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Abstract

Rationale: Although current resuscitation guidelines are rescuer
focused, the opportunity exists to develop patient-centered
resuscitation strategies that optimize the hemodynamic response
of the individual in the hopes to improve survival.

Objectives:Todetermine if titrating cardiopulmonary resuscitation
(CPR) to blood pressure would improve 24-hour survival compared
with traditional CPR in a porcine model of asphyxia-associated
ventricular fibrillation (VF).

Methods: After 7 minutes of asphyxia, followed by VF, 20 female
3-month-old swine randomly received either blood pressure–targeted
care consisting of titration of compression depth to a systolic blood
pressure of 100 mmHg and vasopressors to a coronary perfusion
pressure greater than 20 mm Hg (BP care); or optimal American
Heart Association Guideline care consisting of depth of 51 mm
with standard advanced cardiac life support epinephrine
dosing (Guideline care). All animals received manual CPR for
10 minutes before first shock. Primary outcome was 24-hour
survival.

Measurements and Main Results: The 24-hour survival was
higher in the BP care group (8 of 10) compared with Guideline care
(0 of 10);P = 0.001. Coronary perfusion pressurewas higher in the BP
care group (point estimate18.5 mm Hg; 95% confidence interval,

3.9–13.0 mmHg; P, 0.01); however, depth was higher in Guideline
care (point estimate19.3 mm; 95% confidence interval, 6.0–12.5
mm; P, 0.01). Number of vasopressor doses before first shock was
higher in the BP care group versus Guideline care (median, 3 [range,
0–3] vs. 2 [range, 2–2]; P = 0.003).

Conclusions: Blood pressure–targeted CPR improves 24-hour
survival compared with optimal American Heart Association care in
a porcine model of asphyxia-associated VF cardiac arrest.
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At a Glance Commentary

Scientific Knowledge on the Subject: Current treatment
algorithms for cardiac arrest recommend provider-centric
resuscitation that varies little from patient to patient, rather
than patient-centric care targeted to hemodynamics during
cardiopulmonary resuscitation.

What This Study Adds to the Field: This porcine
investigation establishes that individualized, prospective
titration of cardiopulmonary resuscitation to blood pressure
improves 24-hour survival compared with optimal American
Heart Association Guideline care.

The current paradigm for optimal
resuscitation is “rescuer focused” in that the
rescuer is coached to provide an optimal
rate and depth of compression (1, 2). With

this approach, all victims end up getting the
same treatment. We propose an alternative
strategy, which is more “patient centered,”
and requires monitoring the actual

hemodynamic response of the individual to
cardiopulmonary resuscitation (CPR), and
then seeks to optimize that response in the
hopes of improving survival (3).
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Although in-hospital cardiac arrest has
been poorly studied, it remains a significant
public health problem with 200,000 patients
receiving CPR at some time during their
hospitalization (4). Presumably because of
the successful implementation of medical
emergency teams, most of these arrests now
occur in highly monitored intensive care
units (ICUs) where patients often have
invasive monitoring in place at the time of
arrest (5, 6). Therefore, the opportunity
exists to develop a patient-centered
resuscitation strategy that incorporates the
hemodynamic response of the individual
into the ongoing resuscitation effort. Such
an individualized approach would be
a major paradigm shift in the field of
resuscitation.

Survival following CPR for cardiac
arrest depends on provision of adequate
myocardial blood flow during CPR
(7–9). The primary determinant of
myocardial blood flow during CPR is
coronary perfusion pressure (CPP), the
mathematical difference between arterial
and right atrial diastolic pressures (10).
Although obtaining measurements of
myocardial blood flow during CPR is not
practical, both CPP and arterial diastolic
pressure, the primary driving force of
CPP, are readily available to many ICU
rescuers (5, 6) and may be useful clinical
surrogates to guide resuscitation quality.
The American Heart Association
recommends monitoring resuscitation
efforts using arterial blood pressure (11);
however, no study has demonstrated
that prospectively targeting such goals
during resuscitation leads to improved
survival.

