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This hypothesis proposes pre-eclampsia is caused by intra-abdominal hypertension in pregnancy.
Sustained or increasing intra-abdominal pressure P 12 mmHg causes impaired venous return to the
heart, systemic vascular resistance, ischemia reperfusion injury, intestinal permeability, translocation
of lipopolysaccharide endotoxin to the liver, cytotoxic immune response, systemic inflammatory
response, pressure transmission to thoracic and intra-cranial compartments, and multi-organ dysfunc-
tion. This hypothesis is predicated on Pascal’s law, evidence founded in the intra-abdominal hypertension
literature, and the adapted equation DIAP-P = DIAVF/Cab, where DIAP-P = change in intra-abdominal pres-
sure in pregnancy, DIAVF = change in intra-abdominal vector force (volume and force direction) and
Cab = abdominal compliance. Factors causing increased intra-abdominal pressure in pregnancy include:
progressive uterine expansion, obstetrical factors that increase intra-uterine volume excessively or
acutely, maternal anthropometric measurements that affect intra-abdominal pressure thresholds,
maternal postures that increase abdominal force direction, abdominal compliance that is decreased,
diminished with advancing gestation, or has reached maximum expansion, habitation at high altitude,
and rapid drops in barometric pressure. We postulate that the threshold for lipopolysaccharide
translocation depends on the magnitude of intra-abdominal pressure, the intestinal microbiome com-
plex, and the degree of intestinal permeability. We advance that delivery cures pre-eclampsia through
the mechanism of abdominal decompression.

� 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Introduction

Pre-eclampsia (PE) is a syndrome of maternal systemic
inflammatory response that affects multiple organ systems (renal,
hepatic, pulmonary, cerebral, placental), complicates 3–7% of preg-
nancies worldwide, and has a high rate of recurrence in subsequent
pregnancies [1,2]. Pre-eclampsia is a major cause of maternal and
perinatal mortality and morbidity, contributing to approximately
18% of all maternal deaths globally (70,000 deaths annually),
mostly in low and middle income countries (LMIC) [3]. Diagnostic
criteria have been established by the American College of Obstetri-
cians and Gynecologists as blood pressure P140/90 mmHg on two
occasions at least 4 h apart, or P160/110 mmHg at a shorter inter-
val, after 20 weeks gestation in a previously normotensive woman;
and proteinuria P300 mg/24 h or equivalent from a timed collec-
tion, or protein:creatinine ratio P0.3 mg/dL, or dipstick reading
of +1. Alternatively, in the absence of proteinuria, diagnostic crite-
ria include new-onset hypertension with new onset of any of the
following: thrombocytopenia, renal insufficiency, impaired liver
function, pulmonary edema, or any cerebral or visual symptoms
[4]. There have been many hypotheses created to explain the
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Table 1
Laws of physics and formulas relevant to the intra-abdominal hypertension in
pregnancy hypothesis.

Physics principle Formula or principle description

Pressure P = F/A (pressure = unit of force/unit of area)
Gauge pressure Pgauge = Pabsolute � Patm (gauge

pressure = absolute pressure � atmospheric
pressure)

Pascal’s law Total pressure in a fluid is the sum of pressures
from different sources, and, when enclosed, is
transmitted undiminished to all portions of
the fluid and to the walls of its container

Compliance Cab = DV/DP (abdominal compliance = change
in volume/change in pressure)

Change in intra-abdominal
pressure

DIAP = DIAV/Cab (change in intra-abdominal
pressure = change in intra-abdominal volume/
abdominal compliance)

Vector force VF = VM + D (vector force = volume
magnitude + direction)

Change in intra-abdominal
pressure in pregnancy

DIAP-P = DIAVF/Cab (change in intra-
abdominal pressure in pregnancy = change in
intra-abdominal vector force
(volume + direction)/abdominal compliance

Darcy’s law F = DP/R (flow = pressure difference at
beginning and end of a vessel/resistance).

Resistance R = 8 nL/p r4 (R = resistance, n = fluid viscosity,
L = vessel length, p = pi, r = radius of the
vessel). Resistance has an inverse relationship
proportional to the 4th power of the radius of
the vessel. With small changes in radius,
resistance dramatically increases

Laplace’s law The greater the pressure differences between
two sides of a wall (transmural pressure), and
the greater the radius or thinner the wall, the
greater the tension exerted on the wall. Veins
have greater distensibility and capacitance
than arteries due to their thinner walls
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pathogenesis of PE, and until the early twentieth century a toxin of
unknown source was considered the cause. Hence the syndrome
was aptly referred to as pre-eclamptic toxemia of pregnancy [1].
Current hypothesis attributes the pathogenesis to the placenta
and involves a two-stage model [5]. Between 8 and 18 weeks ges-
tation, abnormal placentation occurs due to remodeling of the
spiral arteries, followed by dysregulation of placental perfusion,
development of placental oxidative stress, and release of syncytio-
trophoblast pro-inflammatory factors in the second half of preg-
nancy. These factors include soluble vascular growth factor
(SVEGFR-1, also known as soluble fms-like tyrosine kinase-1,
sFlt-1), soluble endoglin (sEng), leptin, activin-A, corticotrophin
releasing hormone (CRH), serum placental protein 13 (PP13), and
pregnancy associated plasma protein A (PAPP-A), all of which
increase with PE; and placental growth factor (PlGF) which
decreases more in PE than in normal pregnancy [6]. These pro-
inflammatory factors are believed to cause the maternal systemic
inflammatory response and clinical manifestations of PE [6]. While
these pathways have scientific plausibility, the actual mechanism
of disturbed placentation is still unknown and PE remains an
etiological enigma.

An area that has undergone only limited scientific investigation
in obstetrics is intra-abdominal pressure (IAP) and intra-abdomi-
nal hypertension (IAH). Intra-abdominal hypertension is well
researched in the surgical literature, and is recognized to have dev-
astating effects on all organ systems. Unabated, it results in
abdominal compartment syndrome (ACS), poly-compartment syn-
drome (transfer of IAP to the thoracic and intra-cranial cavities),
multi-organ dysfunction and death [7,8]. Concurrently, bacterial
translocation of lipopolysaccharide (LPS) endotoxin occurs from
the intestinal lumen to the mesenteric lymph nodes, portal vein
and liver; this is recognized as a life-threatening complication of
increased IAP [8]. In 2013, the World Society of the Abdominal
Compartment Syndrome published guidelines, which include
consensus definitions for IAH and ACS [7]. Normal IAP is defined
as 5–7 mmHg, and IAH is defined as the abnormal steady-state
pressure in the abdominal cavity characterized by a sustained or
repeated elevation in IAP of P12 mmHg, and graded as follows:
Grade I: 12–15 mmHg; Grade II: 16–20 mmHg; Grade III: 21–
25 mmHg; and Grade IV: >25 mmHg [7]. Abdominal compartment
syndrome is defined as a sustained IAP of P20 mmHg, with or
without an abdominal perfusion pressure <60 mmHg that is asso-
ciated with new organ dysfunction or failure. Intra-abdominal
hypertension and ACS are recognized as conditions associated with
injury or disease in the abdomino-pelvic region, and definitive
treatment is abdominal decompression [7]. Intra-abdominal pres-
sure is measured in the supine position using intra-bladder pres-
sure monitoring with a maximum instillation of 25 mL sterile
saline, and with the catheter connected to a pressure transducer
and zeroed at the symphysis pubis [8,9]. Rectal measurement is
reported as an accepted method of measuring IAP, although its
reliability for use in the intensive care setting has not been
determined [8].

While the majority of IAH research has been conducted
within the context of critical care, normal IAP values during
pregnancy have not yet been adequately defined, the influence of
IAH and ACS on pregnancy is poorly understood, and it is
recognized that further research in this population is urgently
needed [7,10].

Upon review of the World Society of the Abdominal Compart-
ment Syndrome guidelines, similarities were identified in the pat-
tern of progressive multi-organ dysfunction in both IAH and PE. A
striking similarity is the definitive treatment for ACS: abdominal
decompression, and for PE: delivery of the fetus and placenta,
thereby effecting abdominal decompression. Within the current
scientific PE paradigm, the placenta is the mediating factor for
the maternal systemic inflammatory response, and it is thought
that delivery of the placenta is the cure for PE. As such, the actual
effect of abdominal decompression at delivery as a possible cure
for PE has never been investigated.

Hypothesis

This hypothesis addresses the research question ‘‘What is the
etiology of pre-eclampsia?’’

Pre-eclampsia is caused by intra-abdominal pressure in
pregnancy P12 mmHg, that when sustained or increasing,
leads to hemodynamic shifts, intestinal ischemia reperfusion
injury, translocation of lipopolysaccharide endotoxin to the
liver, systemic cytotoxic immune response, multi-organ
dysfunction, and poly-compartment syndrome.

