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Expired breath carbon delta value is a marker for the
onset of sepsis in a swine model

Daniel E. Biitz*!, Samantha L. Morello®, Jordan Sand®, G. Neil Holland"!, Mark
E. Cook™"

Approximately 750,000 people develop sepsis each year with more than 215,000 deaths.
Earlier diagnosis and treatment of sepsis is critical to improving outcome.

The exhaled breath delta value (i.e. *CO,/'*CO, ratio, or BDV) is a biomarker for the acute
phase response in sepsis models.

The objective of this study was to define the temporal relationship between changes in the
BDV, physiological and blood markers of sepsis in a porcine cecal ligation and puncture (CLP)
model of sepsis. CLP led to a significant decrease in BDV in animals with stable mean arterial
pressure during the course of the study, while the BDV was similar to control animals in those
animals that rapidly progressed into septic shock. The BDV indicated the onset of sepsis a
mean time of 3.54 hours (SEM 0.96) while physiological parameters detected the onset of
sepsis in 11.11 hours (SEM 0.94) (p<0.001). Biologic protein markers of inflammation
interleukin (IL)-18, IL-4,
stimulating factor, interferon-gamma, and transforming growth factor-beta) did not change

(cytokines, including IL-12, granulocyte/macrophage colony
significantly during the experiment. Tumor necrosis factor-alpha was present at baseline, at 2
hours in the control and CLP group with falling blood pressure, and at 8 hours in the control
group. IL-6 was present at baseline in all groups and spiked in the CLP animals with stable
mean arterial pressure by 15 hours.
animals by 8 hours (p<0.05).

baseline by 8 in CLP animals.

C-reactive protein was elevated in CLP and control
Procalcitonin was present pre-surgery, and increased above

These data show that the breath delta value is a leading indicator of sepsis in a porcine CLP
model when compared to other physiological parameters.

detection of infections has clear implications for reducing both
morbidity and mortality in the critically ill 7. The overdiagnosis

Sepsis and septic shock are leading causes of death in critically
ill patients. Approximately 750,000 people develop sepsis each
year with more than 215,000 people ultimately dying of septic
shock '. US hospital mortality from sepsis ranges from 18% to
28% in adults 2, but increases to 30% in 65-69 year olds and
38.4% in those older than 85 years . Sepsis is associated with
the use of extensive healthcare resources. It is estimated that
total costs exceed $16.7 billion annually .

Sepsis is defined as the systemic inflammatory response
syndrome (SIRS) with a confirmed or suspected infection >
SIRS is nonspecific and develops following a severe biological
insult, such as infection, trauma, surgery, organ dysfunction,
organ failure, an ischemic event or burns. In a prospective
survey of adult patients admitted to a tertiary care center, 68%
of admissions met SIRS criteria and 26% developed sepsis *.
Trauma is frequently associated with SIRS ° and in the US
5.7% patients admitted to the hospital after vehicular trauma
develop an infection °. Clinical data are often unreliable in
distinguishing between patients with bacterial sepsis and those
with SIRS secondary to a cause other than infection. Early

This journal is © The Royal Society of Chemistry 2013

of bacterial infection and associated unnecessary use of
antibiotics may lead to antibiotic resistance and complications
related to antibiotic exposure such as the increasing morbidity
associated with hospital acquired infections ®. There is a clear
and unmet need for a reliable method of early detection of
bacterial sepsis in hospitalized patients.

There are several biomarkers potentially useful in the diagnosis
of bacterial sepsis, but all of them have limitations. White blood
cell count and absolute neutrophil count are inexpensive but
lack adequate sensitivity and specificity to detect serious
bacterial infections °. Cellular production of soluble proteins
called cytokines, which function as pro-inflammatory mediators
at the cellular level, are known to increase significantly during
the early stages of acute inflammation '°; however, they do not
provide a clinically efficient and cost effective method of
detection. C-reactive protein (CRP) is readily available and
determination is relatively inexpensive compared to
determination of procalcitonin (PCT) but it is not sensitive
enough to detect severe bacterial infections early in the
patient’s clinical course ''. PCT outperforms CRP in the
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detection of bacterial infection '* '3, but determination of PCT
is expensive and has had limited adoption in the US. Further,
PCT can be non-specifically elevated in postoperative patients
and those with burns, trauma, and other noninfectious causes of
SIRS 'L Ideally, an infection biomarker would be sensitive,
specific to infection, and could be measured continuously and
non-invasively.

