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Quantitative investigation of the impact of noise on heart rate
variability and complexity analysis in trauma patients
Nehemiah Liu, Andriy Batchinsky, Leoplodo Cancio, Jose Salinas
U.S. Army Institute of Surgical Research, San Antonio, Texas

Objectives: Despite extensive studies in the past few decades on the
significance and meaning of the many different measures of heart
rate variability (HRV) and heart rate complexity (HRC), few studies
exist to assess the influence of noise on these measures. The aims of
this study were to review selected measures of HRV and HRC and
investigate how noise affects metric calculations, particularly re-
lationships between mean values corresponding to trauma patients
who received at least 1 life-saving intervention (LSI) and those who
received none.
Methods: A total of 108 prehospital trauma patients with blunt or
penetrating injuries admitted to a level I trauma center in Houston, TX,
were selected based upon availability of electrocardiogram (ECG)
waveform data and manual verification of all R-R interval (RRI)
sequences. Eighty-two patients received at least 1 LSI, whereas the
remaining 26 patients received none. Electrocardiograms were
approximately 15 to 20 minutes long and acquired at a sampling
frequency of 375 Hz. Noise was defined to be any source that alters the
true RRI sequence of an ECG and, consequently, modifies calculation of
an ECG-derived metric. Noise was both simulated and naturally
obtained. Artificial modifications of RRI sequences corresponding to
patient records were carried out by dropping every Mth multiple of
the true RRI sequence for M= 10, 9, ., 1. Furthermore, ECGs of patient
records were loaded into an in-house-developed R-wave detection
algorithm to produce detected RRI sequences. Selected metrics were
calculated afterwards, and means between LSI and non-LSI patient
groups were then compared using Wilcoxon tests. The criterion
standard for obtaining true means was manual verification of R waves
and subsequent metric calculations.
Results: There were no significant differences between LSI and non-
LSI patients in age, sex, and transport time, and 82 patients underwent
142 LSIs. Mean age was 37±14, 76% were male, 86% had blunt injury,
and injury severity score was 17 ± 11. Furthermore, numerical
relationships between mean values of patient groups were preserved,
regardless of noise derivation (LSI vs non-LSI; sample entropy: 0.8 ±
0.3, 1.1±0.4, P= .002; quadratic sample entropy: 3.0±0.9, 3.5± 0.7,
P = .004; multiscale entropy: 0.5 ± 0.4, 1.0 ± 0.6, P = .001; Poincaré
variability ratio: 0.5 ± 0.2, 0.4 ± 0.2, P = .370; fractal scaling
exponent: 1.0 ± 0.2, 0.9 ± 0.2, P = .101; autocorrelation coefficient:
0.1 ± 0.1, 0.1 ± 0.0, P= .004; degree of nonstationarity: 0.7 ± 0.2, 0.6
± 0.2, P = .039; SD: 45.8 ± 60.6, 40.4 ± 25.7, P = .309; successive
differences: 44.5 ± 70.3, 35.7 ± 31.3, P = .454). However, for
detection-derived measures, there were only statistical differences (P
b .01) between groups for entropy measures and autocorrelation.

Importantly, P values for sample and multiscale entropy were the
lowest of all measures.
Conclusions: This study demonstrated that under some noisy
environments, selected measures of HRV and HRC can still discrim-
inate between patient groups. In particular, sample and multiscale
entropy have predictive power and promising clinical use for the
trauma patient cohort.

http://dx.doi.org/10.1016/j.jcrc.2013.07.003

The prognostic value of multiscale entropy in mouse models of
sepsis and a novel scoring methodology
Benjamin Vandendriesschea, Elke Roggea, Oliver Stiedlb,
Peter Brouckaerta, Anje Cauwelsa
aVIB, Ghent University, Gent, Belgium
bCNC, VU Amsterdam, Vrije University, Amsterdam, Netherlands

Objectives: Sepsis is associated with high mortality despite de-
cades of research. It has been well established that the sympa-
thetic/parasympathetic balance is altered in critically ill patients
and that assessment of autonomic function has prognostic value
that can be used to direct treatment. However, due to a lack of
validated intermediary end points and biomarkers predictive for
the outcome in the frequently used animal models of septic shock,
a problematic disconnect in “bench-to-bedside” translation exists.
The extrapolation of experimental data is far from straightforward,
indicating the need for proper markers that have a similar profile
in both groups.
Methods: Implantable telemetry devices (Data Sciences Interna-
tional) were used to monitor blood pressure (BP) and heart rate in
conscious mice, continuously after a shock-inducing challenge.
From these data, linear (time domain and frequency domain) and
nonlinear indices (detrended fluctuation analysis and multiscale
entropy [MSE]) of BP variability were derived. In addition, we
developed a scoring methodology that captures the information
embedded in an MSE profile in a single value, allowing more
straightforward follow-up of disease progression as a function of
time.
Results: As proof of principle, we first determined these indices on
BP measurements from mice that were injected intravenously with
varying doses of tumor necrosis factor (TNF). In retrospect, the
animals were grouped according to outcome. Challenge with TNF
causes morbidity, hypotension, bradycardia, organ failure, and finally
death, similar to other shock-inducing stimuli. As such, the TNF model
is a useful tool for the reproducible study of a simpler subset of the
complex septic shock phenomenon. We found that only MSE has
early prognostic value in the TNF model, predicting outcome already
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in the first 2 hours postchallenge, independent of the administered
dose. Preliminary data indicate that this observation can be expanded
to other—more complex—models of sepsis (ie, endotoxemia and cecal
ligation and puncture). To deal with the fact that a single MSE profile
contains a lot of information, we developed the MSE scoring
methodology, which summarizes an MSE profile in a single value
and allows easy monitoring of loss of complexity behavior over time
in the different animal models.
Conclusions: Multiscale entropy and MSE scoring capture changes in
complexity behavior very early after challenge with a shock-inducing
stimulus that can predict outcome before this is possible with any other
(absolute or derived) parameters. Similar methods will be applied to
data obtained from septic intensive care unit patients (GhentUniversity
Hospital) to test the translational possibilities of this approach.

http://dx.doi.org/10.1016/j.jcrc.2013.07.004

Central role for MCP-1/CCL2 in injury-induced inflammation
revealed by in vitro, in silico, and clinical studies
Ruben Zamora, Cordelia Ziraldo, Rami Namas, Khalid Almahmoud,
Victor Tapias, Qi Mi, Derek Barclay, Bahiyyah Jefferson,
Guoqiang Chen, Timothy Billiar, Yoram Vodovotz
University of Pittsburgh, Pittsburgh, Pennsylvania

Objectives: The translation of in vitro findings to clinical outcomes
is often elusive. Trauma/hemorrhagic shock (T/HS) results in hepatic
hypoxia that drives inflammation. We hypothesize that in silico
methods would help bridge in vitro hepatocyte data and clinical T/
HS, in which the liver is a primary site of inflammation.
Methods: Primary mouse hepatocytes were cultured under hypoxia
(1% O2) or normoxia (21% O2) for 1 to 72 hours, and both the cell
supernatants and protein lysates were assayed for 18 inflammatory
mediators by Luminex technology. Statistical analysis and data-
driven modeling were used to characterize the main components of
the cellular response.
Results: Statistical analyses, hierarchical and k-means clustering,
principal component analysis, and dynamic network analysis suggested
monocyte chemotactic protein-1 / chemokine (C-C motif) ligand 2
(MCP-1/CCL2) and IL-1 as central coordinators of hepatocyte-mediated
inflammation in C57BL/6 mouse hepatocytes. Hepatocytes from MCP-
1-null mice had altered dynamic inflammatory networks. Circulating
MCP-1 levels segregated human T/HS survivors from nonsurvivors.
Furthermore, T/HS survivors with elevated early levels of plasma MCP-
1 postinjury had longer total lengths of stay, longer intensive care unit
lengths of stay, and prolonged requirement for mechanical ventilation
vs those with low plasma MCP-1.
Conclusions: This study identifies MCP-1 as a main driver of the
response of hepatocytes in vitro and as a biomarker for clinical outcomes
in T/HS and suggests an experimental and computational framework for
discovery of novel clinical biomarkers in inflammatory diseases.

http://dx.doi.org/10.1016/j.jcrc.2013.07.005

Optimal risk estimation for thrombosis based on coagulation
protein concentrations
Bart Bakker, Rene Van Den Ham, Henk Van Ooijen
Department of Molecular Diagnostics, Philips Research, High Tech
Campus 11, 5656AE, Eindhoven, The Netherlands

Objectives: Deep venous thrombosis is themost common preventable
cause of death in the hospital, claiming between 100,000 and 200,000
lives per year in the US alone. A large number of cases can be prevented

by the proper use of anti-coagulants. Such treatment has a strong side
effect however: the risk of serious bleeding events. Optimal treatment
therefore requires the accurate identification of those patients that are
at strong risk of thrombosis, so that anti-coagulants are administered
only to those who really need it. Our objective is to design new and
better ways to identify such high risk patients.
Methods: At Philips Research we implement and improve existing
methods for thrombosis risk estimation. We base our methods both on
insights in the biology that underlies the coagulation process, whichwe
express in a large, quantitative computermodel, and on direct statistical
analysis of large databases that contain information on known and
hypothesized risk factors for thrombosis patients andmatched controls.
We present a neural networks based method that is able to combine
multiple risk factors into one thrombosis risk score that is more
accurate than any single risk factor alone. The included risk factors are
known clinical risk factors such as recent surgery and immobility,
genetic effects such as the FV Leiden mutation or blood group, and the
concentrations of a number of proteins that are known to play a role in
the coagulation process. Additionally, we use a complexity reduction
method to identify amuch smaller panel of risk factors that performs at
equivalent accuracy to the complete set of risk factors considered.
Results: The machine learning methods based on the complete set of
inputs (including genetic effects and coagulation protein concentrations)
outperformed themethod based on clinical risk factors alone (area under
the ROC curve of 0.86 vs. 0.78 in a cross-validation study on the MEGA
study (Blom et al, JAMA, 2005)). We performed an independent
validation on the LETS study (van der Meer et al, Thromb Haemost,
1997); this required a reduction in the choice of risk factors to those that
were available in both the MEGA and the LETS study. With the reduced
number of available risk factors, the AUC onMEGA dropped to 0.82 (and
0.74 without genetic effects and coagulation protein concentrations).
Without further adaptation of the algorithm, the discriminative power
when applied to the LETS cohort remained high with an area under the
curve (AUC) of 0.81 (and 0.73 for the same method with clinical and
genetic risk factors only), indicating that the method generalizes well to
new sets of patients. All increases in AUCupon inclusion of genetic effects
and protein concentrations were statistically significant (p-values
b 0.05). The addition of protein concentrations yielded an independent
improvement on top of the prediction accuracy of the risk score based on
clinical risk factors and genetic effects, which has previously been
described in (deHaan et al., Blood, 2012). After complexity reduction, we
chose FV Leiden (a single nucleotide permutation which affects
coagulation factor 5 (FV)) and coagulation factor VIII concentration as
the most predictive added factors.
Conclusions: These results indicate that including genetic effects and
concentration measurements of coagulation proteins holds a strong,
additional value over current methods. We showed that earlier
published results can be improved upon when concentrations of
coagulation proteins into the thrombosis risk estimation are included.

http://dx.doi.org/10.1016/j.jcrc.2013.07.006

Electrocardiogram predicts response to cardiac resynchronization
therapy assessment by means of complexity index
Giulio molona, Jacek Marczykd, Giovanni Virzib, Francesco Accardic,
A. Costac, E. Barbieric
aCardiology Department, S. Cuore Hospital, Negrar, Italy
bPavia University, Pavia Italy
cBoston Scientific, Italy
dOntoMed LLC, USA

Objectives: Cardiac resynchronization therapy (CRT) is effective
in patients with heart failure with wide QRS. However, CRT is
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only successful in approximately 70% of patients after implant;
checking postimplant results is usually obtained by mean of
clinic (New York Heart Association [NYHA] class improvement)
and instrumental (ejection fraction [EF] and left ventricular volumes
by means of echocardiogram) evaluation. Objective of the present
study was to evaluate the association between the novel nonlinear
index, calculated from electrocardiogram (ECG) preprocedure and
postprocedure, compared with traditional linear indices to assess
the reliability and effectiveness in evaluating results of resynchron-
ization therapy.
Methods: We have used OntoCare System (OntoMed LLC) tomeasure
CRT impact among patients who received CRT via pacemaker or
defibrillator in combination with optimal pharmacological therapy,
according to guidelines. Particularly, we measured the impact of
stimulation analyzing the ECG performed before and after implant.
Electrocardiogram complexity values have been considered signifi-
cant (the difference between basal and stimulated ECG) when
â‰¥25%. The OntoCare system measures complexity analyzing the
structure of information, in particular the multidimensional structure
of the ECG, taking into account the interactions between ECG channels
and establishing an innovative means of characterizing generic
dynamical systems and biologic signals.
Results: We retrospectively analyzed 87 patient ECGs implantedwith
CRT in our center. New York Heart Association class, left ventricular
echocardiography (ECHO) measurements, and EF preimplant and
postimplant have been analyzed and compared with complexity
values. The OntoCare system found that 69 (79%) of 87 patients had a
significant impact of therapy (complexity value threshold, 25%),
whereas in the remaining 18 (21%) of 87 patients, there is no variation
in the complexity. We then compared the 2 groups, called responder
(R) and nonresponder (NR), respectively, with clinical and instru-
mental data in our possession. If we compare the values before and
after the implant, we find that left ventricular end-diastolic volume
(LVEDV) changes from 190 to 159 mL (−31 mL; P= .039) in R group
and from 214 to 201 mL (−13 mL; P = .62) in NR group. The EF
increases from 28.1% to 37.2% (+9.1%; P= .0001) in R group and from
27.3% to 33.6% (+6.3%; P = .0005) in NR group; NYHA class changes
from 2.84 to 1.69 (−1.15, P = .01) in R group and from 2.55 to 2.65
(+0.1; P = .5) in NR group.
Conclusions: Even if results are drawn from a small sample of
patients with retrospective analysis, this study shows that the
complexity index is reliable and effective in providing prognostic data
in patients implanted with CRT. In addition, complexity index shows a
strong association with other parameters (EF, ECHO measurements,
and NYHA class) traditionally used to evaluate efficacy of CRT.

http://dx.doi.org/10.1016/j.jcrc.2013.07.007

Automatic heart rate complexity monitoring in a swine model of
cardiac arrest due to massive exsanguination
Slava Belenkiya,b, Bryan Jordana, Jaime Berrya,b, Corina Necsoiua, Jose
Salinasa, Leopoldo Cancioa, Andriy Batchinskya
aUnited States Army Institute of Surgical Research, Fort Sam,
Houston, TX
bSan Antonio Military Medical Center, Fort Sam, Houston, TX

Objectives: The objective of the study is to carry out automated
real-time calculation of heart rate (HR) complexity (HRC) as
measured by sample entropy during lethal hemorrhagic shock.
Methods: Under midazolam sedation ( 320.5 ± 85.6 mL dose over
the experiment), 4 female Yorkshire pigs were subjected to
computer-controlled exponential withdrawal of up to 73.2% ±
16.4% of the estimated blood volume via femoral and carotid arterial

catheters. Continuous real-time unsupervised measurements of
HRC, as assessed by the method of sample entropy (HRC), were
carried out using a Food and Drug Administration–approved
monitor (Aesculon; Osypka medical/Cardiotronics, La Jolla, CA).
The following parameters were recorded: HR (beats per minute),
mean arterial pressure (millimeters of mercury), mean pulmonary
artery pressure (millimeters of mercury), central venous pressure
(millimeters of mercury), pH, Paco2 (millimeters of mercury),
lactate (millimoles per liter), base excess (millimoles per liter),
and HRC. Measurements were recorded at each level of hemorrhage
to include cardiac arrest defined as sustained mean aortic pressure
of 20 mm Hg. Electrocardiographic data were not reviewed
manually, cleaned, or modified. Data were compared during time
points with 1-way analysis of variance with post hoc Dunnett's test.
Data are presented as means ± SD.

