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Abstract

Aims—Coagulopathy is often present after resuscitation from cardiac arrest but plays an
undefined role in the post cardiac arrest syndrome. The aim of this study was to characterize
coagulation changes during cardiac arrest and post-resuscitation care in order to direct further
focused study.

Methods—Ventricular fibrillation (VF) was induced electrically in immature male swine,
followed by normothermic American Heart Association Advanced Cardiac Life Support and a
uniform post-resuscitation goal-directed resuscitation protocol. PT, aPTT, fibrinogen,
Thrombelastography (TEG), platelet contractile force (PCF), clot elastic modulus (CEM), and
collagen-induced platelet aggregation were compared at baseline, at 8 minutes of VF, during the
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3" round of chest compressions (CPR), and at 15, 90, 180, and 360 minutes after return of
circulation using repeated measures ANOVA.

Results—~8/18 (44%) animals were resuscitated after 10.9+/- 0.9 minutes of VF and 7.6+/-3.4
minutes of CPR. TEG revealed a significant impairment in clot strength (MA) and clot formation
kinetics (K, Alpha Angle) arising during CPR, followed by a brief prolongation of clot onset times
(R) after return of circulation. Both PCF and CEM fell significantly during CPR (PCF by 50%,
CEM by 47% of baseline) and platelet aggregation was significantly decreased during CPR.
Coagulation changes were partially recovered by 3 hours of post-resuscitation care.

Conclusions—Whole blood coagulation was rapidly impaired during CPR after electrically-
induced VF in this swine model by impaired platelet aggregation/contractile function and clotting
kinetics. Further platelet-specific study is indicated.

Introduction

Only 7.9% of the estimated 295,000 out of hospital cardiac arrest patients with initial
shockable rhythms survive to hospital discharge in the United States.! Furthermore, hospital
mortality remains high (55-71%) in those who are resuscitated initially. 23 A primary
contributor to the high post-resuscitation mortality is the post-cardiac arrest syndrome
(PCAS), consisting of impaired hemodynamic function, neurologic injury, and uncontrolled
inflammation. PCAS can emerge rapidly following return of spontaneous circulation
(ROSC) and there is a growing body of evidence that global ischemia/reperfusion injury
contributes to the pathology and high mortality of PCAS.*>

The coagulation system may play a key role in PCAS. Anticoagulation has been identified in
cardiac arrest survivors by early prolongation in prothrombin and activated partial
thromboplastin times.®7 These coagulation changes are more prominent in those with
refractory hemodynamic shock and are associated with early in-hospital mortality.”
However, our current understanding is incomplete, being limited to plasma-based assays
only.

The purpose of this study was to improve our understanding of the coagulation system
during cardiac arrest and resuscitation by characterizing the the whole blood response. We
hypothesize that tests of whole blood coagulation function will be significantly altered
during cardiac arrest and the post-resuscitation period when compared to pre-arrest values.

Methods

Subjects and Instrumentation

Immature 40-50kg domestic male swine were fed ad-/ibitum with freely available drinking
water except that food was withheld the night before the planned experiment to decrease
gastric distention. Animals were sedated by intramuscular ketamine/xylazine (20mg/kg and
2mg/kg respectively) and induction was by intravenous pentathol injection (25 mg/kg).
Intravenous alpha chloralose bolus (50 mg/kg) and continuous infusion (10 mg/kg/hr)
provided continuous anesthesia. Subjects were intubated and ventilated with FiO2 = 21%
(iVent201, VersaMed Medical Systems, Inc., Pearl River, NY). The ventilator rate was
adjusted for normal pH and pCO2 = 35-45 mmHg and was not altered for the rest of the
protocol other than during cardiac arrest when the ventilator was disconnected.

Electrodes were placed on the precordium for continuous ECG monitoring and the right
carotid artery was cannulated for continuous recording of mean arterial pressure (MAP),
arterial blood gas, and coagulation sampling. A tongue oximeter measured arterial oxygen
saturation. The right internal jugular vein was cannulated using a central venous catheter
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(Edwards Life Sciences, Irvine, CA) with the tip placed at the junction of the superior vena
cava and right atrium for monitoring of central venous pressure (CVVP) and administration of
medications and fluids. An equilibration period of 10 minutes followed, during which time
baseline measurements were recorded. Body temperature was maintained in the normal
porcine range 38+/— 1 deg C by a heating blanket and monitored by rectal probe.

