGEC population distribu-
tion of Stress Clearance Capacity in progressively narrower
ranges (see Fig. 2 for a schematic depiction of this process).
The overall rates of the five outcome classes were recorded
across the SCCmax range (from 0–0.500, representing 0%–
100% AbSCCmax) to identify transition points between out-
comes and thus establish an SCCmax value or range of values
that could correspond to the clinical manifestations of an at-
risk-for-NEC population. The defined properties of the at-
risk-for-NEC population were: (1) The population could not
always be healthy (i.e., there had to be a possibility that ne-
crosis would arise); and (2) the population should not gen-
erate necrosis spontaneously with any significant frequency
(i.e., clinical NEC is a relatively rare occurrence).

A range of SCCmax values that met these criteria was then
used as the basis for the addition of other ABM components,
specifically bacteria (activating TLR-4) and GCs (producing a
mucus barrier). Additional parameter sweeps were per-
formed within the limited SCCmax range to narrow the at-
risk-for-NEC population further. These additional model
components were added as separate agent classes that pro-
vided ‘‘external’’ inputs to the NGECs, thereby altering the
dynamic consequences of the NGEC’s internal rules (i.e., the
signaling and metabolic pathways seen in Fig. 1A) and resulted
in alterations in the rates of apoptosis and necrosis for the
NGEC population as a whole. For each simulation run, bacteria

and GCs were added to the experiments after an NGEC ROS
management equilibrium point was reached, defined as sta-
bilization of tight junctions. The influences of bacteria and GCs
were tested incrementally, bacteria first, then with GCs, to
determine their effect on the rates of apoptosis and necrosis
phenotype generation in the NGEC population.

Results

The rules and functions in the NEC ABM were implemented
successfully, with the NGECs able to consume nutrients, gen-
erate ROS, and manage ROS on the basis of the Hill equations.
An NGEC with 100% AbSCCmax (value 0.500) exhibited no
generation of p53 or NF-kB activity regardless of the amount of
nutrients available and consumed, consistent with the accepted
concept that in mature cells under normal conditions, metab-
olism-generated OS do not represent a significant OS burden.
As the parameter sweep progressed with lower values of
SCCmax, the individual NGECs sequentially entered the func-
tions associated with greater stress and correspondingly pro-
duced values for p53, NF-kB, NO$, and TNF-a.

Results of SCCmax parameter sweep with full
feedings, no bacteria, and no GCs ( - Bact/ - GC)

The initial parameter sweep of SCCmax was performed in the
absence of bacteria but with full enteral feeding to establish the
baseline behavior space of the NGEC population. The range of
interest consisted of values of SCCmax between where the NEC
ABM nearly always had a Healthy outcome (and thus re-
presenting ‘‘mature’’ OS management capability) and where
the NEC ABM always underwent Necrosis (representing a non-

FIG. 3. Results of parameter sweep from absolute maximum stress clearance capacity (SCCmax) (AbSCCmax) from 30% to
40% with maximum feedings, no bacteria, and no goblet cells ( - Bact/ - GC). Shown are the results of experimental runs
(n = 100 each for seven days’ simulated time) performed for SCCmax values between 0.150 and 0.200 at 0.005 increments
representing 30% AbSCCmax and 40% AbSCCmax at 1% increments. Simulations in this range uniformly resulted in the
Necrosis (Nec) outcome, whereas above this range, simulation runs essentially always produced the Healthy outcome. Trends
of the five possible outcomes followed expected pattern, where more severe outcomes were present at lower levels of SCCmax