Results:

Variable Baseline 25% TBVH 44% TBVH 62% TBVH CA
(~67% TBVH)

P

HRC 0.7 ± 0.3 0.7 ± 0.2 0.4 ± 0.3 0.5 ± 0.1 0.4 ± 0.3 .15
HR, bpm 98.3 ± 27.0 167.3 ± 93.75 162.0 ± 51.9 167.5 ± 69.5 125.7 ± 74.0 .37
MAP,
mm Hg

100.0 ± 11.4 82.0 ± 19.03 59.5 ± 22.5a 34.3 ± 3.5a 16.7 ± 3.8a b .001

Mean
PAP,
mm Hg

26.5 ± 2.6 23.8 ± 9.6 19.5 ± 4.2 11.3 ± 2.1a 11.5± 2.4a .007

CVP,
mm Hg

7.8 ± 2.2 4.8 ± 1.9 4.8 ± 2.5a 2.7 ± 2.5a 6.0 ± 3.3a .013

pH 7.3 ± 0.04 7.3 ± 0.08 7.3 ± 0.05 7.4 ± 0.05 6.9 ± 0.5 .15
PaCO2,
mm Hg

52.3 ± 4.9 49.8 ± 6.2 42.1 ± 9.5 39.7 ± 3.9 81.9 ± 54.7 .24

Lactate,
mmol/L

4.6 ± 2.0 5.7 ± 2.7 6.5 ± 2.8 7.1 ± 2.9 6.9 ± 2.3 .72

BE,
mmol/L

2.0 ± 3.6 −2.3 ± 3.1 −3.0 ± 3.7 −2.7 ± 3.2 −12.0 ± 14.0 .06

MAP indicates mean arterial pressure; PAP, pulmonary artery pressure; CVP, central
venous pressure; BE, base excess.

a Dunnett's post hoc test P b .05 when compared with baseline measurements.

Conclusions: These preliminary data from an ongoing study show
that absolute changes in HRC trend toward reduction with loss of
volume, although they did not reach statistical significance in this
small data set due to sample size. Real-time automatic calculation of
HRC is viable for monitoring of profound exsanguination.

http://dx.doi.org/10.1016/j.jcrc.2013.07.008

Externally applied variability improves lung function during
mechanical ventilation
Bela Suki, Apiradee Thammanomai, Hiroshi Hamakawa,
Elizabeth Bartolak-Suki
Boston University, Boston, Massachusetts

Objectives: The accepted protocol to ventilate patients with acute
lung injury is to use low tidal volume (VT) in combination with
recruitment maneuvers or positive end-expiratory pressure
(PEEP). However, an important aspect of mechanical ventilation
has not been considered: the combined effects of PEEP and
ventilation modes on the integrity of the epithelium. In addition,
it is implicitly assumed that the best PEEP-VT combination also
protects the epithelium. We aimed to investigate the effects of
ventilation mode and PEEP on respiratory mechanics, peak airway
pressures, and gas exchange as well as on lung surfactant and
epithelial cell integrity in mice with acute lung injury. We also
hypothesized that adding external variability to VT will improve
lung biology and function.
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Methods: HCl-injured mice were ventilated at PEEPs of 3 and 6
cm H2O with conventional ventilation (CV), CV with intermittent
large breaths (CVLB) to promote recruitment, and a new mode,
variable ventilation, optimized for mice. Mechanics and gas
exchange were measured during ventilation, and surfactant
protein (SP) B, prosurfactant protein B, and E-cadherin levels
were determined from lavage and lung homogenate.
Results: Positive end-expiratory pressure had a significant effect
on mechanics, gas exchange, and the epithelium. The higher
PEEP reduced lung collapse and improved mechanics and gas
exchange, but it also down-regulated surfactant release and
production and increased epithelial cell injury. Although CVLB
was better than CV, new variable ventilation outperformed CVLB
in recruitment and reduced epithelial injury, and via a dynamic
mechanotransduction, it also triggered increased release and
production of surfactant.
Conclusions: For long-term outcome, selection of optimal PEEP
and ventilation mode may be based on balancing lung physiol-
ogy with epithelial injury.

http://dx.doi.org/10.1016/j.jcrc.2013.07.009

Right ventriculoarterial coupling in acute respiratory distress
syndrome (ARDS) and expected benefits of CO2 removal therapy
Philippe Morimont, Bernard Lambermont, Thomas Desaive,
Francine Blaffart, Pierre Dauby, Jean-Olivier Defraigne
GIGA, Cardiovascular Sciences, University Hospital of Liege,
Liege, Belgium

Objectives: The cardiovascular system works better when the heart
and the arterial system are coupled. Protective ventilation is a
beneficial adjunct to the strategies of mechanical ventilation in ARDS.
However, hypercapnia and acidosis due to lower tidal volume may
lead to right ventricular (RV)–arterial uncoupling. As a result, the
effects of CO2 removal on RV-arterial coupling and cardiovascular
performance could be beneficial.
Methods: Right ventricular-arterial coupling and cardiovascular
performance can be assessed by the ratio of 2 elastances: Ees/Ea,
where Ees is the RV elastance characterizing the RV system and
Ea is the arterial elastance characterizing the pulmonary vascular
system. When Ees/Ea is greater than 1, the system is coupled.
However, when Ees/Ea is less than 1, the system is uncoupled.
This ratio is related to mechanoenergetic aspects of heart arterial
coupling. It can be demonstrated that efficiency of energy transfer
from the RV to the pulmonary circulatory system is optimal when
Ees/Ea = 2, whereas mechanical RV work is maximal when Ees/
Ea = 1. Ea is defined as a steady-state arterial parameter that
incorporates the 4-element Windkessel model of the pulmonary
vascular bed. Ea is computed by combining the pulmonary
vascular compliance, the characteristic impedance, and the
resistance of the main pulmonary vessels as well as the
pulmonary peripheral resistance. Ea can also be simply assessed
by the steady-state ratio of end-systolic pressure to stroke
volume. This ratio can be easily obtained from steady-state
ventricular pressure-volume measurements. Ees is the slope of
the RV end-systolic pressure-volume relationship. Ees is a load
independent index of RV contractility. Calculation of Ees requires
preload variation. In experimental settings, preload reduction is
obtained by inflating a balloon in the inferior vena cava. In
clinical practice, variation of preload resulting from respiratory
pressure changes (or PEEP levels) can be used to determine end-
systolic points.
Results: There is strong evidence that pulmonary vessels constrict
during hypoxia, hypercapnia, and acidemia. High CO2 tension with

elevated hydrogen ion concentration in the blood increases the
extracellular Ca++ influx, which is thought to be the main cause of
vasoconstriction in the pulmonary circulation. CO2 usually causes
weak vasoconstriction under normal vascular tone. Addition of acid
also causes vasoconstriction, whereas alkali administration causes
vasodilation. As vasoconstriction induces an increase in Ea, RV
contractility (Ees) should increase to maintain coupling. However,
hypercapnic acidosis leads to decreased RV contractility. As a result,
hypercapnia and acidosis are responsible for uncoupling. CO2

removal therapy could restore RV-arterial coupling by reducing
deleterious effects of hypercapnia and acidosis on vascular tone and
RV contractility
Conclusions: Right ventricular-arterial coupling and cardiovascular
performance during ARDS can be severely compromised because
hypercapnia and acidosis increase pulmonary arterial elastance
while decreasing RV elastance. Continuous low flow CO2 removal
therapy could help to restore optimal RV-arterial coupling and
improve prognosis.

http://dx.doi.org/10.1016/j.jcrc.2013.07.010

Cardiorespiratory physiological data as an indicator of fentanyl
pharmacokinetics and pharmacodynamics in critically ill
newborn infants: A case report
Nadja Bressana, Andrew Jamesa,b,c, Loreto Leccec, Carolyn Mcgregora
aFaculty of Business and Information Technology, University of Ontario
Institute of Technology, Oshawa, Canada
bDivision of Neonatology, The Hospital for Sick Children,
Toronto, Canada
cDepartment of Paediatrics, University of Toronto, Toronto,
Ontario, Canada

Objectives: Critically ill premature infants are subjected to multiple
interventions while in the neonatal intensive care unit (NICU) that
range from routine handling to invasive, potentially painful pro-
cedures such as endotracheal intubation, the insertion of chest
drains, and surgery. The effects of continuous and prolonged
intravenous infusion of opioid analgesics range from heart rate
variability fluctuation to an increase of sensitivity to noxious stimuli
that may evolve to a painful response to nonnoxious stimuli known
as opioid-induced hyperalgesia. The provision of optimal analgesia,
without pharmacologically induced side or adverse effects, during
these procedures is a major challenge for neonatologists. The
objective of this report is to describe our preliminary experience
with the use of cardiorespiratory physiological data streams and
drug infusion data from the Artemis Project to analyse fentanyl
pharmacokinetic and pharmacodynamic (PKPD) behavior in a
population of premature infants in the NICU. The Artemis platform
is a framework for concurrent multipatient and multistream
temporal analysis in real time for clinical decision support and
retrospective clinical research. The relationship between estimated
drug concentration and both heart rate variability (HRV) and
respiratory rate variability (RRV) should provide insights about
fentanyl's pharmacodynamics in the population of premature infants.
Methods: A critically ill female preterm infant, gestational age 27
weeks, birth weight 997 g, enrolled in the Artemis Project is the
subject of this case report. The infant presented with severe
respiratory distress due to maturational surfactant deficiency that
was managed with surfactant replacement therapy and high-
frequency jet ventilation at 240 breaths per minute. Cardiorespira-
tory physiological data (heart rate, respiratory rate, and blood
pressure), drug infusion data (drug infusion rate [milliliters per
hour]), drug dose, and drug concentration), and the infant's
Premature Infant Pain Profile score (PIPP) were captured using the
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Artemis platform. Heart rate variability and RRV were calculated
using CRISP-TDMn5 and STDMn06. Plasma and effect site concen-
trations (Cp/Ce) were simulated by the PKPD modeling module of
the Artemis platform. Encinas' PKPD8 model for fentanyl was used in
this retrospective analysis. HRV and RRV were analyzed using the
estimated Cp/Ce at the specific point in time. Data from the periods
of the infant's NICU hospital course were used for the analysis of the
relationship between drug concentration, HRV, RRV, and PIPP score.
Results: A fentanyl Ce of 0.02 μg/mL was correlated with a low HRV,
statistical significance P = .01 (P b .05), and a PIPP score of 6. The
infant's PIPP score was 9 before the increased fentanyl drug dose.
There was no detectable effect on RRV for this infant whose
respiratory failure was managed with high-frequency jet ventilation
at 240 breaths per minute.
Conclusions: This case study demonstrates that a high concentration
of fentanyl in this critically ill premature infant is associated with a
reduction in PIPP score and correlates with decreased HRV. The
estimated effect site concentration correlations with low HRV suggests
that high-fidelity cardiorespiratory physiological data could serve as an
indicator for fentanyl's pharmacodynamics as well as controller
variable for a novel pain profile index.

http://dx.doi.org/10.1016/j.jcrc.2013.07.011

Contrasting paired signals arising from the same
physiological process
Joel Michaleka, Yongjian Ouyanga, John Porterfieldb, Marc Feldmana
aUniversity of Texas Health Science Center at San Antonio,
San Antonio, TX
bUniversity of Texas, Austin, TX

Objectives: Consider a setting where 3 signals, X, Y, and S, are
simultaneously measured on each of n subjects over T equally spaced
time points t, where X, Y, and S are alternative measures of the same
physiological process, S is considered a criterion standard, and the
degree of closeness of X and Y to S is of interest. X and Y may for
example arise from 2 competing devices where one device may be
considered better than the other if its signal is closer to S than
its competitor.
Methods: The null hypothesis, Ho, is that X and Y are equally close
to S. We sought a statistical procedure to test Ho while addressing
the paired and repeated measures nature of the data. A solution is to
conduct a paired t test on within-subject squared differences
summed over time. Specifically, compute the within-subject squared
difference between the ordinates at each time point t for X and S and
sum over the T time points to obtain ∑(Xt − St)2, do the same for Y
and S and to get ∑(Yt − St)2 and then, for each of the n subjects,
compute the within-subject difference D = ∑(Xt − St)2 − ∑(Yt −
St)2 between these sums and test the null hypothesis that the mean
of D is zero using a paired t test. A similar approach can be used by
first fitting a wavelet model to each signal and computing within-
subject squared differences of wavelet coefficients. Finally, a Fourier
model can be used in place of a wavelet model.
Results: We applied these methods to 3 measurements of stroke
volume, where X and Y were signals produced by competing devices
and S was a criterion standard signal. All 3 approaches, original units,
wavelet coefficients, and Fourier coefficients, gave consistent results.
Conclusions: This approach provides a readily programmable
method to test the null hypothesis in the sometimes difficult design
with a small number of subjects, a large number of measurements
per subject, and paired measurements.

