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pressure/cardiac output relationship. We conclude that
HSD resuscitation of intraoperative hypovolemia is
effectively performed with smaller fluid and sodium
loads, and therefore with less fluid accumulation and
edema than with conventional saline solution.
Furthermore, HSD resuscitation results in better
cardiovascular functicn due to a reduction in the
deleterious effects of the volume loading associated
with isotonic resuscitation and possible positive
inotropic effects of hypertonicity.
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ABSTRACT

We compared a hypertonic solution (7.5% NaCl in 6%
Dextran--70, HSD) with isotonic saline (0.9% NaCl, NS)
for treatment of intraoperative hypovolemia. Fourteen
pigs anesthetized with isofluorane (36.3 2.1 kg)
underwent a left thoracotomy, followed by hemorrhage
for one hour to reduce mean arterial pressure to 45
mmHg. A continuous infusion of either solution was
then initiated and the flow rate adjusted to restore
and maintain theracic descending aortic blood flow at
baseline levels during a subsequent two-hour period.
Full resuscitation to initial values of aortic blood
flow was achieved with both regimens, but the NS group
required larger volumes and sodium loads to maintain
hemodynamic values. NS resuscitation produced
jncreases in right heart preload (central venous
pressure), and afterload (pulmonary artery pressure),
resulting in increased right ventricular work. The HSD
group had better cardiac performance as evaluated by
the filling pressure/cardiac output relationship. We
conclude that HSD resuscitation of intraoperative
hypovolemia is effectively performed with smaller fluid
and sodium loads, and therefore with less fluid
accunulation and edema than with conventional saline
solution. Furthermore, HSD resuscitation results in
better cardiovascular function due to a reduction in
the deleterious effects of the volume loading
associated with isotonic resuscitation and possible
positive inotropic effects of hypartonicity.

ii




Resuscitation of Intraoperative Hypovolemia: Comparison
of Normal Saline and Hyperosmotic/Hyperoncotic
Soluticns in Swine

-~ Pascual et al

INTRODUCTION

Hypovolemic hypotension is a common suirgical
problem during extensive procedures and in patients
with multiple trauma. Current resuscitative measures
include infusions of blood derivatives and isotonic
crystalloid solutions. Blood derivatives have limited
availability and high cost, and when used in large
volumes can induce such disturbances as hypocalcemia,
hyperkalemia, metabolic acidosis, coagulation
derangements, as well as viral infections (1;.
Isotonic crystalloid solutions are only effective when
administered in volumes several times the vascular
fluid deficit. These large doses can lead to acute
hemodilution. Hemodilution reduces blood oxygen
carrying capacity, thus potentially incurring hypoxic
organ dysfunction. Furthermore, dilution of plasma
proteins leads to a decrease in plasma colloid osmotic
pressure, with the risk of subsequent interstitial
fluid accumulation and edema formation (2).

Mildly hypertonic solutions have long been
considered as an alternative to conventional fluid
replacement (3,4), and positive results have been
repcrted on the clinical use of 1.8% hypertonic sodium
lactate solution in the management of surgical patients
(5) . However, an even more concentrated sodium
chloride solution (7.5%) has been suggested as a rapid
and effective treatment for hypovolemic shock in
animals and man (6,7,8). The primary mechanism is
correction of hypovoliemia by rapid volume expansion due
to an osmotic movement of fluid from the intracellulas
and interstitial spaces into the intravascular
compartment (9). In addition to volume expansion,
hypertonic saline infusions may augment cardiac
performance by directly increasing cardiac
contractility (10), reducing afterload (11), and
increasing venous return through a decrease in venous
capacitance (12). The inclusion of a hyperoncotic
¢cnlloid such as Dextran-70 or hydroxyethyl starch to
the 7.5% NaCl increases and prolongs the beneficial
circulatory effects, presumably by maintaining the
transferred volume within the intravascular space (13).
The most striking features of resuscitation with
hypertonic saline are the effectiveness of exceedingly
small volumes and the rapidity of action. Moderate to
severe hemorrhagic shock (bled volumes of 30-50 ml/kq)
is reversed with a single intravenous injection of 4-11
ml/kg of 7.5% NaCl/6% Dextran-70 solution (HSD)
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(14,15). Due to its rapid action in small volumes, HSD
has been primarily proposed and used for pre-hospital
resuscitation of patients with traumatic injuries. The
present studies were designed to answer the following
question: Is there a rationale for using
hyperosmotic/hyperoncotic solutions for intraoperative
treatment of hypovolemia?

Reduction in volume requirements with hypertonic
resuscitation may be able to eliminate the large
positive fluid balances and
edema associated with conventional resuscitation
regimens. Volume loading and edema may compromise
cardiopulmonary hemodynamics and oxygen transport,
thereby suggesting the following hypotheses: a) HSD
may protect against heart failure by better
normalization of conditions of preload and afterload;
b) HSD improves oxygen delivery and oxygen consumption
more effectively than isotonic resuscitation.

To evaluate these hypotheses we performed a
moderate surgical procedure (thoracotomy) in
anesthetized pigs, followed by bleeding and hypctension
for one hour. The animals were then treated with either
HSD or isotonic NaCl. Many of the previous studies on
hypertonic resuscitation compared a 4 ml/kg infusion of
HSD to an equal volume of isotonic saline (6,14).
Although these studies showed HSD to be more efficient,
they unfairly evaluated isotonic resuscitation which
requires large volumes to be effective. A more
realistic comparison of the resuscitative fluids for
intraoperative use would not limit treatment to a
single bolus injection. Rather, it should allow
infusion until recovery to a common clinical or
physiological endpoint. Accordingly, we continuously
infused HSD or normal saline - 0.9% NaCl (NS),
adjusting the infusion rates as needed to restore and
maintain aortic blood flow and resulting caraiac output
at baseline levels for a two hour period.

