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The Effect of the Reduction of Colloid Oncotic
Pressure, with and without Reduction of

Osmolality, on Post-traumatic Cerebral Edema
John C. Drummond, M.D., F.R.C.P.C.,* Piyush M. Patel, M.D., F.R.C.P.C.,t Daniel J. Cole, M.D.,+

Paul J. Kelly, B.S.§

Background: It has been asserted that reduction of colloid
oncotic pressure (COP) can aggravate traumatic brain edema.
To explore this issue, the authors measured the effect of COP
reduction, with and without a simultaneous decrease in osmol-
ality, on the development of brain edema after fluid percus-
sion injury (FPI).

Methods: Isoflurane-anesthetized Wistar rats received a 2.7-
atm right parasagittal FPI followed by isovolemic exchange
with (1) normal saline (NS); (2) half-normal saline (0.5 NS);
(3) whole blood (WB); or (4) hetastarch (Hespan, Dupont).
Shed blood (16 ml) was replaced with donor erythrocytes sus-
pended in the study fluid. The WB group received heparinized
fresh donor WB. Central venous pressure was maintained with
additional study fluid as required. The specific gravity (SG) of
the cortex and subcortex near the impact site was determined
4.5 h after FPI. The water content of the hemispheres was also
determined using the wet—dry method. To define the status
of the blood—brain barrier in the non—FPI hemisphere, two
additional groups (FPI, non—FPI) were studied. Both groups
received 30 mg/kg Evans’ blue and NS at 4 ml/kg '/h". Four
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hours after FPI, the concentration of Evans’ blue in the hemi-
spheres was determined.

Results: After exchange, COP (mmHg + SD) decreased in the
NS (9.6 + 2.1) and 0.5 NS (8.5 + 0.5) groups and was unchanged
in the WB (16.7 + 3.3) and hetastarch (18.9 + 1.1) groups.
Osmolality was unchanged in the WB group (295 = 5 mOsm/
kg), increased in the NS (304 + 3 mOsm/kg) and hetastarch
(306 + 2 mOsm/kg) groups, and was decreased in the 0.5 NS
group (261 + 6 mOsm/kg). The Evans’ blue data indicated that
FPI resulted in blood-brain barrier damage in both hemi-
spheres. In all four exchange groups, the SG of both cortical
and subcortical tissue was less (indicating greater water con-
tent) in the impact hemisphere than in the nonimpact hemi-
sphere. The SG was less in both hemispheres, although it was
less in both hemispheres in the NS and 0.5 NS groups than in
the WB and hetastarch groups. The lowest SG values were
observed in the 0.5 NS group. The wet—dry water content de-
terminations yielded a similar pattern of edema formation.

Conclusions: These data, while confirming the important
edematogenic effect of decreased osmolality, indicate that COP
reduction per se can also aggravate brain edema after a mild
to moderate mechanical head injury. (Key words: Cerebral
edema; fluid percussion injury; fluid resuscitation; head in-
jury; osmolality; trauma.)

SINCE the early years of this century, scientists have
known that parenteral fluid administration can influ-
ence cerebral edema. Many experiments, the first per-
formed as early as 1919, confirmed that fluid regimens
that provide free water, and cause a concomitant reduc-
tion in serum osmolality, can cause cerebral edema.' As
a consequence, the use of fluid management regimens
that avoid excess free water has been a standard ele-
ment of neuroanesthetic management.

Although it is accepted that a reduction in serum os-
molality will cause cerebral edema, there is not uniform
agreement about the potential effect of reductions in
colloid oncotic pressure (COP). Can a reduction in COP
without a simultaneous decrease in serum osmolality
aggravate cerebral edema? Some clinicians believe fer-
vently in the edematogenic effect of reduced COP that
can occur, for instance, with the administration of large
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volumes of normal saline. Furthermore, there are peer-
reviewed scientific reports purporting to provide evi-
dence for an edematogenic effect of decreased COP
(see Discussion section). However, several of those re-
ports have methodologic and other limitations that
leave some uncertainty. In addition, some carefully con-
ducted investigations have systematically sought an ede-
matogenic effect of COP reduction but have failed to
identify one.”” There is an additional limitation of sev-
eral previous investigations. Many studies, some con-
firming and some refuting an edematogenic effect of
isolated COP reduction, have used a freeze lesion.”"
Although freeze lesions provides an excellent model of
vasogenic edema, there is little confirmation that it is a
valid paradigm of head injury-associated edema. The
present experiment was undertaken to define the ef-
fects of isolated reduction of COP using a model of
mechanical head injury, fluid percussion, that should
provide a better analogy of clinical head injury than the
freeze lesion.

