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BACKGROUND: Pulse pressure variations (PPVs) and stroke volume variations (SVVs) are dynamic indices for predicting fluid responsiveness in
intensive care unit patients. These hemodynamic markers underscore Frank-Starling law by which volume expansion increases cardiac
output (CO). The aimof the present studywas to evaluate the impact of the administration of catecholamines on PPV, SVV, and inferior vena
cava flow (IVCF).

METHODS: In this prospective, physiologic, animal study, hemodynamic parametersweremeasured in deeply sedated andmechanically ventilated pigs.
Systemic hemodynamic and pressure-volume loops obtained by inferior vena cava occlusion were recorded. Measurements were collected
during two conditions, that is, normovolemia and hypovolemia, generated by blood removal to obtain a mean arterial pressure value lower
than 60 mm Hg. At each condition, CO, IVCF, SVV, and PPV were assessed by catheters and flow meters. Data were compared between
the conditions normovolemia and hypovolemia before and after intravenous administrations of norepinephrine and epinephrine using
a nonparametric Wilcoxon test.

RESULTS: Eight pigs were anesthetized, mechanically ventilated, and equipped. Both norepinephrine and epinephrine significantly increased
IVCF and decreased PPV and SVV, regardless of volemic conditions ( p G 0.05). However, epinephrine was also able to significantly
increase CO regardless of volemic conditions.

CONCLUSION: The present study demonstrates that intravenous administrations of norepinephrine and epinephrine increase IVCF, whatever the
volemic conditions are. The concomitant decreases in PPV and SVV corroborate the fact that catecholamine administration recruits
unstressed blood volume. In this regard, understanding a decrease in PPV and SVV values, after catecholamine administration, as an
obvious indication of a restored volemia could be an outright misinterpretation. (J Trauma Acute Care Surg. 2014;77: 564Y569.
Copyright * 2014 by Lippincott Williams & Wilkins)
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Volume status assessment, cardiac performance, and proper
use of volume expansion (VE) are important procedures in

the intensive care unit.1 When faced with acute circulatory
failure, VE is one of the first therapeutic options to restore, even
partially, decreased cardiac output (CO).2 In addition, although
catecholamines produce various adverse effects, norepinephrine
(NE) or epinephrine (EPI) may be needed to maintain mean
arterial pressure (MAP).3

Indeed, the Frank-Starling law establishes a curvilinear
physiologic relationship between preload and strokevolumewith
an expected change of the latter after VE.4,5 Much research has
concentrated on the assessment of left ventricular preload de-
pendency parameters.6 Such indices are defined as either static or
dynamic markers. Static indices measure one parameter at a set
point of the ventilatory cycle and do not reliably predict VE
responsiveness.7,8 Dynamic indices measure the magnitude of

a parameter’s variation during a positive-pressure ventilatory
cycle and accurately predict VE responsiveness.9,10 The under-
lying concept is a biventricular functional assessment of the
Frank-Starling curves, which permits the prediction of preload
dependency.11 In this regard, the two most widely studied dy-
namic indices are stroke volume respiratory variation (SVV) and
arterial pulse pressure respiratory variation (PPV).

However, it is not sufficient to consider the heart as the
sole determinant of cardiovascular system. Indeed, equally im-
portant are the works of Guyton et al. 12 emphasizing the major
impact of venous return on CO. Given that systemic circulation
is a closed loop system, the mean left ventricular CO is equal
to the systemic venous return. Interestingly, the venous system
holds up to 65% of the total blood volume; with only a portion of
the bloodvolumebeing available (the ‘‘effective bloodvolume’’),
which acts as a crucial factor in venous return and thus CO.

Catecholamine vasopressors are used in the intensive
care unit to maintain vital organ perfusion pressure until the
resolution of shock. However, the effects of these agents on the
venous side (blood pooling) have not been extensively studied
during acute hypovolemia.13 Indeed, several hemodynamic
studies evaluating the effects of catecholamine on blood cir-
culation have focused on cardiac performance and arterial tone
without systematically assessing the role of venous vessels as
a part of the systemic circulation. In this regard, considerable
confusion exists regarding the benefit of vasoconstrictors on the
circulatory system during hemorrhage. Ascribing the benefit to
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Address for reprints: Raphaël Giraud, MD, MSc, Intensive Care Unit, Geneva
University Hospital, 4 rue Gabrielle Perret-Gentil, CH-1211 Geneva 14,
Switzerland; email: Raphael.Giraud@hcuge.ch.

DOI: 10.1097/TA.0000000000000409

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

mailto:Raphael.Giraud@hcuge.ch


merely an impact on the heart (coronary arteries) and the arterial
system has become the vogue.