(representing more impairment of SCC). There is a transition zone between SCCmax values of 0.160 (32% AbSCCmax) and
0.165 (33% AbSCCmax) in terms of ‘‘survival’’ (defined as non-Necrosis outcomes) where the Necrosis outcome disappears.
Given the assumption that the addition of the bacteria would lead to more severe outcomes, SCCmax 0.170 (34% AbSCCmax)
was included in the range of interest representing the at-risk-for-NEC conditions, denoted by A. Apop = apoptosis.
NGEC = neonatal gut epithelial cells.
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survivable impairment of OS management capability). We
identified this range as being bounded by values of 0.150, or
30% AbSCCmax, and 0.200, or 40% AbSCCmax, the percentages
reflecting the proportional amount of reduction of the SCC
distribution within each population. The NEC ABM outcomes
within this range are shown in Figure 3. The relative trends of
each of the five outcomes followed an expected pattern, where
the number of more severe outcomes decreased as the values of
SCCmax increased. Furthermore, with ‘‘survival’’ defined as
non-Necrosis outcomes, there was a transition zone between
SCCmax values of 0.160 (32% AbSCCmax) and 0.165 (33% Ab-
SCCmax), where the Necrosis outcome disappeared. Given that
this set of simulations did not include the bacterial component
and the reasonable assumption that the addition of the bacte-
rial component would increase the likelihood of severe out-
comes, the range of interest was extended one interval to

include the SCCmax 0.170 (34%) population to represent at-risk-
for-NEC conditions. This range is denoted by Letter A in Figure
3 and was used for subsequent additions of bacteria and GCs.
In order to provide a frame for comparison, a finer-grained
parameter sweep with full feedings, no bacteria, and no GCs
was run between SCCmax 0.160 (32%) and 0.170 (34%) in in-
crements of 0.001. The result of this parameter sweep is shown
in Table 2 and Figure 4 and demonstrates a transition point
with respect to the presence of the Necrosis outcome between
SCCmax 0.162 and 0.163.

Results of SCCmax parameter sweep with full
feedings, bacteria, and no GCs ( + Bact/ - GC)

Bacterial agents were added to the NEC ABM, and a series
of simulations was performed for SCCmax values between

Table 2. Results of Parameter Sweeps of SCCmax between Values of 0.160 to 0.170
in Increments of 0.001 in Three Groups of Simulated Experiments

a

No bacteria or goblet cells Bacteria, no goblet cells Both bacteria and goblet cells

SCCmax Nec
Nec/
apop Apop

Apop/
health Health Nec

Nec/
apop Apop

Apop/
health Health Nec

Nec/
Apop Apop

Apop/
health Health

0.160 23 10 60 7 0 92 4 0 4 0 30 26 0 44 0
0.161 6 15 75 4 0 74 19 0 7 0 14 17 7 62 0
0.162 7 9 79 5 0 63 23 0 14 0 4 11 1 86 0
0.163 0 8 77 15 0 45 29 0 26 0 1 6 6 89 0
0.164 0 1 77 22 0 40 26 0 34 0 0 2 5 97 0
0.165 0 0 76 24 0 17 23 0 60 0 0 0 8 92 0
0.166 0 0 82 18 0 9 21 0 70 0 0 0 3 97 0
0.167 0 0 77 23 0 5 12 0 83 0 0 1 11 88 0
0.168 0 0 74 26 0 2 2 0 96 0 0 0 8 92 0
0.169 0 0 76 24 0 0 3 0 97 0 0 0 5 95 0
0.170 0 0 71 29 0 1 3 0 96 0 0 0 9 91 0

aN = 100/experiment. These are the tabular data displayed in Figures 4–7.
Apop = apoptosis; Nec = necrosis; SCC = stress clearance capability.

