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Acute Cerebral Effects of Isotonic Crystalloid and Colloid
Solutions Following Cryogenic Brain Injury in the Rabbit

Mark H. Zornow, M.D.,” Mark S.. Scheller, M.D.,t Michael M. Todd, M.D.,4 Suzanne S. Moore, B.S.§

Despite the numerous studies examining the relative merits of
crystalloids versus colloids for expansion of intravascular velume,
little attention has been directed to the cerebral effects of these
solutions. In particular, the effect of changes in plasma oncotic
pressure on brain water content are poorly understood. The authors
recently examined the acute effects of changes in plasma osmolality
and colloid oncotic pressure in normal animals, and found that a
65% reduction in oncotic pressure had no detectable effect on brain
water content or intracranial pressure. In an effort to extend these
studies to a more clinically relevant situation, the authors have now
compared the acute effects of 0.9% saline, 6% hetastarch, and 5%
albumin on regional cerebral water content and intracranial pres-
sure in an animal model of brain injury produced by focal cortical
freezing. Under general anesthesia and following the production of
the cryogenic brain lesion, rabbits underwent a 45-min period of
isovolemic hemodilution to a hematocrit of 20-25% with one of the
three selected fluids. The saline group required approximately
twice as much fluid (207 £ 17 ml) to maintain a stable mean arterial
pressure and central venous pressure as did the hetastarch (105 £ 14
ml) or albumin (103 + 29 ml) groups. As intended, the oncotic
pressure decreased by a mean of 9.6 + 2.4 mmHg in the saline
group, while remaining stable in the hetastarch and albumin
groups. There were no significant changes in osmolality in any
group during the hemodilution period. Intracranial pressure in-
creased in all groups following production of the cerebral lesion,
but there were no differences between the various experimental
groups upon conclusion of the hemodilution. Brain water content
was significantly increased in the vicinity of the cryogenic lesion,
but there were no differences between the various hemodilution
groups. This experiment suggests that a decrease in plasma oncotic
pressure due to the administration of an isotonic crystalloid solu-
tion does not acutely exacerbate the cerebral edema that is produced
by this model of brain injury. (Key words: Brain: edema; intracra-
nial pressure. Complications: cerebral edema. Fluid therapy: col-
loids; crystalloids.)

TRAUMA VICTIMS and neurosurgical patients may re-
quire the intravenous administration of large volumes
of fluids to treat or prevent the onset of hypovolemia.
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Despite numerous studies comparing the relative merits
of crystalloid versus colloid solutions for resuscitation,'®
there is little information on the cerebral effects of
these solutions. In particular, the effects of hypo-on-
cotic (e.g., crystalloid) solutions on cerebral edema for-
mation are unknown. This lack of knowledge is espe-
cially distressing, as postoperative and post-traumatic
intracranial hypertension is a major cause of morbidity
in these patients.

Although it is often recommended that crystalloid
solutions be avoided in patients with head injuries to
minimize edema formation, there is a paucity of experi-
mental evidence to substantiate this claim. Massive pe-
ripheral edema may follow an acute decrease in plasma
oncotic pressure, but it is unclear whether this same
phenomena occurs in the brain. In a previous study, we
demonstrated that decrements in plasma oncotic pres-
sure have no acute effect on brain tissue water content
in regions where the blood-brain barrier remains in-
tact.® However, in regions where the blood-brain bar-
rier has been disrupted, it is impossible to predict the
effects of a hypo-oncotic state on water movement be-
tween the vasculature and the interstitium.

We, therefore, investigated the acute cerebral effects
of three commonly used isotonic fluids in an animal
model of brain injury. Following the production of a
cryogenic cerebral lesion, the animals were hemodi-
luted by the simultaneous withdrawal of blood and in-
fusion of 0.9% saline, 6% hetastarch, or 5% human al-
bumin to simulate concurrent hemorrhage and volume
resuscitation. The effect of the various solutions on in-
tracranial pressure (ICP) and brain water content were
then compared.