The two key variables are IAP and LPS translocation. In keeping
with the definition of pathological IAH, IAH in pregnancy (IAH-P) is
recognized as a continuum, ranging from mild, asymptomatic ele-
vation in IAP to marked elevation in IAP, with severe consequences
on virtually all organ systems in the body [7,8]. However, IAH-P is
unique in that it is mediated by physiological changes or obstetri-
cal complications of pregnancy, rather than by injury or disease.

The foundational premises for this hypothesis pertain to basic
laws of physics, outlined in Table 1: Laws of physics and formulas
relevant to the intra-abdominal hypertension in pregnancy
[11–13]. These laws of physics address principles of pressure
calculation; pressure differentials; atmospheric pressure changes
at altitude; gravitational force; and flow dynamics and resistance.

Using these principles, we postulate that pregnancy is
characterized by a physiological increase in IAP, with normative
values currently unknown. Abnormal IAP that is sustained
P12 mmHg or increasing (absolute thresholds are unknown),
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results in hemodynamic shifts, including decreased venous, arterial
and microcirculatory flow, and increased systemic resistance
resulting in ischemia reperfusion injury [8]. This compromised
microcirculatory flow and oxidative stress causes epithelial dam-
age and disruption of the mucosal integrity in the intestinal epithe-
lium, leading to intestinal permeability [14–20]. Epithelial
integrity can be further compromised by zonulin (Zot) protein
dysregulation due to exposure to pathogenic bacteria or dietary
gliadin [21]. Upregulation of Zot protein is associated with loss of
intercellular tight junction integrity and loss of intestinal barrier
function [21]. When intestinal mucosal and intercellular tight
junction integrity is compromised, translocation of LPS endotoxin
from Gram-negative bacteria to the mesenteric lymph nodes, the
portal vein and the liver can occur [16–20,22–24]. In the liver,
the exposure of Kupffer cells to LPS endotoxin initiates a cytotoxic
immune response using LPS DNA transcription of accessory
protein CD14 in the TLR4 ligand receptor [25,26]. Multiple pro-
inflammatory cytokines are genetically transcripted with LPS
DNA, and mediate the endotoxic effects of LPS in the systemic cir-
culation; this results in systemic inflammatory response, oxidative
stress, accumulation of macrophage foam cells in capillaries, for-
mation of atherosclerotic plaques, and subsequent multi-organ
failure [25–28]. Concurrently, transmission of pressure from the
abdominal cavity to the thoracic and intra-cranial cavities occurs,
creating a poly-compartment syndrome (Pascal’s law, Table 1)
[8]. The aberrant immune response mediated by LPS is similar to
that described in PE. However, the evidence based sequence
demonstrates that the LPS response is mediated by the liver, while
it is currently believed that the immune response characteristic of
PE is mediated by the placenta.

To better understand the relationship between IAP and preg-
nancy, the equation DIAP = DIAV/Cab (change in intra-abdominal
pressure = change in intra-abdominal volume/abdominal compli-
ance) developed by Malbrain et al. [8] has been adapted for
pregnancy. This equation considers the magnitude or volume of
the abdomen (scalar quantity) in the supine position, which is
appropriate for critically ill patients [8]. However, pregnant
women are mobile, and evidence suggests that IAP in pregnancy
varies with position [29–33]. Therefore, one of the authors (DS)
expanded this equation to incorporate the unique vector dynamics
of the maternal abdomen, as vector force more accurately
describes both volume magnitude and force direction (consider-
ation of weight due to gravity): VF = VM + D (vector force = volume
magnitude + direction) [8,11]. Hence, applied to pregnancy, the
formula is: DIAP-P = DIAVF/Cab (change in intra-abdominal
pressure in pregnancy = change in abdominal vector force
(volume + direction)/abdominal compliance.

As outlined by Malbrain et al., the formula DIAP = DIAV/Cab

assumes a curvilinear relationship between abdominal volume
and pressure, that is dependent on abdominal wall compliance
[8]. Following the initial linear slope, an exponential increase in
pressure occurs once critical volume is attained. This formula and
curvilinear relationship reflect the principle of Laplace’s Law
(Table 1), which addresses the relationship between radius
(volume), pressure, and wall tension [11–13]. The greater the
radius (volume), the greater a wall tension is required to withstand
internal fluid pressure. Based on these principles, and at constant
atmospheric pressure (Patm), the formula DIAP-P = DIAVF/Cab

assumes a similar curvilinear relationship between abdominal
vector force and IAP-P, that is dependent on abdominal wall
compliance.

Causes of increased intra-abdominal pressure in pregnancy

By applying these basic laws of physics, it follows that increased
IAP-P can be caused by: (1) increased abdominal volume, (2)
high vector force maternal position, (3) decreased abdominal
compliance, and/or (4) decreased atmospheric pressure.

Increased intra-abdominal volume

In normal pregnancy, intra-abdominal volume and uterine
expansion occur physiologically, progressively, and slowly. In
healthy singleton pregnancies, it is known that fetal growth con-
tinues to term, the placenta gains only 350 g between 28 and
36 weeks, and amniotic fluid volume plateaus at 28 weeks
gestation. In principle, only the weight of the fetus increases
substantially in the third trimester (2.5 kg between 28 and 40
weeks gestation). In contrast, there is a pathological increase in
intra-abdominal volume with multiple gestation, fetal macroso-
mia, polyhydramnios, fetal/placental hydrops, and with large
hydatidiform moles [34,35]. These obstetrical conditions cause an
acute onset and rapid increase in intra-abdominal volume, and
are known to be associated with an increased incidence, earlier
onset of, and more rapid progression to severe PE [34–36]. It is
important to recognize that although maximum expansion capac-
ity of the maternal abdominal wall may have been reached, the
total volume of the intrauterine contents continues to increase as
long as the fetus is viable. Obesity is a separate and independent
risk factor that contributes to increased abdominal magnitude, is
associated with increased IAP, and is a known risk factor for PE
[1,37,38].

High vector force maternal positions

Given the pregnant abdomen at a specific volume magnitude,
vector force can be altered by changing its surface orientation
[11]. This can be achieved by changing the force direction - the ver-
tical, horizontal, or perpendicular orientation of the abdomen, or
by inverting it. As such, changing the maternal position from
standing (high vector force) to lateral recumbent (medium vector
force), or to knee chest (low/negative vector force) causes changes
in IAP. This physics principle is recognized within the IAH and ACS
literature in the positive correlation between increased IAP and
raised head of the bed, and within the context of IAH and prone
ventilation [38,39]. This is an important law of physics to
consider when measuring IAP in pregnancy, and requires that IAP
measurements and pressure–volume curves are defined according
to maternal position.

Decreased abdominal wall compliance

Abdominal compliance (Cab) or elasticity is calculated by change
in volume divided by change in pressure (L/mmHg), and describes
tolerance to increases in intra-abdominal volume [8]. With reduced
compliance, any volume increase causes greater relative increase in
IAP; once maximum abdominal expansion capacity has been
reached, IAP will increase acutely, rapidly, and logarithmically [8].
It is unknown when maximum expansion capacity is generally
reached during pregnancy, but it likely happens sometime towards
the end of the third trimester, and may be a significant variable in the
onset of PE. Cohen et al. demonstrated negative linear correlations
between abdominal wall compliance and both advancing gestation
and increasing body mass index (BMI) [40]. Limited evidence indi-
cates that variations in abdominal compliance are related to anthro-
pometric measurements (BMI), maternal age, parity, gestational
age, and maximum abdominal expansion capacity [8,40,41]. While
we have not found studies evaluating racial differences in abdomi-
nal compliance and maximum abdominal expansion capacity, it
has been shown that compared to white women, black women
demonstrate greater muscle and skeletal mass, a lower incidence
of urinary stress incontinence, and a higher average urethral closure
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pressure [42–44]. These data suggest that black women may have a
genetic predisposition to decreased abdominal compliance,
consistent with findings that African–American women of all
socio-economic levels experience a higher rate of PE [45].
Decreased atmospheric pressure

Given: (1) the total pressure in an enclosed fluid is the sum of
the pressures from all sources, including atmospheric; (2) the
inherent elasticity of the abdominal wall; and (3) the given pres-
sure differential between the abdominal compartment and the
atmosphere, then consideration of Patm is crucial when evaluating
IAH-P. The normal Patm on the human body at sea level is 101 kPa
or 760 mmHg. Gauge pressure is zero referenced against Patm, and
its standard formula is Pgauge = Pabsolute � Patm [11]. Hence,
environmental factors that affect Patm will affect IAP inversely.
We deduce that pregnant women who habitate at higher eleva-
tion (lower Patm) have higher mean IAP, and increased rates and
severity of PE than those who habitate at sea level. For
example, approximate Patm in Brasilia, Brazil is 89.1 kPa or
669 mmHg (1067 m/3500 feet); Mexico City, Mexico is 78.2 kPa
or 586 mmHg (2240 m/7350 feet); and Quito, Ecuador is
72.4 kPa or 543 mmHg (2743 m/9000 feet) [46,47]. Respective
pressure differentials from sea level are �12%, �23%, and �28%.
Assuming all variables remain constant, an IAP measurement of
20 mmHg at sea level would measure 22.4 mmHg in Brasilia,
24.6 mmHg in Mexico City, and 25.6 mmHg in Quito. To test this
theory, global PE prevalence rates by number of live born single-
ton deliveries were obtained for 22 LMIC [48], and matched with
the elevations of their capital cities. The correlation coefficient
obtained (IBM SPSS Statistics Version 22) is 0.689, p 6 0.001.
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Fig. 1. Intra-abdominal hypertension in preg
While higher PE rates at elevation are generally thought to be
due to lower uteroplacental oxygen delivery, application of laws
of physics provides strong scientific rationale for this observed
phenomena.

