
ORIGINAL ARTICLE

Evaluating the effects of immediate application of negative
pressure therapy after decompression from abdominal
compartment syndrome in an experimental porcine model

S. K. Shah • F. Jimenez • P. A. Walker •

H. Xue • T. D. Feeley • K. S. Uray • K. C. Norbury •

R. H. Stewart • G. A. Laine • C. S. Cox Jr

Received: 11 February 2011 / Accepted: 28 June 2011 / Published online: 29 July 2011

� Springer-Verlag 2011

Abstract

Purpose The purpose of this large-animal study was to

assess the safety and effects of negative pressure therapy

(NPT) when used as temporary abdominal closure in the

immediate post-decompression period after abdominal

compartment syndrome (ACS).

Methods Using a hemorrhagic shock/resuscitation and

mesenteric venous pressure elevation model, ACS was

physiologically induced in 12 female Yorkshire swine. At

decompression, animals were allocated to either NPT

(n = 6) or Bogota bag (n = 6) as temporary abdominal

closure and studied for a period of 48 h or until death.

Outcomes measured included morbidity and mortality, as

well as hemodynamic parameters, ventilator-related mea-

surements, blood gases, coagulation factors, and organ

(liver, kidney, lung, and intestinal) edema and histology at

the time of death/sacrifice.

Results All animals developed ACS. Early application of

NPT was associated with decreases in mesenteric venous

and central venous pressure, and significantly increased

drainage of peritoneal fluid. In addition, there was no

increase in the incidence of mortality, recurrent intra-

abdominal hypertension/ACS, or any deleterious effects on

markers of organ injury.

Conclusions Early application of NPT in this porcine

ACS model is safe and does not appear to be associated

with an increased risk of recurrent intra-abdominal hyper-

tension. The results of this animal study suggest that the

application of NPT following decompression from ACS

results in greater peritoneal fluid removal and may translate

into augmented intestinal edema resolution secondary to

more favorable fluid flux profiles.

Keywords Compartment syndrome � Laparotomy �
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Introduction

Over the last several decades, the morbidity and mortality

associated with traumatic injuries have decreased second-

ary to aggressive resuscitation strategies and the wide-

spread adoption of damage control surgery. While early

aggressive intervention improves patient survival, there are

a number of resulting pathophysiological derangements,

including hemodilution and increased capillary perme-

ability from global ischemia/reperfusion injury. An end

consequence is the development of edema in various organ

systems and the translocation of fluid into the peritoneum.

When allowed to progress without timely intervention,
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these factors contribute to the development of abdominal

compartment syndrome (ACS). The World Congress on

Abdominal Compartment Syndrome consensus statement

defines ACS as an intra-abdominal pressure (IAP)

[20 mmHg, leading to new-onset organ dysfunction [1].

This may include elevated peak airway pressures (as a

reflection of increased IAP), deceased urine output,

decreased PaO2/FiO2 (P:F) ratio (\150), and/or decreased

cardiac index [2]. ACS is associated with significant

morbidity and mortality (approximately 50% by current

estimates) [2, 3]. Key factors in the development of ACS

include continued hemorrhage and hemorrhagic shock,

uncontrolled bleeding, tissue edema, and the translocation

of fluid (third spacing) into the intestinal lumen and peri-

toneal cavity.

Decompressive laparotomy is widely accepted as

definitive immediate therapy for ACS. There are a number

of choices for temporary abdominal closure after decom-

pression; the most common class used for management of

the open abdomen includes vacuum/negative pressure-

associated devices [4]. There are few studies examining

the choice of temporary abdominal closure and outcome

in the setting of decompression after ACS. Preliminary

results indicate that Vacuum Assisted Closure� therapy

(Kinetic Concepts, Inc., San Antonio, TX) in the setting

of intra-abdominal sepsis not only improves fluid removal

but also attenuates the inflammatory response and sec-

ondary organ injury [5]. However, two recent laboratory

papers have suggested that, in the immediate post-

decompression period after ACS, negative pressure ther-

apy (NPT) may be detrimental secondary to decreased

intra-abdominal volume resulting from the application of

negative pressure and the theoretical ‘‘reperfusion’’ syn-

drome occurring after decompression that may exacerbate

organ edema [6, 7].

