Ovid: Cortical Blood Flow and Cerebral Perfusion Pressure in a New Noncraniotomy Mo... Page 1 of 10

Stroke A Journal of Cerebral Circulation
Issue: Volume 26(6), June 1995, pp 1086-1091
Copyright: © 1995 American Heart Association, Inc.
Publication Type: [Original Contribution]
ISSN: 0039-2499 0039-2499
Accession: 7762027
Keywords: Animals, Blood Pressure, Brain Ischemia, Brain Ischemia, Cerebral Cortex, Cerebral Cortex, Cerebral Cortex, Craniotomy, Disease Models, Animal,
Electroencephalography, Laser-Doppler Flowmetry, Male, Perfusion, Rats, Rats, Sprague-Dawley, Regression Analysis, Subarachnoid Hemorrhage, Subarachnoid Hemorrhage,
Time Factors
[Original Contribution]

Cortical Blood Flow and Cerebral Perfusion Pressure in a New Noncraniotomy Model of Subarachnoid Hemorrhage in
the Rat
Bederson, Joshua B. MD; Germano, Isabelle M. MD; Guarino, Lorraine BS

Author Information
Received September 19, 1994; final revision received December 6, 1994; accepted February 27, 1995.
From the Department of Neurosurgery, The Mount Sinai School of Medicine, New York, NY.
Correspondence to Joshua B. Bederson, MD, Department of Neurosurgery, Box 1136, The Mount Sinai School of Medicine, 1 Gustave L. Levy Pl, New York, NY 10029.

Abstract
Background and Purpose: Acute cerebral ischemia after subarachnoid hemorrhage (SAH) is a major cause of
morbidity whose precise etiology is unclear. The purpose of this study was to examine the relationships between
cerebral perfusion pressure (CPP) and cortical blood flow during SAH using a new experimental model in the rat.
Methods: CPP (mean arterial pressure minus intracranial pressure), cortical laser-Doppler flowmetry (LDF),
and electroencephalogram were continuously recorded during and after SAH in 16 ventilated rats. SAH was
produced by advancing an intraluminal suture from the external carotid artery through the internal carotid
artery to perforate the vessel near its intracranial bifurcation.
Results: Eight rats (50%) died within 24 hours of SAH. In all rats, blood was widely distributed throughout the
basal, convexity, and interhemispheric subarachnoid spaces and throughout the ventricular system. CPP
decreased after SAH at an initial rate of 1.1 plus minus 0.2 mm Hg/s, reaching its nadir 59 plus minus 9 seconds
after the onset of SAH. During the same period, LDF fell at a rate of 1.4 plus minus 0.3%/s (P equals NS vs CPP).
After reaching its nadir, CPP rose at a rate of 0.4 plus minus 0 .01 mm Hg/s, but LDF continued to fall at 0.2 plus
minus 0 .03%/s (P less than .05 vs CPP) reaching a nadir of 21.7 plus minus 2.5% significantly later than CPP
(189.5 plus minus 39 s after SAH, P less than .05). No correlation was found between peak changes in CPP and
LDF. Electroencephalogram activity followed the changes in LDF, reaching nadir values 289 plus minus 55
seconds after SAH.
Conclusions: These findings demonstrate that although reduced CPP causes the initial decrease in cortical
blood flow after SAH, secondary reductions occurring after CPP has reached its nadir are caused by other factors
such as acute vasoconstriction. This noncraniotomy model of SAH in the rat has several advantages over existing
models.
(Stroke. 1995;26:1086-1092.)
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Subarachnoid hemorrhage (SAH) causes brain injury both acutely and as the result of delayed vasospasm.
Despite progress in understanding and treating delayed ischemia, acute brain damage is the primary cause of
mortality after SAH, [1] yet its etiology remains unclear. Acute cerebral ischemia is an important contributor to
brain damage in this setting, as demonstrated in patients who die shortly after SAH, in whose brains extensive
ischemic damage is seen. [2] Acute ischemia from SAH has been attributed to decreased cerebral perfusion
pressure (CPP), [3] and this is supported by data from repeat hemorrhages in humans with intracranial pressure
(ICP) monitors. [4,5] However, brain compliance is reduced by the initial bleed and may lead to greater rises in
ICP during the second bleed. Experimental studies of first-time hemorrhages demonstrate that CPP does not drop
to the point of perfusion arrest. [6-8] Physiological data suggest that decreased CPP cannot fully account for
acute ischemic brain damage after SAH. [5-7,9,10] However, previous studies have used time-averaged or
intermittent measurements of cerebral blood flow (CBF) that may not demonstrate acute changes after SAH.
Such changes could be evaluated by use of an experimental model with continuous recordings of CBF.