Materials and Methods

The study was undertaken after review and approval
by the local institutional animal care and use committee.
Male Wistar rats weighing 436-501 g were studied.
Solid food was withheld for 12 h before the study. Ad
libitum access to water was permitted. Anesthesia was
induced in a plexiglass chamber by administering 4%
isoflurane. After intubation of the trachea, anesthesia
was maintained with isoflurane in oxygen. The inspired
concentration of isoflurane was varied from 2-3% to
maintain mean arterial pressure (MAP) at 75-120
mmHg. The rats were ventilated mechanically to main-
tain a partial pressure of carbon dioxide in arterial
blood (Pac,,) of 35-40 mmHg. Cannulas were placed
in the tail artery (PE-50), the right femoral vein (PE-50),
and the right external jugular vein (PE-60). The tip of
the latter was advanced to lie within the thorax. A
thermistor was inserted under the temporalis muscle
and pericranial temperature was servo-controlled to
37°C using a heat lamp. The animal’s head was placed
in a stereotaxic frame (David Kopf, Tujunga, CA). The
head was shaved and, after infiltration of the scalp with
0.25% bupivicaine, a midline incision was made. The
skull was exposed bilaterally. Using a 4-mm trephine,
a craniectomy was made centered 5 mm to the right of
the sagittal suture and 5 mm caudal to the coronal su-
ture. Care was taken to avoid perforation of the dura.
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A conical plastic connector was secured in the craniec-
tomy using light-cured dental cement (Sun-Schein;
Henry Schein, Port Washington, NY). The connector
was filled with saline and the nozzle of the fluid percus-
sion device was attached to it with a three-way stopcock
interposed. The stopcock was open to the atmosphere
during the connection maneuver to prevent a pressure
transient. g

At the conclusion of the surgical preparation, bloo(fl:
was collected and analyzed to determine Pa,, partia§
pressure of oxygen in arterial blood (Pa,,,), arterial pH§
hematocrit, plasma glucose, serum osmolality (Vapog
Pressure Osmometer Model 5500, Wescor Inc., Logary
UT), and serum COP (Colloid Osmometer model 4400;,“”_
Wescor). Central venous pressure, MAP, and heart ratc§
were recorded. The hemodynamic data were recorded®
again 5 min after fluid percussion injury (FPI), immedig
ately after fluid exchange, and 2 and 4 h after cxchange%
Arterial blood gas determination was repeated immedig
ately after fluid exchange, and 2 and 4 h after exchangeg
The COP and osmolality determinations were per§
formed at three intervals: before exchange, immediatclyi»‘
on completion of the exchange, and 4 h after exchange%

After the recording of baseline physiologic data, the
inspired isoflurane concentration was reduced to 0.8%%
Ten minutes later, a 2.7-atm fluid percussion impact was:
delivered using a fluid percussion device (BiomedicaB
Engineering Division, Virginia Commonwealth Univer%
sity, Richmond, VA) equipped with a rodent adaptets
available from the manufacturer. Thereafter, isofluranes
was increased to 1.5-2% as indicated by MAP. Shortlyg
after the impact, the FPI device was disconnected ancEé
the conical connector was removed from the skull. Theg
dura was inspected. If the dura was not intact, the anig
mal was excluded from further study. The animal wa%
then removed from the stereotaxic frame and placede
in a prone position for the duration of the experimentg
At this point, the animal was randomized to one ofg
four fluid management regimens: whole blood, normal
saline, half-normal saline, and hetastarch. The manage-
ment of the groups was as follows.

6!

8

66

Y/

Normal Saline (n = 6)

Three milliliters of arterial blood was withdrawn
slowly. The same volume of heparinized donor blood
was centrifuged and the plasma was removed with a
pipette and discarded. The donor erythrocytes were
resuspended in a volume of normal saline (Baxter
Healthcare Corp., Deerfield, IL) twice that of the dis-
carded plasma. The resuspended cells were then admin-
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I 1 » Microgravimetry

—» Wet / Dry

Fig. 1. Dorsal view of the rat brain indicating planes of sections
relative to the fluid percussion impact site. The specific-gravity
specimens were taken from the coronal section defined by
the middle and rostral planes. Brain tissue between the middle
and caudal planes was used for the wet—dry determination of
water content.

istered intravenously to the study animal. This process
was repeated until the total volume shed in 1- to 3-ml
aliquots equaled 16 ml. During the exchange, additional
saline was administered as required to maintain the cen-
tral venous pressure at the baseline level. When central
venous pressure restoration was insufficient to support
MAP, phenylephrine was administered by infusion as
required to maintain MAP >75 mmHg. Fluid exchange
was complete within 45 min. Thereafter, additional sa-
line was administered as required to maintain central
venous pressure at the baseline level for a total of 4 h
after the FPIL.

Half-normal Saline (n = 4)

The fluid exchange and MAP management in the half-
normal saline (Baxter Healthcare) group were done in
the same manner as in the saline group.

Hetastarch (n = 6)

The management was similar to the normal saline
group with the exception that the discarded plasma
was replaced with an equal volume of 6% hetastarch
(Hespan, Dupont Pharma, Wilmington, DE) rather than
twice the volume.

