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Resuscitation from hemorrhagic shock by infusion of isotonic
(normal) saline (NS) is accompanied by a transient elevation in
intracranial pressure (ICP), although cerebral edema, as measued
by brain weights at 24 hours, is prevented by adequate volume
resuscitation. The transient increase in ICP is not observed during
hypertonic saline (HS) resuscitation. The effect of colloid re-
suscitation on ICP is unknown. Beagles were anesthetized, in-
tubated, and ventilated, maintaining pCO, between 3045 torr.
Femoral artery, pulmonary artery, and urethral catheters were
positioned. ICP was measured with a subarachnoid bolt. Forty
per cent of the dog’s blood volume was shed and the shock state
maintained for 1 hour. Resuscitation was done with shed blood
and a volume of either NS (n = 5), 3% HS (n = 5), or 10%
dextran-40 (D40, n = 5) equal to the amount of shed blood.
Intravascular volume was then maintained with NS. ICP fell
from baseline values (4.7 + 3.13 mmHg) during the shock state
and increased greatly during initial fluid resuscitation in NS and
D-40 groups, to 16.0 + 5.83 mmHg and 16.2 + 2.68 mmHg,
respectively. ICP returned to baseline values of 3.0 + 1.73
mmHg in the HS group with initial resuscitation and remained
at baseline values throughout resuscitation. NS and D-40 ICP
were greater than HS ICP at 1 hour (p < .001) and 2 hours (p
< .05) after resuscitation. These results demonstrate that NS
or colloid resuscitation from hemorrhagic shock elevates ICP
and that HS prevents elevated ICP.

from hemorrhagic shock demands the adminis-

tration of saline in addition to reinfusion of blood
was first made by Wiggers.! The electrophysiologic basis
for this requirement was established by Shires and asso-
ciates.>”> To restore cell membrane potential differences
and repair the sodium-potassium pump after shock, a
volume of crystalloid approximately four times the vol-
ume of hemorrhage is needed. Inadequate resuscitation
is associated with the development of cerebral edema,® a
process that is prevented by adequate restoration of in-
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travascular volume.” Recently, however, increased ICP
has been noted despite adequate resuscitation from hem-
orrhagic shock as well.®

The massive amounts of isotonic crystalloid solution
required for adequate resuscitation of severely injured pa-
tients has prompted the evaluation of smaller volumes of
either hypertonic saline (HS) or colloid solutions as a sub-
stitute. In a number of studies, HS solutions were as ef-
fective in resuscitation as isotonic electrolyte solutions of
three times the volume.>!! Likewise, colloid resuscitation
effectively expands plasma volume and also maintains
this volume for a greater time than that observed with
crystalloid resuscitation.'>!3

We compared the effect of ICP of normal saline (NS),
HS, and colloid (Dextran-40 [D-40]) during resuscitation
from experimental hemorrhagic shock.

Materials and Methods

Beagles weighing 8.5-14.5 kg were splenectomized. Af-
ter an overnight fast, each dog was anesthetized with 4
mL of 5% thiamylal sodium, placed in a supine position,
intubated endotracheally, and ventilated at a tidal volume
of 15 mL/kg and a fraction of inspired oxygen (FiO,) of
1.00. Ventilation was adjusted to maintain pCO, between
30-45 torr. Additional intravenous doses of sodium pen-
tobarbital, 2.5-5.0 mg/kg, were given as needed for anes-
thesia. Bilateral femoral vessel cutdowns were performed
and 16-gauge 2-inch catheters placed in both femoral ar-
teries. A flow-directed thermodilution pulmonary artery
catheter was positioned via a femoral vein.

Each dog was then turned on its left side. A burr hole
was made in the right hemicranium with a 0.25-inch twist
drill, and ICP was measured with a pediatric subarachnoid
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bolt attached to a transducer. ICP was calibrated against
a mercury column and zeroed at the level of the right
orbit. Right femoral arterial and pulmonary catheters were
attached to pressure transducers zeroed at the level of the
atria and calibrated against a mercury column. ICP, right
atrial pressure (RAP), pulmonary capillary wedge pressure
(PCWP), and pulmonary artery pressure (PAP) were re-
corded simultaneously on a Beckman polygraph, and val-
ues for each were documented in 15-minute intervals from
baseline values. Cardiac output (CO) and core temperature
were also recorded at each interval. Pulmonary vascular
resistance (PVR) was calculated using the following equa-
tion: PVR = PAP — PWP/CO. A urethral catheter was
used to measure urine output every 15 minutes. The
bladder was emptied just before the shock period.