Building on previous work (12, 13),
this randomized investigation compares
24-hour survival with “patient-centric”
blood pressure–targeted care (BP care)
intended to attain systolic blood pressures
greater than 100 mm Hg and CPP greater
than 20 mm Hg versus “provider-centric”
optimal American Heart Association
Guideline care (Guideline care; absolute
depth-guided CPR to 51 mm with
standard Advanced Cardiac Life Support
[ACLS] vasopressor dosing [1]) in
a porcine model of asphyxia-associated
ventricular fibrillation (VF) cardiac arrest.
We hypothesized that the blood
pressure–targeted care would improve
24-hour survival compared with optimal
American Heart Association Guideline
care.

Methods

Animal Preparation
The experimental protocol was approved by
The Children’s Hospital of Philadelphia
Institutional Animal Care and Use
Committee. Twenty healthy 3-month-old
female domestic swine were anesthetized
and mechanically ventilated using a Datex
Ohmeda anesthesia machine (Modulus SE)
on a mixture of room air and titrated
isoflurane (z1.0–2.5%) with a tidal volume
of 10–12 ml/kg, positive end-expiratory
pressure of 6 cm H2O, and titration of rate
to maintain end-tidal carbon dioxide (ETCO2)
at 38–42 mm Hg (NICO; Novametrix
Medical Systems Inc., Wallingford, CT).

Vascular introducer sheaths (6–7F
catheter; Cordis Corp., Fremont, CA) were
placed percutaneously under sterile
conditions into an internal and external
jugular vein and a femoral artery and vein.
High-fidelity, solid-state, micromanometer-
tipped catheters (MPC-500; Millar
Instruments, Houston, TX) were then
advanced through the femoral artery and
internal jugular access sites into thoracic
locations to measure continuous aortic and
right atrial pressures, respectively. A Swan-
Ganz Thermodilution catheter (Edwards
Lifesciences, Irvine, CA) was placed in
the pulmonary artery and a bipolar pacing
catheter (Edwards Lifesciences) was placed
in the right ventricle via the femoral
vein and external jugular access sites.
All catheter placements were confirmed
with fluoroscopy. Unfractionated heparin
200 U/kg was provided to prevent catheter
clotting. Before obtaining any baseline
measurements, all animals received 0.9%
normal saline intravenously titrated to left
atrial wedge pressure to have similar volume
status across animals before cardiac arrest
(,16 mm Hg, 20 cc/kg; 16–18 mm Hg,
10 cc/kg; .18 mm Hg, no bolus).

Measurements
Thermodilution cardiac outputs (ICU
monitor: model HP66; Hewlett Packard,
Palo Alto, CA) were obtained at baseline.
Arterial blood gas specimens were obtained
from the thoracic aorta at baseline (before
endotracheal tube clamping); at 2, 4, and
6.5 minutes after endotracheal tube
clamping; and then 2.5 and 6 minutes
after VF induction and start of CPR.

To ensure rigorous adherence to
CPR quality goals, the Heart Start MRx
defibrillator with Q-CPR option, jointly

designed by Philips Health Care (Andover,
MA) and the Laerdal Medical Corporation
(Stavanger, Norway), and a metronome
were deployed during the experimental
protocol. This defibrillator records CPR
quality and provides audiovisual feedback to
the chest compression provider for rate
(min21), depth (millimeters), and
incomplete chest wall recoil (residual
leaning force [grams]).

Experimental Protocol

Overview. The protocol used in this
experiment was designed to address
resuscitation provided in an ICU for
an asphyxia-associated cardiac arrest
(Figure 1). A porcine model was chosen
because of the documented similarities
between swine and humans in regards
to anterior-posterior chest depth and
compression characteristics (e.g., chest
stiffness) (14). These similarities provide
justification for using a treatment strategy
recommended in humans as our control
group (i.e., Guideline care with a depth of
51 mm). In both groups, after 7 minutes
of endotracheal tube clamping, VF was
induced to ensure a standard 10-minute
period of CPR that was consistently
terminated by defibrillation, because
excellent CPR for experimental asphyxia-
associated cardiac arrest often results in
return of spontaneous circulation (ROSC)
within 2–4 minutes (15, 16), which would
have precluded our evaluation of the
different resuscitation approaches for
longer periods (i.e., up to 10 min). This
model has clinical relevance because nearly
40% of in-hospital adult arrests have acute
respiratory insufficiency as a cause of
arrest (17), of which one-fifth have VF or
pulseless ventricular tachycardia as their
initial documented rhythm (17). Ten
minutes of CPR was performed before
the first defibrillation attempt to provide
further clinical relevance to our model
because most in-hospital CPR is greater
than or equal to 10 minutes in duration for
survivors and nonsurvivors (17, 18).