Whole Blood (n = 6)
Blood was similarly withdrawn from the experimental
animal in 1- to 3-ml aliquots and replaced with an equal
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volume of fresh, heparinized processed blood with-
drawn from isoflurane-anesthetized donors.

At the end of the fourth hour after FPI, the animal
was killed by decapitation. The brain was harvested
rapidly and immersed immediately in cold kerosene for
10 min. It was then placed on a cold metal tray and
divided coronally along three planes (fig. 1). The most
rostral plane was 2 mm rostral to the center of the FPI
impact site and the second passed through the center
of that site. The third plane was at the caudal edge of
the occipital lobes and the brain tissue posterior to it
was discarded. The brain between the second and third
planes was divided along the midline and the two brain
fragments were weighed immediately and then incu-
bated at 60°C for 72 h. Total water content was deter-
mined by the wet-dry method.

The 2-mm brain section defined by the first and sec-
ond coronal planes remained on the cold metal tray.
Three 1-mm punch biopsy specimens were collected
from each hemisphere as indicated in figure 2. The two
cortical biopsy sites straddled the point of FPI impact,
and the subcortical site was in the dorsolateral striatum
adjacent to the lateral ventricle and immediately be-
neath the impact site. Promptly on harvesting, these
punch biopsy specimens were placed in a kerosene-
bromobenzene column to determine specific gravity by
the method of Marmarou et al.’

In the 10-min interval during kerosene chilling of the
brain, specimens of rectus abdominis muscle and mes-
entery were harvested. The water content of these spec-

4 FPl impact site

Fig. 2. A coronal brain section showing the location of the
biopsy sites for specimens of cortical and subcortical tissue to
determine specific gravity by microgravimetry.
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imens was determined using the wet-dry method (for
72hian60:@):

An additional component of the investigation was per-
formed, on a post hoc basis, to determine whether FPI
caused blood-brain barrier (BBB) abnormality in the
hemisphere contralateral to the impact site. Ten addi-
tional rats were studied. Surgical preparation was the
same as described in the preceding section. In five rats,
FPI was performed as described before. Five additional
“sham’ rats underwent identical preparation, including
attachment of the fluid percussion device, but they did
not receive FPI. Five minutes before the time of FPI, all
rats received 1 ml/kg 3% Evans’ blue (Sigma Chemical
Co., St. Louis MO) intravenously. No volume exchange
occurred. Maintenance fluid (normal saline) was admin-
istered at 4 ml/kg '/h'. Four hours after FPI, the ster-
num was opened, the descending aorta was clamped,
and the animal was killed by transcardiac perfusion with
60 ml normal saline. The brain was removed and im-
mersed in cold kerosene for 10 min. A 2-mm coronal
section with its rostral surface 2 mm anterior to the FPI
impact site was prepared exactly as described before
and as indicated in figure 1. The section was divided
into left and right halves and a formamide extraction
of Evans’ blue was performed as described by Cole et
al.’ Each brain section was immersed in 100 ml for-
mamide (Fisher Scientific, Los Angeles, CA) per 100 g
tissue. Seventy-two hours later, the absorbance of light
at 620 nm by the supernatant was determined spectro-
photometrically (Hitachi U-2000; Hitachi Ltd., San Jose,
CA). The concentration of Evans’ blue in the superna-
tant was determined by reference to Evans’ blue/for-
mamide standards.

The physiologic, COP, and osmolality data were ana-
lyzed by a two-factor analysis of variance for repeated
measures. When statistical differences were identified,
individual time intervals were examined using Scheffé’s
test. Specific gravity data were examined using a one-
way analysis of variance, and Scheffé’s test was used
to perform post hoc comparisons. Wet-dry data were
analyzed using a Kruskal-Wallis test with appropriate
corrections for multiple comparisons, and the Evans’
blue data were analyzed using ¢ tests. All data are pre-
sented as means * SD.

Results

Four animals were excluded and replaced because of
dural perforation that was evident after removal of the
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skull-mounted FPI connector. Animals in the half-nor-
mal saline group were, in general, less hemodynamically
stable. Three animals in this group died before the end
of the 4-h post-FPI period, and attempts to complete
this group were abandoned with only four animals.

Physiologic Data

Table 1 shows the physiologic data for the remaining
animals. All animals experienced a transient increase
in MAP of 20-40 mmHg immediately after FPI with
reduction to pre-FPI values within 5 min. The MAP did
not differ among groups at any recording interval, al-
though there was an apparent trend toward decreased
MAP in the half-normal saline group. Heart rate did not
differ at any interval. Central venous pressure was 3.3
to 4.8 mmHg in all groups at all intervals. The fluid
volumes (in milliliters) administered were 31.7 + 2.5
saline; 45.5 + 6.4 half-normal saline; 19.4 *+ 0.7 hetast-
arch; and 19.2 = 1 whole blood. The Pa,, and pH were
significantly greater in the whole blood group than in
the other three groups at the 4-h post-FPI measurement
interval. Phenylephrine was required in two of six rats
in the whole blood group, in one of six in the hetastarch
groups, in five of six in the normal saline group, and
in four of four rats in the half-normal saline group.