A more realistic conception of the positive effect of cate-
cholamines on CO, during hemorrhage, is to consider the role
of these agents on veins (enhancement of venous return via
venoconstriction) rather than on ventriculoarterial coupling.12 In
other words, does catecholamines infusion able to increase car-
diac preload in hypovolemic subjects? Accordingly, the present
study was designed to clarify whether intravenous (IV) admin-
istrations of NE and EPI impact PPVand SVV through an effect
on venous return.

MATERIALS AND METHODS

Approval from the Ethics Committee for Animal Re-
search of the Canton of Geneva (Switzerland) was obtained
before initiating the study. Animal handling was performed
according to the Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources, 1996).

The animals were premedicatedwith ketamine (15mg/kg)
and midazolam (0.3 mg/kg) and anesthetized by propofol in-
jection (2 mg/kg) followed by continuous propofol infusion
(100 Kg/kg/min) and fentanyl (10 Kg/kg/h). After tracheal
intubation, the pigs were mechanically ventilated (Servo
ventilator 900 C-Siemens-Elema AB, Solna, Sweden) using a
contant tidal volume (10ml/kg), a respiratory rate set tomaintain
end-expiratory CO2 partial pressure within a normal range, an
end-expiratory pressure of 5 cm H2O, and a fixed inspiratory-
expiratory time ratio (1:2). A lactated Ringer’s infusion 5 m/kg
per hour was administered to account for basal fluid loss. All of
the animals were equipped with central venous catheters in the
internal jugular vein and femoral artery catheters (Pulsiocath,
Pulsion Medical Systems AG, Munich, Germany).

After median sternotomy and longitudinal pericardiotomy,
ultrasound transit time flow probeswere placed around the aortic
root and inferior vena cava (IVC) (14 mm A series, Transonic
System, Ithaca, NY). The IVC probe was positioned around the
vessel just below the junction of the right atrium.Weused a probe
system with a probe body and a space to receive in a secure,
detachable fashion the compliant venous vessel. A 3-0 Prolene
suture was placed around the IVC for intermittent vascular oc-
clusion analysis. As a final point, an apical stab using a needle
was performed in the left ventricle before it was catheterized with
a 7 Fr high-fidelity conductance pressure-volume (P-V) catheter
(Scisense Inc., London, Ontario, Canada). The catheter was ad-
vanced along the long axis of the left ventricle. In two animals, the
conductance P-V catheter was positioned via the right carotid
artery and not the apex. The correct position was determined by
online visualization of the P-V loops and by the ability to modify
the P-V loopswhen altering preload through occlusion of the IVC.
The pericardium was partially closed and suspended as a peri-
cardial cradle. Thoracic drains were externally inserted into the
pleural space and positioned under water to prevent air from en-
tering the thorax. Pleural pressure was recorded with an air-filled
balloon placed in the mediastinal pleural space before closing the
chest (Marquat, Ref C48 Sde Guenard, Boissy-St-Leger, France).

A 10-minute stabilization period was observed, during
whichVEwas administered to obtain aminimal 5mmHgof central
venous pressure (CVP) and a PPVunder 10%.Normocapniawas

assessed by end-tidal CO2 partial pressure (PEtCO2) with targets
between 35mmHg and 45mmHg (capnometrymonitor, Dräger
Medical, Telford, PA) and further confirmed by arterial blood
gas analysis.

Data Acquisition and Analysis
A standard 3-lead electrocardiogram (ECG) was con-

tinuously displayed on a monitor (Hewlett-Packard, Andover,
MA) with a heart rate digital readout by transcutaneous elec-
trodes. Pin ECG electrodes were inserted into the chest wall
skin. Arterial blood pressure and ECG signals were continuously
recorded and stored at a sampling rate of 500 Hz. We collected
continuous measurements for CVP, invasive arterial blood
pressure, airway pressure, and pulse pressure. Regarding the
flows, IVC flow (IVCF), CO (COAF), and SVV were assessed
using ultrasound transit time flow probes (Transonic System).

In four animals, P-V loops data were measured and ana-
lyzed using a pressure volume system (ADVantage system,
Transonic Scisense, Inc.). We calibrated the ADVantage system
as described in the literature,14measuring the concomitant stroke
volume and using the aortic flow probe for calibration. All of the
pressures, P-V loops signals, and flow signals were recorded
using amultichannel recording system (MP150,Biopac System,
Santa Barbara, CA) and were assessed using a Starter system
for PC/Windows (AcqKnowledge software, Biopac Systems).
The data acquired online were stored on a laptop computer for
subsequent analysis.

