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Treating Ischemic Left Ventricular Dysfunction With Hypertonic Saline
Administered After Coronary Occlusion in Pigs
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Objective(s): The effects of hypertonic saline on ventricu-

ar function are controversial, whether it is increasing con-

ractility or preload. There are no data, however, on the

nfluence of hypertonic saline in a stunned myocardium.

Design: This study was prospective and randomized in

rder to analyze the effects of hypertonic saline solution

7.5%) on myocardial function and systemic hemodynamics

n a porcine model of ischemia and reperfusion.

Setting: A university teaching hospital, animal research

aboratory.

Participants: Twelve adult domestic swine.

Interventions: Myocardial stunning was produced by the

omplete occlusion of the proximal left anterior descending

rtery for 15 minutes followed by reperfusion. Five minutes

fter reperfusion, the animals were assigned to receive 4

L/kg of hypertonic saline (n � 7) or normal saline (n � 5)

ver 10 minutes. Pressure-tipped catheters were placed in the

eft ventricular cavity and aorta. The dimensions of the left

entricle were measured with ultrasonic microcrystals. Cardiac

utput was measured with transit time ultrasound. Data were

ecorded continuously and compared before the occlusion, 5
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Measurements and Main Results: Compared with base-

ine, ventricular function was significantly depressed after

eft anterior descending artery occlusion. Left ventricular

P/dT and its end-systolic pressure-volume slope de-

reased (38% and 52%, respectively; p < 0.05), with a

oncomitant increase in systemic vascular resistance. The

dministration of hypertonic saline significantly improved

eft ventricular function (Emax 1,422 � 198 mmHg/mL,

nd dP/dT 3.2 � 0.4 mmHg/s v normal saline group values of

,156 � 172 and 2.5 � 0.5, respectively; p < 0.05), cardiac

utput (2.5 � 0.5 v 1.84 � 0.4 L/min, p < 0.05), and lowered

ystemic vascular resistance (from 28.8 � 2.3 to 23.5 � 1.4,

< 0.05), with no significant changes with normal saline

dministration.

Conclusions: After transient myocardial ischemia, hyper-

onic saline administered over a short period of time acts as

n inodilator by increasing contractility while simulta-

eously lowering systemic vascular resistance.

2007 Elsevier Inc. All rights reserved.

EY WORDS: ischemia, hypertonic, saline, coronary occlu-
inutes after reperfusion, and at the end of the infusion. sion, myocardial stunning
RANSIENT CORONARY ARTERY occlusion is associ-
ated with metabolic derangement that can prolong myo-

ardial dysfunction.1 Drug administration and manipulations that
mprove inotropic and/or vasodilatory properties have been shown
o improve myocardial function without increasing oxygen con-
umption.2,3 This protective effect is probably based on their
bility to improve left ventricular (LV) performance and increase
lood flow or supply to the ischemic myocardium.3

Other drugs like �-blockers are used to prevent and limit
yocardial ischemic damage and improve perioperative out-

ome,4 probably because of their ability to decrease myocardial
xygen demand. The beneficial effect as a result of decreased
emand is an essential factor that has been shown in many
tudies evaluating the protective effect of drugs or manipula-
ions with a positive effect on myocardial metabolism.4-9

The effects of manipulation by the administration of hyper-
onic solutions, such as hypertonic saline (HS), on myocardial
ontractility are controversial. Some studies suggest an increase
n contractility,10 whereas others show an improvement in
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© 2007 Elsevier Inc. All rights reserved.
1053-0770/07/2103-0015$32.00/0
entricular function because of changes in preload rather than
ontractility.11,12

The direct effect of drugs (eg, inhalation anesthetics) or
anipulation of coronary flow can influence not only myocar-

ial oxygen supply but also alter coronary steal.6 Previous
nimal studies showed that �-blockers can decrease lactate
roduction and hemodynamic impairment caused by ischemia
ecause of relative preservation of endocardial blood flow
ithout steal.9 During ischemia, HS may actually induce cor-
nary steal due to its potential coronary flow effects; however,
here are no data on the effects of HS on a stunned myocar-
ium. Myocardial demand can be also influenced by drugs or
anipulations that affect afterload. The vasodilatory effects of
S may be a mechanism whereby it would improve myocardial

tunning. It is anticipated that afterload reduction would be a
rimary benefit from HS administration.
This study examined the effects of HS (7.5%) on global LV

unction and systemic hemodynamics in a stunned myocardium
fter temporary coronary occlusion in a porcine model. It was
ypothesized that HS may be beneficial because of its ability to
mprove myocardial function as a result of increased myocar-
ial oxygen supply as well as decreased demand.