Carbon-12 and carbon-13 are naturally abundant isotopes in
expired breath carbon dioxide. The breath '*CO,/'?CO, delta
value (BDV) has been shown to be a valuable biomarker of
catabolic infectious states in different animal models of
bacterial sepsis '* '°. BDV begins dropping immediately after
administration of lipopolysaccharide (LPS) to experimental
animals '°. Furthermore, the change in BDV precedes other
physiological changes associated with infection, such as drop in
mean arterial pressure '*. Recent advances in cavity enhanced
infrared laser spectroscopy have enabled real-time continuous
measllérement of the BDV in the laboratory or at the point of
care .

The primary objective of this study was to define the temporal
relationship between changes in the BDV, physiological signs
of sepsis, plasma cytokines, CRP, and PCT in a porcine cecal
ligation and puncture model of sepsis. If the BDV accurately
discriminates the onset of sepsis earlier than other physiological
markers, it may be a powerful biomarker for diagnosing life-
threatening infections in critically ill patients.

Experimental Methods

The University of Wisconsin — Madison College of Agricultural
and Life Sciences Animal Care and Use Committee approved
all animal procedures.

Animals

Thirty-five kilogram swine were obtained from the UW
breeding colony in Arlington, WI, and brought (one at a time)
to the catheterization lab at the UW-hospital where
experimental procedures were conducted. Swine remained at
the catheterization lab for the duration of the experiment. Swine
were fasted overnight before the experiment with free access to
water.

Anesthesia and instrumentation

Anesthesia was induced with tiletamine-zolazepam (Telazol, 4-
6mg/kg, intramuscularly) and xylaxine hydrochloride
(2.2mg/kg, intramuscularly) to orally intubate the animal and
establish positive pressure ventilation. Mechanical ventilation
was required to ensure adequate oxygenation while the animals
were anesthetized for the duration of the experiment, and to
allow simple access to monitor exhaled air from the ventilator
circuit. Propofol (4-20mg/kg, IV) was administered as needed
to facilitate orotracheal intubation. Animals were ventilated at
a constant tidal volume (10-15ml/kg) and rate (14-18bpm) in
order to maintain an initial end-tidal CO, of 33-35mmHg. An
intravenous catheter was established in an ear vein or other
access point for infusion of additional drugs and fluid. A
loading dose of pentobarbital (20mg/kg) followed by
continuous rate infusion of pentobarbital (10mg/kg/hr) was
used to maintain anesthesia during the experimental period.
Arterial and venous access catheters were placed
percutaneously in either of the femoral or jugular vessels. If
percutaneous access could not be achieved, the vessel was
surgically isolated with a small cut down incision.
Polyethylene tubing was introduced for invasive pressure
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monitoring (direct arterial blood pressure, central venous
pressure) and blood sample access. A 7Fr triple lumen
thermistor tip Swan-Ganz catheter was inserted via the femoral
artery into the main pulmonary artery for measurement of
cardiac output. To aid in accurate placement of catheters,
fluoroscopic x-ray imaging was used. Following access, 3000
units of heparin was given as an anticoagulant every hour.

Vital Sign Monitoring

Swine were monitored continuously for the duration of the
experiment using a Vital-Guard 450C patient monitor. A 3-lead
electrocardiographic monitor and pulse oximeter were placed.
Monitored parameters were recorded every 15 minutes and
included: temperature, heart rate, respiratory rate, mean arterial
pressure  (MAP), central venous pressure (CVP),
electrocardiogram (ECG), blood oxygen saturation, and end
tidal CO,. Exhaled BDV was monitored continuously from a
side stream of the endotracheal tube. Blood glucose and
cardiac output were measured and recorded every 30 minutes.