FIG. 4. Finer-grained parameter sweep of maximum stress clearance capability (SCCmax) between 0.160 and 0.170 with full
feedings, no bacteria, and no goblet cells ( - Bact/ - GC). A parameter sweep to the range of SCCmax corresponding to Letter
A in Figure 3 was performed between SCCmax 0.160 (32%) and 0.170 (34%) at increments of 0.001. This was done to form a
frame of reference between the - Bact/ - GC conditions reflecting solely the effects of maximum feedings with subsequent
addition of bacteria and goblet cells (see Figs. 5–7). There is a transition point with respect to the Necrosis (Nec) outcome
between SCCmax 0.162 and 0.163. Apop = apoptosis. NGEC = neonatal gut epithelial cells.
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0.160 (32% AbSCCmax) and 0.170 (34% AbSCCmax) at intervals
of 0.001 (N = 100 simulation runs). The results of these simu-
lations is shown in Figure 5. There was the expected greater
severity of outcome for each value of SCCmax. Notably, the
absence of the Necrosis outcome was shifted from SCCmax

0.163 in the - Bact/ - GC group to an SCCmax range of around
0.169 to 0.170 (sporadic) in the + Bact/ - GC group. This shift

demonstrated the inflammation- and necrosis-potentiating
effect of activation of the TLR-4 pathway by bacteria and
helped identify the potential range of SCCmax approximating
the relative rarity of clinical NEC (values of 0.167–0.170 with a
Necrosis outcome incidence of 0–6%; see Table 2). Further-
more, these experiments documented that the Apoptosis out-
come disappeared in all simulation runs. Our interpretation is

FIG. 5. Parameter sweep of maximum stress clearance capability (SCCmax) between 0.160 and 0.170 with full feedings,
bacteria, and no goblet cells ( + Bact/ - GC). Bacterial agents were added to the necrotizing enterocolitis agent-based model, and
a series of simulations was performed for SCCmax values between 0.160 (32% AbSCCmax) and 0.170 (34% AbSCCmax) at intervals
of 0.001 (n = 100 simulation runs). There was an expected greater severity of outcome for each value of SCCmax at each value of
SCCmax with the threshold for the absence of the Necrosis (Nec) outcome shifted from SCCmax 0.163 in the - Bact/ - GC group to
an SCCmax range of around 0.169 to 0.170. Furthermore, the Apoptosis (Apop) outcome disappeared in all simulation runs. Our
interpretation is that bacterial activation of the pathogen-associated and damage-associated molecular pattern signaling
pathways (represented in the NEC ABM by Toll-like receptor-4) provides a group-separating selection pressure on apoptotic
neonatal gut endothelial cells (NGECs) to either progress to necrosis or ‘‘escape’’ toward recovery.

FIG. 6. Parameter sweep of maximum stress clearance capability (SCCmax) between 0.160 and 0.170 with full feedings,
bacteria, and goblet cells ( + Bact/ + GC). Goblet cells and mucus layer were added and simulations performed for SCCmax

values between 0.160 (32% AbSCCmax) and 0.170 (34% AbSCCmax) at intervals of 0.001 (n = 100 simulation runs). Mucus in the
necrotizing enterocolitis agent-based model blocks interaction between bacteria and neonatal gut endothelial cells (NGECs),
preventing bacterial adherence and subsequent activation of Toll-like receptor-4 pathway by pathogen-associated molecular
patterns. There is an expected leftward shift in the severity of outcome (improved survival) compared with + Bact/ - GC
runs, seen in Figure 5, but not a complete return to the dynamics found in the - Bact/ - GC simulations, seen in Figure 4.
Apop = apoptosis; Nec = necrosis.
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that NGECs tending toward apoptosis were forced into a bi-
nary decision by the activation of the PAMP/DAMP signaling
pathways. This finding suggested that a substantial effect of
bacteria in NEC could provide additional selection pressure,
forcing those NGECs with sub-borderline OS management
capability to progress to necrosis but, conversely, allowing
NGECs just above this threshold to escape into recovery tra-
jectories.