Colloid Oncotic Pressure and Osmolality

Colloid oncotic pressure and serum osmolality varied
as intended by the protocol (table 2). Specifically, COP
decreased significantly in the saline and half-normal sa-
line groups. Osmolality decreased in only the half-nor-
mal saline group. In addition, osmolality increased by
a small but significant amount in both the saline and
hetastarch groups. This is consistent with the osmolari-
ties of those solutions, 308 and 310 mOsm/I, respec-
tively.

Water Content of Muscle and Mesenterj)f

There was a significantly greater water content in
both the muscle and the mesentery of the saline and
half-normal saline groups than in the whole blood and
hetastarch group animals (fig. 3). The muscle in the
half-normal saline group had a greater water content
than that in the saline group.

Brain Water Content

For each of the four groups, the water content (wet -
dry method) of the impact (right) hemisphere was sig-
nificantly (P < 0.0001) greater than that of the nonim-

—+T
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Iy’ Table 1. Physiologic Data Immediately before and after Fluid Percussion Injury (FPI), at the Completion of the Isovolemic
w &  Exchange and 2 and 4 h after FPI

Post-
Pre-FPI Post-FPI Exchange 2 h Post-FPI 4 h Post-FPI
MAP Blood QOFEER2 {28222 103 + 26 97 + 18 96 + 21
Hetastarch 87887 96 =115 89 + 13 96 + 9 84 +7
Saline 94 + 9 2820 108 + 6 1081 =15 9285 9
0.5 NS 89 + 11 90 + 7 80 + 7 80 + 11 80 + 14 5
HR Blood 355 + 38 370 + 35 365 + 51 373 + 41 347 + 43 2
Hetastarch 327 = 50 378 = 52 364 + 57 350 + 48 363 + 32 (_‘%
Saline 32025 350 + 28 377 = 20 367 + 39 352 + 48 %
0.5 NS 3356 = 19 385 + 19 375 =25 370 = 20 3528815 =
CVP Blood 3+0.8 ) =) SN2 4+ 06 4+04 S
Hetastarch 5+ 05 4+10 4+13 5+ 16 4+08 g
Saline s Sl 4+1.0 5=+ 1.5 4+1.0 4 + 0.4 2
0.5 NS 4 +08 SiH1l6 HicER113 4+0 4+09 s
Hct Blood 40 + 3 — — — 36 + 2 =
Hetastarch 380 — — — 86112 S
Saline 40 + 2 — — = 34 +2 g
0.5 NS Sl 2 — — — 343 %
pH Blood 741 = 02 — (35 == 05 7235 =05 7.36 = .04* z
Hetastarch 7.38'=£ .03 —_ 83103 7334103 7.3l =103 g
Saline 7.41 = .04 - 7.35 = .05 7.33 + .04 el = e 2
0.5 NS 7-35/=%".05 — 783 *"02 7.30 = .02 7.30 = .01 ®
Pao, Blood 172 + 26 — 157"+ 16 160 = 19 O 172 ‘g
Hetastarch 162 + 12 — 52837 52501 140D %
Saline 4a===12 - 159 + 3 153EE426 18245122 @
0.5 NS 161 = 41 — 13617 132 + 9 131,11 2
Paco, Blood 38 + 2 — 38 + 1 3 38 + 2 g
Hetastarch S65-ESI — 387213 37 £ 1 38 £ 2 %
Saline y 36 + 2 — 8D 3n=E2 375 g
0.5 NS 7= — 3513 S7EELS 39 £ 2 S
Glucose Blood 107512 — — — — 9
Hetastarch 103 + 11 — — — — S
Saline 109 + 7 — - — — 3
0.5 NS 98 + 13 — —_ - - 8
S
MAP = mean arterial pressure (mmHg); HR = heart rate (beats - min '); CVP = central venous pressure (mmHg); Het = hematocrit (%). E‘i
* Significant difference from the other three groups at the same measurement interval. g
[
3
Table 2. Colloid Osmotic Pressure and Serum Osmolality before and after Isovolemic Exchange g
N
S
Colloid Osmotic Pressure (mmHg) Osmolality (mOsm/kg)
Pre- Post- 4 h Post- Pre- Post- 4 h Post-
Exchange Exchange Exchange Exchange Exchange Exchange
|
| Whole blood 18.9 + 0.9 16.7:==388 708 ==2%7 2955 2958585 294 + 8
‘ Hetastarch 18.8 = 101 eHe) a5 16.8 + 1.8 294 + 4 806284 302 + 4*
Normal saline 8.7 =+ 3.4 62N 1172 <=2 0] 29225 304 = 3% 302 + 4*
'/, normal saline 176205 (151 2= (0150 99N 58, 293 + 6 261 = 6§ 264 + 4*§

* Significant difference versus the respective pre-exchange value.