We hypothesized that the immediate post-decompres-

sion application of NPT would be safe in a clinically

severe, large-animal model of ACS. To accomplish this, we

sought to determine the effect of the application of the

ABTheraTM Open Abdomen Negative Pressure Therapy

System (ABTheraTM; KCI Licensing, Inc., San Antonio,

TX) as compared to Bogota bag closure on organ physi-

ology and injury measurements and mortality when used

after decompression from ACS.

Materials and methods

All procedures were approved by the University of Texas

Health Science Center at Houston Institutional Animal

Care and Use Committee and were consistent with the

National Institutes of Health’s ‘‘Guide for the Care and Use

of Laboratory Animals’’.

Animal model

All experiments were based off a previously published and

validated large-animal model of ACS developed by Shah

et al. [8]. Female Yorkshire swine were fasted overnight

(12–16 h) with free access to water. General anesthesia

was induced and maintained by continuous intravenous

infusion of pentobarbital and ketamine. The animals were

intubated and ventilated in volume control mode, with a

starting fraction of inspired oxygen (FiO2) of 21%, positive

end expiratory pressure (PEEP) of 5 mmHg, and a tidal

volume of 10 cc/kg; these values were adjusted based on

the results of arterial blood gas analysis done at sequential

time points.

Catheters were placed into the femoral artery and vein

for hemodynamic monitoring and fluid infusion, respec-

tively. A Swan-Ganz pulmonary artery thermodilution

catheter (Millar Instruments, Houston, TX) was placed into

the internal jugular vein and positioned into the pulmonary

artery by flow direction. A midline laparotomy was then

performed. Additional instrumentation consisted of placing

a suprapubic bladder catheter, a peritoneal catheter for the

collection of peritoneal fluid, a silastic catheter connected

to a pressure transducer in a distal mesenteric vein, as well

as an umbilical vein snare around the portal vein for the

induction of mesenteric venous hypertension. A saline-fil-

led bag connected to a pressure transducer was placed into

the peritoneal cavity as an abdominal pressure manometer.

Transducers were leveled to the height of the pig and

zeroed prior to insertion. The bladder catheter, peritoneal

fluid catheter, mesenteric venous pressure (MVP) catheter,

pressure tubing from the abdominal pressure manometer,

and portal vein snare exited the abdomen through 2-cm

incisions; they were secured in place with purse-string

sutures. At the conclusion of instrumentation, the abdom-

inal fascia and skin were closed with suture in a running

fashion.

After instrumentation, hemorrhagic shock was induced

by bleeding via the femoral venous catheter to a mean

arterial pressure (MAP) of approximately 35 mmHg. The

animals were allowed to stabilize for a period of 1 h. After

stabilization, the collected blood (anticoagulated with

100 units/kg heparin) plus two equal volumes of crystalloid

(Lactated Ringer’s, Baxter, Deerfield, IL) were re-infused

rapidly. The MVP was increased to approximately

30 mmHg by tightening the previously placed portal vein

snare. Lactated Ringer’s solution was infused to maintain

an MAP above 65 mmHg. When the IAP reached

30 mmHg with development of organ dysfunction in at

least one organ system, a decompressive laparotomy was

performed. New organ dysfunction was manifested by

changes in hemodynamic parameters, peak airway pres-

sures, P:F ratios, lactate, anion gap, and base excess.
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Experimental groups

Temporary abdominal closure was achieved either by the

placement of a Bogota bag (n = 6) or NPT (ABTheraTM;

KCI Licensing, Inc., San Antonio, TX) (n = 6). The

Bogota bag was placed as per standard published descrip-

tions and consisted of sewing an empty, sterilized polyvi-

nyl chloride irrigation fluid bag to the skin of the anterior

abdominal wall [9]. The ABTheraTM Dressing (KCI

Licensing, Inc., San Antonio, TX) was placed as per the

manufacturer’s suggested protocol and negative pressure

was applied continuously throughout the experimental

period (-125 mmHg). Animals were monitored for 48 h

(at which time they were sacrificed) or until the time of

death.