Materials and Methods

All experiments were approved by the Animal Care
Committee of the University of California at San Diego.
Thirty-two New Zealand white rabbits weighing 3.3
* 0.3 kg (mean + SD) were anesthetized with 4% halo-
thane in oxygen in a closed Plexiglas box. A 22-gauge
catheter was inserted into a marginal ear vein and the
animals were paralyzed with pancuronium bromide (1
mg iv) to facilitate oral intubation with a 3.0-mm cuffed
endotracheal tube. Mechanical ventilation was begun
with a tidal volume of =15 ml/kg at a rate of 35
breaths/min using an inspired gas mixture of 0.5-0.7%
halothane in 70% nitrous oxide and oxygen. CO; was
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added to the inspired gas mixture to maintain normo-
carbia as initially assessed by expired gas analysis and
later by arterial blood gas measurements (Paco, 35-40
mmHg). Maintenance fluids consisted of 0.9% saline
infused through the ear vein catheter at a rate of 4
ml- kg™ -h~!. Esophageal temperature was servo-con-
trolled to 37° C through the use of heat lamps. Follow-
ing infiltration with 0.25% bupivacaine, bilateral groin
incisions were made for the placement of femoral arte-
rial and central venous catheters for pressure recording
and an inferior vena cava catheter for subsequent blood
withdrawal. Right atrial location of the central venous
catheter was confirmed by monitoring of the pressure
waveform during pullback from the right ventricle.
The animals were then placed in the prone ‘“‘sphinx”
position and the head fixed in a stereotactic frame
(David Kopf Instruments; Tujunga, California) with the
interaural line approximately 12 cm above the mid-
chest. The scalp was infiltrated with 0.25% bupivacaine,
incised in the midline, and reflected laterally to expose
the skull, and an 18-gauge ventriculostomy needle was
stereotacticly inserted into the right lateral ventricle via
a burr hole located 8 mm lateral and 9 mm posterior to
the bregma.

Monitored variables in all animals included mean ar-
terial pressure (MAP), central venous pressure (CVP),
ICP, arterial blood gases, hematocrit, plasma osmolal-
ity, and oncotic pressure. The ICP transducer was ref-
erenced to the interaural line, while transducers used
for recording MAP and CVP were zeroed at the mid-
chest. All pressures are reported as electrical means.
Osmolality was measured by freezing point depression
while oncotic pressure was determined using a Wescor
4400 colloid osmometer with an §S-030 membrane.

When the surgical preparation was complete and
blood gas analysis confirmed acceptable values (i.e., Pao,
> 100 mmHg, Paco, 35-40 mmHg), a metal funnel
with a neck diameter of 1 cm was cemented to the intact
skull overlying the left hemisphere. The anterior edge
of the funnel neck was situated on the coronal suture
and the medial edge on the sagittal suture. Evans blue
dye (1 ml, 3% solution) was administered intravenously,
and MAP, CVP, ICP, hematocrit, plasma osmolality,
and oncotic pressure were determined. The cryogenic
lesion was then created by applying liquid nitrogen to
the skull overlying the left hemispere (via the funnel)
for precisely 60 s.

Immediately after the production of the cryogenic
lesion, the animals were entered into one of four experi-
mental groups. In one of these (CONTROL, n = 8), no
further intervention was made and animals received
only a maintenance infusion of saline (4 ml/kg/h) for
the ensuing 45 min. The remaining animals underwent
a 45-min period of isovolemic hemodilution. Blood was
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TABLE 1. Colloid Oncotic Pressure and Osmolality
of Infused Solutions

cop OSM
(mmHg) (mOsm /kg)
Control Not hemodiluted
Saline 0 282
Hetastarch 23 304
Albumin 22 265

withdrawn from the inferior vena caval catheter at a
rate of 2-3 ml/min using a roller pump. This was re-
placed with one of three selected fluids, each given via
the ear vein catheter in a volume sufficient to maintain
MAP and CVP at baseline (pre-dilution) values. The
three fluids were: 0.9% saline (Saline, n = 8), 6% heta-
starch in saline (Hespan, n = 8), or 5% albumin in saline
(Albumin, n = 8). The measured osmolality and oncotic
pressure of these three fluids are summarized in table 1.

Upon completion of the hemodilution period, MAP,
CVP, and ICP were again recorded, a second blood
sample obtained, and the animals killed with intrave-
nous potassium chloride. Using Friedman bone ron-
geurs, an extensive craniotomy was performed. The
brains were rapidly removed and the hemispheres indi-
vidually weighed before being immersed in cold (4° C)
kerosene for 15 min. Using a #11 scalpel blade and a
pair of forceps, 2 mm?® samples of the left cortex were
obtained from the lesion (which was defined by intense
Evans blue staining), in the perilesional area, and ante-
rior to the lesion as well as corresponding samples from
the right hemisphere (fig. 1). These were placed in a
kerosene/bromobenzene density gradient for determi-
nation of their specific gravities (i.e., water content).
Linearity of the gradients was verified using potassium
sulfate standards following each set of determinations.

Data were analyzed using analysis of variance and
multiple comparison tests when appropriate. Signifi-
cance was assumed for P < 0.05.