1 Significant difference versus the whole blood and hetastarch groups at the same interval.

¥ Significant difference versus the whole blood group at the same interval.

§ Significant difference versus the whole blood, hetastarch, and normal saline groups at the same interval.
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Fig. 3. The percentage water content (mean +SD) of muscle
and mesentery (wet—dry method) in animals that underwent
isovolemic exchange with whole blood, hetastarch, normal
saline, or half-normal saline. *P < 0.05 versus the correspond-
ing tissue in the whole blood and hetastarch groups. #P <
0.05 versus the normal saline group.

pact (left) hemisphere (fig. 4). For both the impact and
the nonimpact hemispheres, the water content was sig-
nificantly greater in the saline and half-normal saline
groups than in the whole blood and hetastarch groups.
The whole blood and hetastarch groups did not differ.
The saline and half-normal saline groups did not differ,
although there was an apparent trend toward a greater
water content in the half-normal saline group.

81
M Percussed hemisphere
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Blood Hetastarch Half Saline

Fig. 4. The percentage water content (mean +SD; wet—dry
method) of the percussed (right ) hemisphere and in the con-
tralateral (left ) hemisphere in animals that underwent isovo-
lemic exchange with whole blood, hetastarch, normal saline,
or half-normal saline. Within each group, the water content
of the percussed hemisphere was greater than the water con-
tent of the contralateral hemisphere. *P < 0.05 versus the
corresponding hemisphere in the whole blood and hetastarch
groups.

Saline
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A. Cortex
1.050 M Percussed hemisphere

Contralateral hemisphere
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Blood Hetastarch Saline Half Saline

B. Subcortex

1.050 — M Percussed hemisphere
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1.040 -

Blood

Hetastarch Saline Half Saline

Fig. 5. Specific gravity for cortical tissue (4) and subcortical
tissue (B) from the percussed (right) and contralateral (left)
hemispheres in animals that underwent isovolemic exchange
with whole blood, hetastarch, normal saline, or half-normal
saline. *P < 0.05 versus the corresponding hemisphere in
the whole blood and hetastarch groups. #P < 0.05 versus the
corresponding hemisphere in the normal saline group. +P <
0.05 versus the corresponding hemisphere in the whole
blood, hetastarch, and saline groups.

Brain Specific Grauvity

The data presented for cortical specific gravity (fig.
5A) were obtained by averaging the specific gravities
of the two cortical specimens obtained from each hemi-
sphere. Within each of the four groups, the specific
gravity of both cortical and subcortical tissue was less
(indicating greater water content) in the impact hemi-
sphere than in the nonimpact hemisphere.

Cortex
In both hemispheres, specific gravity was significantly
less in the saline and half-normal saline groups than in
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the corresponding hemisphere of the whole blood and
hetastarch groups. The latter two did not differ (fig.
5A). Specific gravity was significantly less in the half-
normal saline group than in the saline group in the
impact hemisphere but not in the nonimpact hemi-
sphere.

Subcortex

For the impact hemisphere, specific gravity was sig-
nificantly less (Z.e., there was more water) in the half-
normal saline group than in the other three groups (fig.
5B). For the contralateral hemisphere, specific gravity
was significantly less in the half-normal saline group
than in the whole blood and hetastarch groups. There
was an apparent, but not statistically significant, trend
toward lesser specific gravity values in the saline group
than in the blood and hetastarch groups.

Evans’ Blue

In the sham group (in which the animals underwent
placement of the FPI device but did not sustain an im-
pact), the concentrations of Evans’ blue eluted from the
left and right hemispheres were small and equivalent
(right, 0.29 = 0.08; left, 0.28 = 0.13 pg/ml). In the
group that did sustain an impact, the concentrations of
Evans’ blue were greater than in the sham animals for
both the impact hemisphere (4.11 = 1.53 vs. 0.29 +
0.08 pg/ml; P = 0.0005) and the nonimpact hemisphere
(0.86 = 0.45 ug/ml vs. 0.28 * 0.13; P = 0.022).

Discussion

The seminal observation of this study is that animals
that received a large volume of normal saline (thus de-
creasing COP but not osmolality) after an FPI had a
greater brain water content than did animals that re-
ceived colloid or whole blood. This observation indi-
cates that a decrease in colloid osmotic pressure per se
without a simultaneous reduction in osmolality does
have the potential to aggravate cerebral edema.