Primary outcome measures

The primary outcome measures utilized were incidence of

recurrent intra-abdominal hypertension (defined as an

IAP C 20 mmHg), time to death (measured in hours), and

total volume of peritoneal fluid evacuated over the study

period. A variety of secondary outcome measures were

utilized in order to evaluate the effects of NPT on organ

physiology and injury.

Secondary outcome measures

Organ edema

Wet to dry ratios were determined in the lung (right

superior and inferior lobe), intestine (duodenum, jejunum,

and ileum), liver (left lobe), and kidney (right). Tissues

were weighed immediately after collection and allowed to

dry in a 60�C oven for a period of 2–3 days or until the dry

weight did not change. The wet to dry ratio was then cal-

culated based on the following equation: wet to dry

ratio = (wet weight - dry weight)/(dry weight).

Organ histology

All histomorphologic examinations were performed in a

blinded fashion by a board-certified veterinary pathologist.

At the time of death and/or sacrifice, tissues from the right

lung, intestine (duodenum, jejunum, and ileum), right

kidney, and left lobe of the liver were placed in 10%

neutral buffered formalin. The parameters utilized to

delineate organ injury were as follows.

Lung Each sample was evaluated and scored on the fol-

lowing parameters: hyperdistension, atelectasis, conges-

tion, fibrin, and neutrophils.

Intestine Histological assessments were made by giving

each section a score from 0 to 4 as follows: 0 = no sig-

nificant abnormality; 1 = mild abnormality; 2 = moderate

abnormality; 3 = severe abnormality (localized); 4 =

severe abnormality (generalized). The pathologic criteria

used for the determination of intestinal injury are described

in Table 1.

Kidney A semi-quantitative score for tubular injury and

acute tubular necrosis (ATN score) in the outer stripe of the

outer medulla and cortex was assigned to each animal.

Neutrophil infiltration was quantitatively assessed on

periodic acid-Schiff (PAS)-stained tissue by counting the

number of neutrophils per high-powered field (4009).

Apoptotic tubular cells were quantitatively assessed per

high-powered field in the cortex and outer stripe of the

outer medulla.

Liver The tissues were analyzed for total cytoplasmic and

nuclear areas, mean cytoplasmic and nuclear intensity, and

the amount of blood in the sinusoids.

Physiology

Cardiac output (CO), MAP, pulmonary artery pressure

(PAP), central venous pressure (CVP), pulmonary capillary

wedge pressure (PCWP), tidal volume, peak inspiratory

pressure, and pulse oxygenation (SaO2) were recorded

hourly. Additionally, P:F ratios were determined at the

time of decompression (V0), 6 h after decompression (V6),

12 h post-decompression (V12), and at 12-h intervals

Table 1 Criteria utilized for the pathologic determination of intes-

tinal injury

Pathologic criteria for intestinal injury

Grade 0 (no significant

abnormality)

Congestion, edema, very occasional

intravillous neutrophils, occasional

apoptosis and hyperplastic lymphoid

follides

Grade 1 (mild) Superficial mucosal erosion, patchy

mucosal hemorrhage, prominent germinal

centers with apoptosis and intrafollicular

hemorrhage, focal acute inflammatory

infiltrate within the lamina propria,

cryptitis and crypt abscesses

Grade 2 (moderate) Mucosal ulceration, mucosal/submucosal

hemorrhage, and an intact muscularis

propria

Grade 3 (severe

localized)

Mucosal ulcerations and focal transmural

hemorrhage involving muscularis propria

and serosa

Grade 4 (severe

generalized)

Mucosal ulcerations and diffuse transmural

hemorrhage involving muscularis propria

and serosa
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thereafter (V24, V36, and V48). Urine output and total

volume infused were recorded hourly. IAP, MVP, and body

temperature were recorded hourly.