In both groups, compressions were
provided with a target rate of 100 min21 and
ventilations at 6 min21 with 100% oxygen.
Brief interruptions in CPR every 2 minutes
mimicked American Heart Association
recommended pulse checks and rhythm
analysis. Animals randomly received either
blood pressure–targeted care (BP care),
consisting of compression depth titrated to
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a target systolic blood pressure of 100 mmHg
and titration of vasopressors to
maintain CPP greater than 20 mm Hg;
or optimal American Heart Association
Guideline care (Guideline care), consisting
of target depth of 51 mm with standard
ACLS epinephrine dosing. ACLS dosing
was intravenous epinephrine (0.02 mg/kg)
every 4 minutes starting at minute 9 of the
protocol (2 min after CPR was started).
Animals in the BP care group received
intravenous vasopressor if and only if the
CPP was less than 20 mm Hg, also starting
at minute 9 of the protocol. The order
of drug administration in BP care was
epinephrine (0.02 mg/kg), epinephrine
(0.02 mg/kg), and vasopressin (0.4 U/kg).
The minimal dosing interval was 1 minute
between epinephrine doses, and if
vasopressin was given, the minimal dosing
interval was 2 minutes before the cycle
was restarted. After 10 minutes of CPR,
the initial 200-J biphasic waveform
defibrillation attempt was provided.
Resuscitation according to treatment
strategy continued until sustained ROSC
or after an additional 10 minutes of
resuscitation postinitial defibrillation
attempt. If ROSC was attained, the animals
received protocolized postarrest care
(discussed next). Any animals that died
received a post-mortem examination for
detection of visceral injuries.

Postarrest care. Animals that achieved
ROSC received protocolized intensive care
treatment which included (1) titration of
oxygen concentration to maintain oxygen
saturation 92–96%, (2) titration of
ventilation (tidal volume [6–10 cc/kg]
and ventilation rate) to maintain ETCO2

between 38 and 42 mm Hg, and (3)
intravenous infusions of dopamine (up to
20 mg/kg/min) and/or epinephrine boluses
(20 mg) to maintain mean arterial pressure
greater than 55 mm Hg. Anesthesia
was maintained with inhaled isoflurane
(z1.0–2.5%) during this time period. All
animals received bupernorphine (0.02
mg/kg intramuscularly every 6 h) for pain
control. By 4 hours post-ROSC, vasopressor
support was weaned off and the animals
were extubated. At 24 hours, all animals
were neurologically assessed using the
previously validated swine cerebral
performance category (CPC) scale (19, 20),
performed by two experienced research
technicians, who agreed on the final score.

Data Analysis and Outcomes
The primary outcome of the study was 24-
hour survival. Secondary outcomes included
(1) any ROSC, (2) 45-minute survival,
(3) favorable neurologic outcome at
24 hours (defined as a CPC of 1–2), (4)
hemodynamic measures (specifically
mean diastolic CPP), and (5) CPR quality

variables. To calculate the mean diastolic
CPP, the diastolic period of each heartbeat
was identified by locating extrema in
a wavelet transform (ricker wavelet, period
0.5–3 s) of the aortic pressure signal. After
identification of the diastolic periods in
each heartbeat, the average pressure
difference between the aortic pressure and
the right atrial pressure was calculated
for each diastolic period. Normality of
continuous variables was assessed using
the Skewness-Kurtosis test. Normally
distributed continuous variables were
described as mean6 SEM and compared
by Student t test. Continuous variables
that were not normally distributed were
described as median (25%, 75%) and
evaluated by Wilcoxon rank sum.
Comparisons of dichotomous variables
were evaluated by Fisher exact test.
Differences in CPR quality variables and in
CPPs over time and between treatment
groups and between survivors and
nonsurvivors were assessed using
generalized estimating equations with
an identity link (21). A robust variance
estimator with an exchangeable correlation
structure was used to account for
longitudinal correlation (i.e., each experiment
was analyzed using multiple 15-s epochs).
For our primary outcome, 10 animals were
randomly assigned to each treatment to give
us 80% power to detect a difference in