http://dx.doi.org/10.1016/j.jcrc.2013.07.012

Rethinking paracrine effects of stem cell therapies
Marie Csete
UCSD Anesthesiology, San Diego, California

Objectives: Almost 4500 stem cell-related clinical trials are regis-
tered with clinicaltrials.gov. Most are designed around using stem cell
therapies for paracrine trophic effects rather than for true regenera-
tion. Although mechanism of action is not required for early clinical
trials, the assumption of positive trophic activity of stem cells
underlies most study design to date. Our work and that of others
suggest that this assumption requires fundamental re-examination,
especially in light of anticipated stem cell trials for sepsis. The
objective of the study is to (i) review of published an unpublished
data showing specific therapeutic mechanisms of action of stem cells
independent of secreted trophic factors.
Methods: With Emory Institutional Review Board approval, unilateral
chronic constriction injury of (male, S-D) rat sciatic nervewasused as an
ischemic nerve injury model (n = 24). Ischemic injuries are common
clinical trials targets for stem cell therapies (myocardial infarction,
stroke, trauma, critical limb ischemia, etc). At end of surgery with rats
still anesthetized, freshly isolated syngeneic bonemarrowmononuclear
cells were injected via tail vein in half the rats, and phosphate buffered
saline (PBS), in the controls. At 10 days, pain behavior was quantified,
animals euthanized, and protein isolated from sciatic nerves. Standard
Western blots were used to examine candidate regulators (heat shock
proteins, endothelin axis) of the analgesic response as a function of bone
marrow mononuclear cells (BMMC) injection.
Results: BMMCs mediated a potent antianalgesic effect for both
temperature and mechanical sensitivity. Westerns for heat shock
protein abundance showed that HSP32 was specifically up-regulated
in both injured and uninjured sciatic nerve as a function of BMMCs.
Endothelin A receptor was down-regulated in injured nerve as a
function of BMMCs. Endothelin B receptor levels were unchanged. In
principle, up-regulation of HSP32 results in increased COproduction; CO
is a potent vasodilator. Down-regulation of endothelin A signaling
results in reduced vasoconstriction. Together, these results suggest that
local control over vascular tone at the site of ischemic injuries may
mediate some of the SC therapeutic response in ischemic injuries. Other
mechanisms emerging in the literature include exosome secretion,
mitochondrial transfer, and antibacterial effects, providing a new view
of the mechanism of action of stem cell mediated cytoprotection.
Conclusions: These “new” potential therapeutic mechanisms of stem
cells suggest that modification of the environment (vasodilation,
antibacterial effects) and changes in energy metabolism, redox
potential, and secondary effects of redox on transcription play important
roles in “paracrine” effects of stem cells, independent of secreted
classical growth factors. These mechanisms have important implication
for the choice of particular cell subpopulations for therapy and the
optimal target patient populations in clinical trials design. Further
evaluation of thesemechanismsmaymake it possible to design potency
assays that predict clinical efficacy.

http://dx.doi.org/10.1016/j.jcrc.2013.07.013

Modeling nonuniformity of left ventricular relaxation in acute
myocardial ischemia
Philippe Morimont, Antoine Pironet, Thomas Desaive,
Bernard Lambermont
GIGA, Cardiovascular Sciences, University Hospital of Liege,
Liege, Belgium

Objectives: The time constant of left ventricular (LV) relaxation
derived from a monoexponential model is widely used as an index of
LV relaxation rate, although this model does not reflect the
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nonuniformity of LV pressure fall during isovolumic relaxation. In the
present study, we investigated in anaesthetized pigs whether the
relaxation curve can be better fitted with a “quadratic” model than
with the “conventional” monoexponential model and if changes in
LV relaxation waveform due to acute myocardial ischemia could be
better detected with the quadratic model.
Methods: Isovolumic relaxation was assessed with quadratic and
conventional models during acute myocardial ischemia performed in
6 anesthetized pigs. Phase plane analysis of LV pressure fall derived
from combined conductance-micromanometer catheter was
achieved. Mathematical development indicates that 1 parameter
(Tq) of the quadratic model reflects the rate of LV relaxation,
whereas the second parameter (K) modifies the shape of the
relaxation curve in the time space.
Results: Analysis of experimental data obtained in pigs showed that
the shape of LV relaxation consistently deviates from the conven-
tional monoexponential decay. During early phase of acute myocar-
dial ischemia, the rate and the nonuniformity of LV relaxation,
assessed with the quadratic function, were significantly enhanced. Tq
increased by 16% (P b .001) and K increased by 12% (P b .001) within
60 minutes after left anterior descending coronary artery occlusion.
However, no significant changes were observed with the conven-
tional monoexponential decay within 60 minutes of ischemia onset.
Conclusions: The quadratic model better fits LV isovolumic relaxa-
tion than the monoexponential model and can detect early changes
in relaxation due to acute myocardial ischemia undetectable with the
conventional method.

http://dx.doi.org/10.1016/j.jcrc.2013.07.014

The relationship between autonomic function and heart rate
variability in human endotoxemia
Jeremy Scheffa, Siobhan Corbettb, Steve Calvanob,
Ioannis Androulakisa,b
aRutgers University, New Brunswick, New Jersey
bRobert Wood Johnson Medical School, New Brunswick, New Jersey

Objectives: Analysis of heart rate variability (HRV) is a promising
diagnostic technique due to the noninvasive nature of the measure-
ments involved and established correlations with disease severity,
particularly in inflammation-linked disorders. However, complexities
underlying the interpretation of HRV complicate understanding the
underlying mechanisms driving changes in HRV. Despite this, such
interpretations are often found in the literature. We explored
mathematical modeling of the relationship between the autonomic
nervous system and the heart to illustrate the inherent challenges in
straightforward interpretation of HRV data. Specifically, we focused
on human endotoxemia, a well-established, controlled experimental
model of systemic inflammation that provokes changes in HRV
representative of acute stress.
Methods: We studied 2 models linking the autonomic nervous
system to the output of the heart. Both models consist of oscillating
neurotransmitter concentrations (norepinephrine in the low-fre-
quency [LF] range, acetylcholine in the high-frequency [HF] range)
and an integral pulse frequency modulation (IPFM) model that
combines sympathetic and parasympathetic influences, modeling the
physiological function of the sinoatrial (SA) node. In 1 model (the
linear model), autonomic oscillations are linearly combined at the SA
node. In the other model (the nonlinear model), autonomic
oscillations pass through a saturation function to mimic ligand-
receptor kinetics before they reach the SA node. Based on these 2
models, we evaluated the relationship between changes in auto-
nomic activity and hear rate (HR)/HRV by perturbing the mean levels
of autonomic outputs and assessing changes in HR, LF (0.04-0.15 Hz)

spectral power, and HF (0.15-0.4 Hz) spectral power. In addition, we
explored how changes in HR/HRV observed in human endotoxemia
(namely, increased HR, decreased LF, and HF and decreased coupling
between the autonomic nervous system and the heart) can arise
from this general model structure.
Results: Two features of our models contribute to a relationship
between mean levels of autonomic activity and HRV. First, there is an
effect related to the magnitude of the inputs to an IPFM model. As
the mean value of the input to the IPFM model increases and thus
heart beats become faster, variability decreases because successive
intervals are more similar due to their closeness relative to the
frequency of oscillations. Second, the inclusion of saturation, which
only appears in the nonlinear model, results in oscillatory amplitude
is blunted by saturation as the mean value of sympathetic or
parasympathetic activity increases, thus leading to lower HRV. Under
different regimes of autonomic signaling, these 2 effects can be
either cooperative or competitive. For example, in the nonlinear
model, HF power can either increase or decrease as parasympathetic
activity increases, depending on which effect predominates due to
the particular parametrization of the model. In the case of human
endotoxemia, 3 hypothetical scenarios for autonomic function giving
rise to these observed patterns of HR, HRV, and uncoupling in human
endotoxemia were analyzed. These scenarios represent different
types of autonomic modulation, receptor-level regulation, and
uncoupling between the heart and autonomic nervous system that
all produce similar outputs: (1) sympathetic and parasympathetic
activities increase, but sympathetic activity predominates and re-
ceptors are highly saturated; (2) sympathetic activity increases,
parasympathetic activity decreases (or increases), and the heart
experiences diminished sensitivity toward autonomic stimuli; and
(3) the heart is uncoupled from the autonomic nervous system, and
changes in HR are driven by nonautonomic factors.
Conclusions: By contrasting modeling results with published exper-
imental data and analyses, we hypothesize that there exists significant
uncertainty in the mechanistic implications of HRV changes in human
endotoxemia. Multiple plausible alternative hypotheses, even in a
relatively simple model-based framework, equally reconciled exper-
imental results. This underscores the need for further experimental
work toward unraveling the underlying mechanisms of autonomic
dysfunction and HRV changes in systemic inflammation. Understand-
ing the extent of information encoded in HRV signals is critical in
appropriately analyzing prior and planning future studies.

http://dx.doi.org/10.1016/j.jcrc.2013.07.015

Model-based synchronization and coupling analysis during sleep
Niels Wessela, Maik Riedla, Jan F. Kraemera, Andreas Müllera,
Thomas Penzelb, Jürgen Kurthsa
aHumboldt-Universität zu, Berlin, Germany
bCharite Universitätsmedizin, Berlin, Germany

Objectives: The number of patients with cardiovascular diseases
increases unproportionally with the increase of the human population
and aging, leading to very high expenses in the public health system.
Therefore, the challenge of cardiovascular physics is to develop highly
sophisticated methods, which are able to, on the one hand, supplement
and replace expensivemedical devices and, on the other hand, improve
the medical diagnostics with decreasing the patient's risk.
Methods: Methods of cardiovascular physics are used to analyze heart
rate, blood pressure, and respiration to detect changes of the
autonomous nervous system in different diseases. Data-driven model-
ing analysis, synchronization, and coupling analysis and their applica-
tions to biosignals in healthy subjects and patients with different
diseases are presented. The symbolic coupling traces, defined as the
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symmetric and diametric traces of the bivariate word distribution,
allow for a more reliable quantification of coupling and are compared
with established methods such as mutual information and cross
recurrence analysis.
Results: It is shown that the use of nonlinear approaches brings a
significant improvement of fitting compared with linear models.
Several transformations are highly similar within the individual groups
but significantly different among the groups. The method of symbolic
coupling traces is used to analyze and quantify time-delayed coupling
of cardiovascular measurements during different sleep stages. Signifi-
cantly different regulatory mechanisms are detected not only between
the deep sleep and the other sleep stages but also between healthy
subjects and patients.
Conclusions: The proposed coupling method may help to indicate
pathologic changes in cardiovascular regulation and also effects of
continuous positive airway pressure therapy on the cardiovascular
system. Moreover, newly derived synchronization methods of cardio-
vascular physics may help to find indicators for different health risks.

http://dx.doi.org/10.1016/j.jcrc.2013.07.016

Nonparametric segmentation of heart beat intervals
Sabrina Camargoa, Maik Riedlb, Celia Anteneodoa, Jürgen Kurthsb, Niels
Wesselb
aPUC-Rio, Rio de Janeiro, Brazil
bHumboldt-Universität zu, Berlin, Germany

Objectives: The idea of the segmentation applied to time series is to
provide patches of the signal where stationarity is verified. Instead of
testing only the difference for the mean [Bernaola-Galvan, 2001], we
perform a nonparametric segmentation, taking into account the whole
distribution, with all moments, especially mean and variance. We aim to
characterize the nonstationarities present in 3 groups consisting of 15
young (YH) (11 females, 4 males, age 31 ± 6 years) and 18 elderly
subjects (EH) (11males, 7 females, age 50±7years) and 15 patientswith
congestive heart failure (CHF) (11 males, 4 females, age 56 ± 11 years).
Methods: For analysis, we consider the beat-to-beat intervals from 24-
hour measurements of the electrocardiogram. The time series are
segmented as follows: given a segment of a time series, a sliding pointer
is moved to compare the 2 fragments, on the left and the right side of the
pointer i. Then one selects the position imax that maximizes the
normalized Kolmogorov-Smirnov statistics, D = DKS (1/nL + 1/nR)
^(−1/2), where DKS is the distance between the cumulative distributions
of the samples in the left and the right fragment, andnL (nR) is thenumber
of points to the left (right) of the pointer. After determining the position,
imax, of the maximum value of D, Dmax, one checks the statistical
significance (at a chosen significance level α = .05) of a potentially
relevant cut at imax by comparisonwith the result thatwould be obtained
for a random sequence. If each resulting segment is greater than a defined
minimum L0, then the pointer is set and the procedure is recursively
applied, until no patch is segmented.
Results: To quantify the nonstationarity, we obtain statistical values of
the segmentation,which includenot only segment length and jump size
but also more sophisticated ones such as the number of segments
greater than 300, LN300, and %μ50. LN300 corresponds to approximately
5 minutes, the shortest required segment length of heat rate variability
(HRV) analysis, and %μ50 reflects the percentage of differences of the
mean of 2 consecutive segments |μi+1-μi|N50 milliseconds in an
analogy to the standard HRV measure pNN50, the percentage of
consecutive RR intervals differing by more than 50 milliseconds. We
foundhigh positive correlations of approximately 0.9 between%μ50 and
the overall SD as well as a negative correlation around 0.8 between
LN300 and the normalized very low-frequency power, (VLF/P), linking
the segmentation outcomes to standard measures.