Results of SCCmax parameter sweeps with full
feedings, bacteria, and GCs ( + Bact/ + GC)

Goblet cells and a mucus layer were added to the NEC
ABM, and a series of simulations was performed for SCCmax

values between 0.160 (32% AbSCCmax) and 0.170 (34% Ab-
SCCmax) at intervals of 0.001 (N = 100 simulation runs). Mucus
was implemented in the NEC ABM such that the presence of
an intact layer of mucus blocked the interaction between
bacteria and NGECs, preventing bacterial adherence and
subsequent activation of the TLR-4 pathway by PAMP.
Therefore, it was expected that there would be a leftward shift
in the severity of outcome and perhaps a return of Apoptosis.
This is seen to some degree in Figure 6, where there is a clear
protective effect compared with the behaviors documented in
the + Bact/ - GC experiments (see Fig. 5), but not a complete
return to the dynamics seen in the - Bact/ - GC simulations
(see Fig. 4). An incomplete protective effect of GCs and mucus
is seen in Figure 7, a comparison of the relative behaviors of
the three groups for a range of SCCmax (0.161–0.163) that
produced Necrosis outcomes at a degree approximating the

clinical rarity of NEC. Our interpretation of this finding is that
apoptosis of GCs and subsequent depletion of their popula-
tion led to reduced mucus production for the NEC ABM as a
whole, with regional differences based on the location of ap-
optotic GCs. These areas depleted of mucus then became
entry points for bacterial–NGEC interactions that tipped the
NGECs toward inflammation and necrosis.

A representative series of NEC ABM screenshots can be
seen in Figure 8, demonstrating: (1) Normal intact mucus in
Low Stress conditions; (2) a High Stress circumstance with
patchy areas of apoptotic NGECs and GCs and corresponding
mucus depletion; and (3) the subsequent progression to ne-
crosis, with adherent bacteria and areas of necrotic cells.
Significantly, this mixed population dynamic provides a
means by which apoptosis, normally considered an inflam-
mation-dampening process, could contribute to the genera-
tion of an overall inflammation–necrosis behavioral pattern at
the system level.

Discussion

Despite decades of research, there still is no clear delineation
of the pathogenesis of NEC. We have applied ABM to the body
of literature regarding this disease to test our hypothesis that
inability to manage OS adequately in NGEC populations is an
initiating factor in the pathogenesis of NEC. Our ABM im-
plemented cellular signaling pathways in NGECs concerning
cellular respiration, OS management, apoptosis, and inflam-
mation and integrated them with factors known to affect the
pathogenesis of NEC—enteral feeding, bacterial effects, and

FIG. 7. Comparison of relative number of Necrosis (Nec) outcomes with addition of bacteria (Bact), and then goblet cells
(GCs)/mucus for range of stress clearance capability (SCCmax) 0.161 to 0.163). This range of SCCmax values produces Necrosis
outcomes to a degree approximating clinical rarity of necrotizing enterocolitis. Although protective effect of mucus is
pronounced (compare + Bact/ - GC with + Bact/ + GC), it is not complete ( - Bact/ - GC vs. + Bact/ + GC). This latter finding
suggests that apoptosis (Apop) of GCs and subsequent depletion of their population leads to regionally reduced mucus
production. These areas depleted of mucus then become entry points for bacterial–neonatal gut epithelial cell (NGEC)
interactions that tip NGECs toward inflammation and necrosis.
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mucus barrier integrity—to generate a plausible set of behav-
iors consistent with the clinical incidence and dynamics of NEC.

The difficulty in solving the puzzle of the pathogenesis of
NEC is reflected in its broad clinical presentation, ranging
from simple feeding intolerance and abdominal distention to
pneumatosis intestinalis and full-thickness necrosis. There is
an ill-defined relation between therapy and outcome. For in-
stance, a ‘‘NEC scare,’’ treated by bowel rest and antibiotics,
may, in one situation, be associated with improvement,
whereas in another, it may be followed by full-blown NEC
and patient death. Our current understanding of the patho-
physiological trajectory of NEC is insufficient to allow the
parsing of what works, what does not, and what might be
incidental to the outcome. The literature concerning NEC is
broad, covering detailed mechanisms of cell injury, inflam-
mation, and immunity [69]; properties of the gut microbiome
[70]; and the contributory effects of both commensal [71] and
pathogenic [72] organisms. However, despite this extensive
study and characterization, the transition from the presence of
risk factors and a clinical suspicion of NEC to full-blown NEC
remains a significant diagnostic challenge and an area of in-
tensive investigation. This is partly because the paucity of
real-time ‘‘pre-’’surgical NEC data at the intestinal level re-
lated to local biochemical and microbiome information in
human beings does not allow characterization across a spec-
trum of severity of NEC-like conditions. Much existent data of
this type are from the rodent experiments discussed above,
with the associated limitations of characterizing the ‘‘pre’’-
NEC state effectively. It is exactly for this reason that we assert
that the type of computational modeling presented herein can
provide a useful adjunct to current studies of NEC. In silico