Currently available animal models of SAH [6,8-17] are limited by the need for craniotomy and arachnoidal
dissection or surgical placement of an infusion catheter, by the use of dorsal cisterns rather than the basal
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subarachnoid space, and by catheter-induced dampening of arterial pulsations, small elevations of ICP, or
limited distribution of blood.

In this study we investigated a new rat model of SAH that avoids many problems of currently available
models and allows continuous undisturbed measurements of cortical blood flow and CPP during the hemorrhage.
Based on preliminary results, [18] our primary hypothesis was that acute SAH-induced reductions in CBF are, at
least in part, independent of reductions in CPP.

Materials and Methods
Surgical Preparation
All procedures were approved by our accredited animal care committee. Male Sprague-Dawley rats (n equals
22) weighing 250 to 300 g were housed under diurnal lighting conditions and given free access to food and water
before and after the experiment. The rats were anesthetized with chloral hydrate (350 mg/kg IP) and intubated
transorally with a polyethylene catheter (OD 2.5 mm); anesthesia was maintained with inspired halothane (1% to
2% in O2-supplemented room air). The right femoral artery was cannulated for monitoring blood gases, and
ventilation was adjusted to maintain arterial blood gases in the normal range (PCO 2, 37 plus minus 1 mm Hg;
PO2, 140 plus minus 3 mm Hg; pH 7.37 plus minus 0 .01 [mean plus minus SEM]). Body temperature was
monitored with a rectal probe and maintained at 37 degrees C with a homeothermic blanket (Harvard
Apparatus).

Rats were placed in a stereotaxic frame (Stoelting) modified to allow longitudinal rotation and permit
manipulations with the rat prone or supine. Four 1-mm-diameter burr holes were placed 4 mm lateral, 2 mm
rostral, and 2 mm caudal to bregma. Epidural electroencephalogram (EEG) electrodes were hooked under the
edge of each burr hole and secured to the stereotaxic frame. Nasion reference and femoral ground electrodes
were connected to a custom-built amplifier-computer (see below) to achieve a bilateral hemispheric bipolar EEG
montage.

For measurement of cortical blood flow, a 3-mm burr hole was made 5 mm to the left of midline at the
coronal suture, and a laser-Doppler flowmetry (LDF) probe (0.8 mm diameter, model P-433, Vasamedics Inc) was
advanced under stereotaxic control to the cortical epidural surface away from large pial vessels. The side
contralateral to the site of SAH was chosen to ensure that observed changes were attributable to SAH rather
than to transient occlusion. A modification of the technique of Barth et al [19] was used to monitor ICP. A burr
hole was made in the midline occipital bone to accept a stainless steel screw. A 25-gauge butterfly cannula
primed with saline and attached to a pressure transducer centered at the ear bars was advanced through the
atlanto-occipital membrane into the cisterna magna until a good ICP waveform was obtained. The cannula was
secured to the screw with methylmethacrylate cement. The rat was then rotated into the supine position with
all recording devices in place and kept there for the remainder of the experiment.