Cardiac Arrest Protocol

Ventricular fibrillation (VF) was induced by passage of 100 mA 60 Hz alternating current
for 3-5 seconds using a rheostat via electrodes at the precordium. Cardiac arrest was
confirmed by the presence VF rhythm on ECG and disappearance of the arterial blood
pressure waveform. The ventilator was then disconnected and all infusions except anesthesia
stopped to simulate an untreated cardiac arrest scenario for 10-12 minutes. Previous model
development indicated a ROSC rate of 50% with this arrest duration in preparation for
future testing of therapeutic interventions.

Cardiopulmonary resuscitation (CPR) was performed according to the American Heart
Association Advanced Cardiac Life Support guidelines (2005 revision), but a mechanical
device was used for chest compressions.® Mechanical CPR was initiated using LUCAS™
Chest Compression System (Physio Control Inc., Redmond, WA) providing 100 chest
compressions per minute with at least 2 inches of precordial chest wall collapse with full
rebound between each stroke. At the same time, asynchronous mechanical ventilations were
started with FiO2 at 100%. Chest compressions were performed uninterrupted for a period
of 2 minutes with rhythm checks performed every 2 minutes. If VF or pulseless Ventricular
Tachycardia (VT) was present, biphasic defibrillation was attempted once at 120 Joules
using a manual defibrillator (Zoll M Series, Zoll Medical Corporation, Chelmsford, MA) via
paddles placed at the precordium. Intravenous Vasopressin (401U), epinephrine (0.01mg/kg
repeated every 4 minutes), atropine (0.5mg repeated till a maximum dose of 0.04mg/kg for
asystole or PEA) and amiodarone 300mg were given according to ACLS guidelines.
Resuscitation was continued until ROSC or 16 minutes (8t rhythm check). Without ROSC
the animal was euthanized with an intravenous injection of 2mmol/L of potassium chloride
under anesthesia. Successful ROSC was defined as an initial return of a sinus ECG rhythm
with an obvious arterial wave form and mean arterial pressure >30 mmHg lasting at least 5
minutes in order to exclude unstable animals requiring further rounds of CPR after initial
ROSC.

A simplified post-ROSC goal-directed treatment protocol was used in order to standardize
post-resuscitation physiology and care due to the influence of refractory shock on
coagulation status.” The protocol was adapted from clinical septic shock and cardiac arrest
protocols as reported by Rivers et al, and Gaieski et al, respectively.®19 Our chosen goals
were CVP >8 (achieved by normal saline bolus and infusion), MAP > 65 mmHg (achieved
by titration of norepinephrine infusion), and tongue oxygen saturation >92% by
supplemental oxygen titration. Of note, we chose a lower mean MAP goal of >65 mmHg
rather than the MAP > 80 mmHg suggested by Gaieski et al, because we felt that the large
volumes of vasopressor and crystalloid required to maintain this higher blood pressure in the
face of significant capillary leakage and cardiac dysfunction. These volumes would have
likely impacted coagulation function, and possibly confounded our results. FiO2 was
decreased incrementally after ROSC to achieve adequate oxygen saturation using the lowest
possible oxygen concentration. Surviving animals were maintained up to 6 hours following
ROSC then euthanized under anesthesia using 2mmol/kg intravenous potassium chloride.
Therapeutic hypothermia was not induced due to lack of evidence for an acute effect on
coagulation function and the need for large volumes of iced intravenous fluids to rapidly
produce hypothermia, causing plasma dilution and obscuring the native coagulation
response.11

Resuscitation. Author manuscript; available in PMC 2013 January 21.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

White et al.