Blood chemistries

Blood pH, pCO2, pO2, bicarbonate (HCO3), base excess

(BE), lactate, prothrombin time (PT), international nor-

malized ratio (INR), creatinine, blood urea nitrogen

(BUN), glucose, chloride, sodium, potassium, hemoglobin,

anion gap, and total protein were determined at V0, V6,

V12, V24, V36, and V48.

Statistical analysis and data presentation

A sample size of six animals per group was chosen, as it

would allow us to detect a difference of 1.8 standard

deviations or more (p = 0.05; power 0.80) in continuous

variables. All values are represented as mean ± standard

error of the mean (SEM), unless otherwise specified. The

baseline represents the time period before any intervention.

Tx represents the time period after hemorrhage and prior to

the application of temporary abdominal coverage. Vx rep-

resents the time periods upon decompression and applica-

tion of temporary abdominal coverage. Statistical analysis

was performed using SAS software (release 9.1, Cary, NC).

A p-value of B0.05 was considered to be significant.

Pre-decompression, organ edema, and histology data

As there were no missing values and data were being

compared between two groups and did not involve multiple

time points, a two-tailed paired t-test was used for com-

parison within groups and a two-tailed unpaired t-test was

used for comparison between groups.

Post-decompression data

For statistical analysis, a least-squares regression model

was used to calculate the intra-animal predicted values for

animals that failed to survive for 48 h. If predicted values

were negative, a value of zero was utilized for that time

point. Of note, the data presented do not include predicted

values. For parameters with data recorded hourly,

descriptive statistics were done at values corresponding to

0, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, 44, and 48 h post-

decompression; for other parameters, descriptive statistics

were done at 0, 6, 12, 24, 36, and 48 h post-decompression,

as the data were recorded at these time points for these

parameters. A two-factor (treatment group and time

[V0–V48]) repeated measures analysis of covariance using

the V0 value as the covariate based on predicted–imputed

data was performed. Significant results from the model

were further examined at each time point after V0 fol-

lowing a Bonferroni correction to adjust for multiplicity.

Survival data

Log-rank and Fisher’s exact tests were performed in order

to compare the survival data in this study.

Results

Pre-decompression data

Baseline weight

There were no differences in body weights between the

Bogota group (34.9 ± 1.2 kg) and the NPT group (34.9 ±

1.5 kg).

Development of hemorrhagic shock

There were no significant differences between baseline

MAPs in the Bogota (99.4 ± 4.5 mmHg) and NPT (88.4 ±

5.1 mmHg) groups. Additionally, there were no significant

differences between the MAP achieved after hemorrhage in

the Bogota (35.5 ± 0.4 mmHg) and NPT (34.1 ± 0.4

mmHg) groups.

Hemorrhage volume/time

The rate was not significantly different between the Bogota

group (1.02 ± 0.08 mL/s) and the NPT group (1.05 ±

0.09 mL/s). The average volume of blood required to reach

an MAP of 35 mmHg was 533.3 ± 50.7 mL. The volume

was not significantly different between the Bogota

(584.7 ± 83.3 mL) and NPT groups (471.6 ± 45.2 mL).

Auto-resuscitation

Prior to fluid resuscitation there was some recovery of

MAP from the time of hemorrhage to the measurement

immediately prior to fluid resuscitation with shed blood

and crystalloid. There were no significant differences

between the Bogota (49.0 ± 2.6 mmHg) and NPT (49.6 ±

2.6 mmHg) groups.

Induction of mesenteric venous hypertension

There were no significant differences in the baseline MVP

in the Bogota (19.6 ± 1.4 mmHg) and NPT (21.9 ± 1.1

mmHg) groups. Additionally, there were no significant

differences in the MVP when measured after resuscitation

and the induction of mesenteric venous hypertension
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between the Bogota (31.1 ± 0.8 mmHg) and NPT (31.8 ±

0.9 mmHg) groups.