Conclusions: In this work, we present the analysis of nonstationarities
in heart rate by means of a nonparametric segmentation algorithm,
being able to display differences between CHF and age-matched EH as
well as CHF and YH. In addition, differences between YH and EH can be
detected, showing the aging effect in the loss of complexity of the heart
rate (P b .05). Through the outcomes of segmentation, we have access to
time characteristics of the signal that were no longer available, making
possible a different approach to quantify nonstationarities in HRV
analysis. Results are in agreement with previous knowledge and do not
require arbitrary thresholds or excludes fragments of the time series.

http://dx.doi.org/10.1016/j.jcrc.2013.07.017

Estimation of electrocardiogram-derived respiratory power for
apnea detection and continuous monitoring
Jan F. Kraemera, Indira Gurubhagavatulab, Thomas Penzelc,
Niels Wessela
aDepartment of Physics, Humboldt-Universität zu Berlin, Berlin, Germany
bCenter for Sleep and Circadian Neurobiology, University of Pennsylvania,
Philadelphia, PA, USA
cInterdisciplinary Center of Sleep Medicine, Charité, Berlin, Germany

Objectives: An important side effect of sleep apnea is the tiredness
during the day, resulting from the lack of continuous sleep. This can
lead to episodes of microsleep with possibly fatal consequences in
cases where heavy machinery is being operated. Multiple govern-
ment bodies are now considering mandatory sleep diagnostics for
long-haul truck drivers. Because the diagnostics of sleep apnea
involves up to 2 nights in a sleep laboratory, an effective screening
methodology is needed to avoid overexerting existing infrastructure.
Methods: We propose the use of the electrocardiogram (ECG),
where established means for ambulatory long-term recordings exist.
We use the existence of multiple independent embeddings of
respiratory activity in the ECG. These have physical and the rotation
of the electrical axis due to respiratory movement as well as neural
sources as in the case of respiratory sinus arrhythmia. Because each
of these embeddings is noisy and infrequently sampled, a means to
integrate the information of all embeddings is needed. Our approach
combines the signals based on their estimated spectral power
densities, whereas an estimation of the instantaneous respiratory
rate allows us to exclude noise in bands not relevant to respiration.
The resulting integrated spectrum can be used to estimate respira-
tory power from which the Respiratory Power Index can be
calculated, a surrogate for the widely used apnea-hypopnea index.
Results: When applying our algorithms blinded to a test data set, we
achieved a Pearson correlation coefficient of 0.833 comparing our
index to an index based on apneas as scored by qualified technicians.
Conclusions: Although developed for apnea detection, we believe
this method can be applied to a clinical context where ECG
monitoring is standard and could thus be easily extended to provide
continuous respiratory monitoring.

http://dx.doi.org/10.1016/j.jcrc.2013.07.018

Can arterial pressure serve as a surrogate for cardiac output when
evaluating patient response to hemodynamic interventions?
A simulation study
Mehmet Süzen, Andreas Hoeft, Sven Zenker
University of Bonn Medical Centre, Bonn, Germany

Objectives: Clinically, arterial pressure (AP) response is often used
as a surrogate for the physiologically potentially more relevant
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cardiac output (CO) response when titrating hemodynamic therapy.
The determinants of such agreement or disagreement under
therapeutic interventions are not fully understood. We, therefore,
investigate the agreement of CO and AP trends under volume
resuscitation (VR), changes in pure pressor (PT), and pure inotrope
therapy (IT) and simultaneous PT/IT (PIT) with computer simula-
tions using a simple mathematical model of the cardiovascular
system for diverse simulated patient conditions.
Methods: The mathematical model (Zenker et al., PLoS Computa-
tional Biology 2007, 3(11): e204) consists of 5 nonlinear ordinary
differential equations with a total of 22 initial conditions (ICs) and
parameters. Pure TIs are modeled as alterations of intravenous
volume (VR), myocardial contractility (IT), and arteriole resistance
(PT), respectively. We locally determined AP and CO responses to
infinitesimal perturbations as derivatives with respect to the relevant
ICs/parameters using forward sensitivity analysis with automated
differentiation. In the case of PIT, the directional derivative along unit
norm linear combinations of IT and PT basis elements was
considered in 15 directions. Computations were implemented in
MATLAB and C using SUNDIALS and ADOL-H libraries. We simulta-
neously varied pairs of model parameters/ICs combinatorially in the
range of one tenth to 4 times the reference values to simulate diverse
patient conditions, resulting in a total of 231 two-dimensional slices
of parameter/IC space per therapeutic intervention.
Results: Arterial pressure and CO responses to VR, PT, and IT agreed in
79.00, 0.00, and33.66%,werenegligible in13.52, 13.60, and66.34%, and
disagreed in 7.48, 86.40, and 0.00% of the investigated patient
conditions, respectively. The regions of negligible intervention effects
were found to be robust to the choice of numerical threshold and
integrator tolerances. For PIT, we observed consistent alterations of
response patterns when transitioning from pure IT toward pure PT: as
the pressor component of the intervention grows, regions of negligible
inotrope effects in simulated patient condition space exhibit disagree-
mentfirst, followedbygradual andeventually total displacementof the
agreement regions, with boundaries and their evolution showing
nontrivial dependency on simulated patient condition.
Conclusions: Disagreement of AP/CO trends under VR appeared to be
largely driven by the dominance of baroreflex-mediated decrease of
heart rate over the increase in stroke volume and will thus depend on
the specific shapeof thebaroreflex responsecurve. Theobservedrather
than homogeneous responses to pure IT (agreement or negligible
effect) and pure PT (disagreement) are consistent with physiological
expectations. Themore realistic simulationsofPIT revealed thateven in
this massively simplified simulation scenario, which, for example,
completely ignores chronotropic effects of hemodynamic interven-
tions, agreement of AP and CO response to an intervention depends on
patient condition in a nontrivial way. These results emphasize that
using AP responses as a surrogate for CO responses may bemisleading
when evaluating effects of realistically available hemodynamic in-
terventions in critically ill patients,who canbe expected to have severe
and temporally varying perturbations of their physiological condition.

http://dx.doi.org/10.1016/j.jcrc.2013.07.019

Development of brainstem inflammation correlates with
uncoupling of the cardiorespiratory system in an endotoxemic
rodent model
Thomas E. Dick, Yee-Hsee Hsieh, David Litvin, David E. Nethery, Yenan
Zhu, Roberto F. Galan, Christopher G. Wilson,
Kenneth A. Loparo, Frank J. Jacono
Case Western Reserve University, Cleveland, Ohio

Objectives: Disordered systemic inflammatory response to septice-
mia leads to multiple organ dysfunction syndrome, the major cause of

death in intensive care units. Early detection is critical for survival, as
mortality increases 5-fold in the first 2 hours with deterioration to
septic shock (Kumar et al., Crit Care Med, 2006). Developing
biomarkers would facilitate identifying deteriorating septic patients.
We are applying novel and established analytical tools to assess heart
rate variability (HRV) and ventilatory pattern variability. In addition,
we analyze the reciprocal interaction between the cardiac and
respiratory systems using power spectral density of heart rate and
respiration as well as measuring cardioventilatory coupling (CVC)
(Friedman et al., J Appl. Physiol, 2011.), the tendency for inspiration to
begin at a preferred latency after the last heartbeat in expiration.
Methods: We theorize that expression of proinflammatory cytokines in
thenucleustractussolitarius(nTS)decreasestheefficacyofsensory input
and leads to the loss of cardiorespiratory coupling. First, we tested the
hypothesis that cytokine expression in the nTS is associated with loss of
HRVandCVC in adultmale Sprague-Dawley ratswere anesthetizedwith
isoflurane; diaphragmatic electromyogramand electrocardiogramwere
recorded. After recording “baseline” patterns, lipopolysaccharide (LPS)
(24mg/kg, n=7) or saline (n=3)was injected intraperitoneally.
Results: After LPS injections (6 hours), heart rate and breathing
frequency increased comparedwithbaseline. CVC,whichwassignificant
( 2analysis) inbothgroupsatbaseline,wasabsentinratstreatedwithLPS
even though the high-frequency component of HRV remained. In
subsequent experiments, we microinjected IL-1 (n= 3) or saline (n=
2) into the nTS bilaterally and mimicked the finding that CVC but not
respiratory sinus arrhythmia disappears with LPS. Finally, we addressed
the hypothesis that downstream products in the inflammatory cascade
reducedsynapticefficacyinthenTS.Usinganinsituhorizontalmedullary
slice preparation that preserves the solitary tract, we performed patch-
clamp recordings from putative second-order nTS neurons before and
after application of prostaglandin E2 (PGE2) receptor agonists. Although
spontaneous excitatory postsynaptic currents changed variably, evoked
excitatorypostsynaptic currentsdecreasedconsistentlyafter theagonist.
Conclusions: In our endotoxemic model, brainstem inflammation
occurs quickly and is associated with “uncoupling” of the cardiorespira-
tory systems, reflected by the loss of CVC but not necessarily HRV. Our
preliminary data indicate that early in sepsis, downstream IL-1 receptor
signaling in thenTSdecreases theefficacyof sensory input. Thismaybe a
mechanism attenuating the influence of the blood pressure on ventila-
tion. We speculate that the additional loss of HRV that we observed in
chronically instrumented rats depends on inflammation developing in
othercardiorespiratorycontrolnucleidownstreamof thenTS.Thesedata
support the concept that CVC, which depends on the integration of
baroreceptor afferent input, could serve as a sensitive biomarker for the
inflammation in sepsis and, thus complementHRV.

http://dx.doi.org/10.1016/j.jcrc.2013.07.020

Automated detection and characterization of periodic breathing
in preterm infants
Mary Mohra, Manisha Patelb, Hoshik Leea, Matthew Clarkb,
Douglas Lakeb, Brooke Vergalesb, John Kattwinkelb,
Randall Moormanb, Karen Fairchildb, John Delosa
aCollege of William and Mary, Williamsburg, Virginia
bUniversity of Virginia, Charlottesville, Virginia

Objectives: Periodic breathing (PB) (also called periodic apnea) is a
normal developmental phenomenon in preterm neonates that, if
exaggerated,might be pathologic. Fromour point of view, it represents
a commonandeasily detectedoscillationofnormalphysiology thathas
unexploredclinical consequences. Characterizationof PBhasprevious-
ly been limited to short monitoring times in small numbers of infants.
We developed 2 new algorithms to quantify PB in neonatal intensive
care unit (NICU) patients and sought clinical correlations.
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Methods: Waveform (electrocardiogram, chest impedance, pulse
oximetry)andvitalsign(heartrate, respirationrate,oxygensaturation)
data were collected continuously on University of Virginia NICU
patients from 2009 to 2012. There are 1438 patients in this data set.
One hundred seventy are of extremely low birth weight (b1000 g at
birth), and340areofvery lowbirthweight (between1000gand1500g
at birth). Fourier transform and wavelet methods were developed for
detecting PB. A previously developed apnea-recognition algorithm
gives the probability of apnea as a function of time. The Fourier
transformationof this signalwas taken, andPBwas identifiedas epochs
in which the power in the frequency band of 0.025 to 0.1 Hz (10-40
second cycles) exceeded 5 SDs above the mean found for a randomly
selected set of apnea events. In the wavelet method, PB is identified
using a continuous wavelet transform of the apnea signal with a
periodic mother wavelet. The absolute values of the wavelet co-
efficients are a function of time and have a range from zero to one.
Periodic breathing ismarkedat timeswhen the coefficient exceeds 3/8.
Thesemethodswereapplied toour largedata set, and thepercentageof
time spent in PBwas calculated.
Results: The amount of time that infants spend in PB is typically small,
1% to 10%, depending on their postmenstrual age.Wewere surprised by
the extent of PB in some and the poor outcomes that were associated.
The infant who had the most PB in a 48-hour period (66%) was an
apparently healthy late preterm infant who was released from the
NICU, but later died unexpectedly at home—a case of sudden infant
death syndrome. Application of our PB detection methods revealed PB
almost continuously throughout the course of this infant's stay in the
NICU. A second infant who had PB for 58% of a 12-hour period also died
unexpectedly a few hours later in the NICU with what appeared to be
fulminant sepsis.
Conclusions: Although PB has been thought to be benign, 2 cases of
extreme PB occurred in infants who later died unexpectedly. Excessive
PB may be a sign of poor development of respiratory control or
impending pathology, underscoring the potential benefits of real-time
monitoring of physiological oscillations.

http://dx.doi.org/10.1016/j.jcrc.2013.07.021

Early detection of infection in pigs based on
interleukin-6 dynamics
Tim Tambuyzera, Tine De Waeleb, Daniel Berckmansa,
Bruno Goddeerisb, Jean-Marie Aertsa
aDivision Measure, Model & Manage Bioresponses, KU Leuven,
Kasteelpark Arenberg 30, B-3001 Leuven, Belgium
bLaboratory of Immunology, Faculty of Veterinary Medicine,
Ghent University, Salisburylaan 133, B-9820 Merelbeke, Belgium

Objectives: At present, infection is still one of themajor death causes in
intensive care unit (ICU). To decrease infection- and sepsis-associated
mortalityof ICUpatients, thesearchforearly infectiondetectors iscrucial.
In this study, we used pigs as animalmodel to analyze dynamic changes
of interleukin-6 (IL-6) time series in response to infection.
Methods: TimeseriesofIL-6responses(n=5pigs)wereanalyzedbefore
and after infection by Actinobacillus pleuropneumoniae (endobronchial
inoculationwith1×107colony formingunits [CFU]).Eightbloodsamples
were collected starting from the moment of catheterization at a sample
frequencyof 1 sampleper2hours (before infection). In addition, a second
series of blood samples was taken with the same sampling frequency
starting from 8 hours before themoment of infection until maximally 24
hoursafter infectionforthesurvivingpigs.Foreverybloodsample, theIL-6
value was determined resulting in 1 IL-6 time series for every pig. In
addition, all pigswereclinically scoredbyaveterinarian. Theexperiments
were approved by the ethical commission of Ghent University. Dynamics
of the IL-6 responses to infection were quantified by first order

autoregression models applied to IL-6 data before and after the moment
of infection.
Results: The estimated autocorrelation values were for all pigs close to
zerointhepreinfectionstate.After infection,theautocorrelationvaluesof
the pigs were significantly different from the preinfection state (P b

.0001), andallparameterestimatesweresignificantlydifferentfromzero
(ie, for all autocorrelation values [a1]: a1− 2.SE(a1) N 0). These results
indicate that the infection causes a downwards shift of the autocorrela-
tion value.
Conclusions: These results might be a further step toward the develop-
ment of an objective individualized method for monitoring of sepsis and
inflammation processes and early prediction of disease outcome in pigs. In
future, a similar approach should be investigated in the ICU setting.

http://dx.doi.org/10.1016/j.jcrc.2013.07.022

A 2-year audit of prothombin complex concentrate use in the
acute hospital setting
Patrick Neea,b, Samantha Bonneyb, Eckersley Thomasb
aLiverpool John Moores University, Liverpool, United Kingdom
bSt Helens and Knowsley Teaching Hospitals NHS Trust, St. Helens,
Merseyside, United Kingdom