Sepsis induction by cecal ligation and puncture (CLP)

After instrumentation animals were allowed to stabilize.
Following this, a midline laparotomy was performed. The
cecum was identified, exteriorized, and circumferentially
ligated 8cm proximal to the apex with non-absorbable suture
material. A 1 cm incision was made at the apex to allow
leakage of fermenting intestinal contents, and the cecum was
replaced in the abdominal cavity. The time of cecal perforation
was considered time zero for the experiment. The laparotomy
incision was closed in two layers. Control animals underwent
laparotomy with cecal manipulation, but no ligation or
puncture, and thus no infection. Vital parameters described
above were monitored continuously for up to 15 hours or until
death. During the sepsis period, animals were maintained on
Plasmalyte at a maintenance rate (2.5mg/kg/hr). Fluid boluses
of 500mL of Plasmalyte (over a 30 minute period) were
administered only if one or more of the following criteria was
met: 1) central venous pressure values decreased to less than
10mmHg; 2) mean arterial pressure decreased to less than

With sample

Detector Voltage signal

Without Sample

Ring-down Time (ps)

Figure 1: Ring-down trace showing exponential decay of the
optical signal with and without analyte gas.

70mmHg. Experiments were terminated when mean arterial
pressure fell below 60mmHg and did not respond to fluid
support.

Expired BDV monitoring

Wavelength-scanned cavity ring-down spectroscopy (WS-
CRDS) is a well-established technique for detecting trace
quantities of gases ' '8 The key element in WS-CRDS is a

This journal is © The Royal Society of Chemistry 2012
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Figure 2: Panel A: Loss spectrum from WS-CRDS. The curve
represents the cavity loss over a spectral line for a single analyte,
for example *CO,. Panel B: Box plot of the analyzer delta value
precision for two reference samples.

precisely aligned optical cavity with three very high reflectance
mirrors (>99.995%). Briefly, when light from a continuous
wave laser that matches the resonance frequency of the cavity
enters the cavity, the energy levels in the cavity increase over
time. When the laser is turned off, the energy decays (“rings
down”) exponentially over microseconds; this decay is
measured using a photodiode. WS-CRDS measures the length
of the ring down time over different wavelengths, because the
laser is tuned for the analyte gas’ molecular signature. A
strongly absorbing gas will have a relatively short ring down
time compared to the empty cavity. Each gas has its
characteristic concentration-dependent ring-down time at
different wavelengths. Figure 1 depicts a ring-down curve,
showing the changing light intensity inside the cavity as a
function of time after the incident laser is shut off. WS-CRDS
generates a detailed profile, area and height of an individual
absorption Figure 2 Panel A. The '*CO, delta value is
determined by scanning the absorption frequency features for
BCO, and 'CO, separately and calculating the value
referenced to Pee Dee Belemnite (PDB). Data are expressed as
delta values or parts per mil (%0):

¥C0,/*CO, (sample) - *C0O,/"*CO, (PDB)

6= BC0,/™CO, (PDB)

x 1000

Data are expressed as delta values or parts per mil (%o). The
precision obtained for Bco,/**co, using the WS-CRDS
technique is better than 0.3%o with CO2 concentrations between
380 and 500ppm CO, corresponding to a 10ppb '*CO, and
200ppb '*CO, limit of detection. Figure 2, panel B depicts
isotopic precision (in box plots) WS-CRDS for determination
of isotope ratio of two 5% CO, reference gasses (Cambridge
Isotope Labs, Tewksbury, MA) diluted to 400 ppm CO,,

During breath sampling, exhaust air was sampled via a side
stream T-joint and introduced into a breath dilution system
(Isomark, LLC, Madison, WI, USA), where the animals breath
was diluted to 400ppmv CO, using air containing less than
0.001% CO,. The diluted breath was introduced into an isotopic
CO, cavity ring-down spectrometer (CRDS, Picarro,

This journal is © The Royal Society of Chemistry 2012
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Sunnyvale, CA, USA) and where the BDV was continuously
determined at a sampling rate of approximately 1 determination
per second. To increase accuracy we signal averaged the data
for 5 minutes using a boxcar strategy. Data that are signal
averaged for 5 minutes are precise to better than 0.3%o.