Similarly, a rapid drop in Patm due to a sudden weather change
is expected to cause a sudden increase in IAP. The observed
increased prevalence of PE during winter months is well
documented, and may be associated with the higher variability
in barometric pressure readings during the winter months
compared to summer months. [49,50].
Intra-abdominal hypertension in pregnancy: key variables and
causal pathway

The two key independent variables in this causal pathway lead-
ing to the onset and severity of IAH-P are: (1) sustained or increas-
ing IAP P12 mmHg, and (2) LPS load.
Sustained or increasing intra-abdominal pressure P12 mmHg

Based on the principles of physics and the research evidence, we
conclude that four factors, either alone or in combination, cause
increased IAP during pregnancy: (1) increased intra-abdominal vol-
ume, (2) maternal positions associated with high vector force, (3)
decreased abdominal wall compliance, and (4) decreased Patm.
The relationship of these factors is expressed in the equation:
DIAP-P = DIAVF/Cab. Sustained or increasing IAP P 12 mmHg causes
hemodynamic shifts, intestinal ischemia reperfusion injury and
mucosal permeability effecting translocation of LPS endotoxin, at
thresholds yet to be determined for pregnancy [14–20,22–24,27,51].
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nancy (pre-eclampsia) etiology pathway.



D.J. Sawchuck, B.K. Wittmann / Medical Hypotheses 83 (2014) 619–632 623
Lipopolysaccharide load

The level of LPS translocation in IAH-P is dependent on: (1) the
maternal GI microbiome complex balanced against pathogenic
Gram negative bacteria, and (2) magnitude of intestinal permeabil-
ity. There is evidence that the maternal microbiome complex
changes naturally during pregnancy, such that potentially patho-
genic Gram negative proteobacteria increase; this is likely related
to reduced GI motility and prolonged transport time caused by
progesterone [52,53]. We also recognize that women residing in
LMIC have greater environmental exposure to Gram-negative bac-
teria due to widespread fecal contamination of drinking water,
especially in rural areas [54].

In addition to intestinal ischemia reperfusion injury causing
mucosal epithelial injury, the GI literature provides evidence that loss
of barrier function related to Zot dysregulation may be caused by two
environmental factors: abnormal exposure to enteric and pathogenic
bacteria, and small intestine exposure to dietary gliadin [21,55].
Given this evidence, we postulate that intestinal permeability is
caused by: (1) intestinal ischemia reperfusion injury, (2) exposure
to enteric pathogenic bacteria, and (3) exposure to dietary gliadin.

It is apparent that this hypothesis presumes a causal pathway
for the etiology of PE, which may be intrinsically and/or environ-
mentally triggered (Fig. 1). The basic regression equation for this
hypothesis is formulated below to determine the relationship of
independent variables with the dependent variable without con-
sidering the probability of disease, the temporal-spatial position-
ing of etiological factors, or the role of genetic factors [56]. It is
anticipated that there will be several predictive models for IAH-
P, based on unique geographic and population characteristics, lead-
ing to the methodical identification of multiple phenotypes.
Intra-abdominal hypertension in pregnancy regression
equation

Y (onset/severity IAH-P/PE) = a + b1X1 (IAP) + b2X2 (LPS load)

X1ðIAPÞ ¼
Xi intra-abdominal vector force ðvolume & force directionÞ

Xii ðabdominal compliance; at constant PatmÞ

X2ðLPS loadÞ ¼ aþb2iX2i ðgut microbiome complex=pathogenic bacteriaÞ
þb2iiX2ii ðintestinal permeabilityÞ

X2ii ðintest permÞ ¼ aþb2iiðiÞX2iiðiÞ ðischemia reperfusion injuryÞ
þb2iiðiiÞX2iiðiiÞ ðmicrobiome complex=pathogenic bacteriaÞ
þb2iiðiiiÞX2iiðiiiÞ ðgliadin intakeÞ

Elements of the regression equation

Y = dependent variable, onset/severity of IAH-P/PE.
a (alpha) = constant or intercept.
X1 = first independent variable (IAP) explaining the variance of Y.
b1 = beta coefficient for X1.
X2 = second independent variable (LPS load) explaining the

variance of Y.
b2 = beta coefficient for X2.
X1(IAP) = dependent variable, measure of IAP.
X1i(vector force) = normal gestational intra-uterine growth, multi-

ple gestation, fetal macrosomia, polyhydramnios, fetal/placental
hydrops, maternal obesity, maternal position.

X1ii(Cab) = compliance related to maternal age, gestational age/
maximum expansion threshold achieved, parity, race,
height and other maternal anthropometric measurements,
decreased Patm.
X2(LPS load) = dependent variable, measure of LPS load.
X2i = first independent variable (gut microbiome complex)

explaining variance in X2(LPS load).
b2i = beta coefficient for X2i.
X2ii = second independent variable (intestinal permeability)

explaining variance in X2(LPS load).
b2ii = beta coefficient for X2ii.
X2ii(intest perm) = dependent variable, intestinal permeability.
X2ii(i) = first independent variable (ischemia reperfusion injury)

explaining variance in X2ii(intest perm).
b2ii(i) = beta coefficient for X2ii(i).
X2ii(ii) = second independent variable (microbiome/pathogenic

bacteria) explaining variance in X2ii(intest perm).
b2ii(ii) = beta coefficient for X2ii(ii).
X2ii(iii) = third independent variable (gliadin intake) explaining

variance in X2ii(intest perm).
b2ii(iii) = beta coefficient for X2ii(iii).

Current knowledge of intra-abdominal hypertension,
abdominal compartment and poly-compartment syndromes

The World Society of the Abdominal Compartment Syndrome
published consensus definitions for IAH and ACS in 2013, based
on GRADE methodology [7]. Intra-abdominal hypertension and
ACS are generally considered an affliction of the critically ill, there-
fore the majority of publications are found in the surgical, critical
care, trauma, and anesthesiology literature. Increased intra-
abdominal pressure affects virtually all systems.

It is associated with decreased cardiac output as described by
Bloomfield et al.: ‘‘First, elevated IAP causes a functional obstruc-
tion of the inferior vena cava and increases intrathoracic pressure
by pushing the diaphragm cephalad. Both of these actions diminish
venous return to the heart, decreasing preload and diminishing
cardiac output. Second, elevated IAP compresses the aorta, increas-
ing systemic vascular resistance directly, thereby increasing after-
load and decreasing cardiac output’’ [57]. It is interesting to note
that while normal pregnancy is associated with increased cardiac
output and decreased peripheral resistance, PE is associated with
decreased cardiac output and increased peripheral resistance [1].
In fact, Bloomfield et al. already proposed in 1997 that a relatively
acute elevation of IAP may cause preeclampsia by impairing
venous return to the heart and increasing systemic vascular resis-
tance [57].