Page 4

Measurements

Hemodynamic measurements, cell counts, chemistry, and coagulation studies were
measured from the arterial circulation at baseline (BL), at 8 minutes of VF (VF), at the start
of the third round of chest compressions (CPR), and 15, 90, 180, and 360 minutes post-
resuscitation (PR). Arterial samples were required due to collapse of veins during VF which
prevented adequate blood sampling. Systemic blood gases and lacate measurements were
made using the Stat Profile Critical Care Xpress bedside analyzer (Nova Biomedical Corp.,
Waltham, MA). Hematocrit (Hct), hemoglobin (Hgb), white blood cell (WBC) and platelet
counts (PLT) were obtained using the VetScan HM2 Hematology System, bedside analyzer
(Abaxid, Union City, CA).

Coagulation Studies

Coagulation studies included; Prothrombin time (PT), Activated Partial Thromboplastin
Time (aPTT), and fibrinogen concentration in platelet poor plasma using the STart-4
coagulation analyzer (Diagnostica Stago, Asnieres, France). Whole-blood coagulation
function was determined by Thrombelastography™ (TEG) (Haemoscope Corporation,
Niles, IL).

The Hemostasis Analysis System (HAS) (Hemodyne Inc. Richmond, VA, USA) was also
used to clarify the platelet contribution to clot formation. The device and its applications
have been summarized previously.12 In brief; Platelet Contractile Force (PCF) represents
platelet-induced clot contraction and is measured in Kilodynes once per minute for 20
minutes. A separate estimate of Clot Elastic Modulus (CEM) is made by recording stress/
strain ratio after application of a brief constant force to the surface of the clot once per
minute and is reported in Kilodynes/cm? after 700 L of whole citrated blood is mixed with
50 pL of calcium chloride (10mmol/I final concentration) to initiate clotting. The terminal
values of each measurement taken at 20 minutes of clot formation time were used for
analysis after being performed in duplicate at 37°C.

Platelet aggregation was measured to clarify the role of platelet membrane receptors using
collagen (4ug/ml) as the platelet agonist due to its selectivity for activating platelets via
surface membrane receptors (glycoprotein la/lla and glycoprotein V1).13 Aggregation was
measured in whole blood by impedance at 37°C in reference to platelet-poor plasma using
the Chrono-log aggregometer (Chrono-log Corp, Havertown, PA).

Effect of Vasoactive Medications

Coagulation function and platelet activity are altered in response to circulating epinephrine
and vasopressin.141% Therefore, a separate ex vivo experiment examining the contribution
of vasoactive drugs administered during CPR to coagulopathy. Whole blood was sampled at
baseline prior to cardiac arrest and incubated with the same estimated concentration that the
animal would have received upon 3 rounds of CPR of; 1. epinephrine (6x10~4 mg/ml), 2.
vasopressin (0.01 U/ml), or 3. epinephrine + vasopressin. TEG and HAS were then used to
evaluate for any drug-specific effects on coagulation function compared to baseline controls.

Statistical Analysis

Measurements were summarized as means with standard deviation and standard error. One
way repeated-measure ANOVA was used to identify changes in individual variables over
time. One way ANOVA evaluated for a significant effect of epinephrine, vasopressin, or
epinephrine+vasopressin on coagulation function. Tukey Kramer adjustment for multiple
comparisons was made to maintain overall significance at p=0.05 in all cases. Statistical
analysis was made using JMP8.0 software (SAS Inc., Durham, NC).
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Ethical Issues

This study was approved by the Virginia Commonwealth University Institutional Animal
Use Committee and abided by international standards for the ethical treatment of animals.

Results

Eighteen immature male swine (weight (Mean/SD) 48 +/- 7.6 kg) were studied. VF was
induced for an average of 10.9 +/- 0.9 minutes. Eight swine (44%) achieved ROSC after
7.6+/-3.4 minutes or approximately 3 rounds of cardiopulmonary resuscitation. All 8 of the
successfully resuscitated animals achieved the post-resuscitation hemodynamic goals and
survived at least six hours following ROSC. Core temperature averaged 37.7 + 1.6 deg C
during the protocol. Repeated-measure ANOVA revealed no significant change in core
temperature between the baseline, arrest, and post-resuscitation periods (p=0.53).