Baseline hemodynamic measurements were obtained.
Forty per cent of the total blood volume (79 mL/kg) was
shed via the left femoral artery catheter over 5 minutes
and collected in a citrate-phosphate-dextrose blood bag.
After 1 hour of shock (end shock period), one half of the
shed blood was transfused over 15 minutes. Hemody-
namic measurements were obtained and then an amount
of NS (Group I [GrI], n = 5) or 3% HS (Group II [GrlI],
n = 5) equal to the amount of shed blood was given.
Group III (GrlII) comprised five dogs from Grl and GrlII
that had recovered from the first experiment for at least
2 weeks and had a normal hematocrit and neurologic
status. GrllI received 10% D-40 in NS in an amount equal
to the crystalloid solutions given to Grl and GrlIl. All
groups were then given 1500 mL of NS over the subse-
quent 75 minutes. The remaining shed blood was trans-
fused in the final 15 minutes. At the completion of each
experiment the subarachnoid bolt and vascular catheters
were removed. The burr hole was filled with bone wax
and the incision was closed. Femoral arteries were repaired
and the groin incision was closed. All dogs were breathing
spontaneously at this time and regained consciousness.
Baseline arterial samples were obtained and taken hourly
for the duration of the experiment. From each sample,
hematocrit (Hct), sodium (Na), potassium (K), osmolarity
(osm), and base deficit (BD) determinations were made.

Data were analyzed using the Statistical Analysis Sys-
tem (SAS) at the University of Illinois, Chicago, Illinois.
Unpaired t-tests were performed between group values
for each time point. Values of p < 0.05 were considered
significant.

Results

Mean weight and volume of blood shed for GrI, GrlI,
and GrlII are listed in Table 1. Mean weight for all dogs
was 11.2 + 1.72 kg and the mean volume of blood loss
was 351 + 54.1 mL. Baseline mean arterial blood pressures
(MAP) of the three groups shown in Figure 1 were not
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TABLE 1. Mean Weight of Dogs and Volume of Blood Loss

GR1 Grll Grlll
Baseline
weight 11.6x 196Kg 11.1+ 1.39Kg 108+ 1.82Kg
Amount bleed
(40% blood
volume) 358 +69.6 mL 351 +44.1mL 343+57.6 mL

different. After hemorrhage, MAP dropped to between 31
+ 16.2 and 52 + 23.6 mmHg. During shock, MAP spon-
taneously increased to between 51 + 19.2 and 74 + 20.1
mmHg. The addition of one-half shed blood volume in-
creased MAP to 75% of baseline values. MAP reached
near baseline values after infusion of either NS, HS, or
D-40. For the duration of resuscitation, MAP was at or
near baseline values and was not statistically different
among the groups at any time. Systolic and diastolic blood
pressures followed a pattern similar to MAP. Heart rate
(Fig. 2) remained at essentially baseline values for the
duration of the experiment (all dogs had tachycardia most
likely due to light anesthesia). Baseline cardiac outputs
ranged from 1.53 + 0.44 to 2.07 + 0.66 L/min (Fig. 3).
Hemorrhage decreased CO to 20% of bascline values.
During shock, CO increased spontaneously to 40% of
baseline values. Reinfusion of one-half shed blood volume
increased CO to 75% of baseline values. The addition of
NS, HS, and D-40 increased CO above baseline values.
A hyperdynamic state continued during infusion of 1500
mL of NS although CO was not statistically different
among the groups. Mean measurements of RAP, PAP,
and PCWP are shown in Figures 4, 5, and 6, respectively.
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FIG. 1. Mean arterial blood pressure measurements at baseline (BL),
through shock (1 hour) and resuscitation. Resuscitation was initiated
with one-half shed blood volume followed 15 minutes later by a volume
of test fluid, either NS (Grl), HS (Grll), or D-40 (GrlIII) equal to the
amount of shed blood. Infusion of 1500 mL of NS and the remaining
shed blood over 90 minutes completed the study period. Values are
mean * SD.
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FIG. 2. Heart rate measurements at baseline (BL), through shock (1 hour)
and resuscitation. Resuscitation was initiated with one-half shed blood
volume followed 15 minutes later by a volume of test fluid, either NS
(Grl), HS (GrlI), or D-40 (GrlII) equal to the amount of shed blood.
Infusion of 1500 mL of NS and the remaining shed blood over 90 minutes
completed the study period. Values are mean + SD.