Although some clinicians have long believed that iso-
osmolar crystalloids aggravate brain edema, the many
attempts to demonstrate this phenomenon experimen-
tally*”"""'" have not yielded scientifically convincing
proof or have generated negative results. With respect
to the latter, Kaieda et al.*’ performed meticulous ex-
periments in rabbits in which fluid manipulations were
performed after a freeze lesion of the cortical surface.
Using an isovolemic exchange method, they reduced
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COP and sampled the brain at multiple distances from
the lesion’s center. The intent of the protocol was to
find brain regions with injury of intermediate severity
in which COP reduction might have the potential to
influence fluid accumulation. They could identify no
such regions and concluded that reduced COP was not
sufficient to aggravate cerebral edema. Shapira et al."’
submitted rats to a cranial weight drop injury followed
by administration of large volumes of either normal sa-
line or 5% dextrose. Edema accumulation in the injured
hemisphere was not increased by either normal saline
or dextrose relative to injured but non - fluid-treated
control animals. Tranmer et al." performed a freeze le-
sion in dogs followed by volume loading with normal
saline. They reported an increase in intracranial pres-
sure relative to colloid-treated animals, but their brain
edema measurements (wet-dry method) revealed no
difference in edema accumulation in the two hemi-
spheres. Go et al.” measured the water content of brain
1 h after a freeze lesion in rats given 0.53 1/kg normal
saline during the 18 h before injury. Water content was
greater in the injured cortex of saline-treated than in
untreated controls. However, baseline osmolality was
remarkably high (329 mOsm/kg) and was significantly
reduced in the saline-treated animals, leaving the possi-
bility that the increased edema was a function of reduc-
tion of osmolality rather than COP. Korosue et al.” stud-
ied dogs that had focal cerebral ischemia. During tempo-
rary middle cerebral artery occlusion, they performed
isovolemic hemodilution with lactated Ringer’s solution
or low molecular weight dextran. Infarct volume 7 days
later was greatest in the animals that received lactated
Ringer’s solution. They concluded that the decrease in
COP after administration of lactated Ringer’s solution
was “‘one of the most important reasons for its detri-
mental effect.”” However, we cannot accept this study
as definitive proof of an edematogenic effect of iso-
osmolar crystalloids for several reasons. The first is that
the authors did not measure brain edema. Second, as
the authors acknowledged, lactated Ringer’s solution is
not iso-osmolar with respect to plasma, and its adminis-
tration was associated with a significant reduction in
osmolality. Finally, the nature of the BBB injuries caused
by ischemia and trauma probably differ substantially,
and results derived in the setting of focal cerebral isch-
emia might not necessarily be relevant to the setting of
trauma, in which the issue of the edematogenic effect
of crystalloids arises most frequently.

A priori, it seems reasonable to suspect that a BBB
injury of intermediate severity might result in a func-
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tional pore size between cerebral endothelial cells simi-
lar to that in many peripheral capillary beds. In the
periphery, where most ionic solute can leave the capil-
lary freely, COP reduction is associated with edema
formation, as we observed in muscle and mesentery.
Why, then, have previous experiments performed with
mechanical head injury or freeze lesions failed to dem-
onstrate a cerebral edematogenic effect of COP reduc-
tion? There may be several contributing factors. First,
the elastance of the brain’s interstitial space (i.e., the
interstitial pressure increase caused by a given volume
increment) is greater than that of most peripheral tis-
sues. An interstitial pressure increase results in a hydro-
static gradient that opposes further fluid movement into
the tissue, and the net movement of fluid that might
occur as a result of the very small transmembrane gradi-
ents that can be created by COP changes is probably
very small. Accordingly, COP-related fluid movement in
brain may be smaller and therefore harder to identify
than in peripheral tissue. The second and greater part
of the explanation may reside in the nature and severity
of the insults delivered and the concomitant extent of
injury to the BBB. Freeze lesions produced by cold appli-
cations of typical duration result in immediate and very
substantial permeability of the BBB as indicated by ex-
tensive Evans’ blue extravasation. Because of the normal
movement of edema fluid through white matter toward
the ventricles, brain tissue surrounding the lesion’s cen-
ter may already contain a substantial volume of migrat-
ing edema fluid. This may make it difficult for the small
COP-driven changes that might be expected to occur
in areas of intermediate injury near a freeze lesion to
be manifest.

With mechanical injuries that are sufficiently severe,
it may be difficult for COP-related forces to make the
edema worse. This is likely to have been the case in
the experiment of Shapira et al.'’ described earlier. It
is well established that the administration of free water
(given in the form of D5W in their experiment) pro-
duces edema in even normal brain."'" However, in their
experiment, there was no significant difference be-
tween the water accumulation in the injured hemi-
sphere of animals that received DSW compared with
those that received normal saline, suggesting that the
effect of the edema consequent on the initial injury was
sufficiently severe to allow little latitude for aggravating
effects.

Because of our concern that earlier investigations may
have involved insults of excessive severity, our prelimi-
nary investigations began with a ‘‘titration’’ of the FPI
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to identify an impact intensity that resulted in consistent
but comparatively subtle (by comparison with freeze
injury) penetration of Evans’ blue into brain paren-
chyma. The 2.7-atm impact ultimately used in the pres-
ent investigation resulted in faint Evans’ blue staining
in the cortex in the immediate vicinity of the impact
site and in the dorsolateral striatum immediately inferior
to the impact site.