Studies investigating the effects of IAP on visceral organ perfu-
sion (cardiac, renal, hepatic, and splanchnic) have predominantly
been conducted on animals to determine thresholds for anaerobic
metabolism. There is consensus that perfusion begins to decrease
at IAP of 10–15 mmHg, causing the onset of anaerobic metabolism,
hypoxia, and ischemia reperfusion injury [8]. Ischemia reperfusion
injury is a micro-vascular dysfunction characterized by oxidative
damage to endothelial cell membranes, impaired endothelium-
dependent vasodilation, enhanced fluid filtration, occlusion of cap-
illaries with leukocytes, enhanced production of oxygen radicals,
decreased nitric oxide, and an imbalance between superoxide
and nitric oxide that leads to the release of inflammatory media-
tors [58]. The mechanisms causing ischemia reperfusion injury
include venous outflow obstruction, compression of the inferior
vena cava, direct mechanical compression of the systemic arterial
circulation, increased peripheral vascular resistance, and impaired
microcirculatory flow [8]. Even when systemic pressure is restored
however, intra-luminal congestion and compression of vessels by
interstitial edema prevent adequate perfusion [58]. Bloomfield
et al. demonstrated in dogs that slowly increased IAP to 25 mmHg
over 4 weeks, and maintained for 2 weeks, created systemic hyper-
tension that resolved with abdominal decompression; the increase
was attributed to increased peripheral vascular resistance [59].
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One of the first signs of increased IAP is decreased renal func-
tion as evidenced by oliguria. In the presence of normovolemia, oli-
guria develops at IAP P 15 mmHg, and anuria at IAP P 25 mmHg
[8]. In 1947 it was already recognized that reduced renal blood
flow following obstructed renal venous drainage is associated with
proteinuria [60]. The effects of acute IAH on renal function are pro-
found, and culminate in acute renal failure due to mechanical com-
pression of the renal vein and artery, decreased fraction of cardiac
output circulated to the kidneys, and decreased glomerular filtra-
tion rate [60–62]. dos Santos Demarchi et al. examined IAP as a
predictor of acute kidney injury in 60 postoperative abdominal
surgery patients, and determined that the first intensive care
admission IAP measurement, with a cutoff of P7.68 mmHg, pre-
dicted occurrence of acute renal injury [62]. It is noted that this
study was conducted in Brazil at 900 m (3000 feet) above sea level.
Kirkpatrick et al. studied the relationship between increasing IAP
(0–50 mmHg) and renal vascular flow velocities in Yorkshire pigs
using Doppler ultrasound of the renal arcuate artery [63]. They
demonstrated a positive linear relationship between increasing
IAP and resistance index (RI), and concluded that measurement
of the renal artery RI is potentially a non-invasive screening tool
for the early diagnosis of renal dysfunction secondary to IAH. This
may have applicability in obstetrics as a non-invasive screening
tool for PE, especially when gestational age is remote from term.

The gastrointestinal (GI) tract is particularly susceptible to
repeated and prolonged insults of ischemia reperfusion injury that
can subsequently induce local and remote multi-organ damage
[14,51,58]. Splanchnic blood flow decreases at IAP >15 mmHg,
most noticeably in the superior mesenteric artery [14]. Compres-
sion of the portal vein, the principle outflow vessel for mesenteric
circulation, causes increased portal pressure, blood flow stasis, and
decreased gut mucosal perfusion [14,15,51]. This results in oxida-
tive stress, intestinal mucosal damage and bacterial translocation
from the intestinal lumen. Bacterial LPS translocation is recognized
as a life-threatening complication of increased IAP due to the
resulting multi-organ dysfunction [64–66]. There are numerous
studies conducted in animals that have investigated the IAP
threshold for bacterial translocation, the effect of increased IAP
on splenic and GI tissue, and the associated markers of intestinal
epithelial injury [16–20,22–24]. Most studies used between 10
and 30 mmHg of pressure maintained for 1–24 h, and high dose
LPS (10–200 ng/ml) injection. Evidence of intestinal epithelial
ischemia reperfusion injury, oxygen free radical production, and
bacterial translocation to the epithelium, mesenteric lymph nodes
and liver was consistently found at 15–20 mmHg. Rezende-Neto
et al. also demonstrated that IAH maintained at 20 mmHg for
90 min was associated with elevated plasma concentrations of
pro-inflammatory cytokines, interleukins (IL) IL-6 and IL-1ß, sug-
gesting that IAH mediated induction of systemic inflammatory
response and multiple organ failure [64]. These studies are
predominantly found in the surgical literature, as experiments
were conducted to identify IAP threshold levels for safe CO2

insufflation for laparoscopic surgery without inducing bacterial
translocation.

Impairment in liver perfusion and hepatic cell function begins
at IAP of 10 mmHg [14]. Kupffer cells undergo profound activation
in the presence of ischemia reperfusion injury, with dysregulation
of the healthy phenotype of all liver cellular components [66,67].
Kupffer cells are hematopoietic macrophages which line the liver
sinusoids. They have an important anti-inflammatory role by pre-
venting GI derived immuno-reactive substances from traveling
past the hepatic sinusoids [66]. Activated Kupffer cells increase
release of reactive oxygen species (ROS) and pro-inflammatory
cytokines including TNF-a, IL-I, interferon-y (INF-y), and IL-12
[66,67]. This initiates a cascade reaction that culminates in ampli-
fied Kupffer cell activation and adherence of neutrophils to the
liver sinusoids [66,67]. Peralta et al. summarized that hepatic
ischemia reperfusion injury significantly affects the phenotype of
all hepatic cells, which become pro-inflammatory, pro-thrombotic,
pro-apoptotic, and vasoconstrictor. Further, intrahepatic paracrine
cellular interactions occurring during ischemia reperfusion con-
tribute to general hepatic dysfunction [66].

With further progression, poly-compartment syndrome occurs
due to transfer of IAP from the abdominal to the thoracic compart-
ment [8,68]. Barnes et al. demonstrated the mechanical interde-
pendence between the peritoneal cavity, thoracic cavity, fore
body, and hindquarters in dogs [69]. On average, 50% of IAP is
transferred to the thoracic cavity, primarily by way of diaphrag-
matic bulging [69]. Increased thoracic pressure has serious conse-
quences for the respiratory system, as the lungs are highly vascular
organs. Ischemia reperfusion injury in the endothelial capillaries of
the pulmonary vascular system presents as pulmonary edema, and
may progress to acute respiratory distress syndrome requiring
ventilation support [58,68,70,71]. Furthermore, increased thoracic
pressure leads to increased central venous pressure, increased
intra-jugular pressure, impaired venous outflow pressure from
the brain, and consequent increased intra-cranial pressure
[68,72], thereby affecting a third anatomical compartment. Jarosz
et al. reported that in lab animals exposed to IAH of 25 mmHg, his-
tology of the brain demonstrated evidence of ischemic neuronal
cell stress and decreased magnesium levels [73]. There is also evi-
dence that increased IAP causes reversible blood–brain barrier dis-
ruption, allowing for passage of pro-inflammatory cytokines [74].
The clinical phenomena of IAP transfer to the thoracic and intra-
cranial cavities are explained by applying Pascal’s law.

In 2011, Sugerman published a hypothesis that PE is a venous
disease secondary to increased IAP [75]. The causation pathway
is well defined, however the multi-system organ dysfunction is
attributed to placental ischemia, and the effect of IAP on the mater-
nal intestine and potential for bacterial translocation are not
discussed.

Current knowledge of intra-abdominal pressure in pregnancy

In 1909 Dr. R. H. Paramore proposed that toxaemia of preg-
nancy could be explained mechanically in association with IAP
[29]. In 1913 he opined that ‘‘It is this [IAP] that when exaggerated
causes, in my opinion, the toxaemia of pregnancy’’ [29]. He stated
further that determination of serial IAP during pregnancy,
especially in primigravida women, is ‘‘research so important, and
so full of promise for a real advance in obstetric medicine’’.
However for over 100 years, Paramore’s hypothesis has remained
dormant in the annals of obstetric literature, and it is only recently
that IAP during pregnancy has begun to be investigated.

There is scant scientific literature regarding IAP during preg-
nancy, and solid research is limited to 4 published studies [30–
33]. Fuchs et al. measured IAP in 70 term, singleton, uncomplicated
women pre-operatively following spinal anesthesia for elective
Cesarean section (CS), and then every 30 min for 2 h post-opera-
tively [30]. They obtained statistically significant differences, with
a higher mean IAP value preoperative versus (vs.) postoperative
(14.2 vs. 11.5 mmHg), and did not see a significant change during
the 2-hour postoperative period. In obese women with a BMI >30
(n = 25), the mean preoperative IAP was significantly higher than
in non-obese women (15.7 vs. 12.4 mmHg). Al-Khan et al. mea-
sured IAP in 100 women at term in the left tilt position following
spinal anesthesia for CS, and post-operatively [31]. Pressures ran-
ged from 15 to 29 mmHg, with a median preoperative IAP of
22 mmHg and median postoperative IAP of 16 mmHg (p < 0.001).
Abdel-Razeq et al. examined abdominal pressure in 21 postpartum
women with and without arterial hypertension, at a mean gesta-
tional age of 37 weeks [32]. They reported significant differences



Table 2
Mean intra-abdominal pressure measurement by position.

Position (N = 26) IAP Measure (mmHg)

Standing 29.4 ± 8.4
Supine 26.5 ± 9.0
Left lateral 16.0 ± 8.8
Knee chest �2.4 ± 6.8
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between mean supine and mean semi-recumbent IAP (6.4 vs.
11.6 mmHg). BMI correlated with IAP independent of gestational
age, and increasing parity was associated with decreased IAP.
Women with arterial hypertension had higher IAP measures than
normotensive women, but results were not significant when con-
trolled for BMI. Chun et al. measured IAP in 20 term women in left
lateral 10-degree tilt and supine positions following spinal anes-
thesia for CS [33]. IAP measurements ranged from 2 to 20 mmHg,
with more than 25% of the cohort measuring above 12 mmHg in
both positions; pressure was significantly lower in the left lateral
tilt vs. supine position [8.9 vs. 10.9 mmHg].