Filling pressures fell with hemorrhage and, like MAP, in-
creased during the shock period. Infusion of one-half shed
blood volume brought filling pressures to near baseline
values in all groups. Filling pressures remained near or
above baseline values for the duration of fluid resuscita-
tion. GrllI (D-40) sustained filling pressures statistically
greater than Grl or Grll during resuscitation. HS provided
lower filling pressures than NS throughout fluid resusci-
tation although mean PAP measurements were statisti-
cally different between Grl and Grll only immediately
after administration of the initial volume of shed blood
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FIG. 3. Cardiac output measurements at baseline (BL), through shock
(1 hour) and resuscitation. Resuscitation was initiated with one-half shed
blood volume followed 15 minutes later by a volume of test fluid, either
NS (Grl), HS (GrlI), or D-40 (GrlIII) equal to the amount of shed blood.
Infusion of 1500 mL of NS and the remaining shed blood over 90 minutes
completed the study period. Values are mean + SD.
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FIG. 4. Mean RAP measurements at baseline (BL), through shock (1
hour) and resuscitation. Resuscitation was initiated with one-half shed
blood volume followed 15 minutes later by a volume of test fluid, either
NS (Grl), HS (GrlII), or D-40 (GrlIII) equal to the amount of shed blood.
Infusion of shed blood over 90 minutes completed the study period.
Values are mean + SD.
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and test fluid. GrllI filling pressures fell during late re-
suscitation,

Urine outputs (mL/kg) for shock and resuscitation are
listed in Table 2 and Figure 7. All dogs had no urine
output during shock. Urine flow began early in resusci-
tation but diuresis was delayed in GrlII. Total urine output
after 1 hour of resuscitation was highest in Grll (HS),
intermediate in Grl (NS), and lowest in GrlII (D-40).
These differences were significant. Although this trend
persisted after 2 hours of resuscitation, the differences were
not significant. The onset of diuresis in GrllII correlated
with the fall in pulmonary and left ventricular filling pres-
sures.

Baseline ICP values ranged from 3.8 + 2.49 to 6.4
+ 3.21 mmHg (Fig. 8). ICP decreased during shock but
then increased essentially to baseline values with the in-
fusion of one-half shed blood volume. The addition of
NS or D-40 significantly increased ICP. HS, however,
maintained ICP at baseline values. Grl and GrllI showed
greatly elevated ICP throughout resuscitation compared
with Grll, which maintained baseline values throughout
resuscitation with NS. ICP values in Grlll (D-40) de-
creased in late resuscitation coincidently with a fall in
filling pressures and increased urine output.

The pattern of PVR (Fig. 9) was similar in all groups
regardless of the type of fluid resuscitation. PVR increased
during shock when CO decreased and returned to values
below baseline with resuscitation. The low PVR values
were presumably due to the elevated CO observed in all
groups.

Hct, osm, Na, and K values are listed in Table 2. Hct
fell with hemorrhage and was lowest after 1 hour of re-
suscitation. After transfusion of the remaining blood vol-
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ume in late resuscitation, Hct increased in all groups. After
1 hour of resuscitation, Hct of GrllI was significantly lower
than that of Grl or GrllI and remained significantly lower
than that of Grll until the end of the study. Presumably
the low Hct observed in GrllIl was due to an increased
intravascular volume and hemodilution.

Osm increased significantly in Grll after infusion of
HS. The elevated osm correlated with a significantly el-
evated serum Na. Serum K values decreased equally in
all groups with resuscitation from shock.

Temperature, arterial pH, BD are also shown in Table
2. All dogs had an increased BD and decreased arterial
pH despite adequate fluid resuscitation. Temperature fell
steadily throughout the study. Values were not statistically
different among groups.