Both groups: VF Induced and manual CPR started (BP care depth = SBP 100 mmHg; Guideline care depth = 51mm)

BP care: First vasopressor given (Epinephrine (0.02 mg/kg) if CPP<20
      Dosing order: Epinephrine –> Epinephrine –> Vasopressin (0.4U/kg) if CPP<20
      Dosing Interval: 1 min after Epinephrine; 2 min after Vasopressin

Guideline care: Depth-guided CPR: Epinephrine (0.02 mg/kg)

Guideline care: Depth-guided CPR: Epinephrine (0.02 mg/kg)

First Defibrillation Attempt

Experiment End
if no ROSC

t 9min

t 7min

t 0min

t 9min

t 13min

t 17min

t 27min

Resuscitation PeriodAsphyxial Period

ETT Clamp

Ventricular Fibrillation

ETT Clamped CPR (Rate 100 min–1, ventilations 6 min–1, 100% FiO2) and Vasopressors

Figure 1. Protocol design. During protocol resuscitation period, animals were randomized to receive one of two resuscitation strategies. Guideline care
refers to target depth of 51 mm and standard advanced cardiac life support epinephrine dosing. BP care refers to cardiopulmonary resuscitation (CPR)
directed to attain a systolic blood pressure (SBP) of 100 mm Hg and a coronary perfusion pressure (CPP) greater than 20 mm Hg. BP = blood pressure;
ETT = endotracheal tube; ROSC = return of spontaneous circulation; VF = ventricular fibrillation.
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24-hour survival of 70% (10% in the
Guideline care group and 80% in the BP care
group), conservative estimates chosen from
our short-term survival studies (12, 13).
Statistical analysis was completed using the
Stata-IC statistical package (Version 12.0;
StataCorp, College Station, TX).

Results

The primary outcome variable of 24-hour
survival and the secondary survival outcomes
of any ROSC, 45-minute survival, and
survival with good neurologic outcome were
all higher in the BP care group compared
with Guideline care (Table 1). Of the seven
animals surviving to 24 hours, five (71%)
had a CPC score of 1, one (14%) had a CPC
score of 2, and one (14%) had a CPC score
of 3. In a model using generalized estimating
equations, CPP was significantly higher

in the BP care group compared with
Guideline care (point estimate18.5 mmHg;
95% confidence interval, 3.9–13.0 mm Hg;
P, 0.01) (Figure 2), and higher in 24-hour
survivors compared with nonsurvivors
irrespective of treatment group (point
estimate 18.7 mm Hg; 95% confidence
interval, 3.9–13.4 mm Hg; P, 0.01).

Resuscitation Variables
Chest compression depth was greater in
Guideline care compared with BP care
(point estimate 19.3 mm; 95% confidence
interval, 6.0–12.5 mm; P, 0.01). Other
CPR quality variables were not different in
the two groups (rate = 1006 0.1 min21;
chest compression fraction = 966 0.3%;
no delivered compressions had leaning).
Number of vasopressor doses administered
before first defibrillation attempt after
10 minutes of resuscitation was greater in
BP care compared with Guideline care

(median, 3 [range, 0–3] vs. 2 [range, 2–2];
P = 0.003). However, the total number of
vasopressor doses provided to BP care was
lower compared with Guideline care when
doses after the first defibrillation attempts
were included (median, 3 [range, 0–4] vs. 5,
[range, 2–5]; P = 0.001). Median number
of defibrillation attempts to terminate VF
and lead to sustained ROSC in survivors
was 1 (range, 1–3). Of the 10 animals
achieving 45-minute survival, six (60%)
required vasopressor support with either
a dopamine continuous infusion (mean
peak dose, 136 2 mg/kg/min) or
intermittent epinephrine boluses (20 mg;
three animals received one dose). In the
BP care group (n = 8), post-ROSC mean
systolic blood pressure was 102.96 0.92
mm Hg; mean diastolic blood pressure
was 72.06 0.6 mm Hg. In the Guideline
care group (n = 1), post-ROSC mean
systolic blood pressure was 98.76 1.9
mm Hg, and mean diastolic blood
pressure was 63.16 1.3 mm Hg; however,
this animal was unable to be successfully
weaned from vasopressor support at the end
of the ICU period and died. Of note, animals
with “any ROSC” (two in Guideline care,
one in BP care) are not included in the post-
ROSC hemodynamic summary statistics
because they had immediate recurrent VF
(,1 min) and were not successfully
resuscitated for more than 1 minute.