Table 1 summarizes the changes in standard coagulation tests, chemistries, and cell counts.
There were no changes in plasma-phase coagulation tests, other than a briefly prolonged PT
and decreased fibrinogen during CPR. Blood pH was decreased for the period of 15-90
minutes post-ROSC. Arterial PO2 was only minimally lowered during VF and increased
significantly during CPR. Lactate increased significantly during CPR compared to baseline,
continued to increase during the first 15 minutes post-ROSC, and then declined during the
remainder of the post-ROSC period. Hematocrit increased with CPR and after ROSC.
Platelet count decreased during CPR but rebounded to near baseline levels by 15 minutes
post-ROSC.

Thrombelastography

Results of whole blood TEG parameters are summarized in Figures 2 and 3. Clot initiation
time (R) was shortened and strength (MA) was increased during VVF, followed by rapid
inhibition of clot formation (K, Alpha Angle) and MA during CPR which partially
recovered by 180 minutes post-ROSC. Changes in K, Alpha Angle, and MA tended to
precede prolongation of R time (Figure 3.).

Hemostasis Analysis System

Both PCF and CEM were slightly increased during VF and then fell significantly during
CPR (PCF by 50%, CEM by 47% of baseline) and remained so for up to 180 minutes post-
resuscitation (Figure 4).

Platelet Aggregation

Figure 5 summarizes changes in collagen-induced platelet aggregation which tended to
increase during VF, significantly decrease during CPR, and partially recover post-ROSC.

Effect of Vasoactive Medications

Incubation of blood samples drawn at baseline with vasoactive medications used during
CPR singularly or in combination (N=10, each group) had no significant effect on TEG or
HAS values compared to controls (all p > 0.32, data not shown).

Discussion

In this study whole-blood clot formation became impaired during CPR, lasting up to 3 hours
post-ROSC. The impaired clot formation was associated with reduced platelet contraction
and aggregation, suggesting an important impact of cardiac arrest and resuscitation on
platelet function. Our result differs from current clinical literature which has described
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platelet activation and disseminated intravascular coagulation in cardiac arrest survivors.
The specific mechanism of platelet inhibition in our study remains unclear.

The effect of electrically-induced VVF on platelet function in our model differs from clinical
reports describing platelet hyperfunction in ischemia-induced cardiac arrest and
disseminated intravascular coagulation (DIC) in hypoxia-driven experimental arrest
models.16:17 Spiel et al, used collagen/ADP-induced high shear platelet aggregation
(PFA-100®) to study platelet function in cardiac arrest survivors classified as having either
a “cardiac” or “noncardiac” cause of arrest. Those patients with cardiac causes demonstrated
faster platelet-dependent clotting times. All patients in the cardiac group experienced VF as
the presenting rhythm. No patients in the noncardiac group experienced VF and
demonstrated normal platelet function despite a similar increase in plasma vonWillebrand
factor. These results suggest a platelet-activating effect of pre-arrest cardiac ischemia or an
effect of VF itself16 To the contrary, we clearly demonstrated evidence for platelet inhibition
using multiple assays making it less likely that VVF itself was the primary cause of platelet
activation observed by Spiel et al. We also used presumably healthy and cardiovascular
disease-free animals, thus avoiding pre-arrest platelet activation from cardiac ischemia. This
may be the reason why our results differ. In addition, Spiel et al, used a mixed Collagen/
ADP agonist in their study while we used collagen as a single agonist. Platelets stimulated
by ADP may be activated even in the face of collagen receptor inhibition because these two
agonists can activate platelets by distinct signaling mechanisms. In the setting of hypoxia-
induced cardiac arrest, Gaszynski used a rabbit model to report prolonged TEG clot onset
times (R), reduced fibrinogen and platelet concentration, and increased fibrin monomers
starting before CPR.17 These changes were consistent with consumption and DIC taking
place during pre-arrest hypoxia. Increased thrombin generation and consumption during
CPR have also been found in resuscitated cardiac arrest patients.1819 We found only
isolated platelet-specific inhibition during CPR without persistent consumption of fibrinogen
that might indicate DIC. The PO, in blood sampled for coagulation studies during VF was
also maintained at nearly normal levels in our model (mean PO, >70 mmHG) and may not
have reached hypoxic levels needed to trigger DIC. Therefore, aside from the species
difference, the lack of a significant component of pre-arrest hypoxia or cardiac ischemia in
our model may explain our contrary results.