Induction of SAH
The cerebral ischemia model of Zea-Longa et al [20] was modified to produce SAH. In brief, the right carotid
artery was identified along with all its extracranial branches, and the external carotid artery was dissected,
transected distally, and reflected inferiorly. A 3-0 monofilament suture with one end sharpened was advanced
centripetally into the external carotid artery past the common carotid bifurcation and into the internal carotid
artery (ICA). The suture was advanced distally into the intracranial ICA until resistance was felt (at 18 to 20 mm)
and then was pushed 3 mm further, penetrating the ICA near its intracranial bifurcation (n equals 18).
Preliminary studies in 4 rats showed that the suture penetrated the ICA, middle cerebral artery, or anterior
cerebral artery within 1 mm of the intracranial bifurcation. The suture was then withdrawn into the external
carotid artery, reperfusing the ICA and producing SAH Figure 1. [18] The duration of endovascular occlusion was
30 seconds to 4 minutes. Four sham-operated control rats underwent an identical procedure except that the
suture was not advanced beyond the point of resistance; reperfusion occurred after 4 minutes of occlusion. After
each experiment, the ICP catheter was crimped and cut at its attachment to the occipital screw, which was left
in situ. Rats were returned to single, warmed cages while still intubated for airway protection. Self-extubation
occurred as the rats recovered from anesthesia, usually within 30 minutes. Rats underwent neurological
examination after recovery from anesthesia and 24 hours after SAH, as previously described, [21] and were killed
after the second examination.
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Figure 1. Diagram shows endovascular suture technique for inducing subarachnoid hemorrhage. A 3-0
monofilament suture sharpened at one end is introduced through the external carotid artery (eca) and advanced
through the intracranial internal carotid artery (ica), penetrating near the bifurcation. Withdrawal of the suture
results in subarachnoid hemorrhage. aca indicates anterior cerebral artery; mca, middle cerebral artery; pta,
ptery-gopalatine artery; and cca, common carotid artery.

Data Acquisition and Storage
Blood pressure, LDF, ICP, and EEG waveforms were processed and stroed on a Macintosh Quadra 950 (Apple
Computer Inc) by use of customized analog-to-digital signal conversion and processing hardware and software
from National Instruments (SCSI, NB-MIO16XL, LABVIEW 3 .0). The system was configured to acquire 16 bipolar
signals at sampling rates of 1024 Hz. The EEG signal was processed on-line with a fast Fourier transform at 4second intervals, and the resulting spectrum was divided into power bands. LDF, ICP, mean arterial pressure
(MAP), and the amplitude (mu V sup 2) of the delta power band (1 to 4 Hz) were logged at 0.25 Hz. CPP, defined
as MAP minus ICP, was computed for each pair of simultaneously logged data points. LDF data were normalized
by comparing each 4-second epoch to the average of all values obtained during a 10-minute baseline before SAH,
and are expressed as a percent of baseline. After each experiment, the data were converted to spreadsheet
format for graphic analysis (KALEIDEGRAPH, Synergy Software Inc) and statistical analysis (STATVIEW 4 .01,
Abacus Concepts Inc).

Statistical Analysis
For comparing serial changes in different animals, the x-axis (time) was set to zero at the onset of SAH,
defined as the initial positive deflection in ICP. For determining the statistical significance of changes in CPP,
LDF, and EEG, the values in each rat 15 seconds before and 15 seconds after their maximum deflections and at
25 and 50 minutes after SAH were averaged to avoid potential sampling errors due to minor variations in the
onset of SAH. The rate of change was expressed as the slope of linear regression derived from CPP or LDF versus
time, and averages were compared by use of Student's t test. [22]

Repeated-measures ANOVA was used for serial comparisons, and the Bonferroni correction for post hoc
analysis was applied; P less than .05 was considered significant. Minimum LDF and minimum CPP (mCPP) were
determined for each rat as described above, and regression analysis was performed on pooled minimum LDF
versus minimum CPP data. Data are expressed as mean plus minus SEM.

Histological Examination
Brains were frozen at minus 22 degrees C, and serial coronal sections 10 micro meter thick were cut in a
cryostat at minus 20 degrees C and mounted on subbed slides. Sections were stained with Luxol blue (0.1%),
counterstained with buffered cresyl violet (2% in 100 mL of phosphate buffered saline, pH 7.4), and exposed to
diamino-benzidine. Other sections were hydrated and stained with Wright's solution (1%).