METHODS
ANIMAL PREPARATION: Experiments were performed on

14 immature Yorkshire pigs, wt.: 36.3 2.1 kg,
randomly divided into two groups cf seven animals each.
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The animals were maintained on a standard diet and
routinely observed for at least two weeks, and were
fasted overnight before the experiment. Anesthesia was
indvced with ketamine HC1 (2.0 mg/kg), xylazine HC1
(2. ng/kg), atropine (0.1 mg/kg), and iscfluorane 2%
by ...sk. Foilowing endotracheal intubation, anesthesia
was maintained throughout the experiment with
isoflurane (1-2%), nitrous oxide (50%) and oxygen
(50%) . A short-acting neuromuscular blocker
(Succinylcholine 1.0 mg/kg) was administered before the
beginning of the surgical manipulation. Artificial
ventilation using a volume-cycled ventilator (Ohio
Unitrul Ventilator, Ohio Medical Products, Madison, WI)
was started using a tidal volume of 10-12 ml/kg, and
~<djusted throuchout the experiment to maintain »CO0,
«3irin n~rmal physiologic levels. This model was chosen
F..f .. on th2 similarity of the responses of swine and
" ans to hemcirhage (16), while the anesthetic agent

- .S selected for its ability to maintain cardiovascular
stability in pigs (17).

SURGICAL PROCEDURES: After the animal was placed
in 2 supine position, vascular catheters were inserted
into the thoracic aorta via the carotid artery, into
the abdominal aorta via the femoral
artery, and into the inferior vena cava via the femoral
vein. A balloon-tipped thermodilution catheter was
positioned in the pulmonary artery via the internal
jugular vein to measure pressures and cardiac output
(7.5F Swan Ganz catheter). Catheter placements vere
determined by pressure tracings and confirmed at the
end of the experiment by inspection. The catheters
were connected to P23 Db pressure transducers, then
connected to a Gould ES-2000 multi-channel monitor and
recorder, for continuous monitoring of aortic,
pulmonary artery and central venous pressures. All
cactheters were continuously flushed with a heparinized
0.9% NaCl solution (1 ml/min) to assure patency.
Cutaneous electrodes were positioned for
electrocardiographic recording. A bladder catheter was
inserted by a small abdominal cutdown to obtain urine
samples and to monitor urine flow rate. The animal was
then laid on the right side, and a left thoracctomy was
performed through the fifth intercostal space. A
square wave electromagnetic flowmeter (Carolina Medical
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Electronics Inc., King, NC) was positicned arcund the
descending aorta for continuous measurement of aortic
blood flow. Throughout the surgical procedure (about 2
hours) each animal received 2000 ml of warm (37oC) 0.9%
saline, and was covered with an electric blanket
adjusted to maintain normal body temperature.

EXPERIMENTAL PROTOCQL: Each experiment consisted
of one hour of baseline observation after the
completion of surgery, followed by one hour of
hypovolemic hypotension and two hours of resuscitation.
After the initial 60 minutes of baseline measurements,
hemorrhage was induced by bleeding through the femoral
artery catheter, and mean arterial pressure was reduced
to 50 mmHg over a iS5-minute period. For the next 45
minutes, mean arterial pressure was further reduced to
45 mmHg and maintained at that level with additional
bleeding as needed. No shed blood was reinfused at any
time. Then resuscitation was started by continuously
infusing one of the test solutions (NS or HSD), through
a peripheral vein. The initial infusion rate for both
groups was calculated to deliver the same sodium load
of 0.3 mEq.kg-!.min-!, i.e. flows of 2 ml.kg-'.min-! of
NS, and 0.25 ml.kg-!.min-! for HSD. The initial rate
was maintained until restoration of baseline aortic
flow, then the infusion rate was reduced at 3-5 minute
intervals, until establishment of the smallest flow
capable of maintaining baseline aortic flow. We
measured aortic blood flow using an electromagnetic
flowmeter to allow on-line monitoring and prompt
corrections of infusion rates. Thermodilution cardiac
output measurements were performed at predetermined
intervals to check the accuracy of the flowmeter. The
animals were monitored for two hours; infusion rate was
adjusted up or down as needed to maintain the baseline
aortic flow. At the end of the experiments the animals
were euthanized with a central venous infusion of
saturated potassium chloride.

MEASURED VARIABLES: Hemodynamic values were
measured every 20 minrtes during baseline period, every
15 minutes during hemorrhage, and at 5, 10, 15, 20, 25,
30, 45, 60, 90 and 120 minutes during resuscitation.
The following variables were recorded: aortic blood
flow (ABF), mean systemic arterial pressure (MAP),
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pulmonary artery (PAP) and pulmonary wedge (PWP)
pressures, central venous pressure (CVP), cardiac
output (CO), core temperature, respiratory rate, heart
rate {(HR) and electrocardiogram (ECG).

Arterial blood gases were measured at 15-minute
intervals throughout the experiment (Instrumer.tation
Laboratory System 1303, Instrumentation Labs,
Lexington, MA), to adjust the ventilatory parameters to
maintain normal levels of ,CO,. Blood samples were
collected as hemcdynamic variables were measured during
baseline and hemorrhage, and at 10, 20, 30, 45, 60, 90,
and 120 minutes during resuscitation. Systemic
hematocrit was determined, and levels of sodium,
potassium, and total protein were analyzed in plasma,
using standard laboratory methods. Twice during both
baseline and hemorrhage periods, and at 10, 30, 60, and
120 minutes during resuscitation we also measured mixed
venous blood gases, lactate and colloid osmotic
pressure (Wescor 4100 colloid osmometer, Logan, UT).
Plasma volume determinations were performed at
baseline, end of hemorrhage, and at 30 and 110 minutes
during resuscitation using a dye dilution (Evans blue)
method (18), with injections of 2 ml (baseline and
hemorrhage), 3 ml (30 minutes after the beginning of
resuscitation), and 5 ml (110 minutes after the
beginning of resuscitation). Samples were taken at
minutes 0, 2, 4, 6 and 10 after injection. Consecutive
volume measurements were corrected for the background
levels of Evans blue at the time of each injection.
Urinary output was recorded hourly, and samples taken
for measurements of urinary sodium and potassium
concentrations.