experiments integrate these contributory mechanisms in a
form that allows a researcher to explore temporal states at a
much higher degree of resolution and control than is feasible
in the real world and permits the ‘‘movie’’ to be run backward
to examine those conditions that led up to the development of
the clinical phenotype.

Our model proposes a single unifying mechanism-based
hypothesis, in which the immaturity of a single innate char-
acteristic (OS clearance) of epithelial cells can affect an entire
system, ultimately producing necrosis in a susceptible popu-
lation. The ROS leading to OS have long been recognized as
playing an important role in the pathogenesis of NEC [73,74],
but the question remains about the initial source of excess
ROS, which, once present, can initiate the inflammatory cycle.
We posit that there is a functional manifestation of prematu-
rity and immaturity in the NGECs that leads them to be
susceptible to the cascading series of events that can cause
NEC eventually. The NEC ABM may explain how general-
ized mucosal inflammation can lead to necrosis, given the
right set of circumstances and perturbations. Outside severe,
population-wide ROS management immaturity ( < SCCmax

0.163 and 32.6% AbSCCmax), feeding alone cannot produce
necrosis. This is consistent with the body of literature re-
garding the clinical manifestation of NEC and further em-
phasizes the importance of additional factors, such as
inflammatory signaling, of which TLR-4 activation is an ex-
ample [75], in exacerbating the progression of the disease.
Furthermore, as a single causative organism has not been
identified in the pathogenesis of NEC [76], we implemented
generic bacterial agents with certain virulence properties;
thus, it is not the type of organism that is important in the

FIG. 8. Representative screenshots of necrotizing enterocolitis agent-based model, demonstrating intact mucus, patchy
apoptosis, and necrosis. The topology of the model is a square grid. Neonatal gut epithelial cell (NGEC) agents are re-
presented as solid circles of various shades of red: Lighter shades denote Low Stress, whereas deepening red corresponds to
greater levels of stress, leading to black solid circles. Bacterial agents are rod-shaped: Green if non-adherent, green outline
with red cores if adherent and activated. Goblet cells are represented by larger light blue circles. Apoptotic cells are shown as
small yellow circles. Necrotic cells are represented by outlined (in red for NGECs, blue for GCs) black circles. The amount of
mucus is represented by green shading of the background: Lighter shades correspond to adequate amounts of mucus,
whereas progressively darker areas reflect mucus depletion. (A) Viable goblet cells with an intact mucus layer under only
mild to moderate stress. Bacteria are present but impeded from interacting with NGECs. (B) A more highly stressed system,
with patchy areas of highly stressed cells with corresponding areas of mucus depletion (white outlined areas). Bacteria have
not yet become adherent, and there are rare necrotic NGECs. (C) Progression to necrosis, with clusters of adherent bacteria
and patches of apoptotic and necrotic cells. OS = oxidative stress.
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generation of NEC but rather what said organism is able to do
when it interacts with NGECs. Our ABM also demonstrated,
through the simulations including GC function and the mu-
cus layer, a system-level consequence of higher apoptotic
potential, a type of cellular behavior/fate that generally is
considered to dampen the propagation of inflammation.
These simulated behaviors are consistent with reports that
there is some degree of GC impairment associated with pre-
maturity [67,77,78] and suggests that the dynamics of GC
population behavior and function represent an intriguing
target for future research.