Plasma Biomarker Analysis

Blood was collected from the venous catheter line at time zero,
2 hours, 8 hours and 15 hours in 3mL heparinized green top
Vacutaners and placed on ice. Blood was centrifuged at 3000g
for 10 minutes at 4°C. Plasma was transferred to new tubes and
stored at -80°C until analysis. @A number of cytokines,
Interleukin-1 (IL-1B), IL-4 IL-6, IL-8, IL-10, IL-12,
granulocyte/macrophage-colony stimulating factor (GM-CSF),
interferon-y (INF-y), transforming growth factor-f (TGF-B) and
tumor necrosis factor-o (TNF-a) were determined using a
porcine cytokine Quantibody multiplex assay kit (RayBiotech,
Norcross, GA, USA) according to the manufacture’s
instructions. Briefly, Quantibody slides were allowed to
equilibrate to room temperature before 100uL of sample buffer
was added to each well for 30 minutes. The sample buffer was
decanted and 100pL of sample or cytokine standard was added
to the plate and incubated at room temperature for 2 hours. The
samples were decanted and the plate was washed 5 times with
the supplied wash buffer. The biotin conjugated detection
antibody cocktail was reconstituted with sample buffer and
80uL was added to each well. The plate was incubated for 2
hours and washed as before. The streptavidin conjugated Cy3
dye was reconstituted with sample buffer and 80uL was added
to each well, and the apparatus was covered in aluminum foil to
exclude light and incubated at room temperature for 1 hour.
The wells were washed 5 times as before. The glass slides were
then removed from the well apparatus by carefully removing
the clips and wells from the glass slide. The individual slides
were then gently washed in the supplied washer/dryer tube and
dried by decanting all of the wash buffer and centrifuging the
drying apparatus at 1000 rpm for 3 minutes. Slide smages were
generated on an AXON GenePix imager (figure 5). The limits
of detection are shown in table 1. Plasma PCT and CRP were
determined using an enzyme linked immunosorbent assay
(ELISA) kit according to the manufacture’s instructions (TSZ
ELISA, Waltham, MA, USA; GenWay Biotech, San Diego,
CA, USA respectively). Briefly, 100uL of undiluted plasma
sample was added to each well of 96 well plates pre-coated
with either PCT or CRP and incubated at room temperature for
2 hours. The plate was washed 5 times with phosphate buffered
saline containing 5% Tween-20. Horseradish peroxidase linked
detection antibody was added to each well and incubated at
room temperature for 1 hour. The plate was washed 7 times.
The substrate solution containing tetramethylbenzidine (TMB)
and hydrogen peroxide was added to the plate and incubated for
exactly 15 minutes prior to Taple1

addition of 1 M H;PO, to stop the Limit of detection for blood markers

: . : Cytokine Limit of detection
reaction. Optlcalldensny was read o6 T2 pgiL
at 450 nm with a reference 14 5 pg/mL
wavelength of 600 nm. The L6 3 pg/mL

1 trati IL-8 5 pg/mL
sample concentration was 4o 14 pglmL
calculated based on a standard IL-12 137 pg/mL
curve, generated using known I?\"‘g‘\‘l:SF gg zg;mt
concentrations of either PCT or 1gryg 27 pg/mL
CRP. The limits of detection for TNF-a 137 pg/mL

: CRP 6.25 ng/mL
PCT and CRP are shown in table poT 0,512 ngymL

1.
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Statistical Analysis positive and false negative rates for BDV and SIRS.
Differences were considered different with a p-value < 0.05.
Table 2
Physiological parameters following cecal ligation and puncture
Pre surgery 2 hours 8 hours 15 hours
CLP stable  CLP falling CLP stable  CLP falling CLP stable  CLP falling
Sham MAP MAP Sham MAP MAP Sham MAP MAP