Development of intra-abdominal hypertension

There were no significant differences in the baseline IAPs

between the Bogota (5.9 ± 1.1 mmHg) and NPT (6.9 ±

1.0 mmHg) groups. Additionally, there were no significant

differences in the IAP when ACS was achieved, being

31.7 ± 0.5 mmHg (Bogota) versus 31.4 ± 0.3 mmHg

(NPT).

Volume required for the development of abdominal

compartment syndrome

The volume of fluids received during the resuscitation

period (lactated Ringer’s) was not significantly different

between the Bogota (85.8 ± 5.6 cc/kg/h) and NPT (92.3 ±

6.2 cc/kg/h) groups.

Time to development of ACS

The time to the development of ACS was not significantly

different in the Bogota (3.3 ± 0.6 h) and NPT (2.8 ±

0.3 h) groups.

Development of new organ dysfunction

There were no significant differences at baseline in the CO,

CVP, PAP, MAP, PCWP, temperature, tidal volume,

PEEP, peak inspiratory pressure, infusion volume, urine

output, pH, PCO2, PO2, HCO3
-, BE, SaO2, lactate, PT,

INR, creatinine, BUN, glucose, Cl, Na, K, Ca, anion gap,

PaO2:FiO2 ratio, and protein between the Bogota and NPT

groups. Parameters for new organ dysfunction are pre-

sented in aggregate. New organ dysfunction was mani-

fested by changes in the CVP, PAP, PCWP, MAP, peak

airway pressures, P:F ratios, lactate, anion gap, and base

excess. The specific values are presented in Table 2 [10].

Primary outcome measures

Mortality

The number of animals that died prior to the conclusion of

the 48-h experimental period was 3/6 in the Bogota group

and 2/6 in the NPT group. The average time to mortality in

the Bogota group was 29.8 ± 8.2 h as compared to

40.5 ± 4.8 h in the NPT group. The difference between the

two groups was not statistically significant (p = 0.39, log-

rank test). Fisher’s exact test, used to compare the mortality

proportion in this study, revealed that the odds ratio for

survival was 2.0 (95% confidence interval 0.12–36.87;

p = 1.0).

Incidence of recurrent intra-abdominal hypertension

after decompression

The incidence of recurrent intra-abdominal hypertension

was equal among the Bogota (n = 2/6) and NPT groups

(n = 2/6).

Amount of peritoneal fluid evacuated over the study period

The amount of peritoneal fluid evacuated in the Bogota

group was 312.5 ± 42.7 mL as compared to 2,946.7 ±

351.2 mL in the NPT group. The difference between

groups was statistically significant (p \ 0.0001).

Organ edema

Lung

There were no significant differences in the lung wet to dry

ratio between the Bogota and NPT groups with regards to

either superior (6.5 ± 1.6 vs. 5.8 ± 1.3, Bogota vs. NPT,

p = 0.4) or inferior (6.3 ± 1.3 vs. 6.0 ± 0.8, Bogota vs.

NPT, p = 0.7) lobes of the right lung.

Intestine

There were no differences in the wet to dry ratios in the

duodenum (5.6 ± 1.1 vs. 5.2 ± 0.5, Bogota vs. NPT,

p = 0.4), jejunum (6.8 ± 1.2 vs. 7.1 ± 2.6, Bogota vs.

NPT, p = 0.7), or ileum (7.5 ± 2.0 vs. 7.1 ± 2.2, Bogota

vs. NPT, p = 0.8).