Inhibited platelet aggregation and availability was likely responsible for the reduced MA,
PCF, and CEM noted during CPR. The mechanism for impaired aggregation remains
unknown. There was no discernable independent effect of vasoactive medications on clot
formation when added to blood obtained at baseline. In-vitro studies using human blood
support this conclusion.20 Platelet adhesion and aggregation are required for proper clot
contraction and direct inhibitors of aggregation can reduce MA, PCF, and CEM.21 Collagen
receptor-dependent platelet adhesion/aggregation has been linked to Na*/Ca* membrane
exchanger activity, integrin a,p1, andglycoproteins VI/IV making these potential targets for
future mechanistic studies.?2:23 Recent results from Padosch et al, using a glycoprotein I1b/
Ila inhibitor given after ROSC in a rat model of electrically-induced cardiac arrest did not
impact post resuscitation microcirculatory dysfunction.24 Our results suggest that perhaps
earlier administration of platelet-targeted therapies prior to ROSC may be required.
Alternatively, specific targeting of collagen-mediated platelet adhesion upstream of
glycoprotein 11b/I11a activation, or the Na*/Ca2* membrane exchanger may be important
potential avenues for future research.

Impaired collagen-induced platelet aggregation likely explains the initial decrease in MA,
PCF, and CEM noted during CPR, but does not explain why clot formation was reduced for
several hours during the post-resuscitation period after recovery of aggregation to near
baseline levels.

Resuscitation. Author manuscript; available in PMC 2013 January 21.
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TEG R and K times were first prolonged at 15 minutes after ROSC, reflecting impaired clot
initiation and buildup. This was presumably a direct effect of lactic acidosis. The level of
blood acidosis achieved shortly after ROSC (average pH = 7.129) was consistent with
previously published coagulopathy induced by blood acidification in swine.2>

The CPR measurement also curiously demonstrated a transient loss of platelets from the
arterial sample which may have contributed to the noted decreased in overall platelet
function. The decrease in platelet count was not due to plasma dilution or sampling error
because hemoglobin and hematocrit were both increased in the same sample. The reason for
this transient reduction in circulating platelets during CPR remains unknown and warrants
further investigation.

Our conclusions are limited for several reasons including our lack of direct measurement of
the concentrations of vasoactive drugs (Vasopressin, Epinephrine) administered during CPR.
Instead, we calculated average doses administered after the third round of CPR for our /n-
vitro studies and found no significant changes in clot formation. This conclusion should be
further verified by directly measuring drug concentrations in future studies. The effect of
anesthesia was also not tested in our model and deserves further study. Ketamine can display
antiplatelet activity in humans.26 However, no reports of significant ketamine or chloralose-
induced hemostatic abnormalities have been reported in swine. Our baseline PT was also
similar to other heavily instrumented experimental swine models using different
anesthesia.2” Significant hyperoxia was also induced during CPR and during the 6 hour
post-resuscitation period. Hyperoxia may have contributed to changes in platelet function
because platelet integrin activity can be affected by oxygen radicals.28 This relationship may
be important and deserves further study because prolonged hyperoxia after resuscitation
from cardiac arrest has also been associated with increased mortality.2® Future studies of
coagulation function during cardiac arrest and resuscitation should include a normoxic
control group for comparison. Moreover, the lack of an instrumented control group without
cardiac arrest is an acknowledged limitation of our study. Future mechanistic studies would
require instrumented control groups to achieve validity. It is also unclear if the same
coagulation changes would manifest with chest compression-only CPR.30:31 Qverall, this
study provides an initial characterization of the whole blood coagulation response to VF
arrest and is intended to spur further hypothesis generation and guide experimental model
development.

Conclusion

Whole blood clot formation was impaired during CPR in this electrically-induced VF model.
Platelets were first affected and demonstrated impairment of aggregation, contractile
function, and clotting kinetics, persisting up to 3 hours after return of circulation.
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Figure 1.