Results
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None of the sham-operated control rats showed evidence of subarachnoid blood. Two experimental rats
(11%) had large intracerebral hemorrhages and were excluded from the analysis. The remaining experimental
rats had extensive SAH. Blood was consistently distributed along the basal, perimesencephalic, and convexity
meninges bilaterally, along the interhemispheric fissure and corpus callosum, and, to a lesser extent, within the
ventricular system Figure 2.

Figure 2. Photomicrographs show coronal sections of rat brain obtained 24 hours after subarachnoid hemorrhage
and stained with Luxol blue. Left, Low-power magnification (bar indicates 500 mu m) shows blood distributed
throughout the basal and convexity meninges, third and lateral ventricles, and interhemispheric fissure. Note
punctate hemorrhage in the basal ganglia. Right, Higher-power magnification (bar indicates 100 mu m) shows
blood layered thickly in the subarachnoid space and third ventricle.
There were no significant differences in pH, PCO2, PO2, or body temperature before and 30 minutes after
SAH Table 1. Rats were initially lethargic after recovering from anesthesia, but no rat had a focal neurological
deficit. Eight of 16 (50%) experimental rats died less than 24 hours after SAH, 2 within 2 hours, and 6 within 12
to 24 hours after SAH.

Physiological Data
CPP, LDF, ICP, and EEG tracings from an individual rat during experimental SAH are shown in Figure 3.
Pooled data from all 16 rats are shown in Figure 4. CPP, LDF, and EEG activity all decreased rapidly after the
onset of SAH. Initially, the changes in CPP and LDF were similar, but approximately 1 minute after SAH, CPP
began to rise from its nadir while LDF continued to fall. CPP decreased from 96.3 plus minus 0.5 mm Hg before
SAH to 32 .0 plus minus 6.3 mm Hg after SAH, reaching its nadir 59.1 plus minus 9 seconds after the onset of
SAH. The average rate of change in CPP, expressed as the slope of CPP versus time from the onset of SAH to
mCPP, was minus 1.1 plus minus 0.2 mm Hg/s. During this same period, LDF decreased at an average rate of 1.4
plus minus 0.3%/s to 44 plus minus 4.9% of baseline. This rate of change was not significantly different from that
of CPP during the same period. After reaching its nadir, CPP rose toward the baseline at an initial rate of 0.4
plus minus 0 .01 mm Hg/s. During the same period, LDF continued to fall at a rate of 0.2 plus minus 0.3%/s. This
was significantly different from both the initial rate of change in LDF (P less than .05) and the rate of change in
CPP during the same period (P less than .05). LDF reached a nadir of 21.7 plus minus 2.5% of baseline 189.5 plus
minus 39 seconds after SAH, significantly after CPP reached its nadir Figure 4. Linear regression analysis
demonstrated no significant relationship between minimum LDF and minimum CPP (y equals 17 minus 0 .01x, r
equals .01; P equals NS) Figure 5.

Figure 3. Tracings show continuously recorded laser-Doppler flowmetry (LDF), intracranial pressure (ICP),
cerebral perfusion pressure (CPP), and electroencephalogram (EEG) in a rat during subarachnoid hemorrhage
(SAH). CPP (in mm Hg) decreased from the middle 80s to a nadir of 10 at 95 seconds after the onset of SAH and
then rose toward the baseline, stabilizing near 60. LDF continued to decrease after CPP reached its nadir, falling
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to 8% of baseline 245 seconds after the onset of SAH and rising gradually to near 35% of baseline. EEG activity
declined after the onset of SAH, reaching its nadir 265 seconds later.

Figure 4. Graph shows average cerebral perfusion pressure (CPP), cortical laser-Doppler flowmetry (LDF), and
electroencephalographic (EEG) activity after subarachnoid hemorrhage (SAH) in 16 experimental rats. CPP
reached its nadir 59 plus minus 9 seconds after SAH, while LDF fell at a similar rate to 44 plus minus 4.9% of
baseline. LDF continued to fall, reaching its nadir 189 plus minus 34 seconds after SAH, while CPP rose to 66 plus
minus 6.2 mm Hg. EEG declined to 51 plus minus 24% of baseline over 289 plus minus 55 seconds, and remained
unchanged for 50 minutes.