CALCULATED VARIABLES: Hemodynamic variables were
calculated by means of commonly used formulas described
below. All pressures were measured in mmHg, cardiac
output in liters/minute and body weight (Wt.) in kg:

1) Vascular resistances (units: dynes.second.cm~®):
a) Pulmonary: (PAP-PWP)/CO x 80.
b) Systemic : (MAP-CVP)/CO x 80.

2) Stroke work indices (units: g.meter.kg-!):
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a) Right
ventricle: (PAPxCO) /HRxD.0136/Wt.
b) Left

ventricle: (MAPXCO) /HRx0.0136/Wt.

3) Oxygen metabolism calculations (units: ml
0,.kg-!.min-!) :
a) O, consumption: (Arterial-venous

0, content
difference)xCOx10/wWt

b) 0, delivery: (Arterial O,
content) xCOx10/Wt .

Other calculated variables included infused load of
sodium (infused volume times sodium concentration cf
infusion), vascular contents of sodium, and protein
(plasma concentration times plasma

volume), excretion rates of sodium and potassium (urine
concentration times urinary flow rate), and net fluid
and electrolyte balances (infused loads minus losses
due to bled volume and urinary excretion), all
calculated per kg of body weight.

STATISTICS: The measured and the calculated
variables were summarized for each time period by
group. Student’s t-test was performed to compare the
groups at baseline and at end-hemorrhage periods. A
two-way analysis of variance model was used with
repeated measures to determine any differences between
the two treatments. In addition, within each group a
one-way analysis of variance was done to compare times
from baseline. (f a significant F was found, a
Dunnett’s t-test was used to determine which means
differed from the baseline value. The 0.05 level of
significance was used for all statistical tests.

RESULTS

HEMODYNAMICS: During baseline and hemorrhage
periods there were no statistically significant
differences between the groups (Table 1). Each animal
was subjected to sufficient bleeding to decrease mean
arterial pressure (MAP) to 45 mmHg, and to maintain
this level until the beginning of resuscitation (Fig.
1). The initial infusion rate (0.3 mEq Na.kg-'.min-?)
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was sufficient to restore aortic blood flow (ABF) to
baseline levels in both groups, withiri a similar tame
period, and the infusion rate was adjusted thereafter
according to on-line readings of ABF so that these
values were maintained for two hours (Table 1).
Sustained normalization of ABF was easily achieved in
both groups, despite dramatic differences in infusion
rates and total volume requirements for the two
treatments as described below. Not only was ABF
restored, but concomitant thermodilution cardiac output
(CO) determinations (Fig.1l) revealed a complete
recovery to baseline CO levels. The arterial pressure
response to resuscitation was similar in both groups,
and remained below baseline values throughout the
resuscitation period (Fig. 1).

Despite return to baseline values of CO anc similar
MAP in both groups, other hemodynamic variables were
not matched. Cardiac function was significantly
different between the regimens in regard to filling
pressures, pulmonary hemodynamics and ventricular
performances. Central venous pressure increased
significantly in
the NS group as compared to the HSD group (Table 1).
Pulmonary wedge pressure in the NS group also exhibited
a trend which was higher than in the HSD group, but
this difference was not statistically significant
(Table 1). These higher levels of cardiac filling
pressure were not correlated with better left
ventricular performance in the NS group, as equivalent
levels of CO were generated under similar conditions of
systemic vascular resistance (Tak'e 1). Heart rates
and left ventricular stroke work indices did not show
any significant differences between treatments (Table 1
and Fig. 3, respectively). In the NS group, a large
increase in mean pulmonary artery pressure of more than
13 mmHg over baseline was observed from the beginning
of resuscitation; these higher levels persisted during
the entire resuscitation period (Fig. 2). Likewise,
pulmonary vascular resistances were significantly
greater in the NS group. A consequence of these higher
pulmonary pressures was an increase in the right
ventricular stroke work index in the NS group compared
to HSD group (Fig. 3). Our first hypothesis cannot be
rejected. as HSD resuscitation was clearly asscciated
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with an overall better normalization of cardiovascular
function particularly with respect to the right
ventricular preload and afterload.

BLOOD COMPOSITION: Hematocrit values fell during
resuscitation (Table 2), with no significant
differences between the two groups. Plasma protein
also fell in both groups comparec to baseline, but the
fall was significantly greater in the NS group,
concomitant with a similar significant decrease in the
plasma cclloid osmotic
pressure (Table 2). Plasma lactate increased during
hemorrhage, and returned to baseline values with
treatment in both groups; differences between groups
were not significant. Plasma sodium increased
significantly with treatment in the HSD group, and
remained stable at levels 12 to 14 mEq/iiter higher
than both baseline and the NS group (Table 2). Plasma
potassium levels initially decreasesd in beth groups
during early resuscitation, but demonstrated a
progressive elevation after the first 30 minutes, with
no significant differences between groups (Table 2}.