Hemodynamics and Arterial
Blood Gases
Hemodynamic variables (Table 2) were
not different at prearrest baseline or at the
end of the asphyxial period before VF
induction. At the end of the resuscitation
period (16:15 to 16:30), the BP care
group compared with Guideline care had
significantly higher systolic blood pressure
(1106 3 vs. 836 11 mm Hg; P = 0.04),
diastolic blood pressure (456 4 vs. 286 3
mm Hg; P =,0.01), and mean diastolic
CPP (296 2 vs. 166 2 mm Hg; P, 0.001).
There were no differences in ETCO2

between the groups during this time
period. There were no differences in
arterial blood gases (Table 3).

Discussion

This porcine investigation establishes that
individualized, prospective titration of
CPR to blood pressures improves 24-hour
survival compared with uniform optimal

Table 1. Rates of Survival across Treatment Groups

Guideline Care
(n = 10)

BP Care
(n = 10) P Value

Any ROSC, n (%) 3 (33) 10 (100) 0.003
45-minute ICU survival, n (%) 1 (10) 9 (90) 0.001
24-hour survival, n (%) 0 (0) 8 (80) 0.001
Favorable neurologic outcome, n (%) 0 (0) 7 (70) 0.003

Definition of abbreviations: BP = blood pressure; ICU = intensive care unit; ROSC = return of
spontaneous circulation.
Guideline care refers to target depth of 51 mm and standard advanced cardiac life support
epinephrine dosing. BP care refers to cardiopulmonary resuscitation directed to attain a systolic blood
pressure of 100 mm Hg and a coronary perfusion pressure greater than 20 mm Hg. Favorable
neurologic outcome indicates swine cerebral performance category of 1 or 2.
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Figure 2. Mean diastolic coronary perfusion pressure during each minute of cardiopulmonary
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American Heart Association Guideline
care for asphyxia-associated cardiac arrest.
Favorable neurologic outcome was common
in the blood pressure–targeted care
group (70%), despite an injury that
was universally fatal with Guideline-
recommended care. Importantly, animals
in the BP care group survived despite

receiving less vasopressors overall compared
with the Guideline care group, thereby
highlighting the “patient” level variability in
cardiac arrest and CPR physiology and need
for the development of a treatment strategy
using individualized care.

This animal model was intended to
address treatment for a VF cardiac arrest

associated with an acute respiratory
deterioration. Clinically relevant, nearly
40% of adult in-hospital cardiac arrests have
acute respiratory insufficiency as the
immediate cause of arrest, and of these
arrests, the initial documented rhythm is VF
or ventricular tachycardia in one-fifth (6,
17). The median duration of in-hospital
CPR for survivors and nonsurvivors is at
least 10 minutes; therefore, 10 minutes
of CPR was provided before the first
defibrillation attempt (17). Although
waiting to provide the first defibrillation
attempt in an in-hospital model is
somewhat artificial, in previous studies
of “asphyxial” cardiac arrest without VF,
ROSC occurred during the first few
minutes of CPR (15, 16). Such models do
not provide the opportunity to evaluate the
experimental resuscitation strategies during
a more prolonged cardiac arrest.

Given the recent emphasis on
providing high-quality CPR (11), the poor
survival rate in the Guideline care group
deserves comment. This apparent failure of
Guideline-compliant care is explained by
the severity of the insult provided in
our model. First, to mimic respiratory
deterioration, there was profound arterial
hypoxemia (Table 3) before VF induction.
Our insult was designed to mimic
“subsequent” (rather than initial) VF,
a clinical entity known to have far worse
outcome compared with either primary VF
or even asystole without subsequent VF
(17, 22). The addition of the myocardial
energy-consuming process of VF on
a severe asphyxial background is indeed
a severe insult. Furthermore, defibrillation
attempts were delayed until 10 minutes of
CPR was provided to evaluate the different
BP versus Guideline resuscitation strategies.
Because such delayed defibrillation is
associated with poor survival (23), it is
likely that the survival was decreased
even further in this model. In summary,
because this model mimics asphyxia-
induced “subsequent” VF with delayed
defibrillation, the low survival rates with
optimal Guideline management in the
control group are not unexpected.