The limitations of the ABM are reflected primarily by the
degree of abstraction present at its current state of develop-
ment. For instance, only epithelial necrosis has been modeled
thus far, whereas the clinical entity of NEC spans the full
intestinal thickness of affected segments. In addition, the ef-
fect of innate and adaptive immune response mechanisms has
yet to be incorporated into the ABM. Other notable factors not
yet present in the ABM include the effect of probiotics in
protecting NGECs, the effect of antibiotics in aiding the
eradication of pathogens, different metabolic consequences
resulting from different types of enteral feedings, the effect of
maternal milk vs. formula on bacterial population character-
istics, and ecological shifts and virulence dynamics associated
with gut bacterial populations. These factors will be the sub-
jects of future development, in conjunction with current basic
research projects.

It is important to emphasize that the goal of our ABM is not
to prove our hypothesis; rather, it is to demonstrate that our
hypothesis is plausible and to provide a framework suggesting
that additional research in the realm of ROS management may
help elucidate the pathogenesis of NEC. The primary goal of
this type of dynamic knowledge representation is to allow the
generation and exploration of potentially plausible explana-
tory hypotheses, which can then be used to direct and guide
future research, both in terms of attempting to find evidence of
the underlying hypothesis (i.e., that premature NGECs actu-
ally do have decreased OS management capability) and being
able to suggest new descriptive paradigms to characterize
NEC. For instance, transcriptomic and proteomic analysis of
stress management components can be performed to see if
there is a difference between premature and mature en-
terocytes. This would allow the determination of the actual OS
clearance capacity associated with prematurity. Additionally,
immaturity might be characterized as causing greater fragility
or impaired resistance to environmental alterations; this raises
the question of what constitutes the mechanism by which
maturity leads to greater robustness. One particular aspect of
the current NEC ABM that might represent an area for further
investigation is the Mixed Necrosis–Apoptosis outcome group: It
is plausible that this set of simulation outcomes corresponds to
pre-NEC states, manifest clinically as NEC scares. Character-
ization of the dynamics and properties of this simulation may
provide insight into potential diagnostic targets for identifying
those NEC scares that can be managed effectively with bowel
rest and those that will mandate more aggressive interven-
tions. The NEC ABM offers the possibility that alterations in
feeding (specific metabolic profiles reducing the generation of
oxidative metabolites), bacterial interdiction (through syn-
thetic mucus augmentation), epithelial protection strategies
(through growth factors such as epidermal growth factor), or
suppression of DAMP/PAMP signaling (anti-TLR) might be

simulated to evaluate their relative and situational efficacy.
The determination of the right therapy in the right situation at
the right time can be obtained comprehensively only through
the use of computational models that provide high-resolution
information on system states and trajectories. Finally, al-
though we know that there are no specific microbial species
causal for NEC, there might be certain properties associated
with ‘‘NEC-genic’’ microbial species. Some possibilities in-
clude:

1. Metabolic capacity to generate high-stress compounds
such as short-chain fatty acids, known to be involved in
inflammatory processes associated with NEC [79–81];

2. Mucus-degrading capacity that would impair mucus
barrier function and thereby increase bacterial–NGEC
encounters;

3. Inflammatory signaling potential, such as is seen in
Pseudomonas aeruginosa;

4. Low threshold of virulence activation.

Enhancing the ability to engage in these speculations is
exactly the justification for the use of ABMs for dynamic
knowledge representation: Methods and tools that allow the
in silico exploration and testing of putative hypothesis con-
figurations and suggest future experiments that could query
the key points of difference between proposed hypotheses.
For a disease as broad as NEC, in which several normally co-
existent systems are disrupted in the generation of the disease,
new and wholly integrative approaches such as ABM are
valuable adjuncts to established clinical and basic science re-
search.
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