METHODS

The protocol was approved by the Institutional Animal Care and Use
ommittee. The use of animals was in accordance with the guidelines
stablished by the animal research division. Animals were handled in
ccordance with guidelines established by the National Institutes of
ealth (NIH publication 85-23, revised 1985).
Twelve domestic swine weighing 30 to 35 kg were premedicated

ith intramuscular ketamine (35 mg/kg) and anesthetized with isoflu-
ane in 100% oxygen. A tracheostomy was then performed and the
nimals mechanically ventilated at 12 breaths/min, with tidal volumes

f 12 mL/kg, to maintain an end-tidal CO2 between 32 and 36 mmHg.

acic and Vascular Anesthesia, Vol 21, No 3 (June), 2007: pp 400-405



A
a
P
s
c
r
C
l
j
t
t
m
p
s
p

p
e
w
c
o
i
o
e

t
p
a
w
t

p
d
d
w
u
r
M
i
C
m
d
G
c
a

d
T
s
s
s
r
a

d
L
p
s
F
f

s
a
i

m
l
m

a
m
t
a

r
o
v
e
a
a

a
t
d

b
d
l
a
e
p
(
s
d
0

E
c
H
m
v
c
l
p
M
w

t
c
m
o
i
t
w
c
r
s
d
H

401ISCHEMIA, HYPERTONIC SALINE, CORONARY OCCLUSION
nesthesia and mechanical ventilation were maintained with the use of
Narkomed 4 anesthesia machine (North American Dräger, Telford,

A). Pancuronium was used for muscle relaxation only to facilitate the
urgical preparation. A 7F pressure-tipped, flotation pulmonary artery
atheter (Millar Instruments Inc, Houston, TX) was inserted via the
ight internal jugular vein into the main pulmonary artery through an 8F
ordis introducer (Arrow International, Reading, PA). A 7F triple-

umen, central venous catheter was placed through the left internal
ugular vein. The left carotid artery was exposed, and a 5F pressure-
ipped catheter (Millar Instruments Inc) was placed and advanced into
he ascending aorta for continuous arterial pressure monitoring. A
edian sternotomy was then performed and the heart placed in a

ericardial cradle. A 5F pressure-tipped catheter was inserted via a
mall stab wound in the apex into the LV cavity for measurement of LV
ressure.
The left anterior descending (LAD) coronary artery was isolated

roximal to the first major branch running diagonally and loosely
ncircled with a cardiac pacing wire ligature.3 Ultrasonic flow probes
ere placed in the ascending aorta and distal LAD artery. An aneroid

onstrictor was placed in the LAD between the first and second diag-
nal arteries. Two pairs of ultrasonic dimension tranducers were placed
n the subendocardium on the short axis proximal to an LAD artery
ccluder and the long axis of the LV. The inferior vena cava was
ncircled with an umbilical tape to produce acute reductions in preload.

Maintenance of intravascular volume was accomplished with lac-
ated Ringer’s solution administered by continuous infusion through a
eripheral vein at a rate of 10 mL/kg/h. Normothermia (pulmonary
rtery temperature of 37°C) was maintained by the application of a
arming blanket. All animals were allowed to stabilize for 1 hour after

he surgical preparation prior to data collection.
Hemodynamic measurements included systemic arterial pressure,

ulmonary artery pressure, LV pressure, central venous pressure, car-
iac output (CO), left ventricular pressure first-time derivative (LV
P/dT). Electrocardiogram (standard lead II) and heart rate findings
ere recorded continuously, and CO was measured with transit time
ltrasound in the ascending aorta. Pulmonary and systemic vascular
esistances were calculated by using standard formulas13: PVR �

PAP � PAOP/CO and SVR � MAP � CVP/CO using Wood units
n dyne/sec/cm3, where MPAP � mean pulmonary artery pressure,
O � cardiac output, SVR � systemic vascular resistance, MAP �
ean arterial pressure, and CVP � central venous pressure. All trans-

ucers were connected to a biomedical amplifier (Grass model 7D;
rass Instruments Co, Quincy, MA). The signals were digitized and

ontinuously recorded at 200 Hz on a personal computer for later
nalysis (Sonometrics Corp, London, Ontario, Canada).