Most in-hospital cardiac arrests now
take place in ICUs, likely the result of
increasing implementation of medical
emergency teams (6, 17, 24–26). Many of
these patients have invasive hemodynamic
monitoring in situ at the time of the arrest,
yet current treatment paradigms focus on
a nonindividualized “provider-centric”

Table 2. Hemodynamic Variables

Guideline Care (n = 10) BP Care (n = 9) P Value

Baseline
Weight, kg 30.5 (0.6) 29.8 (0.6) 0.44
CO, L/min 2.5 (0.2) 2.4 (0.2) 0.68
AoS, mm Hg 110 (91–119) 116 (107–119) 0.46
AoD, mm Hg 82 (68–86) 77 (76–88) 0.87
RAD, mm Hg 11 (8–12) 10 (9–11) 0.81
CPP, mm Hg 73 (62–76) 71 (58–82) 0.99

End of asphyxial period*
AoS, mm Hg 57 (9) 76 (10) 0.15
AoD, mm Hg 34 (4) 41 (3) 0.20
RAD, mm Hg 15 (12–16) 15 (14–17) 0.57
CPP, mm Hg 21 (4) 26 (5) 0.45

End of resuscitation period†

AoS, mm Hg 83 (11) 110 (3) 0.04
AoD, mm Hg 28 (3) 45 (4) ,0.01
RAD, mm Hg 5 (3) 10 (3) 0.23
CPP, mm Hg 16 (2) 29 (2) ,0.001
ETCO2, mm Hg 37 (3) 33 (3) 0.31

Definition of abbreviations: AoD = aortic diastolic pressure; AoS = aortic systolic pressure; BP = blood
pressure; CPP = coronary perfusion pressure; ETCO2, = end tidal carbon dioxide; RAD = right atrial
diastolic pressure.
Guideline care refers to target depth of 51 mm and standard advanced cardiac life support
epinephrine dosing. BP care refers to cardiopulmonary resuscitation directed to attain a systolic blood
pressure of 100 mm Hg and a CPP greater than 20 mm Hg. Data presented as mean (SEM) or
median (interquartile range).
*15-second epoch during asphyxial period from 6:30 to 6:45.
†15-second epoch during protocol resuscitation period from 16:15 to 16:30.

Table 3. Arterial Blood Gases

Guideline Care (n = 10) BP Care (n = 10) P Value

Baseline
pH 7.52 (0.01) 7.50 (0.03) 0.44
PaCO2

, mm Hg 37 (1) 40 (1) 0.19
PaO2, mm Hg 110 (6) 114 (10) 0.70

End of asphyxial period*
pH 7.26 (0.02) 7.25 (0.04) 0.81
PaCO2

, mm Hg 69 (6) 54 (9) 0.21
PaO2, mm Hg 9 (2) 14 (2) 0.08

After 6 minutes of CPR†

pH 7.23 (0.04) 7.29 (0.03) 0.34
PaCO2

, mm Hg 49 (7) 38 (4) 0.18
PaO2

, mm Hg 144 (45) 208 (32) 0.25

Definition of abbreviations: BP = blood pressure; CPR = cardiopulmonary resuscitation.
Guideline care refers to target depth of 51 mm and standard advanced cardiac life support
epinephrine dosing. BP care refers to CPR directed to attain a systolic blood pressure of 100 mm Hg
and a coronary perfusion pressure greater than 20 mm Hg.
*Sample drawn at 6 minutes 30 seconds during asphyxial period.
†Sample drawn at 6 minutes during protocol resuscitation period.
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approach that varies little from patient
to patient (1, 2). This provider-centric
approach is attractive for mass education
of rescuers and for unmonitored patients,
but is not necessary for patients with
hemodynamic monitoring in place during
CPR. The relationship between diastolic
blood pressure, CPP, myocardial blood
flow, and in turn resuscitation success
is well established (7–9, 27–33). The
American Heart Association recommends
monitoring resuscitation efforts using
arterial blood pressure (11) based on the
known association between blood pressure
and survival, but no prospective study has
demonstrated that targeting such goals
during resuscitation improves survival.
Therefore, this investigation fills an
important gap in the resuscitation
knowledge base and highlights a potential
new therapeutic strategy that warrants
further study, possibly in human trials.