The circulatory data were averaged over five breaths; sys-
tolic and diastolic pressuresweremeasured on a beat-by-beat basis
to calculate pulse pressure and stroke volume (aortic flow probe).
The PPV was defined as the difference between the maximal and
minimal values of pulse pressure divided by the average of the
pulse pressure during a respiratory cycle. The SVVwas defined as
the difference between the maximal and minimal values of stroke
volume divided by the average of the stroke volume during a
respiratory cycle. The PPV and SVV values used for statistical
analysis were the average measurements of five consecutive re-
spiratory cycles during the defined circulatory state.15,16

Experimental Protocol
A15-minute stabilizationperiodwasobserved after surgical

preparation in the present experimentation (Fig. 1). Under steady-
state anesthesia and normal MAP, circulatory and respiratory
variableswere recorded.Afirst set of normovolemia (B, baseline)

Figure 1. Swine model hemorrhagic shock protocol.
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measurements was performed before NE administration
(B pre-NE). A continuous NE infusion was subsequently titrated
to obtain a 15% increase in MAP with a new set of measure-
ments (B-NE). The NE infusion was interrupted, and after a
steady state, measurements were again obtained before EPI ad-
ministration (B pre-EPI). Finally, a continuous EPI infusion was
titrated to achieve a 15% increase inMAP before performing the
final measurements in the normovolemic state (B-EPI).

Hemorrhagic shock (H) was subsequently produced by
removing blood from the femoral artery catheter to obtain a
MAP less than 60 mm Hg in 5 minutes to 10 minutes. Because
in the majority of the cases, the arterial pressure was partially
restored because of the spleen’s ability to sequester red blood cells
and to induce subsequent autotransfusion, additional withdrawal
of blood was necessary. This procedure usually entailed removing
30%of the totalbloodvolume(30mL/kg representing750 [30]mL)
within 30 minutes. The same measurements were obtained
during the present hemorrhagic state (H pre-NE, H-NE, H pre-
EPI, and H-EPI). All of the measurements, under each cir-
culatory state B or H, before and after the administration of
medications, were obtained after a 10-minute stabilization pe-
riod. The animals were killed by euthanasia using a lethal in-
jection of potassium chloride

Statistical Analysis
The results are presented as mean (SD); each animal

served as its own control using paired data. All analyzed data

were numerical and continuous as follows: PPV (%), SVV (%),
IVCF (L/min), MAP (mm Hg), CVP (mm Hg), systolic ejection
volume (SV) (mL/min/m2), and heart rate (HR) (beats/min).
These values are presented in box-and-whisker plots. Data were
compared between normovolemic baseline conditions (B) and
hemorrhagic shock (H) both before and after administrations of
NE and EPI using a nonparametric Wilcoxon test. Analysis was
performed using SPSS software 17.0 (SPSS Inc., Chicago, IL),
and p G 0.05 was considered to be statistically significant.

RESULTS

The study included eight domestic pigs (mean [SD]weight
range, 25 [2] kg). The collected hemodynamic values at baseline
and hemorrhagic states are summarized in Table 1. Each indi-
vidual parameter is shown in Figures 2 to 5, according to each
protocol step. Because tidal volume,16Y18 respiratory rate,19

thoracic compliance,20,21 and positive end-expiratory pressure
levels22,23 all affect PPV and SVV, these parameters were kept
within strict ranges throughout the entire study.

Overall, the hypovolemic state induced significant de-
creases in MAP, IVCF, CVP, and SV with concomitant in-
creases in PPV, SVV, and HR (p G 0.05, Table 1, Figs. 2Y5). NE
and EPI significantly increased MAP, HR, IVCF, and CO ( p G
0.05) whatever the circulatory condition is (Table 1, Figs. 2 and
5). The PPV and SVV were significantly diminished by the

TABLE 1. Hemodynamic Values During the Protocol

Pre-NE NE Pre-EPI EPI

MAP, mm Hg

Baseline 70.8 (14.9) 88.8 (18.8)* 71.9 (17.6) 81.3 (16.3)**

Hemorrhage 46.1 (8.9)† 70.1 (16.9)*† 46.5 (8.8)† 67.4 (18.3)**†

HR, beats/min

Baseline 94.6 (24.7) 124.6 (44.3)* 96.9 (24.3) 146.8 (33)**

Hemorrhage 117.6 (23.8)† 139.5 (26.3)* 113.3 (15.8) 151.0 (21.9)**

CVP, mm Hg

Baseline 11.4 (1.1) 10.6 (1.6) 11.4 (1.4) 10.8 (2.4)

Hemorrhage 10.1 (1.3)† 9.1 (4.3) 9.9 (2.3)† 10.5 (2.4)