Table 2 Parameters utilized for the determination of new-onset

organ dysfunction prior to decompressive laparotomy

Effect of the development of abdominal compartment syndrome

(ACS) on various physiological/serum variables

Variable Baseline Time of

ACS*

Mean arterial pressure (mmHg) 94 ± 5 75 ± 5

Central venous pressure (mmHg) 12 ± 1 16 ± 1

Pulmonary capillary wedge pressure

(mmHg)

12 ± 1 16 ± 1

Pulmonary artery pressure (mmHg) 22 ± 2 33 ± 2

Peak airway pressure (mmHg) 19 ± 0 37 ± 2

Serum lactate (mmol/L) 3.6 ± 0.5 6.0 ± 0.5

Anion gap (mmol/L) 10.6 ± 0.8 14.3 ± 0.5

Base excess (mmol/L) 3.2 ± 0.8 -1.7 ± 0.9

Plasma protein (g/dl) 4.6 ± 0.1 3.4 ± 0.1

* p \ 0.05; two-tailed paired t-test
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Liver

There were no significant differences in the wet to dry

ratios as measured in the left lobe of the liver between

the Bogota and NPT groups (3.7 ± 0.4 vs. 3.6 ± 0.4,

p = 0.5).

Kidney

Wet to dry ratios were measured in the central portion of

the right kidney. There were no significant differences

between the Bogota and NPT groups (5.4 ± 0.6 vs.

5.9 ± 0.5, p = 0.1). In addition, wet to dry ratios were also

measured in the anterior and posterior sections of the right

kidney; there were no significant differences noted between

the two groups.

Organ histology

Lung

Histology of the dependent portion of the right lung infe-

rior lobe was examined. There were no significant differ-

ences between the Bogota and NPT groups with regards to

alveolar atelectasis, inflammation, wall thickness/cellular-

ity, fibrin, or hemorrhage. Additionally, there were no

differences observed with regards to bronchopneumonia

and interstitial edema between the Bogota and NPT groups.

Intestine

Histology of the duodenum, jejunum, and ileum were

evaluated. There were no significant differences in the

jejunum and ileum between the NPT and Bogota groups

with regards to villous structure, villous epithelial damage,

villous lamina propria edema or inflammation, crypt epi-

thelial damage, crypt lamina propria edema or inflamma-

tion, or submucosa edema and/or inflammation.

Liver

Histology was examined in the left lobe of the liver. No

differences between the Bogota and NPT groups were

noted in hepatocellular damage as measured by vacuolar

degeneration and necrosis. Additionally, no differences in

periportal/interlobular inflammation or sinusoidal conges-

tion were noted between the two groups.

Kidney

No significant difference in kidney damage as measured by

interstitial tissue edema, inflammation, capillary conges-

tion, or tubular epithelial damage was seen among the

Bogota and NPT groups. Of note, no glomerular damage

was observed in either group.

Organ physiology/blood chemistry

Cardiovascular

Cardiovascular function was determined by measurements

of the following variables: CO, CVP, MAP, and hemo-

globin. Analysis of these variables revealed no significant

differences or trends between the groups, except for CVP,

which demonstrated differences at V44 and V48 (CVP

lower in the NPT group) (Fig. 1). Data for the cardiovas-

cular variables are presented in Table 3 (see supplementary

material).

Pulmonary

Pulmonary function was determined by PAP, PCWP,

PEEP, tidal volume, peak inspiratory pressure, pH, pO2,

pCO2, SaO2, and P:F ratio. No significant differences in the

pulmonary variables between the groups were noted. Data

for pulmonary variables are presented in Table 4 (see

supplementary material).

Fluid, electrolytes, and nutrition (FEN)/gastrointestinal

(GI) system

FEN/GI function was determined by IAP, MVP, serum

sodium, serum potassium, and serum chloride. Significant

differences between groups were noted in MVP at the V12,

V24, V28, V32, V36, V40, V44, and V48 time points, with

lower values being noted in the NPT group (Fig. 2). No sig-

nificant differences were noted with IAP, serum sodium, serum

potassium, or serum chloride. The data for FEN/GI variables

are presented in Table 5 (see supplementary material).

Hepatobiliary

Hepatobiliary function was determined by PT, INR, and

plasma protein. There were no significant differences

between treatment groups. The data for these variables are

presented in Table 6 (see supplementary material).