Objectives: 1. To determine the indications, appropriateness, dos-
age, and administration of prothrombin complex concentrate (PCC)
in a general hospital in the UK. 2. To monitor protocol violations,
wastage, and costs associated with the use of this product.
Methods: This is a retrospective analysis of prospectively collected
data, chart review, and economic evaluation.
Results: Between April 1, 2011 and March 31, 2013, the product was
prescribed for 75 adult inpatients (74% males; median age, 78 years).
The most common indication was intracranial bleeding, followed by
gastrointestinal hemorrhage and overanticoagulation before opera-
tive procedures. All except 1 patient were receiving warfarin therapy,
the exception was an 86-year-old woman with an acquired
hemophilia. The clinical setting was most commonly the general
ward, followed by the emergency department, coronary and critical
care units, and the operating theater. Forty-seven patients were alive
at 30 days. Three hundred ninety-seven units of PCC were issued
from the laboratory to the clinical areas during the period under
study. Thirty-seven units were returned unused, and at least 39 units
were wasted. The cost of wasted product was 2535 GBP (2991 Euro).
Protocol violations were common, principal delays to administration,
and failure to give vitamin K. The doses were often inadequate, and
documentation was generally poor.
Conclusions: Prothrombin complex concentrate is commonly pre-
scribed for the emergency reversal of warfarin therapy. Institutional
protocols guide the use of the product; however, protocol violations are
common.Delays to treatment and inadequatedosingcan lead to adverse
outcomes andwastage is expensive. Extrapolated to the entire UK acute
hospital setting, this would amount to 507 000 GBP (598 260 Euro).
Regular audit of the use of the product and training of physicians
involved in its prescription and administration are recommended.

http://dx.doi.org/10.1016/j.jcrc.2013.07.023

Carbohydrate prefeeding affects the metabolic response to
polytrauma, hemorrhagic shock, and resuscitation in serum
metabolic networks
Elizabeth Lusczeka, Tyrone Vincentb, Vishwesh Kulkarnic,
Kristine Muliera, Greg Beilmana
aUniversity of Minnesota Department of Critical Care and Acute
Care Surgery, Minneapolis, Minnesota
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bColorado School of Mines, Department of Electrical Engineering and
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Computer Engineering, Minneapolis, Minnesota

Objectives: Pretreatments with oral carbohydrate feeding before
experimental hemorrhage are known to confer a survival benefit in
small animal models. However, the impact of such fed states on the
outcomes in traumatically injured humans is unknown. Our objective
is to examine the effect of carbohydrate prefeeding on metabolic
response in a clinically relevant large animal model of polytrauma
and hemorrhagic shock by identifying potential metabolic networks.
Methods: All animals were fasted overnight (n = 64). Those
animals that were randomized to prefed (n = 32) received an oral
bolus of 7 mL/kg of Karo syrup diluted with 5 mL/kg of sterile water
1 hour before sedation. A pulmonary contusion, a 35% hemorrhage,
and a liver crush injury were administered to simulate polytrauma
and hemorrhage. Resuscitation measures were limited to
maintaining blood pressure at 80 mm Hg with lactated Ringers for
the first hour postinjury, followed by full resuscitation (shed blood
and lactated Ringers to 90 mm Hg) for 20 hours. Serum samples
were obtained at set time points throughout. Metabolic profiles were
constructed from analysis of separate nuclear magnetic resonance
(NMR) spectra of serum samples with Chenomx software. Relation-
ships between metabolites were extracted by assuming a linear
relationship between absolute metabolic concentration and the rate
of change of concentration and fitting parameters to minimize a
weighted combination of sum of squared prediction error and sum of
absolute parameter value. Central nodes were identified when the
error in sum of squared predicted metabolic rate of change that was
less than half of the nominal sum of squared rate of change.
Results: Pretreatment with oral carbohydrate was not associated with
survival benefit in our porcine model of traumatic injury and
hemorrhagic shock. The serum metabolic network in the fed subjects
is noticeably different from the one in the fasted subjects. Seven
metabolites were identified as central nodes in both feeding groups:
adenosine, cytidine, glycerol, hypoxanthine, lactate, succinate, and
uridine. Distinct groups of metabolites are observed to be repeatedly
associated with these nodes; however, the composition of these
groups depends on whether the subject is fed or fasted. O-
phosphocholine, glutamate, leucine, isoleucine, and valine are ob-
served to be part of the networks associated with adenosine, cytidine,
lactate, and uridine in fasted subjects, whereas phenylalanine and
tyrosine are observed to be part of the networks associated with the
nodes adenosine, cytidine, succinate, and uridine in fed subjects.
Conclusions: We conclude that the response to trauma, hemorrhage,
and resuscitation in serum metabolic networks depends on whether
the subject is fasted or prefed carbohydrate. The association of
branched chain amino acids with fasted subjects is likely associated
with a reliance on amino acids and protein catabolism for fuel.
Phenylalanine and tyrosine are known to be involved in catecholamine
synthesis; however, it is unclear why these would be associated with
fed animals and not animals who fasted. Further analysis must be
done to confirm the mechanisms and metabolic pathways responsible
for the observed differences in networks.

http://dx.doi.org/10.1016/j.jcrc.2013.07.024

Head injury on warfarinized patients, can we predict the bleed?
Nithiananthan Mayoorana, S. Fonga, Ajayi Olusholaa, Patrick O'Keefec,
Sinead O'Gormanb
aDepartment of Surgery, Letterkenny General Hospital, Donegal, Ireland
bEmergency Department, Letterkenny General Hospital, Donegal, Ireland
cRadiology Department, Letterkenny General Hospital, Donegal, Ireland

Objectives: Introduction head injury is a common presenting com-
plaint at the emergency department (ED); particularly, the patients on
warfarin have a low threshold for immediate computed tomographic
(CT) scan regardless of their clinical status. The predictors of
intracranial hemorrhage (ICH) are less understood in this cohort of
patients. Our aim is to identify the possible clinical and biochemical
predictive factors of ICH on warfarinized patients by using the
correlation between the CT brain report with their mechanism of
injury, clinical status, Glasgow coma scale and international normal-
ized ratio level, and other injuries.
Methods: Retrospective analysis of CT brain scans was performed on
head injury patients (n = 478) in the last 18 months (January 2012 to
March 2013); patients on warfarin were identified (n = 53). Their
clinical status, GCS score on arrival, indication for CT scan, time for CT
scan, results of CT scan, INR level, and follow-up management of
patient were reviewed.
Results: Fifty-three (male n = 31, female n = 22) warfarinized
patients were identified out of 458 head injury patients between
January 2012 toMarch 2013. Age range was 36 to 92 years; median age
was79years. GCS on arrivalwas 15/15 in 39patients; 2 of these patients
had ICH on CT brain, GCS less than 8 was only on 4/56, only 2 out these
patients had ICH on CT brain, and one was diseased. About 96% had INR
checked before CT brain (subtherapeutic, 30%, therapeutic, 45%; and
supratherapeutic, 20%). Of 53, 6 had evidence of ICH on CT scan; 3 of 53,
infarctionwithout bleeding; 1 of 53 showed intracranial edemawithout
bleeding. Two patients (INR was 2.9 and 12, respectively) had reversal
ofwarfarin in the ED (vit K, Octaplex). Almost 55% (29/53) of scanswere
performed within in 8 hours of ED admission; 4 patients in this cohort
showed acute abnormalities in CT scan. Of 53 patients, 3 had repeat CT
without any changes. Almost all (51/53) patients were admitted for
neuro-observation, and one died due to extensive ICH.
Conclusions: This study concludes that ICH does not only depend on
INR level or neurologic signs of the patients but also suggests that
an individual case-by-case assessment is warranted to manage
these patients.

http://dx.doi.org/10.1016/j.jcrc.2013.07.026

An advanced algorithm for predicting mortality using simple
parameters obtained early in the hospitalization of a
trauma patient
Hari Radhakrishnan, John Harvin, Matthew Pommerening,
Charles Wade, John Holcomb
University of Texas Health Science Center at Houston, Houston, Texas

Objectives: The identification of injury severity in the acute setting
presents a complex challenge for the trauma surgeon. Triaging
patients according to injury severity allows for the proper distribu-
tion of resources to manage patients. Important in the identification
of injury severity is the ability to identify these patients quickly. We
hypothesize that a Rotation Forest algorithm can be used to identify
the likelihood of mortality in the acutely injured.
Methods: A registry query was performed on all patients admitted to
a busy level I trauma center for 2010 to 2011. A total of 5235 patients
met inclusion criteria. Average injury severity score (ISS) was 14.5
with a 6.8% mortality rate. The mean age was 42.4 with 72.1% male.
The following parameterswere exposed to a Rotation Forest algorithm
to determine mortality: age, prehospital and emergency department
systolic blood pressure, pulse pressure, motor Glasgow Coma Scale,
and total Glasgow Coma Scale. Sixty-six percent (n = 3455) of the
data were used for training; 33% (n = 1780), for testing.
Results: The sensitivity for the model was 36.1%; specificity, 99.7%;
positive predictive value, 89.6%; negative predictive value, 95.6%; and
area under the receiver operating characteristic curve, 0.922.
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Conclusions: A Rotation Forest algorithm can be used to quickly and
accurately identify patients with high risk for mortality. An algorithm
such as this can help identify patients for triage and aid in deployment
of scarce resources.

http://dx.doi.org/10.1016/j.jcrc.2013.07.027

Toward a data-driven model of trauma dynamics
Linda Petzolda, Yuanyan Zhanga, Bernie Daiglea, Lisa Ferrignob,
Mitch Cohenc
aUniversity of California Santa Barbara, Santa Barbara, California
bCottage Hospital, Santa Barbara, Santa Barbara, California
cUniversity of California San Francisco, San Francisco, California

Objectives: In a clinical environment, the ability to provide assess-
ments of a trauma patient's disease state as well as guidance on the
potential impacts of interventions could inform decision making. We
investigate the use of clinical data to explore models of disease
progression, interventions, and outcomes.
Methods: Time point measurements, including “clinically relevant
data points,” such as temperature, heart rate, respiratory rate, pH
value, Paco2, Pao2, HCO3, and “coagulation factor data points,” such as
levels of fII, fV, fVII, fIX, fX, antithrombin, tissue factor pathway
inhibitor, protein C, and activated protein C, of 859 patients were
taken at intervals starting immediately after they entered the
emergency department until, at most, 120 hours. Interventions (blood
units, fresh frozen plasma units, platelet units, crystalloids, cryo units,
colloid) provided to patients were recorded during nonoverlapping
time intervals. Using these data, we have developed a linear model
capable of estimating the combination of interventions that will be
most effective in shifting a trauma patient to a desired phenotypic
state (clinically relevant observables). In addition, we have developed
a second model for estimating a patient's phenotypic state in the form
of a frequently occurring combination of discrete measurements.
Results: Our first model suggests that each unit of fresh frozen plasma
provided will decrease active protein C by 2.28 (ng/mL) and increase
pH value by 0.02068 (P= .000485). In addition, each unit of blood will
increase fVII by 4.443 (% activity) (P = .005), and each unit of platelet
will increase Paco2 by 5.246 (mm Hg) (P = .006). The model makes
additional statistically significant predictions and can also accommo-
date other information such as demographics or category and severity
of injuries. Using this methodology, we can predict the effects of
manipulation of relative factor concentration on coagulation profiles
and translate the optimal combinations into transfusion paradigms
(eg, plasma-to-blood ratio). Identification of subgroups of patients and
interventions will enable targeted therapies. Using our second model,
we have discovered the 2 most frequent phenotypic states to be: low
fII, fIX, fX, fVII, protein C, and high prothrombin time, which frequently
occurs in patients before death, and high fII, fX, fVII, and high protein
C, which frequently occurs in patients with a good prognosis.
Understanding major states and how they transfer from one to
another can reveal how trauma patients progress with medical
treatments over time.
Conclusions: We have developed a methodology to predict the effects
of interventions on a trauma patient's phenotypic state. In addition, we
have demonstrated how understanding of phenotypic states and their
time evolution can reveal how trauma patients progress with medical
treatments over time. Future work will focus on using models to (1)
identify patient subgroups to design targeted interventions/therapies
and (2) predict prognoses of newly admitted patients.

http://dx.doi.org/10.1016/j.jcrc.2013.07.028

Predictive power of heart rate complexity to estimate severity in
severe sepsis patients
Louis Mayauda,b, Lionel Tarassenkoa, Djillali Annaneb, Gari Clifforda
aInstitute of biomedical engineering, University of Oxford, Oxford, UK
bMedical Intensive Care Unit, Raymond Poincaré hospital, AP-HP,
Garches, France

Objectives: Prediction of adverse outcome in the intensive care unit
such as in-hospital mortality can be used to rationalize treatment
options (Teres CCM 15.3 (1987): 208–213). Prediction techniques
usually exploit scores derived from “worst” physiological measure-
ment during the first 24 hours after admission (Knaus CHEST 100.6
(1991): 1619–1636). Unfortunately, such approaches fail for phys-
iologically homogeneous subpopulations such as severe sepsis
patients. There is much literature covering the relation between
complexity of heart rate time series (RR) and severity in sepsis
patients (Goldstein CCM 26.2 (1998): 352–357). This work estimates
the added predictive power of complexity measure extracted from
heart rate time series.
Methods: The MIMIC-II database is a multiparameter intensive care
unit database of approximately 32 000 patients (v2.5) collected from
2001 to 2006 at a tertiary care hospital (Saeed CCM 39.5 (2011): 952).
Severe sepsis patients were identified using the Angus criteria (Angus
CCM 29.7 (2001): 1303–1310). Minute-by-minute heart rate, provided
by bedsidemonitors, was extracted from the database whenmore than
5 hours of continuous datawere available during the first 24 hours after
admission. Multiscale entropy (MSE) coefficients (Costa Phy. rev. let.
89.6 (2002): 068102, r = 0.15, n = 20, m = 2, a = 2) were computed
and used as predictors in a logistic regression model to estimate the
probability of dying in the hospital. Ten independent 4-fold cross-
validation procedures were used to estimate the out-of-sample
discriminatory information with area under the receiver operating
curve (AUROC) (Hanley Radiology 743 (1982): 29–36). Multiscale
entropy coefficients were then used in addition to acute physiology
score (APS) score (Knaus CHEST 100.6 (1991): 1619–1636) to estimate
the added predictive value using the Integrated Discrimination
Improvement (IDI, Pencina Stat. in med. 31.2 (2012): 101–113.).
Results: A total of 2155 patients were identifiedwith the Angus criteria
of which 238 patients had enough minute-by-minute heart rate time
series provided by bedside monitor over the first 24 hours after
admission. In-hospitalmortality for these patientswas 36.5%.Multiscale
entropy coefficients extracted from bedside monitors could predict in-
hospital mortality with an AUROC of 63.3% ± 9.8%. The APS score with
its original coefficients (AUROC, 67.6% ± 9.9%) was then used in
combination toMSE coefficients offering an IDI of 2.1% (P=.12)with an
AUROC of 69.7% ± 10.5%.
Conclusions: Our results suggest that MSE coefficients provide addi-
tional predictive power, although no statistically significant difference
could be observed when used in addition to a standard physiological
score. The population size possibly accounts for the lack of statistical
power; considering a larger population could provide more data points.
However, the relation between complexity measure and severity
previously reported in sepsis patients may not replicate on a less
specific population. Complexity measures from RR intervals extracted
from electrocardiographic waveforms could possibly provide more
accurate information, which is currently under investigation.