Figure 5. Plot of linear regression analysis indicating no significant relationship between minimum cortical blood
flow measured by laser-Doppler flowmetry (LDF) and cerebral perfusion pressure immediately after SAH in 16
rats. Data are normalized to 10-minute baseline.
By 25 and 50 minutes after the onset of SAH, CPP was 75.5 plus minus 6.1 and 71.7 plus minus 5.3 mm Hg
and LDF was 56.8 plus minus 10.3% and 51.7 plus minus 9.6% of baseline, respectively. For both measures, these
values were significantly greater than the nadir values but less than baseline (P less than .05). EEG delta activity
fell to 51.2 plus minus 24% of baseline after SAH (P less than .05), reaching its nadir 289 plus minus 55 seconds
after SAH, significantly later than CPP or LDF. By 25 and 50 minutes after SAH, EEG delta activity was unchanged
at 46.5 plus minus 15% and 47.8 plus minus 14% of baseline, respectively. Sham-operated rats had no changes in
CPP, LDF, or EEG activity contralateral to the endovascular suture.

Discussion
The endovascular suture model of SAH in rats described here reliably produces severe SAH while avoiding
some limitations of existing models. Although craniotomy was used to measure LDF and burr holes were used for
the EEG in this experiment, the model does not require craniotomy or arachnoidal dissection to produce SAH and
thereby eliminates the histological effects such manipulations can have. The model uses focal puncture of the
native ICA, allows continuous physiological monitoring during the SAH, results in extensive distribution of blood
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throughout the subarachnoid space, reduces cortical blood flow, and produces consistent and significant
elevations of ICP.

A potential disadvantage of our model is the brief period of ischemia caused by the intraluminal suture.
Endovascular middle cerebral artery occlusion produces infarction unless reperfusion occurs within 30 minutes.
[20] In this experiment, less than 4 minutes of transient middle cerebral artery occlusion was required, and as
we have accumulated experience in subsequent studies this has been reduced to 30 to 60 seconds. This duration
of focal ischemia is significantly shorter than that required to produce infarction. [23] Control rats had no
reductions in contralateral LDF or EEG and no evidence of ischemic histological change at 24 hours. Therefore,
all changes observed in the experimental rats were due to the hemorrhage. Another disadvantage of the model is
the incidence of intracerebral hemorrhage (11% in this series). Finally, 50% of rats died less than 24 hours after
SAH. An analysis of the physiological predictors of mortality in this model, an investigation of histological
changes 3 and 7 days after SAH, and histopathological studies of the intracranial vessels for evidence of delayed
vasospasm are the subjects of a future report.

Measurement of CBF After SAH
Previous studies of CBF after SAH in humans and animals have used time-averaged or discrete point-in-time
determinations obtained by a variety of techniques, including radiolabeled microspheres, [13] single photon
emission computed tomography, [24-26] xenon computed tomography, [27,28] hydrogen clearance, [29]
autoradiography, [30] or positron emission tomography. [31] These studies have shown that average CBF
measured shortly after SAH is 50% to 60% of baseline values. In contrast, using LDF as a continuous measure of
cortical perfusion, we observed dynamic flow changes after SAH, with transient decreases to 22% of baseline.
These brief decreases would be underestimated or missed by time-averaged or single measurements of CBF. In
addition, comparison of LDF with CPP during the acute phases of SAH demonstrated temporal and quantitative
relationships between these two variables that cannot be observed with other measures of CBF.