Left ventricular volumes were derived automatically by changes in
imension determined from sonomicrometry in the long and short axes.
he formula of an ellipsoid was assumed, using commercially available
oftware (Sonometrics Corp). The slope of the LV end-systolic pres-
ure-volume relationship (Emax) was calculated. The study used mea-
urements of Emax and dP/dT as contractility parameters. Emax is a
elatively load-independent index of contractility, whereas dP/dT is
fterload dependent.

A constrictor was placed on the LAD between the first and second
iagonal arteries. Ischemia was produced by reducing the flow in the
AD by approximately 80% to 100%. This was very comparable to
revious and similar model studies of coronary stenosis, which created
imilar hemodynamic and metabolic changes in dogs3,4,6-9 and pigs.5

low meter probes were placed on the aortic root and the LAD artery
or cardiac output and coronary flow measurements.

Two pairs of ultrasonic dimension transducers were placed in the
ubendocardium on the short axis proximal to an LAD artery occluder
nd the long axis of the LV. During each period of data collection, the

nferior vena cava was constricted with umbilical tape for approxi- f
ately 6 to 8 beats in order to construct a series of pressure-volume
oops. Emax was then determined using commercial software (Sono-
etrics Corp).
Ischemia was produced by reducing the flow in the LAD artery by

pproximately 80% to 100%. The mid-LAD artery was occluded for 15
inutes followed by reperfusion. Measurements were taken during 4

ime periods: baseline, end of ischemia, 5 minutes after reperfusion,
nd at the conclusion of the infusion.

After reperfusion of the LAD artery, the animals were selected to
eceive 4 mL/kg of 7.5% saline (HS group, n � 7) or the same volume
f normal saline (NS or control group, n � 5) infused via a central
enous catheter over 10 minutes. Animals were assigned randomly to
ach group. The surgical fluid preparation, data collection, and data
nalysis were performed by different team members who were blinded
nd separate from one another.

Values were expressed as mean � standard deviation. A 2-way
nalysis of variance was used, followed by a Student Newman-Keuls
est for multiple comparisons. Results are expressed as mean � stan-
ard deviation; p � 0.05 was considered statistically significant.

RESULTS

Baseline hemodynamic data and LV function were similar
etween groups (Table 1 and Fig 1). Coronary occlusion pro-
uced myocardial ischemia with a significant impact on CO,
eft ventricular end-diastolic pressure, and contractility (dP/dT
nd Emax) (Table 1 and Fig 1). During LAD occlusion and
arly reperfusion, contractility and CO were significantly de-
ressed, and heart rate and SVR increased in both groups
Table 1). Compared with baseline, ventricular function was
ignificantly depressed after LAD occlusion. Left ventricular
P/dT and Emax decreased (38% and 52%, respectively; p �
.05) with a concomitant increase in SVR.
After HS, but not NS administration, contractility (dP/dT and

max) (Fig 1) and CO (Table 1) improved significantly with a
oncomitant reduction of SVR (Table 1). The administration of
S significantly improved LV function (Emax 1,422 � 198
mHg/mL and dP/dT 3.2 � 0.4 mmHg/s v normal saline group

alues of 1,156 � 172 and 2.5 � 0.5, respectively; p � 0.05),
ardiac output (2.5 � 0.5 v 1.84 � 0.4 L/min, p � 0.05), and
owered SVR (from 28.8 � 2.3 to 23.5 � 1.4 dyne/sec/cm3,

� 0.05), with no significant changes with normal saline.
ean blood pressure was reduced after HS infusion compared
ith the control and ischemic period values (Table 1).