PLASMA VOLUMES AND VASCULAR CONTENT3: With
hemorrhage, a similar loss in plasma volume was induced
in both groups (Table 3). The total bleeding volune
was similav, about 16.8 1.1 ml/ko and 14.6 1.8
ml/kg in the NS and HSD groups, respectively. HSD

administration wae accompanied by restoratiorn of 2
near-baseline level of plasma volume, while in the NS
group the post-resuscitation plasma volume tended to be
3-4 ml/kg higher than the initial values, not a
significant difference (Table 3). Calculated total
vascular content of protein after resuscitation was
significantly higher in the HSD group, whereas there
was no significant difference in vascular sodium
contents between the groups (Table 3).

OXYGENATION VARIABLES: There vere ro significant
differences between groups over all time points (Tabkle
4) . During early resuscitation both grours were
characterized by a metabolic acidosis (Table 4) which
was probably due to peripheral washout of organic
acids (see lactate levels in Table 2). The HSD group
showed a faster trend to normalizaticn of pH and base
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excess, while in the NS group the acidosis persisted
(pHS 7.3 and negative values of base excess) throughout
the resuscitation period, but these diffe.ences did not
achieve statistical significance (0.058ps0.10). There
were no significant differences in arterial and venous
PO, throughout the experiment. There were no
significant differences in oxygen consumption index
between groups throughout the experiments. The oxygen
delivery index was reduced by 40-50% during hemorrhige
in both groups; recovery with resuscitation was only
partial compared to baseline levels, with no
Statistically significant difference between groups
Table 4). Thuas our second hypotliesis was not
supported by our findings. Resuscitation with H5D did
not improve oxygen delivery and consumption more than
the NS regimen.

FLUID AND ELECTROLYTE BALAMNCE: Although an
equivalent amount of blood was withdrawn from both
groups, achieving full resuscitation required
significantly different amounts of fluid. The NS group
required an average volume of 121 22 ml/kg, while the
HSD group reguired significantly less fluid (6.3 1.3
ml/kg), about 5% of the reguired NS volume. The
infusion rates also presented significant differences,
as after 30 minutes of resuscitation, aortic blocd flow
could be maintained with a drastic reducticn in the HSD
infusion rate to only one tenth of its initial level
(Figure 4). This represents a minimal rate of 0.025
ml.kg-!.min-! to maintain hemodynamic stability over
the final 90 minutes of resuscitation.

A similar reduction was not feasible in the NS group,
which required infusion rates equal to at least 50% of
the initial rate for the first hour of resuscitation,
and thereafter about 20-40% of initial rate to maintain
aortic flow. About 80% of the total HSD requirement
was infused during the first 30 minutes of
resuscitation, whereas with NS only about 40% of the
total voliume requirement was infused by this time (Fig.
4) . The urinary output was significantly decreased
during hemorrhage in both groups, and was restored with
resuscitation with no statistically significant
differences between groups (Tabie 5). The total net
balances revealed that the NS group had 2 positive
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fluid balance (86.6 19.6 ml/kg) while the HSD group had
a negative balance of fluid (-26.3 2.8 mi/kg.)

Besides the large difference in total volume
requirements between the groups, an impressive
difference in final sodium loads and balances was also
apparent. The total sodium load using NS (18.7 3.3
mEq/kg) was nearly twice that of HSD (8.1 1.7 mEq/kg).
Sodium excretion rate decreased during hemorrhage, and
was partially restored with resuscitation, with no
significanc differences between groups (Table 5).
Since there was no difference in the sodium excretion
rates between the groups, the final net sodium balance
was also higher in the NS group (16.2 4.3 mEq/kg -NS,
vs. 2.5 1.5 mEq/kg -RSD). Furthermore, using mass
balance we calculated the amount of sodium load lost in
urine, the amount remaining in the circulation, and we
were able to estimate the amount distributed to the
extravascular space (Figure 5). This analysis shows
that the post-resuscitation vascvlar sodium content in
both groups was similar, and that most of the sodium
load after NS treatment was extravascular, presumably
interstitial. Total potassium losses in the HSD group
(0.84 0.03 meEq/kg) were significantly higher than in
the NS group (0.75 0.09% mEg/kg).

DISCUSSIOR

Clinicians have an extensive choice of fliuids to
correct hypovolemia, a procedure often viewed as simple
volume replenishment, but perhaps more properly
addressed as return of circulatory function and
restoration of peripheral oxygen delivery. Optimal
resuscitation would normalize vascular volume and
cardiac output to meet oxygen demand, without incurring
deleterious effects on the heart, lungs and peripheral
organs. Blood and plasma derivatives are effective
resuscitation solutions, but cost, availability and
risk of infection can make them impractical. Isotonic
crystalloicd solutions are most commonly used, but they
require infused volumes equaling 3 to 5 times the
vascular deficit (2). Colloid sclutions are effective
in volumes equaling 1-2 times vascular lossas, but in
large doses colloids can induce side effects such as
coagulaticn disorders and nephrotoxicity (18,20).
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1Mildly hypertonic crystalloid solutions (1.8% NaCl
or Ringer’s jactate solutions) have been successfully
used in fluid management of surgical patients (21).
They are repcrted to reduce total volume
requirements, to reduce third space losses, and to be
associated with a transient and non-detrimental
increase in plasma sodium (5). Recently an interest in
the clinical use of a 7.5% NaCl (2400 mOsm/l) solution
has developed based on reports of its use in
hypovolemic animals, as well as patients with
refractory circulatory shock (6,7). Rapid improvements
in blood pressure and cardiac output after a single
small volume injection were reproduced experimentally
by other investigators, but these improvements were
found to be transient (8). However, several groups
have now shown that adding a hyperoncotic colloid,
Dextran-70, sustainecd the initial resuscitative effects
of hypertonic saline (13,22,23). These studies
emphasized the application of 7.5% NaCl/6% Dextran-70
(HSD) for pre-hospital resuscitation and evaluated a
fixed-dose (4-6ml/kg) of both HSD and an isotonic
control solution (23, 24, 25). Comparing equal and
fixed doses of isotenic and hypertonic sclutions can be
considered an unfair comparison because isotoric fluids
require large volumes to be effective. HSD and
isctonic infusions have never been compared when
administered as required to reach and maintain a
physiologically equivalent endpoint. 1In the present
study we resuscitated anesthetized, surgically
manipulatad  hunovolemic swine using continuous
measvrement of aortic flow to titrate infusion rate as
needed for restoration and maintenance of baseline
cardiac output.