http://dx.doi.org/10.1016/j.jcrc.2013.07.029

Is there an information hierarchy among hemodynamic variables
for early identification of occult hemorrhage?
Andre Holdera, Mathieu Guillame-Bertb, Karen Chenb,
Peter Hugginsb, Artur Dubrawskib, Marilyn Hravnaka,
Gilles Clermonta, Michael Pinskya
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aClinical Investigation, Research, and Systems Modeling of Acute Illness,
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Objectives: There is an ever-expanding array of metrics to attempt
hypovolemia detection. In the setting of ongoing occult bleeding, it
would most useful to have an understanding of trade-off between how
early bleeding can be detected and how many parameters physicians
have at their disposal to pose a correct diagnosis. We hypothesize that
there exists a hierarchy of physiological metrics, accessed through
specific monitoring entities, expressing this trade-off.
Methods: Eleven female Yorkshire pigs were anesthetized and
intubated; then after a 30-minute baseline stabilization period, they
were bled at a rate of 20 mL/min to a mean arterial pressure of 30 mm
Hg. The pigs were maintained at a mean arterial pressure between 30
and 40 mm Hg for 90 minutes, then resuscitated using Hextend at a
1:1 ratio to blood lost. We collect continuous waveform data on
arterial pressure (AP), pulse oximetry plethysmograph (SpO2), and
right atrial pressure (CVP) at a frequency of 250 Hz as well as beat-to-
beat measures of heart rate, stroke volume, and mixed venous
saturation (SvO2). The dimensionality of the waveform signal was
reduced sequentially by a moving window, a Harmonic analysis using
Fourier transformation, and a principal component analysis (Figure 1).
Once all metrics were computed, we created a hierarchy based on the
incremental availability of heart rate and SpO2 tracings (Gr1), AP
tracings (Gr2), beat-to-beat derived variables (cardiac output, stroke
volume variation, pulse pressure variation) computed from the AP
signal (Gr3), CVP (Gr4), and SvO2 (Gr5) (Table 2). For each set of
metrics in the hierarchy, we learned a mapping between those signals
and the amount of blood lost using regressive random forest. This
regressive model was used to identify the binary “bleeding state” of
the pig. The quality of the methodology was evaluated with a 10-fold-
leave-one-out cross-validation where each fold was attached to 1
testing pig. Sets in the hierarchy were compared by their activity
monitoring operating characteristic profiles.
Results: At a fixed number of false-positive alerts of bleeding (per 100
minutes), a model including Gr2 variables was able to detect bleeding
earlier than a model with Gr1 variables but did not achieve statistical
significance (P = .09; median difference, 149.9 mL, or 7.5 minutes).
There was no difference between Gr2 and Gr3 variables in their ability
to identify ongoing bleeding (P = .97; median difference, 2.72 mL, or
0.14 minutes) Gr4 improved bleeding detection time over Gr3 (P =
.02; median difference, 123.6 mL, or 6.18 minutes). Gr5 did not
improve performance over Gr4 (P = .66; median difference, 5.45mL,
or 0.27 minutes).
Conclusions: There is an information hierarchy among physiologic
variables. The availability of beat-to-beat derived metrics and then CVP
provided incremental improvement in the ability of physiological
signals to identify ongoing hemorrhage.

http://dx.doi.org/10.1016/j.jcrc.2013.07.030

Effects of recirculation of dialysate on carbon dioxide removal
capabilities of a membrane lung
Vittorio Scaravillia,b, Stefan Kreyera,c, Katharina Lindena,e,
Bryan Jordana, Antonio Pesentib,d, Leopoldo Cancioa,
Andriy Batchinskya
aUS Army Institute of Surgical Research, Fort Sam Houston, San Antonio,
TX, USA
bDepartment of Experimental Medicine, University of Milan-Bicocca,
Monza, Italy
cDepartment of Anesthesiology and Intensive Care Medicine,
University Hospital Bonn, Bonn, Germany
dDepartment of Perioperative Medicine and Intensive Care,

San Gerardo Hospital, Monza, Italy
ePediatric Department, University Hospital Bonn, Bonn, Germany

Objectives: A low-flow extracorporeal CO2 removal (ECCO2R)
device combining gas exchange and hemofiltration has been recently
developed. A possible advantage of this technique is that dialysate
recirculation (DR) could enhance membrane lung (ML) CO2 removal
(VCO2ML). We studied the effects of DR on VCO2ML and ventilation
in an animal model.
Methods: Three conscious spontaneously breathing sheep were
connected to a custom made extracorporeal circuit. Blood flow (BF
250 mL/min) was generated and blood decarboxylated (gas flow, GF
10 L/min, ambient air) using a ECCO2R device (Hemolung, Alung
Technologies, Pittsburg, PA). A hemofilter was connected in series after
the ML. Dialysate flow (DF) was generated and re-circulated before the
ML with a peristaltic pump. We tested four DFs (0, 50, 100, 150 mL/
min) in randomized order for 20 minutes each, 8 to 9 times per
animal, resulting in total of 26 test repetitions. Before each repetition, a
baseline 20-minute period without GF and DF was evaluated. Arterial
and circuitry blood samples were collected at the end of each 20-
minute period. Hemodynamics and ventilatory variables were
recorded continuously by an automated data collection system.
Results: VCO2ML and CO2 removal efficiency were not changed by
DR. No effect on spontaneous ventilation and arterial blood gas
analysis was observed during application of DR. Only the absence of GF
proved to effect respiratory variables significantly.
Conclusions: Dialysate recirculation before an ML did not prove to
ameliorate ML carbon dioxide removal capabilities or affect spontane-
ous ventilation in spontaneously breathing animal model.

Table 1 Summary of the experimental results.

BF
(mL/min)

250 250 250 250 250

GF (L/min) 0 10 10 10 10
DF
(mL/min)

0 0 50 100 150

VCO2ML
(mL/min)

0 40.2 ± 0.8 39.4 ± 0.9 39.6 ± 0.9 39.0 ± 0.8

CO2

removal
efficiency (%)

NC 31.3 ± 0.6 30.5 ± 0.7 31.1 ± 0.8 29.9 ± 0.7

VCO2NL
(mL/min)

136.0 ± 1.5 127.4 ± 1.4⁎ 128.3 ± 1.7⁎ 128.5 ± 1.7⁎ 127.0 ± 1.6⁎

MV
(lt/min)

8.47 ± 0.13 7.33 ± 0.13⁎ 7.71 ± 0.11⁎ 7.44 ± 0.13⁎ 7.62 ± 0.12⁎

RR (apm) 30.7 ± 0.5 28.5 ± 0.4⁎ 28.5 ± 0.4⁎ 28.1 ± 0.4⁎ 27.8 ± 0.4⁎
Arterial
pH

7.391 ±
0.008

7.400 ±
0.008

7.393 ±
0.008

7.395 ±
0.008

7.394 ±
0.006

Arterial
pCO2

(mm Hg)

35.3 ± 0.5 33.9 ± 0.6 34.7 ± 0.7 34.0 ± 0.4 34.6 ± 0.5

Arterial
HCO3−
(mEq/L)

21.0 ± 0.4 20.6 ± 0.4 20.7 ± 0.4 20.6 ± 0.4 20.8 ± 0.3

Average ± SEM. VCO2ML, membrane lung carbon dioxide removal; VCO2NL,
natural lung carbon dioxide removal; MV, minute ventilation; RR, respiratory rate.
⁎ Statistically significant compared baseline, P b .05 (1-way analysis of variance RM,

all pairwise multiple comparison, Holm-Sidak correction).

http://dx.doi.org/10.1016/j.jcrc.2013.07.031

What is the meaning of a measure of heart rate variability?
Andrea Bravia, Christophe Herryb, Andrew Seelya,b,c, Andre Longtind
aDepartment of Cellular and Molecular Medicine, University of Ottawa,
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Ontario, Canada
dDepartment of Physics, University of Ottawa, Ottawa, Ontario, Canada

Objectives: The measures of heart rate variability (HRV) can be
classified into multiple domains of variability, depending on their
theoretical background and method of computation; however,
their physiological interpretation and degree of mutually indepen-
dent information remain unknown, especially given that multiple
measures of variability across domains are correlated with each
other. The objective of this study was to investigate independence
and ability to detect change of a set of measures of HRV in silico.
Methods: To understand the physiological meaning of HRV, we
used a physiologically based mathematical model from Kotani et al
(2005). By altering its parameters, this model is able to produce
R-R interval time series showing the scale-invariant properties of
both healthy subjects and patients affected by heart diseases. We
used Kotani's model to generate a set of R-R interval time series
in the healthy case and in altered physiological conditions (ie,
when the values of selected parameters of the model are
modified) in order to investigate (1) the degree of independence
of a set of measures of variability from multiple domains based on
their mutual information and (2) their ability to sense changes in
the physiological parameters of Kotani's model and to track them
over time.
Results: Our results show that, in the healthy cardiovascular system
state of the model, the investigated HRV measures present low
mutual information and, therefore, high degree of statistical inde-
pendence. When the physiological conditions are altered by modify-
ing the values of the parameters of Kotani's model, the measures
follow those changes either increasing or decreasing their values.
Each HRV measure resulted sensitive to multiple changes in the
physiological conditions, in particular sympathetic and parasympa-
thetic activity, baroreceptor activity, contractility of the heart, and
respiration. Correlation analysis confirmed that the alteration of HRV
measures due to changes in the physiological conditions leads to
higher levels of correlation among the measures.
Conclusions: The results suggest that each measure of HRV is a
nonspecific sensor of the cardiovascular system. Because of the
independence of HRV measures under baseline conditions as well as
their partial correlation following physiological changes, the combina-
tion of multiple measures into composite indexes can enhance the
“common” information related to physiological changes. This approach
could be used to improve our understanding of cardiovascular physiol-
ogy and translate the acquired knowledge into clinical applications.

http://dx.doi.org/10.1016/j.jcrc.2013.07.032

Extracorporeal carbon dioxide removal: Effect of short time
infusion of 3 different metabolic acids
Stefan Kreyera,b, Vittorio Scaravillia,c, Katharina Lindena,d,
Bryan Jordana, Antonio Pesentic,e, Christian Putensenb,
Andriy Batchinskya, Leopoldo Cancioa
aUS Army Institute of Surgical Research, Fort Sam Houston, San Antonio,
TX, USA
bDepartment of Anesthesiology and Intensive Care Medicine,
University Hospital Bonn, Bonn, Germany
cDepartment of Experimental Medicine, University of Milan-Bicocca,
Monza, Italy
dPediatric Department, University Hospital Bonn, Bonn, Germany
eDepartment of Perioperative Medicine and Intensive Care, San Gerardo
Hospital, Monza, Italy

Objectives: Acidification of blood entering a membrane lung (ML)
with lactic acid has demonstrated to be a technique able to enhance

CO2 removal of an ML (VCO2ML). In this preliminary study, we
evaluated the effects of short-term infusion of different metabolic
acids on VCO2ML of a commercially available CO2 removal device
(Hemolung, Alung Technologies, Pittsburg, PA).
Methods: Three conscious spontaneously breathing fasted sheep
were connected to a custom-made extracorporeal circuit optimized
for safe acid infusion. The circuit consisted of a Hemolung device, a
hemofilter, and a peristaltic pump capable of recirculating dialysate
before the ML. Extracorporeal blood flow was set to 250 mL/min;
dialysate flow was set to 100 mL/min. Citric (0.4 M), lactic (4.4 M),
and acetic (4.4 M) acid were infused in the dialysate at a fixed rate of
1.5 mEq/min. Metabolic acids were tested for 2 hours each, in
randomized order. Re-equilibration time between steps lasted 60
minutes. Arterial and circuit blood samples were collected at 30′, 60′,
and 120′ from beginning of acid infusion. Hemodynamics and
ventilatory variables were collected continuously by an automated
data collection system.
Results: Infusion of citric, acetic and lactic acid at 1.5 mEq/min
decreased pre-ML blood pH and consequently augmented pCO2 in a
similar manner. This rise in pCO2 caused analogous increases in
VCO2ML during infusion of the acids as compared with baseline.
No effects on arterial gas analysis were observed, but citric and
lactic acid infusion caused an acute rise in ventilation. See table
for results.
Conclusions: In these preliminary data, acidification of blood with
lactic, acetic, or citric acid demonstrated to have the same
effectiveness in augmenting carbon dioxide removal of an ML. Acetic
acid showed different influence on physiological parameters com-
pared to citric and acetic acid.