These findings suggest that for term pregnancies: (1) IAP ranges
between 2 and 29 mmHg and the mean measurement is
>12 mmHg when taken in the supine and left tilt positions, (2)
IAP is significantly lower in the left tilt compared to the supine
position, (3) IAP is significantly higher in obese (BMI > 30) than
in non obese women, (4) antepartum IAP is significantly higher
than postpartum IAP, and (5) postpartum IAP varies with posi-
tional change (supine to semi-recumbent). This indicates that term
IAP in healthy pregnant women, with no reported PE, falls within
the standard definition for IAH (P12 mmHg). However, it has gen-
erally been accepted in the literature that the increase of IAP dur-
ing pregnancy is low-grade and that the mother physiologically
adapts due to the chronic onset [33].

A graded classification and scoring system of IAP in pregnancy
was proposed by Marshalov et al. but is based on informal logic
analysis and lacks justification by empirical evidence [76].

One of the authors (DS) analyzed the IAP raw data published by
Paramore in 1913 for a cohort of 26 women; two not pregnant for
baseline comparison, and 24 pregnant [29]. Paramore published
the only serial IAP readings from 9 to 40 weeks gestation, and
postpartum. Measurements were obtained rectally in a variety of
mmHg
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Fig. 2. Mean intra-abdominal pressure
positions, and data were extracted for the standing, supine, left lat-
eral, and knee chest positions. Gestational age had been recorded
in months and was converted to weeks based on recorded data.
Data were entered into IBM SPSS Statistics Version 22 and ana-
lyzed, acknowledging the limitations of systematic measurement
error, small sample size and secondary data source. Despite these
limitations, there are some observations worthy of note. For the
dataset of all 26 women, the number of observations for each
position ranged from 38 to 54. The highest IAP mean value was
obtained in the standing position, and the lowest positive IAP
mean value was obtained in the left lateral. The knee chest position
(inversion of the abdominal orientation) effected a negative pres-
sure mean value of �2.4 ± 6.8 (Table 2).

The trend to lower IAP mean values from standing to supine and
to left lateral position is apparent. Excluding the two non-pregnant
women (N = 24), paired sample T-tests were conducted for values
obtained during pregnancy: standing vs. supine (33.6 vs. 27.0
mmHg; mean difference = 6.6 mmHg; 95%CI 3.5–9.6; p = 0.001);
and supine vs. left lateral (27.0 vs. 20.8 mmHg; mean differ-
ence = 6.2 mmHg; 95%CI 3.6–8.8; p = <0.001). The mean pressure
difference between standing and supine reflects the effect of vector
force on IAP, and suggests that modification in physical activity
may affect IAP. The mean pressure difference between supine
and left lateral is consistent with current literature that IAP is
significantly lower in the left tilt versus supine position. The mean
pressure value of �2.4 ± 6.8 mmHg obtained in knee-chest shows
that by inverting the abdominal surface orientation, the vector
force changes from high to low impact. This principle has been
studied in the critical care literature when examining the potential
influence of IAH on prone ventilation, but results are inconclusive
due to study design limitations [38]. The effect of position
change from supine to prone/semi-prone has also been studied
in critically ill patients with abdominal compartment syndrome,
with similar findings of significant differences in mean pressure
values [39].

Paramore’s data were then stratified to timing of observations:
not pregnant, 9–22 weeks, 26–30 weeks, 31–36 weeks, 37–
40 weeks, and postpartum. The number of observations in each
group ranged from 1 to 12, there were no measurements available
for weeks 23–25, and mean pressure values were determined
(Fig. 2).
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Within the limitations of this analysis, data suggest that IAP
may be altered throughout pregnancy by modifying the maternal
position (altering the force direction), with the lowest pressure val-
ues obtained in knee–chest and left lateral positions. The negative
pressure values obtained in the knee–chest position are important,
as inversion of the maternal abdomen may provide an easily
available and effective emergency intervention for PE, should this
hypothesis be confirmed. According to the principles of pressure,
vector force and Pascal’s law, in cases of poly-compartment
syndrome the knee-chest position should effect decreased
intra-abdominal, decreased intra-thoracic, and decreased intra-
cranial pressure. These data may also help understand why PE is
seen only in humans, apes and monkeys [77], as the majority of
animals carry the gravid uterus in an equivalent knee–chest
(inverted surface) position.

These observational data and the few published studies demon-
strate that there is very limited knowledge about normative and
threshold values for IAP-P. It appears that the values obtained dur-
ing pregnancy are within the current thresholds used to define
both IAH and ACS in critically ill adults. Normative data of
pressures stratified by maternal anthropometric measurements,
gestational age, and Patm differentials have not yet been
established, and the trigger thresholds for maximal abdominal
compliance, PE, poly-compartment syndrome (thoracic and
intra-cranial), and bacterial and LPS translocation from the GI tract
are unknown. The relationship between IAH-P and maternal
position change is also unknown, as are the effects and trigger
thresholds of IAH-P on the cardio-vascular and renal systems,
placental function, fetal growth, and organ ischemia reperfusion
injury.

Current knowledge of microbiome in pregnancy, intestinal
barrier function and permeability, and lipopolysaccharide
translocation

It is apparent from the literature that the pathology of LPS
translocation during pregnancy requires consideration of: (1)
normal and abnormal intestinal microbiome, (2) intestinal barrier
function and permeability, (3) LPS translocation pathway and
cytotoxic immune response, and (4) pre-eclampsia-like response
to LPS exposure in lab animals.

Normal microbiome

In healthy non-pregnant women, the GI tract contains approxi-
mately 1012 total bacteria, 109 potentially pathogenic gram-nega-
tive enteric bacteria, and, as Swank famously stated, ‘‘enough
endotoxin to kill the host many times over’’ [65]. Multiple combi-
nations of these bacteria colonize the gut, and individuals vary
considerably in their gut microbiome pending genetics, diet, bacte-
rial composition of their environment and other health factors
[78]. The gut microbiome has a collective metabolic activity equal
to a virtual organ within an organ [79]. The anaerobic intestinal
bacteria outnumber the gram negative bacteria by 100–1000-fold
and occupy the space closest to the intestinal epithelial cells, hence
limiting attachment of potentially pathogenic Gram-negative bac-
teria [65]. Intestinal mucous and gut peristalsis are normal defense
mechanisms that act synergistically to prevent attachment of path-
ogenic bacteria to the intestinal mucosa [65]. There are two known
factors that can disrupt this protective mechanism. First, when
normal gut microbiome is altered or pathological bacterial over-
growth occurs, the protective intestinal mucous mechanism is lost,
allowing potential pathogens to directly attach to intestinal epithe-
lial cells, and thereby increasing the risk of bacterial translocation.
Second, when normal intestinal peristalsis decreases or becomes
impaired, pathogenic bacteria can invade the mucous and adhere
to underlying epithelial cells. It is recognized that small bowel
obstruction is associated with bacterial translocation in both
humans and animals [65,80].

During pregnancy, increased progesterone levels have a relax-
ing effect on the maternal intestinal smooth muscle, transit time
is prolonged, and it is common for pregnant women to suffer from
constipation [52]. There is a scarcity of research related to the GI
microbiome in different populations and geographic regions in
women with normal and complicated pregnancies. The most infor-
mative study to date is by Koren et al., where pyrosequencing was
used to characterize fecal bacteria in 91 pregnant women with
varying pre-pregnant BMIs and diabetes status, from first to third
trimester (T1, T3), and 1 month postpartum [53]. The researchers
found that although the microbiota in T1 was similar to non-preg-
nant controls, by T3 there was a significant increase of proteobac-
teria in 69.5% of subjects (0.73% vs. 3.2%) and actinobacteria in 57%
of subjects (5.1% vs. 9.3%), with aberrant diversity between T1 and
T3 samples so remarkable that T3 samples resembled a dysbiosis
[53]. Gram-negative bacteria and Streptococcus genus were over-
represented in the T3 samples, and levels persisted for 1 month
postpartum. There was no correlation with the use of probiotics,
antibiotics, parity, health markers, or diet data. They investigated
if T3 microbiota could induce a greater inflammatory response in
the host compared to T1 microbiota, as Gram-negative bacteria
are often associated with inflammatory conditions [81]. They com-
pared cytokine levels between T1 and T3 stool as biomarkers for
gut inflammation, and observed significant increases in pro-
inflammatory cytokines in T3 samples, including interferon
gamma (IFN-g), IL-2, IL-6, and TNF-a. They concluded that T3
mucosal surfaces of the GI tract had evidence of low-grade inflam-
mation, and conducted further experiments to determine if the
observed changes in microbiome between T1 and T3 were a cause
or a consequence of greater levels of T3 gut inflammation. After
inoculating healthy germ-free Swiss mice with T1 and T3 fecal
samples, T3 inoculated mice demonstrated greater inflammation,
adiposity, insulin resistance, and, after 2 weeks, significantly
higher levels of inflammatory markers in their stool and cecal sam-
ples. The researchers concluded that profound remodeling of the
gut microbiota occurs during pregnancy. By T3, structure and com-
position resembled a ‘‘disease-associated dysbiosis’’ that differed
among women, and created a low-grade inflammatory response
in the intestinal mucosa [53]. Collado et al. reported increased
gut microbial counts from T1 to T3 in healthy women of normal
weight, with significantly higher bacteroides (Gram negative bac-
teria) and clostridia composition in obese women [82]. Dysbiosis
is known to be associated with type 2 diabetes mellitus, obesity,
inflammatory bowel disease, and colorectal cancer [83,84]. These
limited data suggest that the bowel has truly been the forgotten
organ during pregnancy, and that its potential role in the etiology
of PE warrants investigation.