PPV, %

Baseline 6.9 (2.1) 6.1 (1.7) 7.8 (2) 6.6 (1.5)

Hemorrhage 16.4 (4.8)† 11.8 (4.2)*† 14.3 (4.1)† 11.5 (4.9)**†

SVV, %

Baseline 11.5.2 (3.7) 9.7 (1.6) 11.0 (5.3) 9.9 (1.9)

Hemorrhage 27.5 (17.1)† 16.5 (11.1)* 22.2 (9.1) 13.3 (3.6)**

IVCF, L/min

Baseline 1.1 (0.27) 1.28 (0.31)* 1.12 (0.28) 1.56 (0.27)**

Hemorrhage 0.71 (0.25)† 0.97 (0.42)*† 0.71 (0.19)† 1.09 (0.29)**†

CO, L/min

Baseline 1.6 (0.28) 2.01 (0.25)* 1.68 (0.37) 2.49 (0.53)**

Hemorrhage 1.42 (0.91) 1.86 (0.75)* 1.53 (0.76) 1.94 (0.77)**

SV, mL

Baseline 19.0 (2.4) 18.8 (1.9) 19.5 (2.4) 18.6 (2.1)

Hemorrhage 13.3 (3.8)† 14.4 (2.5)† 14.2 (3.6)† 13.6 (2.5)†

*Statistically significant between pre-NE and NE (p G 0.05).
**Statistically significant between pre-EPI and EPI (p G 0.05).
†Statistically significant between baseline and hemorrhage (p G 0.05).
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administrations of NE and EPI during normovolemia and
hemorrhagic state (p G 0.05, Table 1, Figs. 3 and 4).

In the four animals where P-V loops data were ana-
lyzed, the data showed that NE increased left ventricular
end-diastolic volume in the absence of an increase in end-
diastolic pressure (see Figure, Supplemental Digital Content 1,
http://links.lww.com/TA/A465).

DISCUSSION

Our study results on normovolemic and hypovolemic
anesthetized pigs allow several important assertions. Both PPV

and SVV significantly increase after hemorrhagic shock24 and
diminish significantly under NE and EPI perfusions. Of signif-
icance, the present study demonstrates that decreases in PPV
and SVV values after catecholamine infusions are related to an
autotransfusion effect as highlighted by the increase in IVCF.

Figure 3. Box plot representing PPV according to study
protocol. *Statistically significant between baseline and
hemorrhage ( p G 0.05). †Statistically significant between
pre-NE and NE ( p G 0.05). ‡Statistically significant between
pre-EPI and EPI (p G 0.05).

Figure 4. Box plot representing SVV according to study
protocol. *Statistically significant between baseline and
hemorrhage (p G 0.05). †Statistically significant between pre-NE
and NE (p G 0.05). ‡Statistically significant between pre-EPI and
EPI (p G 0.05).

Figure 5. Box plot representing IVCF according to study
protocol. *Statistically significant between baseline and
hemorrhage (p G 0.05). †Statistically significant between
pre-NE and NE (p G 0.05). ‡Statistically significant between
pre-EPI and EPI (p G 0.05).

Figure 2. Box plot representing MAP according to study
protocol. *Statistically significant between baseline and
hemorrhage (p G 0.05). †Statistically significant between pre-NE
and NE (p G 0.05). ‡Statistically significant between pre-EPI and
EPI (p G 0.05).
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EPI is a natural hormone, which is secreted and produced
by the adrenal gland with direct >- and A-agonist action. EPI
has dose-dependent >1, >2, A1, and A2 effects with A2 vasodi-
lation at minor doses and potent vasoconstriction through >-
receptor stimulation at higher doses. The heterogeneous recep-
tor distribution makes its action mechanism analysis complex.
NE, which is an EPI-precursor that differs only by a methyl
group on the terminal amine function, has primarily >1 and >2

effects, minor A1, and no A2. Catecholamines increase venous
return during hemorrhagic shock by transferring blood from the
unstressed to the stressed compartment. The mechanism by
which the present blood shift is achieved would be a decrease in
venous compliance or increase in elastance and venous con-
ductance. By harvesting blood from the splanchnic territory, for
example, catecholamines could increase the venous return and
stroke volume, thereby diminishing preload dependency and
dynamic indices.25,26