Heart rate (bpm) 107.3 (4.9) 1105(7.8) 116 (10) 995 (9.5) 107.3(2.2) 131.0(28.1) 925(7.3) 113.5(8.7) 218.0(27.87 1015 (0.5)
Body temperature ( C ) 38.5(0.3) 38.2(0.2) 37.9(0.7) 37.6 (0.3) 39.2(0.3) 38.2(1.9) 37.4(0.1) 39.4(04) 42.3 (0)* 38.4 (0.1)
SvO2 (%) 99.0 (0.7) 99.8 (0.3) 98.0 (2.0) 100.0 (0) 99.5 (0.5) 99.0 (1.0) 100.0 (0) 100.0 (0) 98.0 (1.6) 98.0 (2.0)

Central venous pressure (mmHg) | 105(06) 9.0(17) 103(1.3) 98(1.0) 11.0(08) 93(20) 100(15) 11.0(0.7) 80(16)  9.0(20)
Mean arterial pressure (mmHg) | 112.6 (7.7) 1238 (4.6) 1157 (43) 1105(11.3) 101.0(6.7) 94.0(82) 750(6.6) 101.0(4.3) 83.0(204) 755 (10.5)"

Cardiac output (L/min) 2.2(0.2) 2.5(0.2) 22(02) 1603  23(0.1)  1.8(02¢ 1801  25(0.2) 1601  19(0.2)
Blood glucose (mg/dL) 775(51) 585(6.2) 68.3(13.8) 450(129) 59.3(6.3) 64.3(6.7) 47.8(6.3) 61.0(49) 450(4.9) 39.0 (4.0
End tidal CO2 (mmHg) 38.0(1.3) 385(0.9) 325(37) 340(1.9 383(6.1) 305(6.1) 328(0.3)* 33.8(0.8) 35.0 33.5(1.5)
Breath delta value (%o) -19.0(0.4) -185(04) -20.0(0.8) -18.3(0.5) -19.0(0.3) -21.9(1.5)* -18.1(0.4) -19.2(04) -21.2(0.7)* -18.0(0.6)
value = mean (standard error of the mean) * = p-value <0.05 vs. sham N/D = Not detectable
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* One animal in the CLP with stable MAP group was terminated a7
early due to equipment malfunction. ~ 18
Y
519
s
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Statistical analysis was done using an analysis of variance < 2 I W ||||||| |
(ANOVA) for the physiological parameters including heart g»zz XS *ﬁz
rate, mean arterial pressure, central venous pressure, body \ 'N?E\kﬁ
temperature, glucose, IL-1B, IL-4, IL-6, IL-12, GM-CSF, INFy, 23 i &MA fy "*\L
TGFB1, and TNFoa to determine if there is any difference 24 v
between the control operation and CLP animals. BDV and . | ‘ ‘ ‘ ‘ |
MAP were plotted over time and the linear trend line was -2 0 2 4 6 8 10 12 14 16

Time since surgery (h)

calculated for each subject. Due to a known interaction between Baseline. -Sham operated -&CLP stable MAP o-GLP faling MAP

BDV and poor tissue oxygenation, as indicated by an

Slope of the line

abnormally negative slope in MAP trend 141923 animals with Shom fuorage  SEM

an abnormally negative MAP slope were considered separately e | oo oo

from CLP animals with a stable MAP. ANOVA with least

significant differences post-hoc analysis was applied to the Figure 4: Trend analysis of mean arterial pressure (MAP; panel

slope of the line for each group. Previous work demonstrated
that a decrease in the exhaled BDV correlated to an .
inflammatory response to infection within an animal '* >, We (CLP) or control surgery was perforr.ned at time  zero.
calculated the mean time to positive indication of infection by ~ Measurements were made once every 15 minutes. The mean and
the BDV (>1%o decrease in BDV) and SIRS criteria. SIRS was standard error of the mean were plotted. The linear trend line was
defined by meeting least two of the following: tachycardia calculated for each subject. ANOVA with least significant
(>150 beats per minute), hyper- or hypothermia (>40.5°C or differences post-hoc analysis was applied to the slope of the line
<37°C). The mean time to a positive indication of infection by
BDV and SIRS criteria was compared using a Student’s t-test.
Specificity and sensitivity were calculated using the false