All dogs in GrI and Grll survived without neurologic
sequelae. Two of five dogs in GrlllI died after the study.
One dog never regained consciousness but maintained
respirations until death at 24 hours after the study. The
second dog died 3 days after the study; this animal was
lethargic but ambulatory. These two dogs had the lowest
Hct after 2 hours of resuscitation, 15.5 and 14.5, respec-
tively.

Discussion

Hemorrhagic shock is associated with progressive de-
terioration of cellular function leading to death. As per-
fusion pressure falls, transmembrane potential decreases
independent of pH, plasma potassium concentration, bi-
carbonate concentration, or CO, tension.>'#!* The aden-
osine-triphosphate (ATP)-dependent sodium-potassium
pump fails, allowing Na flux into and K flux out of the
cell. Interstitial water then enters the cell, causing intra-
cellular edema. As shock continues, oxidative phosphor-
ylation ceases and plasma membranes are disrupted. Ly-
sosomal granules leak enzyme contents, and autodigestion
of the cell begins.!® Adequate resuscitation of cellular
function requires restitution of blood volume and oxygen-
carrying capacity. Whole blood is not entirely sufficient
for resuscitation due to the extracellular losses of Na and
water that require replacement with electrolyte solu-
tions.>>!3 Resuscitation must begin before the condition
of the “sick cell” is irreversible.

Relying on the studies of Lowe et al.,'” we use isotonic
crystalloid solutions for resuscitation of patients with de-
pleted effective circulating plasma volume. Although the
volumes of isotonic crystalloid required to resuscitate and
maintain the severely ill or injured surgical patient are
large, Lowe and associates'” reported that no adverse ef-
fects on pulmonary parameters occurred, even when
massive volumes of crystalloid were infused. The effects
of crystalloid fluid resuscitation on intracranial pressures
have not been well documented.

If ICP becomes elevated as a consequence of massive
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FIG. 5. Mean pulmonary artery pressure measurements at baseline (BL),
through shock (1 hour) and resuscitation. Resuscitation was initiated
with one-half shed blood volume followed 15 minutes later by a volume
of test fluid, either NS (Grl), HS (Grll), or D-40 (GrlII) equal to the
amount of shed blood. Infusion of 1500 mL of NS and the remaining
shed blood over 90 minutes completed the study period. Values are
mean + SD.

fluid resuscitation, adverse effects may be seen, especially
in patients who have head injury complicating their
trauma. Preservation of cerebral perfusion appears to be
a determining factor in survival after hemorrhage.'® Mul-
tiple mechanisms protect cerebral perfusion pressure.
Autoregulation of cerebral blood flow over a wide range
of systemic blood pressures maintains cerebral perfusion
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FIG. 6. Mean pulmonary capillary wedge pressure measurements at
baseline (BL), through shock (1 hour) and resuscitation. Resuscitation
was initiated with one-half shed blood volume followed 15 minutes later
by a volume of test fluid, either NS (Grl), HS (Grll), or D-40 (GrlII)
equal to the amount of shed blood. Infusion of 1500 mL of NS and the
remaining shed blood over 90 minutes completed the study period. Values
are mean + SD.
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TABLE 2.
1 Hour of 2 Hours of
Baseline End Shock Resuscitation Resuscitation
Na
Grl 141 £1.48 141 £1.48 144 +1.22 146 +£1.92
Grll 142 £ 1.64 140+ 1.14 162 +3.03 157 +4.16
Gr III 140 £ 1.30 137+£3.21 141 +1.79* 146 + 3.29*
K
Grl 36136 2.9+.56 3.0+ .91 25+ .41
Grll 3.7+.29 29+ .43 29+.34 2.5+.31
Gr Il 39+.32 29+.24 3.0+.26 2.7+.18
Osm
Grl 301+12.2 294+ 129 295+ 12.1 290 + 34.0
Grll 294 +17.3 292 +8.5 326+3.8 317+ 14.5
Gr Il 289 +9.1 297+6.0 299 + 14.8+ 309 +14.7
Hct
Grl 34.5+4.76 26.3+3.96 19.5 +3.08 27.5+4.97
Grll 35.3+3.93 25.8+3.56 21.0+2.15 29.1 £4.01
Gr III 35.6 +4.77 26.0+5.79 14.5 +3.79% 21.4 +6.04|
Urine Output Bladder emptied
Grl 0.0 18.9+5.84 80.3 +20.1
Grll 0.0 349+14.3 125.4 £55.8
Gr Il 0.0 5.2+7.94§ 65.3+£42.0
Temp
Grl 33.2+1.41 326+ 1.44 31.6+£2.77 31.6 +3.66
Grll 344+1.37 33.7+1.23 323+1.25 29.9+1.83
Gr Il 34.1+1.22 33.5+1.49 31.4+1.42 30.7 + 1.64
Arterial pH
Grl 7.41+.14 7.42+.10 7.34+.12 7.32+.12
Grll 7.46 + .09 7.37+.06 7.30 .11 7.33%.11
Grlll 7.46 + .09 7.35+.14 7.33+.10 7.28+.07
BD
Grl —3.26+2.34 —6.48 + 3.36 —8.38+2.49 —8.46 + 1.61
Grll —2.28 +.84 —8.70 + 3.40 —10.58 £1.29 —9.46 +2.03
Gr Il -1.16 £ 1.17 —9.08 +5.42 -7.16+4.14 —8.08 +£3.21