A surprising result of our study was
that the Guideline care animals received
deeper compressions but had far worse
outcome. Previous investigations have
demonstrated that deeper compressions are
associated with better outcomes (34–37),
presumably because deeper compressions
improve blood pressure and CPP. In
apparent contrast to those investigations,
the blood pressure–targeted care group was
able to achieve better CPPs, with depths
that were almost 10 mm less than Guideline
care. There was also a wide variability in
the amount of vasopressor needed to
maintain CPPs in the arterial blood
pressure–targeted group, with some
animals receiving no medication during the
entire CPR period. Although speculative,
the success of the individualized approach
may be that it allows rescuers to avert
potential harm of overly deep compressions
and/or vasopressor use when they are
not required. By titrating CPR effect
to blood pressure, compressions that
were too deep for a given “patient”
were avoided (38) and unnecessary

vasopressors that could adversely affect
myocardial afterload after ROSC (39–43)
were avoided unless they were needed to
maintain CPP during CPR.

During actual resuscitation attempts,
the American Heart Association
recommends monitoring of resuscitation
quality with arterial blood pressure
and/or continuous ETCO2 (11). In this
investigation, the ETCO2 levels were as high
or higher in the Guideline care group with
deeper compressions compared with the
blood pressure–targeted care group with
less deep compressions. This apparent
discrepancy should not be surprising.
ETCO2 correlates better with pulmonary
blood flow than with CPP or myocardial
blood flow (44–49). Our data support that
among the patient physiologic variables
during CPR, CPP is a better predictor of
outcome than ETCO2 measurements, and in
line with the American Heart Association
recommendation to use arterial blood
pressure first tier and ETCO2 second tier to
monitor CPR effect (11).

This laboratory study has notable
limitations. First, the authors acknowledge
that the biggest limitation of this study
is that our findings are most applicable
to patients who already have invasive
monitoring in place at the time of arrest.
Although not impossible, placing invasive
monitors during resuscitation is difficult
and may limit generalizability of our
findings more broadly. Second, these were
previously healthy animals with no coronary
artery disease, and the number of animals
was not large. The effect of physiologic-
directed resuscitation in humans remains an
unanswered question. However, one of the
strengths of this study lies in the choice
of a longer-term outcome (24-h survival)
with a validated neurologic assessment.
Next, in the blood pressure–targeted care
group, the overall median number of
vasopressors before first defibrillation
attempt was greater than in the Guideline
care group. However, some arterial blood

pressure–targeted animals survived without
need for any vasopressor. Third, drug
regimens differed between groups. Some
of the blood pressure–targeted care animals
received vasopressin when epinephrine
alone did not achieve our CPP goals. We
chose to alter our vasopressor choice,
instead of continuing to administer an
ineffective therapy, so as to evaluate
a dynamic treatment algorithm that
was targeted to subject hemodynamics.
Improved outcomes from cardiac arrest
with vasopressin administration in the
clinical setting have not been observed (50);
however, in these studies, vasopressin was
not actively titrated to CPP. Finally, because
the investigators needed to be aware of
the resuscitation strategy during the
experiment, this study was not blinded.
However, the statistical differences in
chest compression depths between the
groups, although other CPR quality
variables were similar, provide evidence
that there was strict adherence to the
study protocol and that this potential
bias was mitigated.

Conclusions
In a porcine model of asphyxia-associated
VF cardiac arrest, blood pressure–targeted
CPR improved 24-hour survival compared
with optimal American Heart Association
care. This individualized treatment
approach adjusted therapy according to
patient-centric hemodynamics in contrast
to the usual provider-centric “one-size-
fits-all” strategy. These findings
highlight a promising new therapeutic
strategy that could be used during the
resuscitation of invasively monitored
ICU patients. n
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