A) and breath delta value (panel B). Cecal ligation and puncture

for each group. Asterisks denote significant differences with
p<0.05.
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Table 3
Plasma biomarker profile following cecal ligation and puncture
Pre-surgery 2 hours 8 hours 15 hours

Control CLP stable  CLP falling Control CLP stable CLP falling Control CLP stable CLP falling

operated MAP MAP operated MAP MAP operated MAP MAP
I(IF');/:;L) 370 (440) 360 (180) 220 (24) 610 (680) 370 (140) N/D 520 (470) 400 (150) 210 (3) N/A
IL-4 (ng/mL 21 (1.7 1.6 (1.5 1.9(1 422 26 (34 1.3(1 425 1923 1.2 (11 N/A

/ /
IL-6 (pg/mL 33 (40 10 (7 24 (17 94 (71 15 (11 43 (28 62 (46 9(5 81 (17 N/A
/ * /

IL-12 (ng/ml) | 28 (22) 45 (30) 25 (17) 28 (21) 32 (24) 26 (19) 22 (14) 40 (27) N/D N/A
GM-CSF
(ng/mL) 5.8 (6.2) 3.2(2.3) N/D 2.3(2.8) 3(2.9) N/D 1(1) 1.2 (0.8) N/D N/A
IFNg
(ng/mL) 0.8 (0.6) 1.3(0.4) 0.7 (0.4) N/D 1(0.2) 0.4 (0.4) N/D 0.9 (0.5) N/D N/A
TGFb1
(ng/mL) 8.2(7.7) 8.5 (6) 4.6 (2) 14 (14) 7.9(7) 4.2(2.7) 7(5.2) 8.2 (6.7) 3.8(3.6) N/A
C-reactive
protein 52 (56) 90.2 (94) 36.7 (16) 36 (11) 130 (90)** 75 (54)** 489 (11) 140.8 (87)** 181.1 (56)*
(ng/mL) N/A
TNFa
(pg/mL) 460 (380) 250 (132) N/D 620 270 (190) N/D N/D N/D N/D N/A
value = mean (standard deviation) N/D = Not detectable * = p<0.01 vs. Control ** = p<0.05 vs. pre-surgery

N/A = not applicable, data not available because only one animal was still alive at this time-point

Results

We induced a polymicrobial sepsis in 35kg swine using CLP
methodology. Figure 2 shows the survival rate of animals
during the experiment. All control animals survived for the 15-
hour duration of the experiment, while two CLP animals failed
to respond to fluid resuscitation and met end point criteria at
10.25 hours and 14 hours after surgery. Mechanical equipment
failure caused termination of one CLP animal after only 8
hours. Since septic shock with low MAP can have a significant
impact on the BDV " "2 we considered animals with an
abnormally rapid decline in MAP (CLPFM) separately from
animals that had normal MAP (CLPNM). Figure 3 shows
MAP (panel A) and BDV (panel B) over time. The CLP
procedure caused a significant drop in the BDV in CLPNM
animals. The slope of the line from a linear trend analysis
shows a significant decline in BDV in the CLPNM as compared
with control animals (p=0.03). The slope of the line was
positive in CLPFM animals and not different from control
(p=0.15). In all CLP animals, the BDV provided evidence for
the onset of infection in 3.54 (SEM 0.96) hours which was
significantly faster than the 11.11 (SEM 0.94) hours it took for
SIRS criteria to detect infection (p<0.001).