DISCUSSION

The main finding in this study was that HS is beneficial in
reating a stunned myocardium after transient ischemia when
ompared with normal saline because of its ability to improve
yocardial function as well as decreasing afterload. The only

ther study using hypertonic solutions for acute myocardial
schemia and reperfusion could not show improvement in ven-
ricular function and contractility.11 However, in that study, HS
as given before myocardial ischemia, and prevention of myo-

ardial deterioration is a different issue from restoration and
eversal of deterioration. The results of the present study
howed that under general anesthesia, during ischemic cardiac
ysfunction after transient coronary insufficiency, the use of
S was associated with an improved profile of ventricular
unction and systemic hemodynamics. The administration of
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402 SIDI ET AL
S during early reperfusion was associated with improved
ontractility and decreased SVR. In contrast, the use of a
imilar preload volume of saline did not change cardiac dys-
unction. Hypertonic saline may thus be preferable to isotonic

Table 1. Measured and Calculated Hemody

Baseline I

Control HS Control

Measured hemodynamic variables
HR (beats/min) 112 � 20* 110 � 23* 135 � 22
MBP (mmHg) 62 � 12 68 � 10 68 � 18
CO (L/min) 2.4 � 0.6 2.7 � 0.5*† 1.7 � 0.
LVEDP (mmHg) 5 � 3* 6 � 3* 18 � 7
CVP (mmHg) 10 � 2 12 � 4 14 � 3

Calculated hemodynamic variables
SVR (dyne/sec/cm3) 26.2 � 1.9 27.2 � 2.3 30.2 � 2.

NOTE. Measurements taken during 4 time periods: baseline, end
�post) of the infusion, with saline preload (group C) or HS preload (
r normal saline (control group, n � 5). Data expressed as mean val
Abbreviations: HS, hypertonic saline; HR, heart rate; MBP, mean

ressure; SVR, systemic vascular resistance; CVP, central venous pre
*p � 0.05 compared with all other periods in the same group.
†p � 0.05 compared with ischemia and early reperfusion period in
‡p � 0.05 compared with the same period in the control group.
aline solutions in surgical patients with postischemic myocar-
ial dysfunction who require intravenous fluid replacement.
The limitations of this study involve the short-term effects

valuated because fluid load was limited (4 mL/kg), and the

and Contractility Data in Different Stages

ia Early Reperfusion Postinfusion

HS Control HS Control HS

132 � 28 130 � 18 128 � 20 127 � 10 127 � 22
63 � 14 65 � 17 64 � 19 67 � 10 56 � 12*

1.8 � 0.4 1.8 � 0.4 1.8 � 0.5 1.8 � 0.4 2.5 � 0.5‡†
17 � 10 15 � 8 17 � 5 14 � 5 12 � 5†
9 � 5 11 � 3 12 � 4 10 � 4 14 � 2

31.0 � 2.1 29.4 � 1.8 28.8 � 2.3 28.8 � 2.0 23.5 � 1.4*

hemia, 5 minutes after (�early) reperfusion, and at the conclusion
HS). Each animal received 4 mL/kg of 7.5% saline (HS group, n � 7)
SD of the mean.
pressure; CO, cardiac output; LVEDP, left ventricular end-diastolic

.

ame group.

Fig 1. (A) Measured load-independent contrac-

tility (Emax) in different stages. Measurements

were taken during 4 time periods: baseline, end of

ischemia, 5 minutes after (�early) reperfusion,

and at the conclusion (�post) of the infusion, with

saline preload (group C) or hypertonic saline (HS)

preload (group HS). Each animal received 4 mL/kg

of 7.5% saline (HS group, n � 7) or normal saline

(NS) (control group, n � 5). (B) Measured load-

dependent contractility (dP/dT) in different

stages. Measurements were taken during 4 time

periods: baseline, end of ischemia, 5 minutes after

(�early) reperfusion and at the conclusion (�post)

of the infusion, with saline preload (group C) or

hypertonic saline preload (group HS). Each animal

received 4 mL/kg of 7.5% saline (HS group, n � 7)