Table 1 Summary of the experimental results
pH art Baseline Acetic Citrate Lactic

7.4 ± 0.05 7.39 ± 0.03 7.36 ± 0.037 7.37 ± 0.053
PCO2 art (mmHg) 35.9 ± 3.5 36.4 ± 2.73 33.7 ± 2.3 36.3 ± 3.53
HCO3- art (mEq/
L)

22.2 ± 2.54 21.6 ± 2.5 18.9 ± 1.7 20.4 ± 4.4

VCO2 ML (ml/
min)

37.4 ± 3.4 53.1 ± 5.6a 51.9 ± 3.6a 55.4 ± 4.7a

Efficiency (%) 29 ± 4 40 ± 7a 43 ± 4a 44 ± 5a

pH post acid 7.38 ± 0.04 7.15 ± 0.02a 7.08 ± 0.04a,b 7.07 ± 0.07a,b

PCO2 post acid
(mmHg)

34.5 ± 2.6 54.4 ± 4.6a 56.7 ± 6.1a 60.7 ± 9.2a

VCO2 NL (mmHg)126.9 ± 30.8123.7 ± 23.9 145.7 ± 17.1a,b146 ± 23.6a,b

RR (min-1) 25 ± 6.7 24.6 ± 6.2 26.5 ± 6a,b 30.2 ± 7.2a,b,c

MV (L/min) 6.8 ± 1.7 6.5 ± 1.5 7.7 ± 1.6a,b 8.4 ± 2a,b,c

Average ± SD. VCO2NL, natural lung carbon dioxide removal; MV, minute

ventilation; RR, respiratory rate.
a Versus baseline, statistically significant, P b .05 (1-way analysis of variance, post

hoc: Tukey).
b Versus acetic, statistically significant, P b .05 (1-way analysis of variance, post hoc:

Tukey).
c Versus citrate, statistically significant, P b .05 (1-way analysis of variance, post

hoc: Tukey).

http://dx.doi.org/10.1016/j.jcrc.2013.07.033

Exploring the effectiveness of host-induced stressors against
invasive pathogens using an agent-based model
Judy Day, Edmund K. Legrand
University of Tennessee, Knoxville, Tennessee

Objectives: Somecomponents of the acute phase response are directed
specifically against pathogens on a systemic level with little self-harm
(eg, complement; antibodies), whereas others (eg, fever, anemia/
hypoxia, iron and zinc sequestration) can cause significant self-harm,
although theymay be acknowledged as helpful, like in the case of fever.
There are also local stressors at inflamed sites that canbeharmful tohost
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cells and pathogens alike (eg, depleted nutrients, acidosis, hypoxia,
increased free radicals). We propose that, although nonspecific host-
induced stressors can induce notable self-harm, pathogens tend to be
harmed relatively more because they are rapidly replicating during
stressful conditions. We explore the utility of nonspecific stressors in
host defense via an agent-based modeling approach.
Methods: We create anagent-basedmodel of a simplifiedhost immune
response to pathogen that uses only a basic defense strategy of generic
host-induced stress. Host cells and pathogens begin with a certain level
of “energy” governing their viability to sustain stress and ability to
reproduce. A key difference between the 2 is that pathogens replicate
(splitting their energy between 2 daughter cells) at a lower energy level
than host cells. The host can do harm to pathogens at the local, regional,
or systemic level by inducing a stress that also equally reduces energy to
its own cells at the respective level, and the pathogens have strategies,
which do harm to the host as well.
Results: The systemic stressor strategy (which harms the whole
host, as well as the pathogen) is a remarkably effective defense,
especially when dealing with a rather virulent pathogen. However,
the systemic stressor (modeling the acute phase response stressors)
must be carefully managed; otherwise, the host dies due to excessive
loss of host cells (sepsis). This defense works best when allowed to
vary dynamically based on information privy to the host (eg, self-
health or pathogen number), thereby allowing these responses to be
host driven. While the local, nonspecific stressor (modeling the
inflammatory milieu) had limited efficacy as a defense on its own, it
greatly enhanced the efficacy of the systemic stressor. We also see
that, in some cases, there is evidence of antisynergistic effects when 2
strategies are used together.
Conclusions: We have gained insight into the role of host-induced
stressors implemented at different levels (local, regional, systemic) and
see that the timing andmagnitude of these stressors are vitally important
in arriving at a successful host response. The implications about the
effectiveness of themost basic of host defense strategies against infection
are quite revealing. During a severe infection, there may be features
of patient health that appear to our observations as subnormal or
dysfunctional. However, it would be helpful to have a better understand-
ing of these features from the perspective that the hostmay be using such
mechanisms as a strategy to starve or cripple the pathogen in a way that
is ultimately more harmful to the pathogen than to the host.

http://dx.doi.org/10.1016/j.jcrc.2013.07.034

Damage control resuscitation in a patient on extracorporeal life
support with empyema
John Berrya, Jason Mccartta, Slava Belenkiyb, Timothy Parka,
Andrew Capb, Jeremy Cannona
aSan Antonio Military Medical Center
bUnited States Army Institute of Surgical Research

Objectives: According to Joshi et al (Chest, Mar 2013), the need for
thoracotomywhile on extracorporeal life support (ECLS) is 3.2%, and in-
hospital mortality is 39%. Compared with the reported mortality of
surgical site bleeding of 22% to 32% according to the 2007 ECLS Registry
Report, a thoracotomy on ECLS imparts a 22% to 53% increase in relative
risk of death. The causes of ECLS coagulopathy are multifactorial.
Fibrinolysis is up-regulated, whereas platelets and the contact pathway
of coagulation are activated by ECLS circuitry. To mitigate the risk of
thrombosis, unfractionated heparin is titrated to an increased activated
clotting time. Here, we report our successful management of massive
hemorrhage incurred during thoracotomy for a severe Staphylococcus
aureus+Acinetobacter empyema in a patient on venovenous ECLS using
our hospital's massive transfusion protocol augmented by ECLS
physician and hematology-directed hemostatic resuscitation.

Methods: The electronic medical record, anesthesia intraoperative
documentation, perfusionist charting, inpatient pharmacy, and blood
bank accounts were reviewed to create a consolidated coagulation
record. Chest tube output, blood component therapy amounts (units),
thromboelastogram, anticoagulation, and coagulation factor infusions
(unfractionated heparin, factor VIIa, prothrombin complex concen-
trate), and aminocaproic acid doses were compared for the 24 hours
prethoractomy and postthoractomy. Statistical analysis was completed
using a 1-way analysis of variance in SPSS and Student t test in Excel.
Results: For the 35dayswhile on ECLS, chest tube outputwas 15 L (392
+ 804 mL/d). Seventy-six units of packed red blood cells, 18 U of fresh
frozen platelets, 18 U of apheresis platelets, and 140U of cryoprecipitate
were transfused. Thoractomies 1, 2, 3, and 4 took place on ECLS day 10,
day 12, day 28, and day 32, respectively. Intraoperative blood loss was
2000mL for thoracotomy (T) 1, 750mL for T2, 1000mL for T3, and 0mL
for T4. Mean thromboelastogram coagulation index did not change
significantly between time points andwas in the hypercoagulable range
(4.67-6.80, all P N .06). Greatest blood loss occurred when coagulation
index was 5.23 and INR more than 1.5. After cessation of aminocaproic
acid (measured within 6 hours), the mean percent of clot lysis at 30
minutes (LY30) increased from 0.1%± 0.2% to 6.0% ± 4.9% (P= .05).
Conclusions: Aggressive maintenance of coagulation and pharmaco-
logic inhibition of fibrinolysis are necessary tomake emergency surgery
on ECLS survivable. Standard interpretations of coagulation index may
underestimate the need for procoagulant activity in ECLS patients
undergoing major surgery. Rebound fibrinolysis can occur with
cessation of aminocaproic acid and may require close monitoring and
prolonged infusion to manage bleeding.

http://dx.doi.org/10.1016/j.jcrc.2013.07.035

Classifying neonatal spells using real-time temporal analysis of
physiological data streams—verification tests
J. Edward Pugha,b,c, Anirudh Thommandrama, Carolyn Mcgregora, Mikael
Eklunda, Andrew Jamesb,c
aUniversity of Ontario Institute of Technology, Oshawa, Ontario, Canada
bDivision of Neonatology, The Hospital for Sick Children, Toronto, Canada
cDepartment of Paediatrics, University of Toronto, Toronto, Canada

Objectives: Background: The term neonatal spell is an inclusive
term for cardiorespiratory events that occur in the neonatal intensive
care unit. A spell may include one or a combination of pauses in
breathing, decrease in blood oxygen saturation, or decreased heart
rate. There are 3 main classifications of spell each with 2 or 3
subtypes. We have completed a detailed review of the literature to
determine the unique temporal pattern of change in heart rate,
breathing pattern, and blood oxygen saturation that has been
described for each of the subtypes of spell. Spells may occur in the
preterm infant as a consequence of their physiological immaturity or
as a clinical sign of more serious conditions such as infection and
brain hemorrhage. The need to determine the cause of neonatal
spells frequently leads to invasive investigations and interventions.
Objective: To perform preclinical verification of algorithms to
identify and classify neonatal spells from high fidelity physiological
data streams captured from standard bedside monitors.
Methods: Algorithms for recognizing and characterizing neonatal
spells have been developed for the Artemis platform using the real
time processing capabilities of infoSphere Streams [1]. The algo-
rithms have undergone preclinical verification. The algorithms rely
on the ability to detect relative changes in heart rate, blood oxygen
saturation, and pauses in respiration in real time. Before clinical
testing, the functional behavior of each algorithm was assessed
against 24 hours of clinically annotated physiological data to assess
the accuracy of the algorithms.
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Results: This preclinical verification study against a manually anno-
tated trace demonstrates high levels of correlation with each of the
algorithms in the system. The relative change detection algorithms for
heart rate and blood oxygen saturation correlate 97.8% (total events
229) and 98.3% (total events 119) of the time, respectively. The breath
pause and apnea detection algorithms correlated 98.9% (total events
2943) and 96.8% (total events 33) of the time, respectively.
Conclusions: This study has demonstrated that physiological rule-
based computational algorithms can be used to detect the various
forms of spells in humanphysiological data. There is great potential for
the list of potential causes to be reduced with further research using
this tool to demonstrate associations between various spell profiles
and different conditions. We have begun clinical validation of the
algorithms in a prospective simultaneous comparison trial against the
gold standard of polysomnography. Data from 50 spontaneously
breathing preterm infants that are known to be having spells will be
used to test and refine the output of the algorithms. This trial will form
the basis for further studies on ventilated infants with the long-term
goal of developing an advanced clinical decision support tool to assist
in the real-time management of all neonatal spells.

http://dx.doi.org/10.1016/j.jcrc.2013.07.036

Extending the noxious stimulation response index for
volatile narcosis
Marcus Könya, Monika Kwieciena, Michael Czaplikb, Rolf Rossaintb,
Steffen Leonhardta
aChair for Medical Information Technology, RWTH, Aachen, Germany
bDepartment of Anaesthesiology, University Hospital, Aachen, Germany

Objectives: Assessing the level of analgesia during surgical interven-
tions is still challenging. Today, there are newmethods available such as
thesurgical stress index (SSI), theanalgesianociception index(ANI), and
the number of fluctuations of skin conductance. All these methods are
based on the analysis of vital signs. Due to the fact that vital signs cannot
directly bepredicted, thesemethods canonly represent the current state
of the analgesia and do not allow a reliable prognosis. An index based on
pharmacologic models in combination with ANI or SSI can make such
indices more reliable. The noxious stimulation response index (NSRI) is
suchan indexbasedonpharmacokineticandpharmacodynamicmodels.
Currently, the NSRI is only available for total intravenous anesthesia. To
allow a combination of the model-based NSRI with other signal-based
indices like ANI or SSI, the authors present an extension to the NSRI
undergoing narcosis based on volatile drugs in this work.
Methods: During a clinical trial at the University Hospital in Aachen,
data sets of 8 surgical interventions with a balanced anesthesia using
gases were recorded. All standard vital signs have been acquired using a
special software developed in context of this research. Furthermore,
manual applied drugs, anesthesia, and surgical events have been
recorded using the same software synchronously by an additional
person. Recorded data have been preprocessed and analyzed post hoc
using theMatlab/SimulinkSoftware (Mathworks,Natick,USA). Basedon
the recorded data, the pharmacokinetic and pharmacodynamic models
used in the noxious stimulation response index have been implemented
and extended. The NSRI for volatile narcosis has been implemented
based on the end-tidal concentration of the anesthesia agent measured
by the anesthesia machine using response surface models. Finally, the
NSRI has been computed for the surgical interventions and has been
correlated with painful events, for example, skin incision or intubation.
Results: Using response surface modeling, themodel could be success-
fully extended and the parameters determined. The NSRI could be
successfullycomputedposthoc forpatientsundergoingvolatilenarcosis.
The computed values are comparable with those of patients undergoing
total intravenous anesthesia. Furthermore, the NSRI for volatile narcosis

could be verified in context of painful events and post hoc assessment of
the depth of narcosis.
Conclusions: The NSRI could be successfully extended and verified for
volatile narcosis. Furthermore, the influence of hypnotic and analgesic
drugs canbeconsideredaswell. This is important forpropofol applied for
intubation andopioids applied for increasing the analgesia. In the future,
theNSRIwillbecombinedwithvitalsign–basedindicessuchasANIorSSI
to allow a prognosis and achievemore reliable results.

http://dx.doi.org/10.1016/j.jcrc.2013.07.037

Smart ECLA—closed loop control of O2 and CO2 for management
of extracorporeal lung assist
Marian Waltera, Andre Stollenwerkb, Ralf Bensbergc, Rüdger Koppc,
Steffen Leonhardta
aPhilips Chair for Medical Information Technology,
RWTH Aachen University, Germany
bChair of Computer Science 11, Embedded Software Laboratory, RWTH
Aachen University, Germany
cClinic of Operative Intensive Care, University Hospital Aachen, Germany