In the present experiment, both wet-dry and micro-
gravimetric measures of edema formation were used.
The wet-dry measurement of water content was in-
cluded because of the concern that, despite our prelimi-€
nary efforts, the tissue sampled for microgravimetry §
might inadvertently have been from brain that was too 2
severely injured for potentially small COP-related effects g
to be evident. The wet-dry method allowed inclusion g
of broader regions of the brain, including tissue at az\,
greater distance from the lesion’s center. However, the &
sampling method for the wet - dry determinations delib- 2
erately excluded brain regions remote from the injury
site to avoid “‘diluting out”’ evidence of edema accumu- 2
lation by the inclusion of large segments of normal<
brain.

The quantitative Evans’ blue determinations reported
herein were conducted on a post hoc basis. This phase
of the investigation was performed as a consequence
of the observation that normal saline administration was
also associated with significantly greater edema accu-
mulation in the hemisphere contralateral to the injury.
In our preliminary experiments, gross inspection had
revealed no Evans’ blue leakage in the contralateral
hemisphere. The initial assumption had been that the
contralateral hemisphere was not sustaining an injury.
The Evans’ blue investigation was performed to deter-
mine whether increased BBB leakage was, in fact, oc-
curring in the contralateral hemisphere. This investiga-
tion confirmed that such leakage was occurring, indicat-
ing that the percussion shock, as has been shown to
occur with a weight drop impact effect,'” was being
transmitted across the midline and producing a BBB
injury in the contralateral hemisphere.

Edema accumulation in the animals that received
whole blood and hetastarch was not different. This is
consistent with the fact that neither regimen caused a
reduction in either COP or osmolality. However, it has
been proposed that certain starch solutions may have
an independent BBB sealing effect.'>'* Edema reduction
consistent with such an effect has been observed in the
setting of temporary focal cerebral ischemia."” How-
ever, it was not evident in a model of global cerebral
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ischemia with reperfusion.'® This proposed effect,
which might be anticipated to lessen edema accumula-
tion, was similarly not apparent in the results of the
present study.

The fluid-exchange protocol resulted in increases in
osmolality in both the saline and hetastarch groups.
These increases are in keeping with the osmolality of
these solutions, both approximately 310 mOsm/kg. An
osmotically mediated dehydration of the brain might be
anticipated in these two groups but was not evident in
the data. It is possible that the gradient that occurred
was insufficient to cause differences detectable using
the present methods. However, it is more likely, given
the small size of the molecules responsible for the in-
crease in osmolality (Na®, Cl") and the presence of a
BBB injury, that no effective transmembrane gradient
was established in the injured brain regions sampled.

Colloid oncotic pressure decreased by 49% in associa-
tion with fluid administration in the normal saline group
in our experiment. How does this reduction compare
with COP changes that occur in clinical medicine? The
literature that examined the clinical effect of COP re-
duction, principally with a view to its influence on pul-
monary gas exchange, indicates that reductions of 35 -
40% are common.'” "’ For instance, in the investigation
by Virgilio et al.,"”” the mean reduction in COP in pa-
tients in whom normal saline was used to maintain nor-
movolemia during elective abdominal aortic surgery
was 40%. Colloid oncotic pressure reductions of 30 -
35% have been reported in patients resuscitated from
hemorrhagic shock.'” However, in these investigations,
the “baseline” COP from which the percentage reduc-
tion was calculated was recorded after the onset of
shock. These baseline values were less than those seen
in healthy, normovolemic persons, suggesting that fluid
redistribution had occurred by the time of initial sam-
pling. Accordingly, the severity of COP reduction that
occurred in the normal saline group in the present ex-
periment appears likely to occur in patients in the set-
tings of elective surgery and trauma resuscitation.

If changes in the magnitude seen in this investigation
occurred in humans, would they be clinically signifi-
cant? The results of the wet-dry determinations indi-
cated an increase in the percentage of brain water con-
tent (saline vs. the whole blood or hetastarch groups)
of approximately 1%. If the entire brain sustained this
increase, it would add approximately 13 ml to the intra-
cranial space of an adult with a brain that weighed
1,300 g. This volume would be tolerated by a healthy
person but could well be catastrophic in a patient
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whose compensation mechanisms are already ex-
hausted.

In conclusion, the present data indicate that, in the
context of a mild to moderate parasagittal FPI in rats,
reduction of colloid oncotic pressure to approximately
50% of its baseline value without concomitant reduction
of osmolality resulted in greater edema accumulation
in both gray and white matter than was observed with
isovolemic hemodilution with either whole blood or
hetastarch. These results lend some support to the clini-
cal concern that reduction of COP per se by aggressive
administration of isotonic crystalloid has the potential
to contribute to the formation of post-traumatic cere-
bral edema.