LDF has the disadvantage of being an unreliable indicator of absolute CBF. [32] In addition, the ischemic
thresholds for LDF have not been precisely defined for either global or focal cerebral ischemia. [33]
Nevertheless, LDF accurately reflects relative changes in CBF, [32] and the magnitude of changes in CBF
observed in our study are capable of producing cerebral infarction in other rat models of ischemia. [23,34]

Cerebral Ischemia After SAH
What are the likely explanations for the decreased cortical blood flow immediately after SAH that was
observed in our model? Decreased CPP is one obvious factor: it occurred in all rats, was closely associated with
the onset of decreased LDF, and the rates of change in CPP and LDF were similar while CPP was decreasing.
However, LDF continued to fall while CPP rose toward baseline and reached its nadir more than 2 minutes after
CPP did. In addition, no correlation was found between peak reductions in CPP and LDF. Finally, CPP returned to
more than 70 mm Hg between 25 and 50 minutes after SAH, a level that does not normally reduce CBF, [35]
while LDF remained approximately 50% below baseline. Thus, factors other than CPP are important contributors
to acutely decreased cortical blood flow after SAH. Two other potential mechanisms are primary SAH-induced
vasoconstriction and flow-metabolic coupling with a primary reduction in metabolic activity. Metabolic activity,
as reflected by the EEG, decreased after SAH in all rats, but reached its nadir more than 1 minute after LDF.
Therefore, it is unlikely that reduced EEG activity was the main cause of secondary reductions in cortical blood
flow in this model.

Because LDF measurements depend on refraction of light, it is possible that direct interference with the
laser signal by subarachnoid blood, rather than vasoconstriction or decreased CPP, could decrease LDF recordings
in our model. We do not believe this played a significant role because slight pressure of the probe on the dura
prevents the accumulation of subarachnoid blood under the probe, and LDF values decreased profoundly even in
rats with little or no blood in the dorsal convexity subarachnoid space.

Vasoconstriction is the primary event underlying delayed cerebral ischemia after SAH, and a wide range of
substrates have been implicated in its etiology. Hemoglobin and oxyhemoglobin cause vasoconstriction after
SAH. [36] Although various potential mechanisms have been identified, [37-39] impairment of endotheliumdependent relaxation plays an important role in the process. [37] Recent studies have focused on the potent
vasodilator and endothelium-derived relaxing factor nitric oxide (NO) or an NO-related compound in the control
of normal vasodilatory tone [37] by a cyclic cGMP-dependent mechanism. [40] After SAH, hemoglobin and
oxyhemoglobin can cause vasoconstriction by binding to NO and limiting its activity, [34] by decreasing cGMP
levels, [41] or by generating cyclooxygenase products. [42]

Because of clinical interest in delayed cerebral vasospasm, many studies have emphasized the delayed
effects of hemoglobin and NO synthase inhibitors. However, in animal models these substances have also been
shown to cause early vasoconstriction. [7,10,12] In fact, a direct vasoconstrictive action of subarachnoid blood
has been suggested as the primary cause of ischemia after SAH. [10] Our data indicate that both decreased CPP
and direct vasoconstriction contribute to acute cerebral ischemia after SAH. During the first minute after the
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onset of SAH, reduced CPP predominates in reducing blood flow. Secondary reductions are caused by
independent factors such as vasoconstriction.

The importance of secondary ischemia (ie, ischemia unrelated to perfusion pressure) in the acute phases
after SAH is unknown. However, the acutely decreased CBF and persistent hypoperfusion for at least 1 hour after
SAH in our experimental model suggest that secondary ischemia may contribute significantly to neurological
mortality and morbidity. This observation lends further support to the use of agents that could alter acute
vasoconstriction or neuronal ischemic damage immediately after SAH. For example, attenuation of acute
ischemic neuronal injury may contribute to the beneficial effects of nimodipine [43,44] and the 21-aminosteroids
in SAH. [45,46] Further studies are needed to address this issue.

Conclusion
A noncraniotomy model of SAH has several advantages over models that require craniotomy, vessel avulsion,
or injection of blood. Real-time recordings of LDF provide dynamic information about the causes of ischemia
after SAH. Decreased CPP cannot fully explain acute cerebral ischemia after SAH, and there is evidence to
support direct vasoconstriction as one additional mechanism. Further studies of this model of SAH are required
to determine the physiological correlates of premature mortality, the incidence and cause of ischemic
histological changes, the evidence for delayed vasospasm, and the effect on outcome of treating acute
vasoconstriction and ischemia.
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