We successfully normalized vascular volume and

hemodynamic function using both conventional isotonic
saline and a hypertonic
formulation. Effective return of aortic blood ficw and
cardiac output were easily achieved, but arterial
pressure was only partially recovered in both groups.
A significant plasma volume expansion occurred in both
groups with resuscitation, compared to end-hemorrhage
levels. While this expansion was highly efficient in
the HSD grouy with 2.0 ml of volume expansion per ml
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infused, in the NS group there was only 0.14 ml of
volume expansion per ml infused.

After 30 minutes of resuscitation, aortic blood flow
could be maintained with a drastic reduction in the HSD
infusion rate to a minimal rate of 0.025 m!'.kg-‘.min-?,
equivalent to a flow of 1.7 ml/min for a 70 kg human,
compared to the equivalent required flow of 40-50
ml/min of NS in a patient of the same weight. Large
volume resuscitation with NS increased venous pressures
and lowered plasma colloid osmotic pressure. As
reductions in colloid osmotic pressure are associated
with increased microvascular f:ltration (26), the
continuous hion rate of infusicn required with NS was
likely due to continuous movement of fluid from the
vascular compartment to extravascular spaces. These
changes were in marked contrast to KID which actually
caused a net capillary reabsorption during the two hour
resuscitation period.

There has been considerable concern in the
literature apout the sodium loads associated with HSD
infusions (27). Our findings shcw that besides the
large difference in total volume requirements between
the groups, an impressive difference in final sodium
loads
and balances was also apparent. The total sodium _ .ad
using NS was nearly twice that of HSD, and since there
was no difference in the sodium excretion rates between
the groups, the final net sodium balance was also
higher in the NS group, 12.5 3.6 mEq/kg for NS, vs.

2.5 1.5 mEq/kg for HSD. Furthermore, using mass
balance we calculated the amount of sodium load lost in
urine, the amount remaining in the circulation, and we
estimated the amount distributed to the extravascular
space (Figure 5). This analysis shows that the
post-resuscitation vascular sodium content in both
groups was similar, and that most of the sodium load
after NS treatment was sequestered in the extravascular
space.

With NS we observed a steady decay in plasma protein
levels, probably related to acute hemodilution and
associated with a highly significant reduction in
colloid osmotic pressure to levels 50% lower than
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baseline. This was not observed in the HSD group,
where both plasma protein and colloid osmotic pressure
remained at levels only slightly lower than baseline.
Dextran is partly responsible for the maintenance of
the colloid osmotic pressure, but the vascular content
of protein was also significantly greater in the HSD
group, thereby suggesting two possibiiities: 1) large
volume NS resuscitation may increase capillary
filtration and connectively move protein out of the
vascular space (26); 2) HSD treatment may stimulate
lymphatic pumping and augment vascular return of
protein. These microcirculatory events could
contribute to the remarkable efficiency of HSD
resuscitation.

Several physiological differences of potential
clinical significance between hypertonic and isotonic
resuscitation were noted in pulmonary hemodynamics and
cardiac performance. Our most striking finding was a
large acute increase in central venous pressure,
pulmonary artery pressure (PAP) and pulmonary vascular
resistances during NS resuscitation. A consequence of
the high PAP was the sustained increase in right
ventricular stroke work index. The large volume
resuscitation and the concomitant dilution of plasma
protein may have induced an increase in extravascular
lung water. This event may be correlated with the
transient fall in arterial pO, observed during early
resuscitation in the NS group, by interfering with
oxygen diffusion through the alveolar wall. Likewise,
increased interstitial lung volume may decrease
effective vascular compliance and increase resistance
to blood flow, thereby causing an increase in pulmonary
pressures and right ventricular work. HSD treatment
restored baseline levels of both pulmonary pressures
and vascular resistances. Hypertonic resuscitation
causes a net decrease in extravascular fluid which may
keep lung vascular compliance high and vascular
resistance low (28). Additionally, hyperosmolarity is
known to have direct vasodila-or effects on pulmonary
vessels (29,30).

Increases in heart rate and contractility after
hypertonic infusions have been previously reported and
attributed to increased adrenergic activity (10,31).
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However, other studies showed that adrenergic
beta-blockade suppressed only the chronotropic response
and not the increased contractility after hyperosmotic
infusions, thus suggesting a direct positive inotropic
effect (32,33). 1Isolated myocardial cells exposed to
hyperosmolar media exhibit an increased intracellular
free calcium, thereby offering an explanation for the
positive inotropic effect (34).