or normal saline (NS) (control group, n � 5). Early

Rep, early reperfusion. *p < 0.05 compared with

all other periods in the same group. †p < 0.05

compared with ischemia and early reperfusion pe-
namic

schem

4

5

of isc
group
ues �

blood
ssure

the s
riods in the same group. ‡p < 0.05 compared with

same period in the control group.
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403ISCHEMIA, HYPERTONIC SALINE, CORONARY OCCLUSION
mmediate time period (10 minutes) tested after ischemia and
eperfusion was brief. However, the benefits of this specific
tudy are also related to the minimal volume load required and
he immediate, rather than the long-term, effects on the hemo-
ynamics of an ischemic myocardium during reperfusion. De-
pite demonstrating inodilator properties by HS, the main goal
f this study was not to compare HS with any vasodilator but
ith a similar volume load of crystalloid. There is clinical

mportance related to the type and volume of fluid required
uring cardiac procedures in acute ischemic and immediate
eperfusion conditions (eg, during off-bypass cardiac proce-
ures in ischemic and hypovolemic patients).
In the postischemic study, increased myocardial performance

ith a concomitant decrease of calculated SVR were noted.
ecreased calculated SVR could be caused by increased CO
ut also by directly decreased oxygen demand, with reduction
f systemic pressures (MAP postinfusion period, Table 1). The
enefit of using a limited volume of preload in ischemic pa-
ients can contribute to decreased demand. The decreased af-
erload (SVR) and lower filling pressures (left ventricular end-
iastolic pressure) may produce a decreased level of demand.
he consistency of the HS solution may preserve myocardial
ellular integrity as well as function and supply. The preserva-
ion of contractility (Emax and dP/dT) and CO shown could be
he result of increased supply.

Decreased demand is an essential factor in many studies
valuating the protective effect of drugs or manipulations that
how a positive effect on myocardial O2 and lactate metabo-
ism.4-9 Compared with isotonic solutions, the lesser volumes of
ypertonic solutions are associated with equivalent or im-
roved systemic blood pressure, CO, and survival in experi-
ental animals.14 This is a valuable clinical advantage in treat-

ng ischemic cardiac patients. Similar findings were noted in a
omparison of 7.5% HS and normal saline administered to
atients undergoing elective surgical correction of chronic dis-
ecting thoracic and abdominal aortic aneurysms.15 Patients
ho received HS over a 10-minute period immediately after

ortic unclamping maintained higher pulmonary arterial and
edge pressures, higher cardiac index, and lower SVR than

hose who received an equal volume of normal saline during
he same time period. In another study, the use of 7.5% HS, in
ombination with 4.2% dextran 70, administered during air
mbulance transport, improved hemodynamic function and ap-
eared to enhance survival in severely injured patients com-
ared with using lactated Ringer’s solution,16 whereas the vol-
mes of HS infused were almost half. Resuscitation with a
mall volume of hypertonic-hyperoncotic solution in experi-
ental hemorrhagic shock allowed the recovery of systemic

nd splanchnic hemodynamic and oxygen transport, without an
ncrease in pulmonary artery pressure.17 In the combat envi-
onment, it would be reasonable to believe that small-volume
uid resuscitation can be performed with hypertonic solu-

ions.18

Hypertonic saline solutions have been proven to be benefi-
ial during resuscitation from shock and trauma and in many
ajor surgical procedures (eg, aortic reconstructive and radical

ancer surgery) or in any procedure in which extensive blood
oss and fluid shifts may be anticipated, including the treatment

f shock.15,19 Because the osmolality of the administered solu- n
ion exceeds that of intracellular water and sodium, and chlo-
ide ions cannot freely cross cell membranes, the extracellular
uid becomes slightly hyperosmolar. A gradient for water to
ass from the cells into the extravascular compartment is es-
ablished, and the extracellular volume is expanded by approx-
mately 2.5 L after the infusion of 1 L of hypertonic saline.20,21

ecause electrolytes freely cross capillary membranes, the fluid
s divided between the intravascular and extravascular compart-
ents according to their relative volumes.22 Although hyper-

onic saline solutions increase the intravascular volume more
han would the same volume of a balanced salt solution, they do
o at the expense of a decreased intracellular volume.23 If large
olumes of previously administered balanced electrolyte solu-
ions have already increased intracellular volume (and most
olutions used are, in effect, slightly hypotonic), hypertonic
aline is therapeutic as a reduction agent in perioperative fluid
ain and peripheral or intracellular edema. Thus, hypertonic
olutions can restore and preserve intracellular (including myo-
ardial cell) volume and consistency and the myocyte activity
ssociated with it. Ischemic cells should benefit from the en-
anced restoration of normal cellular volume and transmem-
rane potential, indicating a reversal of the cellular abnormal-
ties induced by the insult.24