* p <.001 (Grlvs. Grll); p <.001 (Gr II vs. Gr HII)
+p < .01 (Grlvs Grll); p <.05(Gr1lvs. GrlII)
$p <.05(Grlvs. Grll); p <.01(Grll vs. GrIII)

with MAP as low as 50 mmHg.'?° Below this pressure,
regionalization of cerebral blood flow occurs.2! The di-
encephalon (thalamus and hypothalamus), brain stem,
and cervical spinal cord then receive preferential flow. In
severe shock most of the CO is directed to the brain due
to elevated systemic vascular resistance.?>*? Restoration
of intravascular volume with crystalloid restores CO and
cerebral perfusion pressure, although cerebral blood flow
remains below preshock values for several hours.?? If only
the shed blood is returned, cerebral edema and cellular
damage occur.®’

Since 1951, isovolemic hemodilution models have
shown that NS increases ICP, whereas HS prevents this
rise.?* Elevation in ICP correlates with increased brain
water content.?>-%’ Isovolemic colloid hemodilution does
not affect the brain water content?®?*? and HS actually
decreases ICP and brain water content.?>?” Recently, NS
resuscitation of experimental hemorrhagic shock was
shown to increase ICP, and the addition of HS protected
the brain from this increase in ICP,® although survival
and neurologic sequelae were not documented. The effect

§p < .05 p=<.01(Grlvs. Grll);p=<.01(GrIIvs Grlll)
| p < .05 (Gr 1l vs. GrIIT)

on ICP of colloid resuscitation in a hemorrhagic shock
model is not known.

We attempted to produce sufficient hemorrhage to
overwhelm cerebral autoregulation, thereby causing ce-
rebral cellular damage. Because ICP becomes elevated
with cerebral swelling, any interstitial or cellular edema
induced by NS, HS, or D-40 resuscitation would be re-
flected as an increase in ICP.

We demonstrated that ICP falls as MAP decreases be-
low the level at which autoregulation maintains cerebral
perfusion pressure. ICP remains below baseline values for
the duration of the shock state, and increases as intravas-
cular volume is restored. Marked differences are noted
between dogs resuscitated with HS and those resuscitated
with either NS or D-40. NS resuscitation elevates ICP to
approximately 3-4 times baseline values, whereas HS re-
suscitation returns ICP to baseline values and maintains
it there despite NS reinfusion. D-40 resuscitation initially
elevates ICP to values similar to those observed with NS,
but during the second hour of maintenance fluid replace-
ment with NS, ICP returns to baseline values. These data
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FI1G. 7. Urine output measurements at baseline (BL), through shock (1
hour) and resuscitation. Resuscitation was initiated with one-half shed
blood volume followed 15 minutes later by a volume of test fluid, either
NS (Grl), HS (Grll), or D-40 (GrlIII) equal to the amount of shed blood.
Infusion of 1500 mL of NS and the remaining shed blood over 90 minutes
completed the study period. Values are mean + SD.

imply that cerebral edema occurs during NS and D-40
resuscitation of hemorrhagic shock. Administration of HS
early in fluid resuscitation appears to prevent cerebral
edema.