Ischemia

Ischemic injury was assessed by evaluating serum lactate

(mmol/L). There were no significant differences between

the Bogota and NPT groups, respectively, at V0 (4.9 ± 1.9

vs. 6.9 ± 1.3), V6 (1.9 ± 1.0 vs. 2.5 ± 1.1), V12

(3.2 ± 3.2 vs. 2.3 ± 2.0), V24 (0.9 ± 0.6 vs. 4.8 ± 7.5),

V36 (2.9 ± 2.8 vs. 1.4 ± 1.2), or V48 (1.0 ± 0.4 vs.

0.7 ± 0.5).
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Renal

Renal function was determined by the evaluation of the

following variables: infusion volume, urine output, serum

BUN, serum creatinine, serum anion gap, serum base

excess, and serum HCO3. There were no significant dif-

ferences noted with regards to any of the variables tested

between the Bogota and NPT groups. The data for renal

function variables are presented in Table 7 (see supple-

mentary material).

Miscellaneous variables

Other variables measured included serum glucose and body

temperature. There were no significant differences between

treatment groups with regards to serum glucose or body

Fig. 1 Central venous pressure

(CVP). At the latter time points

(V44 and V48), the CVP is

significantly lower in the NPT

group as compared to the

Bogota group (p \ 0.05). BL
(baseline) represents the time

period before any intervention.

Tx represents the time period

after hemorrhage and prior to

the application of temporary

abdominal coverage. Vx

represents the time periods upon

decompression and application

of temporary abdominal

coverage. The data are

presented as mean ± standard

deviation; n = 6/group

Fig. 2 Mesenteric venous

pressure (MVP). MVP is

significantly lower in the NPT

group at the V12 and V24–48

time points (p \ 0.05). BL
(baseline) represents the time

period before any intervention.

Tx represents the time period

after hemorrhage and prior to

the application of temporary

abdominal coverage. Vx

represents the time periods upon

decompression and application

of temporary abdominal

coverage. The data are

presented as mean ± standard

deviation; n = 6/group
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temperature. The data for endocrine variables are presented

in Table 8 (see supplementary material).

Discussion

The data presented demonstrate that the immediate appli-

cation of NPT as temporary abdominal closure in the

immediate post-decompression period from ACS is safe.

This data is important, as it refutes recent studies sug-

gesting that loss of intra-abdominal domain in the acute

post-decompression period may be associated with an

increased incidence of recurrent ACS or worsened out-

comes [6, 7]. In our model of non-infectious ACS, we did

not observe a significant reduction in either the inflam-

matory response, as measured, or the extent to injury, as

determined by tissue edema. However, we did observe that

the immediate post-decompression application of NPT was

not associated with increased mortality or an increased

incidence of recurrent intra-abdominal hypertension.

The described ACS model incorporates hemorrhage,

resuscitation, and the effects of damage control surgery.

This unique large-animal model relies on the pathophysi-

ological development of ACS without the artificial instal-

lation of fluids or other substances reported with other

published models [11]. The interplay of global ischemia/

reperfusion injury (hemorrhagic shock/resuscitation-

induced injury), third spacing of fluid into the gut lumen,

interstitium, and peritoneum secondary to hemodilution

and altered microvascular fluid flow, and mesenteric

venous hypertension (both as a contributor to altered

microvascular fluid flow resulting in edema and as a result

of increasing intra-abdominal pressures) [12] contribute to

the vast number of cases of non-infectious ACS. This

porcine model models this pathophysiology; it also allows

one to study the effect of various interventions on the

course of ACS and is easily reproducible; all animals

developed ACS (as evidenced by intra-abdominal hyper-

tension and new-onset organ dysfunction) in a similar time

frame. ACS is associated with significant patient morbidity

and mortality (upwards of 50%), especially in those situ-

ations when decompression is delayed or symptoms go

unnoticed. This model is associated with approximately

50% mortality (approximately 50% of animals did not

survive the 48-h study period), which, while high, is similar

to the mortality rate of the ACS patient population.