LEFT BIGHT

[ peri-lesional edema

FRONTAL B cryogenic lesion
@ = sampling sites for
CENTRAL cortical specific gravity
POSTERIOR —1

FIG. 1. Cortical sampling sites for specific gravity determinations.
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TABLE 2. Post-hemodilution Values

Control Saline Hetastarch Albumin
MAP (mmHg) 86+9 83 + 12 88 +7 806
CVP (mmHg) 41 41 4x1 3+£2
ICP (mmHg) 13+6 16 + 16 19 +10 16 £10
pH 7.36 £ .04 7.34 £ .04 7.42 +.08 7.38 +.08
Paco, (mmHg) 364 38 2 37 +4 365
Pag, (mmHg) 178 + 18 172 + 15 170 £ 14 170 £ 10
HCT (%) 38 + 3* 24 £2 201 23+ 2
Fluid in (ml) 0 207 + 17* 105 = 14 103 £ 29
Blood out (ml) 0 89 +19 89+13 75+ 16
A OSM (mOsm/kg) 0.8+54 1.2 £ 4.4 7.1+£7.2 2.5 + 8.5
A COP (mmHg) —0.6 + 1.0 ~9.6 + 2.4* 0.6 +0.7 -02+ 1.8

All values are mean + SD upon completion of 45 min of hemodilu- * P < 0.05.

tion.

Results

Prior to hemodilution, there were no differences in
any physiologic variables between the four groups. The
values recorded upon completion of the study period
are shown in table 2. No intergroup differences existed
for MAP, CVP, ICP, or arterial blood gases. As ex-
pected, the hematocrit was significantly lower in the
three hemodiluted groups as compared with Controls
(20-24% vs. 38%). In spite of the similar volumes of
blood withdrawn, animals in the Saline group required
significantly more fluid (207 = 17 ml) than the Hespan
(105 £ 14 ml), or Albumin (103 * 29 ml) animals dur-
ing hemodilution to maintain a stable MAP and CVP
(table 2). As intended, oncotic pressure decreased in the
saline group (A oncotic pressure = —9.6 + 2.4 mmHg,
53% reduction from baseline, P < 0.001). There were
no significant changes in osmolality in any group during
hemodilution.

LESIONED HEMISPHERE

Visual inspection of the cortical surfaces of all of the
brains revealed a well-circumscribed area (=1 cm diam-
eter) of dark Evans blue staining corresponding to the
site of application of the liquid nitrogen. This was sur-
rounded by a pale blue rim of edematous tissue (fig. 1).

Left hemispheric cortical samples showed decreasing
specific gravity (i.e., increasing water content) as they
approached the lesion (fig. 2). There were, however, no
differences in cortical specific gravity between the var-
ious hemodilution groups at any one site. Correspond-
ing samples from the right hemisphere showed no dif-
ferences in specific gravity between any of the three
sampling sites or for any of the hemodilution groups
(fig. 3).

The wet weight of the lesioned hemisphere was sig-
nificantly greater than that of the non-lesioned hemi-
sphere (3.84 + 0.32 grams vs. 3.53 + 0.34 grams, P
< 0.001).

Discussion

There are little experimental data to guide the fluid
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F1G. 2. Mean * SD specific gravity of cortical samples from lesioned
hemisphere. Specific gravity decreases (.., water content increases) as
the sampling site approaches the lesion. At any given site, there are no
differences between the various hemodilution groups.

examined the acute cerebral effects (regional brain
water content and ICP) of decreasing plasma oncotic
pressure in an animal model of brain injury.

These experiments were designed to complement
and extend previous studies performed in normal rab-
bits. We chose to use a cryogenic lesion in these studies
to model the pathologic changes seen following brain
injury. Although “‘artificial,” this lesion closely mimics
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many of the changes seen following traumatic injury.
Histologic examination of brain tissue following a cryo-
genic lesion demonstrates cellular disruption, vascular
congestion, and interstitial edema.%’ Breakdown of the
blood-brain barrier is demonstrated by the extravasa-
tion of intravascular markers (albumin, Evans blue dye)
into the interstitium,%® a finding repeated here. Finally,
such an injury leads to progressive increases in ICP and
evidence of increased water content (i.e., edema) in the
lesioned and peri-lesional cortex.

The method by which fluids were given is also impor-
tant to understanding the results of this experiment.
The simple infusion of the volumes of fluid needed to
alter the oncotic pressure would clearly result in
marked hypervolemia, increasing CVP, and an elevated
cerebral venous pressure—changes that can themselves
alter ICP and increase cerebral edema. We, therefore,
chose to employ a model of isovolemic hemodilution,
which permits much greater control over plasma com-
position while maintaining stable arterial and venous
pressures. By carefully adjusting the composition of the
infused fluids, it was possible to selectively reduce on-
cotic pressure by over 50% without any significant
changes in plasma osmolality. It should be noted that we
did not elect to use the previously reported technique of
hollow-fiber plasmapheresis (which permits plasma
composition to be altered without an accompanying
change in hematocrit).! Unfortunately, the requisite
degree of heparinization needed for this method lead to
an unacceptable incidence of intracranial hemorrhage
in these injured animals.