The analysis of the main determinants of cardiac
performance in our experiments indeed suggests a
difference in inotropic state between groups. During
resuscitation preload conditions were significantly
higher in the NS group, as evaluated by central venous
pressure. Arterial pressure and afterload were similar
in both groups; both aroups had an equivalent decay in
peripheral resistance during resuscitation which was
probably primarily induced by volume restoration. It
has been sugyested that HSD-induced vasodilatation is
more evident when HSD is administered with a fast
injection, and we conjectured that a slow, continuous
infusion might attenuate that effect (35). There was
no significant difference between the heart rates of
tue groups. Thus, in view of similar conditions cf
afterload and heart rate, one should expect that the
better preload conditions in the NS group would be
correlated with better cardiac performance. We did not
directly measure myocardial contractility, but the
plotting of pulmonary wedge pressures vs. cardiac
output before and 10 minutes after resuscitation (Fig.
6), suggests a difference in the Starling cardiac
function curves. These data are consistent with a
higher inotropic state in the HSD group, or a
contractile depression after NS treatment, perhaps
associated with an increase in the heart’s interstitial
water. These observations may be relevant to
management of patients with a previous history of right
ventricular or congestive heart failure. HSD may be
advantageous in these patients as it induces a better
pulmonary hemodynamic profile and an improved cardiac
function.

Previous investigators of HSD have emphasized its
effectiveness and speed in small volumes, and its
potential in pre-hospital environments where adequate
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volumes of conventional fluids are difficult to
administer (12,25). The present study evaluated the
potential of HSD for intraoperative use. Using both
HSD and NS we have demonstrated successful
normaiization of systemic blood flow after anesthesia,
surgery and hypovolemia. Our results suggest that HSD
offers several physiological and clinical benefits aad
may prevent some of the deleterious effects induced by
conventional large volume resuscitation. HSD was
associated with smaller total loads of fluids and
sodium, and with better cardiac performance. The
increase in pulmonary pressures in the NS group can be
considered a potentially dangerous burden to the right
ventricle, especially under conditions of decreased
oxygen transport and metabolic acidosis. HSD may be
less likely to induce cardiovascular overload and
peripheral edema, and may protect against pulmonary
edema and right heart failure. The clinical
applications of HSD may not be limited to pre-hospital
use, but may be extended to the surgical environment,
perhaps not only to treat hemorrhagic shock, but
whenever efficient and effective volume replacement and
circulatory support are needed.




16 ~- Pascual et al.

ACKNOWLEDGMENTS

This work was done while the first author held a National
Research Council - LAIR Research Associateship. We would
like to thank Dr. Virginia L. Gildengorin for the
statistical analysis of the data, and Sgt. Gil S. Kim for
his technical assistance.




Pascual et al. -- 17

REFERENCES

1. Gervin AS. Transfusion, autotransfusion, and blood
substitutes. 1In: Mattox KL, Moore EE, Feliciano DV eds.
Trauma. Norwalk: Appleton & Lange 1988;159-174.

2. Traversno LW, Lee WP, Langford MJ. Fluid
resuscitation after an otherwise fatal hemorrhage: 1I.
Crystalloid solutions. J Trauma 1986;26:168-175.

3. Penfield WG. The treatment of severe and prcgressive
hemorrhage by intravenous 1n39ctlons. Am J Physiol
1919,;48:121-128.

4. Rowe GG, McKenna DH, Corliss RH, Sialer S.
Hemodynamic effects of hypertonic sodium chloride. J
Appl Physiol 1972; 32:182-184.

5. Shackford SR, Fortlage- DA, Peters RM,
Hollingsworth-Fridlund P, Sise MJ. Serum osmolar and
electrolyte changes associated with large infusions of
hypertonic sodium lactate for intravascular volume
expansion of patients undergoing aortic

reconstruction. Surg Gynecol Obstet 1987;164:127-136.

6. Velasco IT, Pontieri V, Rocha e Silva M, and Lop=es
OU. Hyperosmotic NaCl and severes hemorrhagic shock. Am J
Physiol 239 (Heart Circ. Physicl. 8) 1980;H664-H673.

7. de Felippe Jr. J, Timoner J, Velasco 1T, Lopes OU,
Rocha e Silva M. Treatment of refractory hypovclemic
shock by 7.5% sodium chloride injections. Lancet
1980;2:1002-1004.

8. Nakayama S, Sibley L, Gunther RA, Holcroft JW, Kramer
GC. Small-volume resuscitation with hypertonic saline
(2,400 mOsm/liter) during hemorrhagic shock. Circ Shock
1984; 13:149-159.

9. Kramer GC, English TP, Gunther RA, Holcroft JW.
Physiological mechanisms of fluid resuscitation with
hyperosmotic/hyperoncotic solutions. In: Ferspectives in
Shock Research. Metabolism, Immunology, Mediators, and
Models. Passmore JC, Reichard SM, Reynolds DG, Traber
DL, eds. New York: Alan R. Liss, Inc, 1989;311-320.




18 -~ Pascual et al.

10.Wildenthal K, Mierzwiak DS, Mitchell JH. Acute effects
of increased serum osmolality on 1left ventricular
performance. Am J Physiol 1969;216:698-904.

11. Gatizva S, Scott JB, Swindall B, Haddy FJ.
Resistance responses to 1local changes in plasma
osmolality in three vascular beds. Am J Physiol

1971,;220:384-391.

12. Lopes QU, Velasco IT, Guertzenstein PG, Rochae Silva
M, Pontieri V. Hypertonic NaCl restores .*ean circulatory
fiiling ©pressure in severely hypovolemic dogs.
Hypertension 8 (Suppl. I): 1986;I1195-1199.

13. Jeffrey-Smith G, Kramer GC, Perron P, Nakayama
S,Gunther R, Holcroft J. A comparison of several
hypertonic solutions for resuscitation of bled sheep. J
Surg Res 1965;33:517-528.

14. Wade CE, Hannon JP, Bossone CA, Hunt MM, Loveday JA,
Coppes R, Gildengorin VL. Resuscitation of conscious
pigs following hemorrhage: Comparative efficacy of
small-volume resuscitation. Circ Shock 1989;29:193-204.