There are several technical issues that merit discussion.

As per the definition of ACS, the majority of surgeons will

intervene in patients with an intra-abdominal pressure of

20 mmHg or higher and co-existing new-onset organ

dysfunction. In this study, we utilized an IAP of 30 mmHg

prior to intervention. This was done for two major reasons.

A number of studies describing porcine models of ACS use

a target IAP of 30 mmHg [13–16]. Although in previous

studies we have demonstrated that an IAP of 20 mmHg in

swine does lead to new-onset organ dysfunction, it does not

lead to the mortality that parallels the values described in

the human ACS literature [8].

In this study, the IAP was measured via direct intra-

peritoneal measurements with a pressure transducer. Clin-

ically, bladder pressures are often used as a non-invasive

surrogate marker for intra-abdominal pressure. We elected

not to use bladder/gastric pressure measurements for two

major reasons. First, these represent indirect ways to

measure IAP. Secondly, these methods do not allow for

continuous measurements. Our manometer setup allowed

for the real-time direct measurement of IAP. Previous

studies have shown that direct measurements of IAP with

catheters correlate well with indirect pressure manometers

in the stomach or bladder [17].

The major limitation of our study has to do with the

limited sample size. The lack of significant differences

does not necessarily indicate equality between groups; it

may represent the lack of adequate power. Therefore, the

results must be interpreted carefully. We cannot make any

conclusions about a survival advantage afforded by NPT.

Although NPT appeared to be associated with increased

time of survival of 29.8 ± 8.2 h (Bogota group) versus

40.5 ± 4.8 h (NPT group), the odds ratio for survival was

not statistically significant (likely due to our sample size).

Further investigation is needed and we believe that this

study forms the springboard for larger studies.

The outcomes which we observed combined with

recently reported data from other groups deserves discus-

sion. Kubiak et al. [5] recently demonstrated that NPT used

as temporary abdominal closure in a large-animal model of

multiple organ dysfunction driven by gut ischemia reper-

fusion and intra-abdominal sepsis led to improved survival.

In this study, NPT (as compared to passive drainage) was

associated with the preservation of organ function

(including decreased lung, intestinal, and renal injury) and

a significant downregulation in the systemic inflammatory

response as measured by cytokine levels.

The effect of NPT may be secondary to an effect on

peritoneal fluid. We have recently demonstrated that peri-

toneal fluid from ACS serves as a primer of naı̈ve neu-

trophils and monocytes [10]. It is well documented that

peritoneal fluid can be reabsorbed into the systemic cir-

culation, primarily via lymphatic conduits [18, 19]. Given

this data and evidence that peritoneal fluid is pro-inflam-

matory by representing a potential primer for naı̈ve neu-

trophils, a potential mechanism for systemic effects of

peritoneal fluid can be made, either as an initiator (i.e.,

intra-abdominal sepsis) or propagator of systemic inflam-

mation. Whether the mechanism of NPT is via an effect on

peritoneal fluid remains an active subject of investigation.
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It is notable that there was a reduction in the CVP and

MVP in the NPT group compared to the Bogota group.

While the exact significance of these findings is unknown,

a reduction in CVP and MVP over time may translate into

augmented intestinal edema resolution secondary to a more

favorable fluid flux profile that promotes decreased tissue

water accumulation, increased tissue water efflux, and

improved organ function [20]. Elucidation of this differ-

ence may require evaluating the effect of NPT treatment at

longer time points.

In summary, using a clinically relevant, severe hemor-

rhagic shock model of ACS in swine, NPT therapy appears

to be safe and may be associated with factors that lead to

improved outcomes. Our findings using this model may be

useful in developing a paradigm for looking at NPT as a

protective therapy, potentially via a peritoneal fluid-related

mechanism, and to better understand NPT’s mechanism of

action in reducing the inflammatory cascade associated

with acute trauma.
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