Because brain weights and brain water content mea-
surements were not done, we can only speculate that the
elevated ICP observed in dogs given NS or D-40 develops
secondary to fluid shifts into the extravascular space within
the brain. In the absence of shock, colloid hemodilution
with D-40 does not increase cerebral brain water or ICP.
D-40 is of sufficient size (40,000 daltons) that it remains
in the vascular space for up to 3 hours, after which it is
degraded and excreted in the urine.3’ D-40 also creates a
sufficient oncotic pressure to pull extravascular fluid into
the vascular space. Since ICP increases with D-40 resus-
citation from shock, we suspect that the shock state has
caused a breakdown in the blood-brain barrier, permitting
D-40 to enter the brain, drawing free water into the in-
terstitium, and causing cerebral edema. A reversal of this
process is noted during the second hour of resuscitation
when ICP in GrlII (D-40) returns to baseline values. As
ICP decreases, the urine output increases, suggesting that
D-40 shifts back to the vascular space, bringing water with
it. D-40 and water are then excreted in the urine as seen
by a fall in the pulmonary artery and left ventricular filling
pressures.

Restoration of adequate perfusion pressures during re-
suscitation from hemorrhage shock returns the cellular
transmembrane potential to normal.’> Since adequate
perfusion pressures were obtained in all treatment groups
during resuscitation, HS does not appear to exert its ce-
rebral protective effect (lowering ICP) by stabilization of
cell membranes through reestablishment of the trans-
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FIG. 8. Intracranial pressure measurements at baseline (BL), through
shock (1 hour) and resuscitation. Resuscitation was initiated with one-
half shed blood volume followed 15 minutes later by a volume of test
fluid, either NS (Grl), HS (GrlIl), or D-40 (GrlII) equal to the amount
of shed blood. Infusion of 1500 mL of NS and the remaining shed blood
over 90 minutes completed the study period. Values are mean + SD.

membrane Na-K gradient. Instead, HS may act by re-
placing plasma Na deficits known to occur during shock.>!
Alternatively, HS may simply act osmotically, pulling
water from the extravascular space into the intravascular
space”! "2 and, indeed, serum osm and Na concentrations
were significantly greater in the HS-treated group. Since
plasma volume is expanded by HS only temporarily, los-
ing 75% of its effectiveness within 30 minutes,>? we pro-
pose that HS not only provides an osmotic gradient for
water to enter the vascular space but also reestablishes
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FIG. 9. Pulmonary vascular resistance calculated at baseline (BL), through
shock (1 hour) and resuscitation. Resuscitation was initiated with one-
half shed blood volume followed 15 minutes later by a volume of test
fluid, either NS (GrlI), HS (GrlIl), or D-40 (GrlII) equal to the amount
of shed blood. Infusion of 1500 mL of NS and the remaining shed blood

over 90 minutes completed the study period. Values are mean + SD.
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proper function of the cell membrane and the blood-
brain barrier by another mechanism. Future studies will
be directed toward identification of such mechanisms re-
sponsible for maintenance of the blood-brain barrier.

All dogs except two treated with D-40 survived the study
neurologically intact. These two dogs sustained the greatest
hemodiluton we observed, which led us to suspect they
had neurologic damage resulting from inadequate re-
placement of the oxygen-carrying capacity of the blood.
Red blood cell transfusion requirements may be greater
when D-40 resuscitation is used.

Pulmonary artery and left ventricular filling pressures
were significantly greater in dogs given D-40 (GrlII). The
elevated filling pressures were not reflected in the systemic
pressures. HS dilates the pulmonary vasculature,®* and
this is reflected in lower filling pressures; D-40 may exert
an opposite effect. These differences in filling pressures
among groups were not reflected by a change in PVR.

Resuscitation from hemorrhagic shock with either NS
or D-40 is associated with significant elevations in ICP.
HS (3%) prevents this increase in ICP. We believe that
severe hemorrhagic shock with failure of autoregulation
and cerebral perfusion compromises cell membrane in-
tegrity and blood-brain barrier function. Conventional
resuscitation with NS or colloid solutions is not sufficient
to restore these functions, and cerebral edema with ele-
vating ICP occurs. The use of HS early in resuscitation
may enhance the return of cell membrane and blood-
brain barrier function, and may prove beneficial to the
patient in hemorrhagic shock who has also sustained neu-
rologic trauma.
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