Intestinal barrier function and intestinal permeability

The intestinal epithelium is the largest mucosal surface of the
body. It provides an interface between the external environment
and the host, and a barrier between the luminal contents of the
gut and the body [21]. It is composed of epithelial cells connected
by intercellular tight junction complexes that are physiologically
regulated by sodium–glucose cotransport [85–87]. In healthy
intestinal epithelium, only paracellular water flow and passive
transport of nutrient sized molecules occurs. The only known
regulator of tight junctions to moderate the trafficking of macro-
molecules is Zot, a 47-kDa protein [21,87]. It is known that Zot
regulates tight junctions in a rapid, reversible, and reproducible
manner [21]. When the Zot pathway is dysregulated, Zot
increases, intercellular tight junction integrity is compromised,
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and intestinal permeability can occur. In vitro and in vivo studies
have demonstrated two dominant environmental triggers for Zot
dysregulation: small intestinal exposure to enteric bacteria, and
dietary gliadin, a gluten protein [21,55,88]. When exposed to the
small intestinal mucosa, gliadin combines with the chemokine
receptor CXCR3 and causes Zot release [21]. Although this response
is observed in both celiac and non-celiac patients, patients with
celiac disease have higher Zot levels [85]. Studies show that the
presence of lactobacillus plantarum and probiotic escherichia coli
Nissle 1917 in the small intestine mediates Zot dysregulation and
confers protection of the epithelial barrier [89,90]. Extensive
research into inflammatory bowel disease (Crohn’s, ulcerative
colitis and celiac), Type I diabetes and multiple organ dysfunction
has found clear associations between defective intestinal barrier
function and these disease processes [21,88,92,93]. Further, plasma
Zot levels were found to be significantly higher in 50 obese vs. 30
normal weight subjects, and correlated positively with age, BMI, fat
mass and fat percentage [87]. The researchers suggest that
circulating plasma Zot may be a potential marker of systemic
micro-inflammation associated with obesity.

Little is known about changes in intestinal permeability during
normal pregnancy, and it appears to never have been thoroughly
investigated.

Lipopolysaccharide translocation and cytotoxic immune response

Lipopolysaccharides are large endotoxic molecules (up to
25 kDa) on the cell wall of facultative anaerobic, Gram-negative
bacteria that are shed when cell lysis occurs [95,96]. Lipopolysac-
charides are composed of three structures: Lipid A section, a
hydrophobic lipid responsible for the toxic properties of the mole-
cule; a hydrophilic core polysaccharide chain; and the O-antigen
oligosaccharide chain that is specific to the bacterial serotype
[96,97]. There are 181 known O-antigen serotypes [97]. The mes-
enteric lymph nodes receive lymphatic drainage from the small
intestine, cecum, and proximal colon, and the presence of bacteria
in these nodes is considered direct evidence of bacterial transloca-
tion [98]. Once bacterial LPS translocate from the gut to the mesen-
teric lymph nodes, migration occurs to the portal vein and the
sinusoids in the liver since the liver is the initial filtration organ
for gut-derived products [99]. When Kupffer cells are exposed to
LPS, a cytotoxic immune response is initiated using LPS DNA
transcription that culminates in systemic inflammation and
multi-organ failure in the absence of an identifiable focus of infec-
tion [66,91,100–102,104]. LPS is recognized as one of the most
potent triggers of innate immune response, and as expressed by
Morrison, ‘‘the host response to the Gram-negative organism,
rather than the organism itself, poses the ultimate threat to host
tissues’’ [96].

The complex LPS immunological signaling pathways are
reported extensively in the literature [25,26,92,96,103–107].
Briefly, the immune response to LPS exposure is triggered in
Toll-like receptors (TLRs), with TLR4 being the specific ligand
receptor for LPS. TLR4 is genetically coded to recognize the LPS
‘‘pathogen associated molecular pattern’’ or PAMP. The TLR4
cluster differentiation for LPS is CD284, and LPS signaling requires
lipopolysaccharide binding protein (LBP), adaptor molecule
myeloid differentiation primary response gene 88 (MyD88) and
co-receptor MD2. LPS signaling enables transcription of LPS DNA
to the TLR4-MD2 accessory protein CD14 [25,95,106]. A second
signaling pathway uses adaptor molecule TIR-domain-containing
adaptor inducing IFN-b (TRIF) [103]. Activation of the TLR4-
MD2-CD14 complex leads to activation and induction of nuclear
factor kappa-light-chain-enhancer of activated B cells (NFkB),
chiefly from macrophages [25,26], but only the TRIF pathway
activates transcription factor IRF-3, IFN-b and interferon regulated
genes [103]. NFkB then controls transcription of LPS DNA to mes-
senger-RNA (m-RNA) and is able to activate pro-inflammatory
mediators including cytokines: TNF-a, IL-6, IL-1b, IL-4, IL-5;
chemokines: IL-8, monocyte chemotactic protein-1 (MCP-1),
macrophage inflammatory protein-1a (MIP-1a); enzymes:
inducible nitric oxide synthase (iNOS), cyclooxygenase 2 (COX-2),
phospholipase 2 (PLA2); adhesion molecules: vascular cell adhe-
sion molecule-1 (VCAM-1), intercellular adhesion molecule-1
(ICAM-1) and E-selectin, eicosanoids, and reactive oxygen species
(ROS) [26,92,95].

TNF-a released from macrophages binds to plasma membrane
receptors of target cells (TNFR1 or p55 found in most tissues, and
TNFR2 or p75 found in the immune system), and recruits TNFR-
associated death domain protein (TRADD) to the intracellular
domain of the receptor [108]. TNF-a thereby activates a Type II
systemic inflammatory response in the endothelial cells that line
blood microvessels, causing increased blood flow, microvascular
inflammation, vascular leakage of plasma protein, activation of leu-
kocytes and platelets and increased adhesiveness, oxidative stress,
lipid peroxidation, loss of anti-coagulant function, and programed
cell death or apoptosis [26,95,108,109]. This Type II inflammatory
activation persists as long as the activating cytokines are present,
and is exacerbated in the liver, which contains a significant amount
of fixed macrophages (Kupffer Cells) [95,108]. The association of
LPS endotoxin with disseminated intravascular coagulopathy
(DIC) is well documented [96,110]. Lipopolysaccharide endotoxin
is also associated with the development of atherosclerotic plaques
characterized by infiltration with T cells, macrophages, foam cells
formed from macrophages, and fibrin deposition leading to
eventual plaque rupture. [92,106,113,114,117].

The immunological response displayed in PE demonstrates
numerous similarities with the LPS innate immune response
described in the literature. With PE, there are elevated levels of
plasma TNF-a, IL-6, IL-8, ROS, and a host of pro-inflammatory
factors compared to normotensive women [1,111,112,118].
Researchers have identified increased protein expressions of TLR4
in maternal venous and placental samples in women with PE
compared to controls, however it is not reported whether the
TLR4-MD2-CD14 complex was identified [118–121]. Williams
et al. reported an increased risk of women developing PE when
serum TNFp55 (TNFR1) concentrations are elevated at a mean
gestational age of 16 weeks. Further, the relative risk of PE
increased across successively higher quintiles [122]. Kumazaki
et al. examined the distribution of TLR4 in 43 preterm and term
placentas from normal pregnancies and those complicated by cho-
rioamnionitis. They report an increased expression of TLR4 in the
Hofbauer cells (macrophages) of preterm versus term placentas
with chorioamnionitis, suggesting that LPS activates a more
enhanced innate immune response in preterm gestation [123]. It
is well documented that LPS activates NfKB, TNF-a and a Type II
systemic inflammatory response in endothelial cells that involve
pro-inflammatory cytokines, chemokines and enzymes, so placen-
tal activation and release of pro-inflammatory and antiangiogenic
proteins (sFlt1, endoglin) would be expected with LPS exposure
during pregnancy. Placental histology findings in PE are also
compatible with LPS cytotoxic immune response. Placentas
demonstrate evidence of acute atherosis including abnormal accu-
mulation of lipid-filled foam cells, vascular fibrinoid necrosis, and
perivascular lymphocytic infiltration in the decidual tips of spiral
arteries [5,115]. Further, Benyo et al. demonstrated no difference
in the placental levels of TNF-a and IL-6 in term women with
and without PE, but significantly higher levels of TNF-a in both
peripheral and uterine venous samples. They concluded that the
placenta was not the source of elevated TNF-a and IL-6 in PE
[116]. The histological findings of the renal glomeruli in women
with PE show sub-endothelial fibrin deposition and lipid-filled
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foam cells [1]. Liver findings in women with PE show periportal
hepatocellular necrosis and hepatic rupture [1,124], likely second-
ary to direct exposure of the Kupffer cells to LPS laden portal vein
blood [125].