Cardiac output was significantly lower in CLPFM animals than
control animals by 2 hours, and by 8 hours in CLPNM animals
(table 2; p<0.05). By 8 hours CLPFM animals had reduced
body temperature, cardiac output, and end tidal CO,. By 15
hours CLPNM animals were significantly more tachycardic
than control animals, with an elevated body temperature
(p<0.05) and reduced cardiac output (table 2; p<0.05). IL-1B,
IL-4, IL-12, GM-CSF, INFy, and TGFB were detectable in
blood plasma pre-surgery and did not change significantly
during the experiment (table 3). TNFa was present at baseline,
at 2 hours in the control and CLPFM groups, and at 8 hours in
the control group (table 3). IL-6 was present at a baseline level
for all groups throughout the experiment and spiked from
24pg/mL to 81pg/mL in the CLPNM group by 15 hours (table
3; p<0.05). CRP was present at a baseline level in all groups
until 8 hours when it increased in the control and CLPNM
groups compared with pre-surgery values (table 3; p<0.05).
PCT was present to a variable extent in the pre-surgery samples
(mean=2.53ng/mL), min=1.11, max=4.01), and increased above

This journal is © The Royal Society of Chemistry 2012

baseline by 0.62 ng/ml (0.12 SEM) and 0.60 ng/mL (0.08 SEM)
at 8 and 15 hours, respectively, in both CLPNM and CLPFM
animals.

Discussion

These data indicate that the BDV trend was a leading indicator
for the onset of sepsis in swine following CLP when compared
with other physiological parameters and blood biomarkers. The
BDYV detected the onset of sepsis in 3-4 hours after CLP while

Figure 5: Quantibody porcine cytokine micro array images.
While the signal to noise ratio was within the manufacture’s
specifications random background noise may contribute to
spurious results.
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the SIRS criteria did not indicate an infection until a mean of 11
hours of sepsis. Nosocomial infections leading to sepsis are a
leading cause of morbidity and mortality in the ICU. The mean
time to diagnosis is 8 to 10 days for nosocomial infections in
adult and pediatric trauma patients®*?®. Earlier diagnosis and
treatment of infections will significantly reduce patient
morbidity and mortality and reduce hospitalization costs. The
data presented in this paper demonstrate that the BDV may be
an early warning of infection that may be used as an adjunct
marker for the earlier diagnosis of infection in critically ill
patients.

While BDV was a leading indicator in animals with a normal
MAP, animals with a falling MAP trend tended to develop
other physiological signs of infection earlier and progress to the
endpoint criteria faster. In animals with a falling MAP trend, a
depressed cardiac output was evident by 2 hours. By
comparison, animals with a stable MAP were not different from
control animals until 8 hours when cardiac output was reduced
while other physiological parameters were not different until 15
hours. In previous studies, animals with a falling MAP trend
proceeded to meet the endpoint criteria faster than those normal
arterial pressures '°, perhaps because the disease is more severe
in these animals or because these animals are naturally more
susceptible to disease. During the early, compensatory stage of
shock, the body is able to compensate for hypoperfusion using
physiological mechanisms including neural, hormonal, and
biochemical signals. As the acute phase response becomes
more severe, the compensatory mechanisms are overwhelmed,
and systemic circulation is compromised. During this
decompensatory phase, alterations in the hemodynamic state
that depress systemic blood pressure preferentially perfuse the
vital organs, such as the heart and the central nervous system.
Perfusion of the peripheral tissues or non-essential organs is
compromised, causing a relative ischemia.