Objectives: The management and operation of extracorporeal lung
support systems requires skilled and specifically trained personnel at
the bedside during thewhole time of operation. Although this is routine
in the operating theater, when applied in the intensive care unit, the
operating scheme changes. Here, we see a reduced level of interaction
between operator and machine in intermittent or event-driven in-
tervals. To maintain the same safety and operating standard, the
machine should be capable of higher levels of autonomous operation.
This applies both for security features (alarms, safetymechanisms, early
failure detection) as well as for the adjustment of machine operation.
Methods: To address the mentioned issues, the “Smart ECLA” system
was designed. Addressing veno-venous extracorporeal lung support,
oxygenator, and cannula were taken from a standard extracorporeal
circuit. As hemolysis is a key feature in long-term extracorporeal
circulation, we chose a Medos Deltastream rotational blood pump. We
wanted to steer the pump externally so an ownmotor console based on
a Maxon motor controller was designed. A remote controllable gas
supply was designed based on gas flow controllers for air and O2, so
both mass flow and oxygen concentration of the fresh gas can be set
electronically. Blood flow and pressure before and after pump and
oxygenator as well as blood parameters (partial pressures of CO2 and
O2, K, pH) are continuously measured and transmitted via a distributed
CAN bus network. Related safety critical tasks (eg, sensor supervision or
low level process control) are performed in these distributed sensor/
actuator nodes. Additional to the ECLA sensors, a full patientmonitoring
including continuous cardiac output monitoring was used. All signals
are processed in a central dSpace control unit, where higher control
algorithms are implemented. In a hierarchical control scheme, the inner
control loop consists of controllers for CO2 and O2 partial pressures at
the output of the oxygenator. So these can now be set independently of
each other and of external factors (eg, oxygenator wear, input
concentrations). Based on a simplified physiological model, several
control algorithms for optimal setting of the ECLAparameters have been
implemented. Among others, we implemented a robust control for
arterial oxygen saturation and venous CO2 partial pressure. These
control loopswere specifically designed to account for the large process
parameter variation. The overlying blood flow optimizer sets the
extracorporeal blood flow as low as possible for the desired target
values. Additional safety features have been included as well.
Results: System development, safety features, and control perfor-
mance have been evaluated in 15 animal experiments. After full
instrumentation of the anaesthetized 45- to 60-kg pigs, 2 cannulas
were placed in both femoral veins. The return cannula was placed in the
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jugular vein. Ventilatory insufficiency was simulated by using a hypoxic
gas mixture for ventilation. Subsequently, a test program for system
identification (different operating points), control evaluation (set value
changes, provoked control disturbances), and specific safety critical
situations (eg, induction of bubbles, cannulae suction) was performed.
Conclusions: We could show that an ECLA system with enhanced
capabilities is able to provide safe and reliable operation. Control targets
could be met (within physical constraints), and safety features provide
assistance and reliable alarms in critical situations.

http://dx.doi.org/10.1016/j.jcrc.2013.07.038

Technical verification and analysis of implementation of wearable
sensors for providing telemedical services in home environment
Eliasz Kańtoch, Piotr Augustyniak
AGH University of Science and Technology, 30 Mickiewicza,
Av. 30–059 Kraków, Poland

Deep understanding of patterns and characteristics of physiolog-
ical signals and their variation during daily activities is crucial for the
development of advanced methods for diagnosis and treatment of
patients with chronic diseases including cardiac disorders, asthma, or
diabetes. The aim of the research was to design, implement, and
verify a wearable health monitoring system for tracking and
analyzing of human physiological signals. The presented system
incorporates body processing unit consisting of a Bluetooth module,
dedicated electrocardiographic sensor, a temperature sensor, and
movement sensors placed on the human body or integrated with
clothes and a network gateway to forward the acquired data to a
remote medical server. The system works as a part of a telemedical
service, which provides remote access to monitoring data via Web-
based graphical user interface for authorized users (family or
physician). Experimental results for a group of human who were
performing various physical activities(eg, sitting, standing, working,
running) show maximum 5% absolute error in comparison with
certified medical devices. The results are promising and indicate that
custom-developed wireless wearable monitoring system faces chal-
lenges of multisensor human health monitoring during the perfor-
mance of typical daily activities and open new opportunities in
treating and evaluating the treatment of numerous patients. This
project was funded by the National Research Center based on the
decision number DEC-2011/01/N/ST7/06779.

http://dx.doi.org/10.1016/j.jcrc.2013.07.039

Integrative “omic” analysis of organ-wide coregulation
patterns highlights pathogen-dependent activation of
25-hydroxycholesterol during septic disease progression
Sandro Lindiga,b, Esther FR Hlicha,b, Rainer Königb,c, Ralf A Clausa,b,
Yoram Vodovotzd, Michael Bauera,b
aDepartment of Anesthesiology and Intensive Care Medicine,
Jena University Hospital, Jena, Germany
bCenter for Sepsis Control and Care, Jena University Hospital,
Jena, Germany
cResearch Group Network Modeling, Leibniz-Institute for Natural
Product Research and Infection Biology - Hans-Kn ll-Institute (HKI),
Jena, Germany
dDepartment of Surgery and McGowan Institute for Regenerative
Medicine, University of Pittsburgh, Pittsburgh, USA

Objectives: Setting mechanical ventilation (MV) is a difficult and
time consuming process, where the goals of effective oxygenation,
carbon dioxide (CO2) removal and rapid weaning are balanced

against the risks of mechanical ventilation including lung injury, poor
acid-base status and patient exhaustion. Decision Support Systems
(DSS) have been developed to manage or generate advice for setting
MV. Previously, a DSS has been developed to provide advice for
controlled modes of MV using physiological models. The aim of this
study was to further develop the models of the DSS to include those
necessary to provide advice during support modes of MV, i.e. a model
of respiratory drive.
Methods: The current DSS incorporates model components to
simulate the effects of changes in ventilator settings in controlled
modes of MV. These components describe pulmonary gas exchange
and mechanics, oxygenation and acid-base of blood, interstitial fluid
and tissue, circulation, and metabolism. A previously published
model of chemoreflex response including a compartment rep-
resenting cerebrospinal fluid (CSF) was modified and integrated to
the system. The integrated model was calibrated to normal
conditions, and used to simulate the respiratory response to
increasing inspired fraction of CO2 (FiCO2) these being compared
to results from published experiments. The integrated model was
also prospectively evaluated against data describing the response to
3-5 step changes in tidal volume of 50 ml in patients undergoing MV
in volume support mode. All data were collected with ethical
approval and informed oral consent.
Results: Simulations of respiratory response to increased FiCO2 are in
qualitative agreement with published results. To date, 9 patients have
been enrolled in the ongoing clinical protocol. For each patient it was
possible to tune the model for the patient specific acid-base status,
metabolic production of CO2, pulmonary gas exchange status, and
chemoreflex response, at baseline ventilator settings. The integrated
model could then simulate changes in respiratory frequency consistent
with those measured following step changes in volume support.
Conclusions: The integratedmodel is parameterizable, can be tuned to
the individual patient from clinically available data, and simulates
adequately the respiratory response to changes in volume support.
Including the integrated model into the DSS may be useful to simulate
the patient’s respiratory rate after changes in MV settings and may
enable the DSS to provide advice during support modes of MV.

http://dx.doi.org/10.1016/j.jcrc.2013.07.040

Integrating mathematical models of pulmonary gas exchange,
acid base, and respiratory control for simulation of changes in
mechanical ventilation during support modes
Sebastian Larrazaa, Nilanjan Deya, Dan S. Karbinga, Robert Windingb,
Morten Nygaardb, Stephen E. Reesa
aRespiratory and critical care group (RCARE), Department of Health
Science and Technology, Aalborg University, Denmark
bDepartment of Anaesthesia and Intensive Care, Regions Hospital
Herning, Denmark

Objective: Setting mechanical ventilation (MV) is a difficult and time-
consuming process, where the goals of effective oxygenation, carbon
dioxide (CO2) removal, and rapid weaning are balanced against the
risks of MV including lung injury, poor acid-base status, and patient
exhaustion. Decision support systems (DSS) have been developed to
manage or generate advice for setting MV. Previously, a DSS has been
developed to provide advice for controlled modes of MV using
physiological models. The aim of this study was to further develop
the models of the DSS to include those necessary to provide advice
during support modes of MV, that is, a model of respiratory drive.
Methods: The current DSS incorporates model components to
simulate the effects of changes in ventilator settings in controlled
modes of MV. These components describe pulmonary gas exchange
and mechanics, oxygenation and acid-base of blood, interstitial fluid
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and tissue, circulation, and metabolism. A previously published model
of chemoreflex response including a compartment representing
cerebrospinal fluid was modified and integrated to the system. The
integrated model was calibrated to normal conditions and used to
simulate the respiratory response to increasing inspired fraction of
CO2, these being compared to results from published experiments. The
integrated model was also prospectively evaluated against data
describing the response to 3 to 5 step changes in tidal volume of 50
mL in patients undergoing MV in volume support mode. All data were
collected with ethical approval and informed oral consent.
Results: Simulations of respiratory response to increased inspired
fraction of CO2 are in qualitative agreement with published results. To
date, 9 patients have been enrolled in the ongoing clinical protocol. For
eachpatient, itwaspossibletotunethemodel forthepatientspecificacid-
basestatus,metabolicproductionofCO2,pulmonarygasexchangestatus,
and chemoreflex response, at baseline ventilator settings. The integrated
model could then simulate changes in respiratory frequency consistent
with thosemeasured following step changes in volume support.
Conclusions: The integrated model is parameterizable can be tuned to
the individual patient from clinically available data and simulates
adequately the respiratory response to changes in volume support.
Includingthe integratedmodel into theDSSmaybeuseful tosimulate the
patient's respiratoryrateafter changes inMVsettingsandmayenable the
DSS to provide advice during supportmodes ofMV.

http://dx.doi.org/10.1016/j.jcrc.2013.07.041

Does advanced treatment of existing physiologic data allow for
earlier detection of occult hemorrhage?
A.L. Holder, M. Guillame-Bert, K. Chen, P. Huggins, A. Dubrawski, M.
Hravnak, M.R.Pinsky, G. Clermont

Objective: Frequently obtained vital signs as is currently used in the
clinical setting may not be the most sensitive means of detecting
ongoing occult hemorrhage. We hypothesize that adding features
derived from a dynamic analysis of waveform signals will create
physiologic metrics more sensitive and specific in identifying
hypovolemia than data collected intermittently or beat-to-beat
because waveform-derived variables may provide deeper insight
into dynamic physiology than more commonly used signals.
Methods: Eleven female Yorkshire pigs were anesthetized and
intubated; then after a 30-minute baseline stabilization period, they
were bled at a rate of 20 mL/min to a mean arterial pressure of 30
mm Hg. The pigs were maintained at a mean arterial pressure
between 30 and 40 mm Hg for 90 minutes, then resuscitated using
Hextend at a 1:1 ratio to blood lost. We collect continuous waveform
data on arterial pressure, pulse oximetry plethysmograph (SpO2),
and right atrial pressure (CVP) at a frequency of 250 Hz as well as
beat-to-beat measures of heart rate. For each animal, harmonic
analysis of all waveform signals was performed in a moving 5-
minute window, and principal components of the power spectrum
were computed (PCA). Once all metrics were computed, we created
hierarchy “levels” based on the incremental increase in data
granularity, from level “a” data (only intermittently collected data)
to level “c” data (intermittent, beat-to-beat, and processed waveform
data). For every level of data complexity, we learned a mapping
between those signals and the amount of blood lost using regressive
random forest. This regressive model was used to predict the binary
“bleeding state” of the pig. The robustness of the prediction was
evaluated using 10-fold-leave-one-out cross-validation where each
fold was attached to 1 testing pig. Hierarchy levels were compared
by their activity monitoring operating characteristic profiles.
Results: At a fixed number of false-positive alerts of bleeding (per 100
minutes), we were able to detect hemorrhage after 87.0 mL of blood

lost, or 4.35 minutes after hemorrhage onset, using a random forest
regression model that included metrics extracted from beat-to-beat
data and PCA of Fourier transformations of waveform data (“c” level
data). This is 212.0 mL (10.6 minutes) earlier than a random forest
model including intermittent vital signs alone (“a” level data) (P b .01).
Conclusions: Using derived features of raw waveforms and beat-to-
beat data may inform bedside physicians of hypovolemia caused by
occult hemorrhage much earlier than intermittent data alone.

http://dx.doi.org/10.1016/j.jcrc.2013.07.042

Ground and flight assessment of the feasibility of a mobile system
to initiate acute cardio/pulmonary/renal support
George Pantalosa, Trey Kennedya, Glenn Hoverb, Richard Warda
aUniversity of Louisville, Louisville, Kentucky
bUnited States Air Force School of Aerospace Medicine, Dayton, Ohio

Objectives: Seriously injured soldiers may experience shock and acute
multiorgan failure necessitating evacuation to a higher level care center.
We explored the ability to initiate cardiac/pulmonary/renal support
(CPRS) to stabilize a patient at a theater hospital before transport and to
maintain support during transport to a definitive care hospital.
Methods: A circulation test loop filled with a blood analog fluid (40%
glycerin/water, μ = 3.6 cP) was used to test this concept. The loop
incorporated femoral artery and vein cannulae (19F and 23F;Medtronic
BIO-MEDICUS, Minneapolis, MN) as would be used for adult extracor-
poreal membrane oxygenation (ECMO) with peripheral cannulation
connected to the inflow and outflow ports of an integrated pump/
oxygenator (pCAS; Ension, Inc, Pittsburgh, PA) with integral ultrasound
flow sensors (Transonic Systems, Ithaca, NY). A dialysis cartridge
(Polyflux HD-C4, Gambro, Germany) was connected in parallel with
the pump/oxygenator outflow tubing. The arterial outflow pressure in
the circuit was monitored and regulated to 80 mm Hg (Delta Cal; Utah
Medical, Midvale UT). The top of an exchangeable 5-L dialysate bag was
hung 75 cm above the dialyzer to hydrostatically drive dialysate inflow.
An empty 5-L bag collected dialysate outflow. Pumpperformance (RPM,
flow output) was recorded for different combinations of dialyzer blood
flow and total flow output from the circuit. Theflight implementation of
the CPRS system was evaluated in a C-130 Hercules CCATT trainer at
Wright-Patterson Air Force Base and on board a rotary wing, MH-60
Black Hawkmilitary helicopter at Rickenbacher Air National Guard Base
under simulated flight conditions.
Results: With resistances in the flow paths and pump speed (RPM)
adjusted, a pump/oxygenator outflow of 3 to 5 L/min was achieved
(althoughflows as lowas 250mL/min are possible),whereas bloodflow
through the dialyzer was 0 to 500 mL/min at an arterial pressure of 80
mm Hg; dialysate flow rate was 250 mL/min. These flow rates are
sufficient for beneficial clearance of urea and creatinine and for gas
exchange. The ability to secure and operate the integrated pump/
oxygenator (including confirmation of blood flow achieved), controller,
and dialyzer with a custom platform fastened to a special medical
emergency evacuation device platform was successfully accomplished,
demonstrating the ability to easily transport the CPRS system with a
patient to any location necessary.
Conclusions: Future considerationwill include themostly likely type of
dialysate fluid composition needed. A scaled up version of the pump/
oxygenator may be needed to provide greater gas transfer capability
along with an anti-thrombotic blood-contacting surface treatment as
patients may have bleeding and cannot be systemically anticoagulated.
These data and evaluation experiences suggest that the CPRS approach
to acute organ support during transport of a critically injured soldier
is feasible.

http://dx.doi.org/10.1016/j.jcrc.2013.07.043
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