References

1. Weed LH, McKibben PS: Pressure changes in the cerebro-
spinal fluid following intravenous injection of solutions of various
concentrations. Am J Physiol 1919; 48:512 — 30

2. Kaieda R, Todd MM, Cook LN, Warner DS: Acute effects of
changing plasma osmolality and colloid oncotic pressure on the
formation of brain edema after cryogenic injury. Neurosurgery
1989; 24:671-8

3. Kaieda R, Todd MM, Warner DS: Prolonged reduction in col-
loid oncotic pressure does not increase brain edema following
cryogenic injury in rabbits. ANESTHESIOLOGY 1989; 71:554 - 60

4. Tranmer BI, lacobacci RI, Kindt GW: Effects of crystalloid
and colloid infusions on intracranial pressure and computerized
electroencephalographic data in dogs with vasogenic brain edema.
Neurosurgery 1989; 25:173-9

5. Marmarou A, Tanake K, Shulman K: An improved gravimetric
measure of cerebral edema. ] Neurosurg 1982; 56:246-53

6. Cole DJ, Drummond JC, Matsumura JS, Marcantonio S, Chi-
Lum BI: Hypervolemic-hemodilution and hypertension during tem-
porary middle cerebral artery occlusion in rats: The effect on
blood-brain barrier permeability. Can J] Neurol Sci 1990; 17:372-
=

7. Go KG, Van Woudenberg F, DeLange WE, Sluiter WJ: The
influence of saline-loading on cold-induced cerebral oedema in the
rat. J] Neurol Sci 1972; 16:209- 14

8. Zornow MH, Scheller MS, Todd MM, Moore SS: Acute cerebral
effects of isotonic crystalloid and colloid solutions following cryo-
genic brain injury in the rabbit. ANESTHESIOLOGY 1988; 69:180 -4

9. Korosue K, Heros RC, Ogilvy CS, Hyodo A, Tu Y-K, Graichen
R: Comparison of crystalloids and colloids for hemodilution in a
model of focal cerebral ischemia. ] Neurosurg 1990; 73:576-84

10. Shapira Y, Artru AA, Qassam N, Navot N, Vald U: Brain edema
and neurologic status with rapid infusion of 0.9% saline of 5% dex-
trose after head trauma. ] Neurosurg Anesthesiol 1995; 7:17-25

11. Zornow MH, Todd MM, Moore SS: The acute cerebral effects
of changes in plasma osmolality and oncotic pressure. ANESTHESIOLOGY
1987; 67:936-41

12. Shapira Y, Setton D, Artru AA, Shohami E: Blood-brain barrier
permeability, cerebral edema, and neurologic function after closed
head injury in rats. Anesth Analg 1993; 77:141-8

202 YoIe €} uo 3sanb Aq ypd°02000-00070866 L -27S0000/08 L E6E/E66/7/88/4Pd-ajon1e/ABojoISaUISBUR/WOD IIBYIIBA|IS ZESE//:dRY WO papEojUMOq




1002

DRUMMOND ET AL.

13. Zikria BA, King TC, Stanford J, Freeman HP: A biophysical
approach to capillary permeability. Surgery 1989; 105:625-31

14. Prough DS, Kramer G: Medium starch, please [Editorial]. An-
esth Analg 1994; 79:1034-5

15. Schell RM, Cole DJ, Schultz RL, Osborne TN: Temporary cere-
bral ischemia: Effects of pentastarch or albumin on reperfusion injury.
ANESTHESIOLOGY 1992; 77:86-92

16. Goulin GD, Duthrie SE, Zornow MH, Scheller MS, Peterson
BM: Global cerebral ischemia: Effects of pentastarch after reperfusion.
Anesth Analg 1994; 79:1036-42

Anesthesiology, V 88, No 4, Apr 1998

17. Nagy KK, Davis J, Duda J, Flides J, Roberts R, Barrett J: A
comparison of pentastarch and lactated Ringer’s solution in the resus-
citation of patients with hemorrhagic shock. Circ Shock 1993;
40:289-94

18. Rackow EC, Fein IA, Leppo J: Colloid osmotic pressure as a
prognostic indicator of pulmonary edema and mortality in the criti-
cally ill. Chest 1977; 72:709-13

19. Virgilio RW, Rice CL, Smith DE, James DR, Zarins CK, Hobel-
mann CF, Peters RM: Crystalloid vs. colloid resuscitation: Is one bet-
ter? A randomized clinical study. Surgery 1979; 85:129-39

—fv

202 YoIe €} uo 3sanb Aq 4pd'02000-00070866 1 -27S0000/08 L EB6E/E66/7/88/4Pd-ajonie/ABOjoISBUISBUE/WIOD JIBYIIBA|IS ZESE//:dRY WO papEojUMOQq