15. Maningas PA. Resuscitation with 7.5% NaCl in
8%Dextran 70 during hemorrhagic shock in swine. Crit
Care Med 1987; 15:1121-1126.

16. Hannon JP. Hemorrhage and hemorrhagic shock in
swine: a review. Letterman Army Institute of Re search,
Presidio of San Francisco, 1989; Institute Report No.
449.

17. Gross DR. Cardiovascular effects of inhalant
anesthetic agents. In: Animal Models in Cardiovascular
Research. Boston: Martinius Nijhoff  Publishers,
1985;244-300.

i8. Reeve EB, Gregersen MI, Allen TH, Sear H.
Distribution of cells and plasma in the normal and
splenectomized dog and its influence on blocd volume
estimates with P32 and T-1824. Am J Physiol
1953;175:195-203.




Pascual et al. -- 19

19. Makisalo HJ. Liver lactate uptake in correcting of
hemorrhagic shock with crystalloid, colloid, or whole
plood. Eur Sur Res 1988;20:267-276.

20. Makisalc HJ, Soini HO, Lalla MLT, Hoackersted:t KVA.
Subcutaneous and 1liver tissue oxygen tension in
hemorrhagic shock: An experimental study with whole
blood and two colloids. Crit Care Med 1988;16:857-861.

21. Cross JS, Gruber GP, Burchard KW, Singh AK, Moran
JM, Gann DS. Hypertonic saline fluid therapy following
surgeryv: a prospective study. J Trauma 1989;29:817-826.

22. Velasco IT, Oliveira MA, Oliveira MA, Rocha e Silva
M. A comparison of hyperosmotic and hyperoncotic
resuscitation from severe hemorrhagic shock in dogs.
(Abstract] Circ Shock 1987; 1:330.

23. Maningas PA, Soini HO, Lalla MLT, Priegnist KJ. Volk
KA, Bellamy RF. Small-volume infusion of 7.5% NaCl-6%
Dextran 70 for the tieatment of severe hemorrhagic shock
in swine. Ann Emerg Med 1986;15:1131-~1137.

24. Kramer GC, Perron P, Lindsey DC, Ho HS, Gunther RA,
Boyle RA, Holcroft JW. Small volume resuscitation with
hypertonic saline dextran solution. Surgery
1986,;100:239-246.

25. Holcroft JW, Vassar MJ, Turner JE, Deriet RW, Kramer
GC. 3% NaCl and 7.5% NaCl/Dextran 70 in the
resuscitation of severely injured patients. Aun Surg
1987;206:279-288.

26. Renkin EM, Kramer GC. Measurement of vascular and
microvascular permeability to large molecules. In:
Microcirculatory Technology. Baker CH, Nastuk WF, eds.
New York: Academic Press, 1982;471-488.

27. Mattar JA. Hypertonic and hyperoncotic solutions in
patients [Editorial). Crit Care Med 1989;17:297-298.

28. Jayon J, Duncan D, Gallagher TJ, Banner MJ.
Hypertonic saline as a resuscitation solution in
hemorrhagic shock: effects on extravascular lung water




20 -- Pascual et al.

and cardiopulmonary function. Anesth Analg
1987;66:154-158.

29. Rowe GG, McKenna DH, Corliss RJ, Sialer S.
Hemodynamic effects of hypertonic sodium chloride. J
Appl Physiol 1972; 32:182-184.

30. Nerlich M, Gunther R, Demling RH. Resuscitation
from hemorrhagic shock with hypertonic saline or lactated
Ringer’s: effect on the pulmonary and systemic
microcirculation. Circ Shock 1983;110:179-182.

31. Liang CS, Hood WB. Mechanism of cardiac output
response to hypertonic sodium chloride infusion in dogs.
Am J Physiol 1978;235 (Heart Circ Physiol 4) :H18-H22.

32. Koch-Weser J. Infiuence of osmolarity of perfusate
on contractility of mammalian myocardium. Am J Physiol
1963; 204:957-962.

33. Kien ND, Kramer GC. Cardiac performance following
hypertonic saline. Brazilian J Med Res 1989;22:245-248.

34, Allen G, Smith GL. The effects of hypertonicity on
tension and intracellular calcium concentration in ferret
ventricular muscle. J Physiol 1987;383:425-439.

35. O’Benar JD, Bruttig SP. Delayed resuscitation from
uncontrolled aortotomy hemorrhage using bolus versus slow
infusion of hypertonic saline/dextran. [Abstract]. Circ
Shock 1990;31:68.




Pascual et al. -- 21

baseline hemorrhage resuscitation

©
I
£
E
Q.
<
=
30._.
amafyme NS
— 61 == HSD
3
E 4
o ] L
2 3
b 2-
o]
o 11
0 v v v .
0 60 120 180 240
minutes
Figure 1. Mean arterial pressure (MAP) and cardiac

cutput (CO) during baseline, hemorrhagic hypotension, and
resuscitation periods with 0.9% NaCl (NS), and 7.5%
NaCi/6% Dextran-70 (HSD). Values are the mean SEM for
7 animals in each group. There were no statistically
significant differences between the MAP and CO of the two
gronups.
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Figure 2. Mean pulmonary artery pressure (PAP) and