This study did not measure regional myocardial blood flow
nd did not determine myocardial oxygen supply and demand.
owever, HS has been shown to improve myocardial blood
ow during cardiopulmonary resuscitation.19 The mechanism
y which hypertonic solutions may be beneficial to insulted
ardiac tissue is probably similar to that for insulted brain
issue.25-27 Similar findings of preserving cerebral blood flow
ere reported when 10% or 7.5% saline was administered to

troke and post-traumatic patients with significantly increased
ntracranial pressure who were resistant to mannitol.28,29

This combined effect on demand and supply may be similar
o the known protective effect of preoperative treatment with
-blockers (decreasing consumption and demand) in combina-

ion with the known protective effect of preischemic treatment
ith PDE inhibitors (reversing myocardial depression and in-

reasing supply).5 On the other hand, �-adrenergic agonists,
hich are commonly used in cardiac patients to increase con-

ractility, thereby reversing myocardial depression during isch-
mia while increasing demand (or without decreasing demand),
ay not be beneficial. Thus, the relative advantage of using a

olution like HS is in avoiding the use of cardiac agonists.
This study also did not evaluate survival. However, 7.5% HS

ppears to be more effective with respect to survival than 0.9%,
%, or 10% saline solutions. Similar results were found after
esuscitation with hypertonic sodium lactate (500 mOsm/L)
nd lactated Ringer’s solution in patients undergoing major
ardiovascular (aortic reconstructive) surgery.30

On the “downside” are reports comparing HS and normal
aline resuscitation in experimentally produced, controlled, and
ncontrolled hemorrhagic shock. When hemorrhage was con-
rolled, hypertonic resuscitation was superior to isotonic, as has
een shown in most other studies. When uncontrolled hemor-
hage was present, however, survival was significantly reduced
n the hypertonic group.31,32 Thus, under conditions of “uncon-
rolled” hemorrhage, when surgical bleeding causes hemody-

amic instability, the use of HS is not recommended.
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404 SIDI ET AL
This study evaluated only the short-term effects of HS, thus
voiding the potential complications of long-term, continuous,
r repeated HS administration. Using lesser volumes in this
tudy (4 mL/kg) was advantageous14 in reaching short-term
emodynamic goals without getting into long-term complica-
ions. The complication of major concern with continuous large
olume administration is the potential development of hyper-
atremia. However, complications associated with hypernatremia
ave not been reported in clinical trials or in any case in which
areful monitoring of serum sodium was used. Hypernatremia,
hen it occurs, is usually transient. Other concerns, in addition to
ypertonicity, are hyperchloremic acidosis and the risk of central
ontine myelinolysis. The latter worry appears groundless and is
pparently related to chronically hyponatremic patients following
oo rapid a correction (�2 mEq/h). Concerns about hyperchlor-
mic metabolic acidosis also appear to be unwarranted. Current
vidence suggests that substitution of acetate for chloride does not
mprove resuscitation outcome in experimental animals, although

he pH tends to be more normal.33 p

REN

nalg 80:1099-1107, 1995
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In conclusion, this study has potential clinical applications
eg, during off-pump myocardial revascularization) when
emporary coronary artery occlusion is performed. Hyper-
onic saline administration should strongly be considered in
atients with acute ischemic LV dysfunction and before
ther inotropic drugs, such as �-adrenergic stimulants, or
arge volume of crystalloids are used. Hypertonic saline
hould be considered in patients with coronary artery disease
nd myocardial ischemia because it improves ventricular
unction and can protect against myocardial ischemia, with-
ut increasing myocardial demand. The recommendation
erived from this study is that the administration of a limited
4 mL/kg) load of HS for a short period (10-15 minutes), not
iven in a continuous, long-term infusion or during uncon-
rolled hemorrhage or unstable hemodynamic conditions,
an be beneficial in patients with postischemic dysfunction
ho require limited volume replacement. The data suggest

hat further research on the use of HS in cardiac surgical

atients is worthwhile.
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