The aberrant immune response mediated by LPS is similar to
that described in PE. However, the evidence based sequence dem-
onstrates that the LPS response is mediated by the liver, while it is
currently believed that the immune response characteristic of PE is
mediated by the placenta.

Maternal and fetal responses to LPS exposure in experimental animals

There are extensive data from in vivo studies associating LPS
exposure in pregnancy with aberrant, PE-like maternal and fetal
response. In these studies, LPS exposure has been used specifically
to create a PE-like experimental model. Cotechini et al. reported
that in pregnant LPS exposed rats, TNF-a mediated inflammation
resulted in: (1) deficient trophoblastic invasion and spiral artery
remodeling, (2) altered uteroplacental hemodynamics and
increased spiral artery resistance index, (3) placental nitrosative
stress, (4) increased maternal mean arterial pressure, (5) renal
structural alterations characteristic of severe PE, including mesan-
gial hypercellularity, occlusion of capillary loops; and (6) signifi-
cant elevation of protein:creatinine ratios [126]. Renaud et al.
demonstrated that pregnant LPS exposed rats exhibited: (1) higher
serum TNF-a levels; (2) fetal death in a dose-dependent manner
within 3–4 h of LPS exposure; (3) maternal inflammation associ-
ated with deficient trophoblastic invasion and spiral artery remod-
eling similar to that seen in PE; (4) altered uteroplacental
hemodynamics and placental nitrosative stress; (5) significantly
increased average spiral artery resistance index; (6) TNF-a inflam-
mation mediated fetal growth restriction in the surviving fetuses;
(7) increased mean arterial pressure; (8) maternal renal structural
alterations and proteinuria; and (9) maternal coagulopathy in
cases of fetal death [127]. Nagai et al. demonstrated that 81% of
pregnant rats with LPS exposure developed glomerular lesions
characteristic of PE, including endothelial swelling, a double con-
tour of the basement membrane, and intracapillary fibrin deposits
[130]. The researchers concluded that the observed glomerular
lesions were specific to gestation and LPS exposure, and had
histopathological and physiological findings similar to human PE
nephropathy.

Estrogen, a hormone which increases considerably in preg-
nancy, has been shown to sensitize Kupffer cells to LPS and cause
increased production of toxic mediators by the liver [128]. Ikejima
et al. examined the effect of LPS exposure on Kupffer cells in three
groups of rats: (1) the experimental group received intraperitoneal
injection of estrogen (20 mg/kg estriol); (2) the control group
received intraperitoneal saline injection only; and (3) a second
experimental group received intravenous administration of the
Kupffer cell toxicant gadolinium chloride (GdCl3 10 mg/kg) prior
to LPS injection, and prior to receiving intraperitoneal estrogen
(20 mg/kg estriol) [128]. All rats received a sublethal dose of LPS
(5 mg/kg) by intravenous injection, and serial serum and liver sam-
ples were obtained 24 h after estrogen treatment, and 6 h after LPS
exposure. The experimental group treated with estrogen prior to
LPS exposure all died within 24 h; there were no mortalities in
the other two groups. The serum and liver samples from the estro-
gen treated group demonstrated significantly increased levels of
TNF-a, mRNA for TNF-a, NO, induced-NOS (iNOS, indicating the
liver was responsible for the NO increase), mRNA for iNOS, mRNA
for IFN-y, and mRNA for IL-12. Kupffer cells produced a 3-fold
increase in TNF-a in the estrogen compared to the control group,
and a 2-fold increase in the level of nitrites. Kupffer cells from
the control rats showed small increases in intracellular Ca2+ with
LPS 100 ng/ml which increased in a dose dependent manner;
Kupffer cells from the estrogen treated rats showed near-maximal
increases of Ca2+ with 100 ng/ml LPS, and a significant 15-fold shift
of the dose–response curve to the left [128]. The LPS/LBP receptor
CD14 demonstrated a 2-fold increase in estrogen treated rats.
Further, mRNA for LBP levels demonstrated a 20-fold increase in
estrogen treated rats. The authors concluded that estrogen expo-
sure caused increased production of toxic mediators from Kupffer
cells, which were directly responsible for the mortality of the rats
exposed to LPS. They also suggested that the aberrant changes in
surface receptors and circulating binding protein may be an etio-
logical factor in the development of HELLP syndrome (hemolysis,
elevated liver enzymes, low platelets) in pregnancy as the estriol
dose given to the experimental group of rats was within the range
observed in late pregnancy. Faas et al. also reported that pregnant
rats exposed to low-dose LPS endotoxin for the purpose of inducing
experimental PE demonstrated increased white blood and granulo-
cyte counts, and decreased TNFa compared to exposed non-
pregnant rats; they concluded that the monocytes are persistently
activated and endotoxin tolerant in experimental PE [129]. These
findings also suggest increased sensitivity of the Kupffer cells to
LPS in the presence of estrogen.

Of interest are findings by Patton et al. that nicotine suppresses
LPS induced production of IL-6 and IL-8 pro-inflammatory cyto-
kines (both found in plasma of women with PE [111,112,118]) in
human monocytes and coronary artery endothelial cells [131]. This
modulating effect is compatible with the documented dose related,
inverse association between cigarette smoking during pregnancy
and incidence of PE [1,132]; it has been long known that cigarette
smoking is protective against PE. These findings are also compati-
ble with Levine et al. who found lower levels of anti-angiogenic
sFlt1 in women who smoked throughout gestation, and lower lev-
els of s Eng to 20 weeks gestation [133].

It is clear that in vivo studies associate LPS exposure in pregnant
rats with aberrant, PE specific maternal and fetal responses, includ-
ing: glomerular lesions, deficient trophoblastic invasion, spiral
artery remodeling, altered uteroplacental hemodynamics, placen-
tal nitrosative stress, and increased average spiral artery resistance
index. These findings, strengthened by evidence that increased lev-
els of sTNFp55 (TNFR1) at a mean gestational age of 16 weeks and
sEng at 17 weeks correlate with an increasing risk of PE, lead to an
obvious conclusion: IAH-P with LPS translocation starts in the
second trimester of pregnancy in susceptible or genetically
predisposed individuals, and affects the period of endovascular
invasion before any PE signs and symptoms are apparent.

Pre-eclampsia renamed: scientific evolution or revolution?

Thomas Khun first proposed the concept of paradigm shifts
within the context of scientific knowledge progress in his book
The Structure of Scientific Revolutions [134]. He stated that scientific
truth was defined by consensus of the scientific community and
that competing paradigms were incommensurable when based
on contrasting theoretical frameworks. This hypothesis,
describing the causal pathways for the etiology of PE and the
scientific evidence supporting it, is incommensurable with the
currently accepted hypothesis that the etiology of PE is of placental
origin.

The currently accepted hypothesis is based on the long-stand-
ing assumption that because the definitive cure for PE is delivery
of the placenta, the origin must be placental. To prove this reason-
ing, numerous studies have been conducted by inducing uteropla-
cental ischemia in animals for the purpose of observing symptoms
characteristic of PE. Researchers surmised that the resulting PE
symptoms (hypertension, proteinuria, glomeruli endotheliosis,
increased sFLT-1) were mediated by the uteroplacental ischemia
[1,135,136]. However, the method of inducing either acute or
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chronic uteroplacental ischemia was by constricting the maternal
aorta, uterine arteries, or multiple arteries [1,135,136]. This tech-
nique is referred to as ‘‘RUPP’’ – reduced uterine perfusion pressure
[135]. Darcy’s law states that resistance (blood flow) has an inverse
relationship proportional to the fourth power of the radius of the
vessel, so even a small decrease in blood vessel diameter will lead
to a significant decrease in blood flow and extreme elevation in
vascular resistance [11–13].