pulmonary vascular resistance (PVR) of the same groups
and time points as Fig. 1. (*) = siconificant difference
(p< 0.05) NS vs. HSD over all time points following
resuscitation,
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Figure 3. Right (RWI) and lert (LWI) ventricula: stroke
woerk indices, calculated at the same time points and
groups of Fig. 1. (*)= significant difference (p< 0.05)
NS vs. HSD over all time points following resuscitation.
(§)=significant difference (p< 0.05) NS vs. HSD during
baseline, but not d..ring hemorrhage and resuscitation.
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Figure 4. Changes in infusion rates expressed as
percentage of initial rate of 0.9% NaCi (NS), and 7.5%
NaCl/6% Dextran-70 (HSD) and total cumulative infused
volumes (CV), in the same two groups. (*) = significant
difference (p< 0.03) NS vs. HSD over all time points
after 30 mirutes of resuscitation. (§) = significant
difference {(p< 0.05) NS vs. HSD over all time points.
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Fig. 5. £stimated distribution of the infused sodium
load of NS and HSD treatment. Extravascular and
intravascular sodium contents, and urinary sodium
excretion were calculated by mass balance throughout the
resuscitation period.
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Figure 6. Left ventricular filling pressure (pulmonary
wedge pressure - PWP) vs. cardiac ocutput (CO) at
end-hemorrhage period (hollow symbols) and after 10
minutes of resuscitation (full symbols), in the same
groups described in Fig. 1. The more accentuated slope
in the HSD group suggests a higher inotropic state.
Values are mean SEM, n= 7 animals per group.
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TABLE 3 - PLASMA VOLUME AND YASCULAR CONTENTS

PLASMA VOLUME

(mi/kg)

VASCULAR PROTEIN

(grams/kg)

VASCULAR SODIUM

(mEq/kg)

BASELINE HEM 30" RES 60’ RES
NS 523 + 36 387129 56.1$3.9 564 +3.4
HSD 529 t 47 36.712.0 504 £3.2 504 1 4.4
($)
NS 2.7 02 18 09 18 +0.2 1.8 10.2
HSD 3.1 04 18 £02 22 0.2 22 102
NS 7.4 0.7 53 £+06 80 +08 8.3 10.6
HSD 75 07 52 +03 78 205 7.7 0.7

(*)

(§) = significant difference (p < 0.05) NS vs. HSD at baseline, but not at hemorrhage
(°) = significant difference (p< 0.05) NS vs. HSD over all time points following resuscitation.
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TABLE 5 - FLUID AND ELECTROLYTE EXCRETION DATA

BASELINE HEMORRHAGE 60' RES 120' RES
URINARY OUTPUT
(ml/kg/hour) NS 51 = 0.9 1.1 ¢ 04 56 + 1.5 54 + 26
HSD 9.0 + 1.7 i4 1+ 03 39 + 0.8 3.7 £ 07
Nz EXCRETION
_ (mEq/kg/hour) NS 1.1 2 0.2 0.2 = 0.1 1.2 £ 0.2 1.1 ¢ 04
#HSD 16 t 03 02 = 0.0 0.8 + 0.2 08 + 0.2
K EXCRETION
(mEq/kg/hour) NS 032 i+ 0.03 0.08 £+ 002 0.15 * 0.03 0.17 £ 0.03
HSD 0.34 + 0.04 0.07 + 0.01 0.18 + 0.02 0.24 + 0.03

no significant differences (p > 0.05) between groups over all time points following resuscitation.




32 -- Pascual et al.

OFFICIAL DISTRIBUTION LIST

Commander
US Army Medical Resecarch

& Development Command
ATTN: SGRD-RMS/Mrs. Madigan
Fort Detrick, MD 21701-5012

Defense Technicel Information Center
ATTN: DTIC/DDAB (2 copies)
Canieron Station

Alexandria, VA 22304-6145

Office of Under Secretary of Defense
Researck and Engineering

ATTN: R&AT (E&LS), Room 3D129

The Pentagon

Washington, DC  20301-3080

DASG-AAFIML

Army/Air Force Joint Medical Library
Offices of the Surgeons General

5109 Leesburg Pike, Room 670

Falls Church, VA 22041-3258

HQ DA (DASG-ZXA)
WASH DC 20310-2300

Commandant

Academy of Health Sciences

US Army

ATTN: HSHA-CDM

Fort Sam Houston, TX 78234-6100

Uniformed Services University of
Health Sciences

Office of Grants Management

4301 Jones Bridge Road

Bethesda, MD 20814-4799

US Army Research Office

ATTN: Chkemical and Biological
Scieaces Division

PO Box 12211

Research Triangle Park, NC 27709-2211

Director

ATTN: SGRD-UWZ-L

Walter Reed Army Institute of Research
Washington, DC. 20307-5100

Commander

US Army Medical Research Institute
of Infectious Diseases

ATIN: SGRD-ULZ-A

Fort Detrick, MD 21701-5011

Commander

US Armmy Medical Bioengineesing Research
and Development Laboratory

ATTN: SGRD-UBG-M

Font Detrick, Bldg 568

Frederick, MD 21701-5010

Commander

US Army Medical Bioengineering
Research & Development Laboratory

ATTN: Library

Fort Detrick, Bldg 568

Frederick, MD 21701-5010

Commander

US Army Research Institute
of Environmenta! Medicine

ATTN: SGRE-UE-RSA

Kansas Street

Natick, MA  01760-5007

Commander

US Army Research Institute of
Surgical Research

Fort Sam Houston, 1X 78234-6200

Commander
US Army Research Institute of
Chemical Defease
ATTN: SGRD-UV-AJ
Aberdeen Proving Ground, MD 21010-5425

Commander

US Army Aeromedical Resezrch
Laboratory

Fort Rucker, AL 36362-5000

AIR FORCE Office of Scientific
Research (NL)
Building 410, Room A217
Bolling Air Force Base, DC 20332-6448

USAF School of Aerospace Medicine
Document Section

USAFSAM/TSKD

Brooks Air Force Base, TX 78235-5301

Head, Biological Sciences Division
OFFICE OF NAVAL RESEARCH
800 North Quincy Street
Arlington, VA 22217-5000

Commander

Naval Medical Command-02
Department of the Navy
Washington, DC  20372-5120

4/91