Lastly, some mention needs to be made of the use of
microgravimetry to detect changes in regional brain
water content. The validity of this method has been
repeatedly confirmed,®!! and its sensitivity is again
demonstrated in this experiment as we were able to
detect the increased water content of the lesioned and
perilesional tissue. Although there may be concern that
hemodilution-produced alterations in plasma protein
content may invalidate this method, a recent study con-
cluded that the main determinant of brain tissue spe-
cific gravity is tissue water content, and that alterations
in serum protein content have little or no effect on this
relationship.'? Specific gravities can be reported as the
more familiar percent water content; however, as we
were primarily interested in this study in comparing
water contents between the various groups as opposed
to measuring its absolute value, we chose to report the
specific gravity values that were observed.

As intended, cortical cryogenic injury resulted in a
number of obvious cerebral abnormalities, including an
increase in hemispheric weight, a reduction in regional
specific gravity, the extravasation of Evan’s blue labeled
protein, and intracranial hypertension. However, more

CRYSTALLOID AND COLLOID EFFECTS ON INJURED BRAIN 183

NON-LESIONED HEMISPHERE
1.045 -

HEMODILUTION
- P s SOLUTION
8 E 1o o 75 SALINE
g 7k 7 HESPAN
: S Z Z @ ALBUMIN
§ 8 1o é é
gl o Z Zk
2 7%
\ 1,030

FRONTAL CENTRAL POSTERIOR
CORTICAL LOCATION

FIG. 3. Mean * SD of specific gravity of cortical samples from the
non-lesioned hemisphere. No differences exist between the various
sampling sites or between the hemodilution groups at any particular
site.

importantly, it is clear that the marked reduction in
oncotic pressure achieved in the saline-diluted animals
was not associated with any additional alterations in ei-
ther regional specific gravity or ICP as compared with
the two colloid-diluted groups. This result is essentially
identical to that observed in normal animals, and may
be surprising to some. Nevertheless, a theoretical expla-
nation can be found by carefully examining the Starling
equation.'® This equation states that the hydrostatic
forces that act to drive water out of the intravascular
space are counteracted by an osmotic gradient that
functions to draw fluid back into the capillary. In pe-
ripheral tissues, this osmotic effect is almost entirely the
product of an intravascular-extravascular difference in
protein concentration (and is hence an *‘oncotic” gra-
dient), since small ions (e.g., Na™) easily move across the
capillary bed and, hence, cannot contribute to the pro-
duction of a gradient. If plasma oncotic pressure is re-
duced, there will be a increased movement of fluid into
the interstitium and edema will result if there is inade-
quate lymphatic drainage. Such a phenomenon is com-
monly seen in patients resuscitated with large volumes
of crystalloid. However, the brain, unlike peripheral
tissues, is isolated from the vasculature by the blood-
brain barrier. When intact, the blood-brain barrier is
impermeable to most plasma solutes (Na*, CI~, etc)."
Under such circumstances, plasma osmolality (instead
of oncotic pressure, which represents only a tiny frac-
tion of the total osmolality) becomes the primary deter-
minant of water movement between the vasculature
and interstitum. The relatively weak gradient that can
be produced by even substantial reductions in oncotic
pressure is insufficient to produce any measurable net
water movement into the brain interstitium.

If the blood-brain barrier is rendered permeable to
plasma proteins, as it is following head trauma and after
cryogenic injury (witness the extravasation of Evan’s
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blue-labeled albumin), neither an oncotic nor osmotic
gradient can be established in the region of the injury.
Under these circumstances, edema formation becomes
entirely dependent on hydrostatic forces. Plasma onco-
tic pressure is no longer a determinant of water flux,
and decreasing oncotic pressure by the infusion of an
isotonic crystalloid cannot exacerbate edema forma-
tion. Since altering oncotic pressure is also without ef-
fect in non-injured tissue, it can be concluded the
plasma oncotic pressure is probably unimportant in de-
termining water movement between the vasculature
and the interstitium in the brain.

Do these observations have any implications for the
clinical management of neurosurgical patients or
trauma victims with concomittant head injuries? As
noted above, we recognize that the lesion used in these
studies is “artificial” (although, in many ways, it resem-
bles those changes seen following traumatic injury).
The experiment was also brief, and it may be difficult to
predict whether there might be any “chronic” effects of
changes in oncotic pressure. Nevertheless, these obser-
vations do not support the belief that isotonic crystal-
loids should be withheld from patients with decreased
intracranial compliance, particularly when the adminis-
tration of such fluids is deemed necessary for the
achievement of hemodynamic stability,
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