In this regard, both PPVand SVV, which are valid indices
of fluid depletion and fluid responsiveness,24 diminished sig-
nificantly under NE and EPI perfusions. The present hemo-
dynamic changes were related to changes in venous return, aswe
demonstrated that IVCF, which diminishes during hypovolemia,
increased following catecholamine infusions. These results are
supported by clinical practice observation as VE associated with
catecholamines improves cardiovascular function in unstable
patients.As previously stated,NEandEPI havemajor impacts on
vascular redistribution. Fifty years ago, Guyton et al.12,27 dem-
onstrated that EPI increased CO primarily through increased
venous return by shifting blood volume from the unstressed to
the stressed compartment.28Y30 Our study confirms previously
publisheddata,31Y33 stating that bothEPI andNE increasevenous
return by increasing IVCF. If our results did not show significant
CVP changes after EPI and NE infusions, we believe that the
reason is because we measured intravascular CVP, which was at
the same time decreased by better relaxation of the right atrium
(inotropic effect) and increased via a greater IVCF.34 Catechol-
amines therefore increase venous return by a combination of
lower venous compliance (unstressed-stressed blood shift) and
lower transmural cardiac pressures (lusitropic effect). Indeed, a
series of animal studies have estimated the unstressed venous
blood volume to be 70% to 75% of the total blood volume.35,36

Whether the spleen plays an important role in vascular redistri-
bution has not yet been established. The impact ofEPI perfusions
on the circulatory function could be also related to the fact that
these drugs are potent inotropes,whichmay increaseCO through
an increase in contractility or through an increase in HR.

Another way for vasopressors to influence PPV is by di-
rectly reducing arterial vascular compliance (increase in PPV).
Thus, because catecholamines have a direct effect on both re-
gional vascular capacitance (i.e., venous return) and arterial tone,
these hormone agentsmay at the same timedecrease and increase
PPV value. The resulting merged PPV value in this setting may
explain why the diagnostic accuracy of PPV for the prediction of
fluid responsiveness could be influenced in some cases.37

However, an experimental study performed on dogs demon-
strated that PPV decreased during an NE perfusion, despite in-
creased vascular tone.25 As mentioned earlier, the present result
is related to the fact that vasopressors also diminish PPV by
increasing venous return. Without doubt, our study confirms the

hypothesis that vasopressors, such as NE and EPI, increase ve-
nous return and ventricular preload (Fig. 5) while diminishing
both PPVand SVV.

The present animal study is of clinical value because it
also emphasizes that under experimental conditions, intramural
CVP modifications are not correlated to CO variations.
Moreover, this same present study underlines that NE and EPI
control an autotransfusion effect. In this regard, physicians
should consider the present physiologic concept when
interpreting PPV and SVV values in patients who receive va-
sopressors because usual thresholds (13%)9 could be too high
in this setting.25,37,38 For instance, a truly hypovolemic patient
may decrease PPVand SVV with the administration of NE; the
physician could either inaccurately pursue vasopressor ad-
ministration or interpret PPV and SVV decreases as an auto-
transfusion from unstressed to stressed blood volume, thus
confirming the need for VE to restore unstressed blood volume.
Giving fluids to these types of patients even if the PPV value is
less than 13% would decrease vasopressor IV doses. Of im-
portance is the present paradigm shift, which underlines this
potential misinterpretation that may occur if physicians under-
stand a decrease in the PPVand SVV values after catecholamine
administration as a signal of normovolemia. Indeed, the present
circulatory state is defined as a relative normovolemia.

The authors acknowledge three weak methodological
points in the present study. First, hemorrhagic shock produced
in our animal study led to a restrained hypovolemia that in-
duced a moderate increase in the PPV (low signal). In this
sense, we may speculate that the impact of catecholamine on
the diminution of PPV values could have been more impressive
in the case where hypovolemia was more severe. Second, in our
protocol, we performed consecutive blood removal to stabilize
MAP at 60 mm Hg. We may speculate that the impact of cate-
cholamine on the reduction of$PP values could have beenmore
impressive in case of nonacute bleeding (as the recruitment of
unstressed blood volume should be potentially higher). Finally,
catecholamine infusions before or during hemorrhage were ap-
plied in a fixed order without randomization, and since NE and
EPI produced changes in PPV and SVV, there had to be fluid
shifts with a possible drift in the baseline conditions. However,
there was no statistical difference between preYdrug infusion
setting whatever the circulatory condition is.

CONCLUSION

The present study demonstrates that in pigs, the IV ad-
ministration ofNE andEPI increases both IVCFandCOwhatever
the circulatory state is. Of importance is the present paradigm shift
that underlines that even if PPVand SVV values associated with
NE and EPI infusions remain indicative of changes in volemia,
threshold values identifying hypovolemia might be lower. Indeed,
understanding the decrease in PPV and SVV values after cate-
cholamine administration as an obvious indication of a restored
volemia could be an outright misinterpretation.
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