During the decompensatory phase of septic shock, there is a
significant shift in macronutrient oxidation and peripheral
tissues utilize oxidation poorly even in an abundant supply "%,
The net result is that lipid oxidation is reduced in favor of
anaerobic glycolysis and lactate production *°. Alterations in
macronutrient oxidation (i.e. altering the ratio of lipids versus
protein and carbohydrate ratio) cause significant shifts in the
BDV' ?°. Due to discrimination against *C by pyruvate
dehydrogenase lipids are isotopically lighter than either protein
or carbohydrate **. Reduced lipid oxidation in animals with
poor tissue perfusion drives the BDV in a positive direction.
Animals that had a falling MAP quickly progressed from sepsis
to septic shock. Thus, the BDV in animals with falling MAP

/ -CHO

y

Working paradigm of the progression of sepsis

Healthy baseline

~ o\
/\/ Infection sets in
Trauma baseline
| Tomavesene

—
Mﬂm
el

Time

Breath delta value

Progression to septic shock

Figure 6: Working paradigm of the transition from normal
through trauma to sepsis and the progression through septic
shock.
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may not present differently than in control animals as seen in
figure 3. This data is consistent with findings from a rat
peritonitis model ' and recent findings from a pilot study in
pediatric patients with sepsis and septic shock *'.  In both
examples, patients with sepsis that progressed rapidly into
septic shock exhibited a BDV that was initially very negative
(~-25%o), that then progressed in a positive direction, ultimately
becoming more positive than control or control subjects. While
the BDV can be observed to increase during the transition to
septic shock, this observation may be of limited use since the
disease has progressed to a critical state before this trend would
become evident.

The results of this study can be explained in part by the
paradigm proposed in figure 5. The paradigm postulates that
during the early acute phase response the BDV is inversely
related to the severity of trauma and, to a greater extent, a
developing infection. This relationship is proposed be related to
discrimination against '*C during the oxidation of amino acids
released from peripheral tissues during the acute phase response
1531 However, as patients progress from sepsis to septic shock
and the decompensatory phase of the process, alterations in
macronutrient ratios begin to dominate the BDV signal
resulting in a rapid increase in BDV. Thus, patients that have
gone through septic shock can have near normal BDVs.

While the breath and physiology data generated in this study is
consistent with the literature '* !> 32, one of the limitations of
this study is that limited reliable data was obtained from blood
samples. Blood cytokines (i.e. IL-1p, IL-4, IL-6, IL-12, GM-
CSF, INFy, TGFB1, and TNFa), are expected to change in
response to inflammation'” **. We determined the blood
cytokines using the Quantibody multiplex array from
RayBiotch. The assay is based on antibody cytokine detection
similar to enzyme linked immunosorbent assays where capture
antibodies are spotted onto a glass slide. It appears that the
assay is susceptible to background noise on the slides during
detection. Figure 4 shows the raw data from our cytokine
multiplex assay. This observation may explain why the plasma
cytokines seem highly variable in table 3. While we did
measure PCT in plasma samples, there was a highly variable
baseline level of PCT which is a finding consistent with the
literature **. PCT increase over baseline by 8 hours in
individual CLP animals as expected 35 but the increase in PCT
(Mean of 0.62ng/mL increase over baseline at 8 hours) was
small compared to the inter-individual variation (SD of
1.19ng/mL at baseline). Other studies have shown an increase
in PCT from 8 to 10 hours after autologous feces injection or
CLP 3% 3% Possible reasons for high variability in the PCT
measurement in this study include technical error in sample
processing or measurement, pre-existing exogenous stress, or
the endogenous response to trauma during instrumentation.
Despite high background noise in the cytokine data we did
observe that IL-6 was elevated by hour 15 in septic animals
which is consistent with previous findings *’. We also observed
increased CRP in both control and septic animals at the 8 and
15-hour time points. These data are consistent with the
literature since CRP is a non-specific marker for inflammation
and may be expected at increased levels following trauma,
burns, surgery and inflammatory events 3%,

Conclusions

Sepsis leading to septic shock is a major cause of mortality in
adult and pediatric intensive care units '. Early detection and
prompt treatment of sepsis is critical for survival and optimal
outcomes * * *°. Growing evidence suggests that the BDV is

This journal is © The Royal Society of Chemistry 2012
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sensitive marker of the acute phase response. Since the BDV
begins changing at the vary earliest stages of sepsis, and it
changes well before other physiologic and blood markers, it
may be considered an early indicator of the onset of infection
and thus may be of some clinical utility for earlier detection of
infections.
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