Schematic representation of cardiac arrest protocol. CPR= cardiopulmonary resuscitation,
ACLS= Advanced Cardiac Life Support, ROSC= return of spontaneous circulation. Blood
was sampled described under Methods.
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Figure2.

Summary of Thrombelastography (TEG) results in whole blood sampled as described under
Methods. An aliquot of 340 L of citrated whole blood was recalcified with 20 pL of 0.2M
calcium chloride to initiate coagulation. Reaction time= time to onset of clot formation,
Kinetics time= estimate of speed of clot buildup/polymerization, Clotting Angle= estimate
of clot polymerization rate, Maximal Amplitude= estimate of clot strength. *= significantly
different than baseline value by repeated measure ANOVA with Tukey HSD.
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Figure 3.
Representative TEG clot formation curves for a single subject at various times during the
experimental protocol as described under Methods.
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Figure4.

Summary of platelet-induced clot contraction and clot elastic modulus during cardiac arrest
and resuscitation. Mean platelet contractile force (PCF) on the left axis and clot elastic
modulus (CEM) on the right axis measured before, during and after cardiac arrest and
resuscitation as described in Methods. *= significantly different than baseline value by one
way ANOVA with Tukey HSD.
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Figureb5.

Average Collagen-induced platelet aggregation in whole blood by impedance performed as
described in Methods. *= significantly different than baseline value by one way ANOVA
with Tukey HSD. Error bars = SE.

Resuscitation. Author manuscript; available in PMC 2013 January 21.

PR360



Page 15

White et al.

"ASH AN yum WYAONY ainses pareadal Aq anjea autjaseq ueyy Jualagip Apueaniubis =
*

'S3INUIL 09E PUB ‘08T ‘06 ‘ST (dd) uonenosnsal-jsod pue
‘(4dD) uonenasnsal Areuowjndoipied Jo punos pig 1e ‘(4A) Uoie||LIqly Je[nd1IIUSA JO SalnuIw g J1a)e ‘(T9) auljaseq Je WSIjogeIaw JO S1ayJew pue ‘SJunod |]ad poojq [erisle ‘s)sa) uole|nbeod aseyd-ewse|d

60 LT g0 LYY g0 VS g0 LO0T0 g0 LC9 g0 0z g0 0T (n10ww) oey
18e x0C9%C  geg LO9VIC  gge  LEBIC  gee L0 ggg LLT8C  ygz  ves Gl 2SI (bHww) zod
SY0'0  6EC.  BE00 2SEL w00 «VO6CL ee00 «6CTL zpo0  8TEL 9200 €ISL 9200 YSYL Hd
wsljoqer W
662 897 L€z OEIE €Sz 190 S€e  0l€z  Gee LIV gz gesz €T Sele (ev0Tx) d
8T Tz ST lze 9T K¢S 1z L8%€ 1z eTe LT g9z TI  6.C (%) PH
g0 «CCl yo  LVCl gg  LSCT g0 L9 90 LT g0 g6 €0 T6 (Ip/Bw) gbH
Sunod |BD
20€ 008T T9Z €€T 08 0T T9 €6ST 6l¢ Tv¥.L 6.7 ¥SET  6LT 68T  (Ip/Buw) usbounqi4
zz S8 02 T¥e T¢ 69 0C Iz I Il vI  9S v1 €l (08s) L1d®
60 vE€T 80 ST 80 8ET 80  ¥ETL 60 89T 90 E£¥YT 90 LYl (08) 1d
as ues|n s ues|n 3s ues|\ s ues| as ues|n s ues|\l 3s ues|n uoire|nbeo)
(8=u) 09edd (8=) 08THd (8=u) 064d (8=u) 5THd (8T=U) ¥dD (8T=U) 4A (gT=u) 19

awli] [00010.d

*aLUI) JaA0 pasedulod S)UsLIBINSEaLL J1]OCRISW PUE ‘SIUN0J 189 ‘S1Sa) LUoIeInBrod Jo sonsnels Alewwng

T alqel

$watermark-text $watermark-text $watermark-text

Resuscitation. Author manuscript; available in PMC 2013 January 21.