As the physical laws of flow dynamics and pressure do not
appear to have been considered in the studies utilizing RUPP, and
as IAP was not measured, it is plausible that the successful emula-
tion of PE symptoms may have resulted not from uteroplacental
ischemia, but from idiopathic IAH that mediated hemodynamic
shifts characteristic of both IAH and PE, and induced ischemia
reperfusion injury in the placenta as well as the intestine, liver,
and kidneys. The intestinal microbiome of rodents and baboons
includes Gram-negative bacteria [137,138], so LPS translocation
to the liver and aberrant immunological response would not only
have been possible, but quite probable. Further, Sholook et al. used
RUPP in pregnant rats to investigate systemic hemodynamic and
regional blood flow changes in response to chronic reduction in
uterine perfusion pressure [139]. They reported a 60% decrease in
uterine blood flow, a 54% decrease in placental blood flow, and sig-
nificantly decreased blood flow to the heart, stomach, intestine and
skeletal muscle. The rats demonstrated decreased cardiac output,
increased total peripheral resistance and hypertension; the authors
noted that the cardio-vascular adaptations observed share ‘‘robust
similarities with the preeclamptic state observed in women.’’

Our hypothesis that PE is caused by IAH-P supports the princi-
ple that the definitive cure for PE is indeed delivery, not because
the placenta is delivered, but because abdominal decompression
is achieved, thus alleviating the cause: IAH-P, LPS translocation
and cytotoxic immune response. Attempts at abdominal decom-
pression during pregnancy have been made in humans, but the
studies have serious methodological limitation. Of particular note
are two Cochrane Reviews that assessed (1) the effects of prophy-
lactic abdominal decompression on pregnancy outcomes, includ-
ing PE, and (2) the effect of antenatal abdominal decompression
for maternal hypertension or impaired fetal growth on perinatal
outcome [140,141]. Commensurate with the theory that PE is
due to IAH-P, findings demonstrated no difference in admission
for PE in a cohort of healthy pregnant women receiving abdominal
decompression vs. controls, whereas in a cohort of women with PE,
abdominal decompression was associated with a reduction in per-
sistent PE [RR 0.36; 95%CI 0.18–0.72].

It is currently unknown if PE is in fact mediated by increased
IAP during pregnancy, but the laws of physics, circumstantial sci-
entific evidence, and physiopathological common sense clearly
support this hypothesis.

Why this hypothesis is important

We believe that this hypothesis and the scientific foundation
supporting it create a translational flashpoint for the investigation
of PE. This paper has worldwide importance because it provides,
for the first time, a scientific, evidence-based, logical, and testable
regression equation for the etiology of PE based on both intrinsic
factors, and environmental triggers. As such, it provides opportu-
nity for the methodical identification of multiple phenotypes of
PE based on geography and population characteristics. Most
importantly, it is founded on a strong body of evidence from vary-
ing disciplines that have investigated the phenomena of increased
IAP and its effects on multiple organ systems within the context of
surgery and critical care. It provides a causal pathway and empir-
ical explanation for both the placental pathology and maternal
multi-organ dysfunction associated with PE. It also provides a
logical explanation for clinically and environmentally observed
variables known to be associated with PE, within a structured
and scientifically justifiable framework.

Most of the evidence reviewed in this paper has never been
examined within the context of PE or obstetrics. The information
presented provides strong justification for scientific testing of this
hypothesis, and scientific inquiry into the many largely unexplored
territories in obstetric medicine. We believe that the evidence sim-
ilarly warrants research, and the establishment of a database in the
following areas: (1) IAP for non-pregnant and pregnant women; (2)
gestational abdominal pressure volume curves; (3) threshold data
of abnormal IAH-P and association with pre-existing hypertension,
PE, and poly-compartment syndrome; (4) correlation between
IAH-P and measurements of cardiovascular function and fetal
growth; (5) maternal microbiome in pregnancy; (6) intestinal
mucosal integrity and permeability during pregnancy, including
triggers for Zot dysregulation; (7) maternal-placental molecular
pathways of LPS triggered innate immune response; (8)
pharmaceutical approach to prevent LPS translocation and/or block
aberrant immunological response pathways; and (9) clinical
investigation of all these topics.

Confirmation of this hypothesis will have profound implications
for our understanding of the multiple innate and environmental
triggers of PE. It is likely that multiple PE phenotypes will be
identified based on geographic variables including habitation at
elevation, fecal contamination of drinking water, LPS serotypes,
and population characteristics including decreased abdominal
compliance. This is especially relevant for LMIC where the majority
of PE related maternal and perinatal deaths occur, and where child-
bearing women are exposed to both fecal contaminated drinking
water and habitation at high elevation. Developing population
and geographic specific prediction models allows targeted primary,
secondary, and tertiary intervention for the predominant variable
contributing to PE, and may lead to enhanced understanding of
the varied genetic predilection for PE. It will have major implica-
tions for prevention of PE that could include bodily mechanical
control of IAH-P, prophylactic probiotic therapy, and dietary glia-
din restriction during pregnancy. It will also result in changes for
the clinical assessment and management of PE, including monitor-
ing of: IAH, microbiome, intestinal permeability during pregnancy,
and evidence of LPS translocation. Emergency treatment of PE may
include knee–chest position for modification of IAP or poly-
compartment syndrome, which could be conducted by the woman
herself anywhere and anytime in the absence of medical assis-
tance, and without cost or resource implications. This would be a
major benefit to LMIC countries and to populations with compro-
mised healthcare access.

The evidence presented in this hypothesis is compelling, and
has generally been found outside of the obstetrical literature. We
believe this speaks to the necessity for a multi-disciplinary
approach into the investigation of IAH-P, and requires inclusion
of experts in ACS, gastroenterology, infectious diseases, molecular
biology, immunology, cardiology, internal and thoracic medicine,
neurology, anesthesiology and dietetics. We believe that Dr.
Paramore was correct in 1913 when he stated that ‘‘the study of
intra-abdominal pressure during pregnancy, and its potential asso-
ciation with pre-eclampsia, is a research so important, and so full
of promise, that it offers opportunity for a real advance in obstetric
medicine’’ – the time has come to heed his wisdom.

Evolution of this hypothesis

This hypothesis was developed when the author (DS) recog-
nized the similarities between ACS and PE following review of
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the guidelines published by the World Society of the Abdominal
Compartment Syndrome [7]. Of note were the graded fashion of
multi-organ dysfunction, imminent mortality if left untreated,
and the standard definitive treatment of abdominal decompres-
sion. These observations prompted investigation into IAP during
pregnancy, a review of Paramore’s work, and statistical analysis
of his raw data. Despite the data limitations, the magnitude of
observed differences in mean pressure values for different mater-
nal positions was intriguing, and led to investigation of the rele-
vant mechanical and physical principles that may cause this. It
became apparent that confined abdominal fluid pressures must
be observed and interpreted within the laws of physics, specifically
Pascal’s law, and that the force direction (vector force) of the
maternal abdomen must be considered. It was also apparent that
surface force must be observed, hence consideration of Patm. This
then led DS to investigate the effects of IAP on different organs,
including the intestine. Similarities were observed in the aberrant
immune response mediated by LPS, and that observed in PE. All of
these findings demanded consideration of: (1) whether evidence
obtained from the surgical and critical care literature is applicable
to obstetrics; (2) the pathological sequence of IAH and ACS, and the
observed parallels with PE; (3) how the variables could be relation-
ally expressed; and (4) the implications for the current under-
standing of PE. Once DS established the causation pathway and
regression equation, it provided a rational framework for much
of the observed phenomena of PE. By applying the laws of physics
to the pregnant abdomen, a new and globally applicable scientific
framework and regression equation has been formulated which, as
Paramore suggested, offers opportunity for a real advance in
obstetric medicine.

Summary

Pre-eclampsia has remained a medical enigma for decades, and
has been referred to as ‘‘the disease of theories’’ [142]. We present
the first multi-factorial causation model for the etiology of PE,
which considers both inherent and environmental factors. The
scientific evidence is clear that abnormal IAP causes impaired
venous return to the heart, ischemia reperfusion injury in the
intestine, intestinal permeability, translocation of LPS endotoxin,
cytotoxic immune response, systemic inflammation response,
and multi-organ dysfunction. It is important that application of
these clinical facts to pregnancy occurs within a model of IAH-P
founded on basic laws of physics and medical evidence that has
been present in the literature for many years. We believe this
hypothesis warrants investigation into a multitude of so far
unknown pregnancy related conditions, and collaboration with a
team of experts to determine its effectiveness in impacting
the morbidity and mortality associated with PE worldwide. The
long-term opportunities for effective prevention, monitoring and
treatment based on identified PE phenotypes are profound. As
such, the current belief of the placental origin of PE has to be
reframed in order to allow objective examination of the evidence
supporting this causation model.
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