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Abstract

Object—Investigators in experimental and clinical studies have used the intrathecal route to
deliver drugs to prevent or treat vasospasm. However, a clot near an artery or arteries after
subarachnoid hemorrhage (SAH) may hamper distribution and limit the effects of intrathecally
delivered compounds. In a primate model of right middle cerebral artery (MCA) SAH, the authors
examined the distribution of Isovue-M 300 and 3% Evans blue after infusion into the cisterna
magna CSF.

Methods—Ten cynomolgus monkeys were assigned to SAH and sham SAH surgery groups (5 in
each group). Monkeys received CSF injections as long as 28 days after SAH and were killed 3
hours after the contrast/Evans blue injection. The authors assessed the distribution of contrast
material on serial CT within 2 hours after contrast injection and during autopsy within 3 hours
after Evans blue staining.

Results—Computed tomography cisternographies showed no contrast in the vicinity of the right
MCA (p < 0.05 compared with left); the distribution of contrast surrounding the entire right
cerebral hemisphere was substantially reduced. Postmortem analysis demonstrated much less
Evans blue staining of the right hemisphere surface compared with the left. Furthermore, the
Evans blue dye did not penetrate into the right sylvian fissure, which occurred surrounding the left
MCA. The authors observed the same pattern of changes and differences in contrast distribution
between SAH and sham SAH animals and between the right and the left hemispheres on Days 1,
3,7, 14,21, and 28 after SAH.

Conclusions—Intrathecal drug distribution is substantially limited by SAH. Thus, when using
intrathecal drug delivery after SAH, vasoactive drugs are unlikely to reach the arteries that are at
the highest risk of delayed cerebral vasospasm.
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Methods

DRUG distribution after intrathecal administration has been extensively studied in clinical
and experimental settings.34:37 This route is an important conduit for treating CNS
infections, leptomeningeal involvement in certain neoplasms, spasticity, and intractable
pain.>813.20.29 Almost 40 years ago, to increase local drug concentrations and avoid
complications associated with systemic administration,6:18:32 intrathecal administration was
explored to treat delayed cerebral vasospasm after aneurysmal SAH. Recently, intrathecal
delivery has gained renewed interest among vasospasm researchers because of new drug
development (recombinant tPA and urokinase), new drug packaging techniques (slow-
releasing polymers and tablets), new technologies,1# and new biological therapeutic
approaches (viral gene delivery, liposomes for drug and gene therapies, and antisense
oligonucleotides) that must be delivered locally or into the CSF to produce an anti-
vasospastic effect (Appendix, available online). However, increased use of the intrathecal
route to treat vasospasm has not been associated with studies designed to better understand
drug distribution in the subarachnoid space after SAH. Studies of drug distribution in the
CSF after SAH are scant and have been performed only with small animal models of
SAH.33:36 Fyrthermore, when a primate model of SAH has been investigated in treatment
studies, inconsistent effects are reported using the same drug.1:25:27:38 These discrepancies
were attributed to the drug or drugs and usually resulted in abandoning the preclinical
therapy or discontinuing clinical trials.42:43

Both the presence of a clot encompassing a conductive artery or arteries and inflammatory
changes in the vicinity of the clot after SAH may preclude an intrathecally delivered drug
from reaching the artery or arteries in spasm. We used CT and macroimaging (photography)
to examine the distribution of different compounds after intrathecal administration using a
primate model of SAH. We sought to establish whether a subarachnoid clot affects drug
distribution in the presence of SAH. We chose a primate model because this model mimics
the relationship between development of vasospasm and the presence of blood in the
subarachnoid space in humans®28:35 and because the amount of blood placed around the
right MCAZ:3 corresponds to Fisher Grade 3 after aneurysmal bleeding.12

Experimental Design

Ten cynomolgus monkeys were randomly assigned to SAH or sham SAH groups (5 in each
group). Animals underwent a right frontotemporal craniectomy with transsylvian exposure
of the proximal portion of the right MCA and bifurcation of the ICA. Four animals each in
the SAH and sham SAH groups comprised the *“acute” group and 2 animals constituted the
“subacute” group. The monkeys in the sham SAH group underwent the same surgery as
those in the SAH group, but saline instead of blood was placed in the subarachnoid space.
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Serial CT contrast (Isovue-M 300, Bracco Diagnostics, Inc.) cisternography was used for in
vivo assessment and quantification of contrast distribution in the CSF, whereas Evans blue
(Sigma) cisternography was used to detect CSF distribution with sensitivity. Evans blue
distribution was assessed during autopsy.

Four monkeys experienced SAH followed by CT contrast cisternography performed on Day
1 after SAH (2 animals), and CT contrast with 3% Evans blue cisternography on Day 3 (1
animal) or 7 (1 animal). Four monkeys in the sham SAH group underwent cisternographies
on postoperative Day 3 (1 animal) or 7 (3 animals). These 8 animals constituted the acute
group and were killed within 1 hour after the last CT scan. Two additional animals, which
formed the subacute group (1 SAH animal and 1 sham SAH animal), underwent repeated
CT cisternographies performed on postoperative Days 7, 14, 21 (SAH only), and 28. These
animals were killed on postoperative Day 28 after the last cisternal injection of CT contrast
material and 3% Evans blue. Comparison of the presence of contrast material and dye was
performed between the right and left hemispheres, sylvian fissures, and MCA walls. The
animal protocol was approved by the Animal Care and Use Committee of the National
Institute of Neurological Disorders and Stroke and met the National Institutes of Health
guidelines for animal care.

Subarachnoid Hemorrhage Model

As described in previous studies,®3® under 1.0% isoflurane general anesthesia and aseptic
conditions, mon-keys underwent a right frontotemporal craniectomy (2 x 1.5 cm) and
opening of the arachnoid over the proximal portion of the MCA, bifurcation of the ICA, and
sharply opening of the Liliequist membrane. Five milliliters of arterial blood was collected
from the left femoral artery, allowed to clot, and placed around the exposed right MCA. The
dura was closed to form a watertight seal and the wound was closed in layers; the monkey
was extubated on regaining a gag reflex. In the sham SAH group, the same procedures were
performed except that 5 ml of warm saline was injected around the right MCA.

Computed Tomography Cisternography and Data Acquisition

On postoperative Days 1, 3, 7, 14, 21, and 28, animals were sedated (using intramuscular
injection of 10-15 mg/kg ketamine and 2 mg/kg xylazine), intubated, and transported to the
CT facility to undergo CT cisternography. The general and neurological status of all animals
was closely monitored during the experimental period, and respiration, pulse, O, saturation,
and body temperature (maintained using hot water blankets) were monitored during the
procedures by the investigators and the veterinary technical support staff. Each animal was
placed in a prone position with the head slightly below the level of the chest in the CT
gantry.

Computed tomography was performed on a slice helical scanner (Mx8000 IDT 16, Philips).
Computed tomography scan parameters were 90 kV, 400 mAs, field of view 98 mm,
collimation 4 x 0.75, pitch 0.35, thickness 1.0 mm, and overlap 0.5 mm. Computed
tomography was acquired in helical mode using 1-mm slice thickness and reconstructed to a
field of view of 9.8 cm, 90 kV, 400 mAs, and rotation time of 1 second.
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Baseline axial CT images of the brain were acquired. Axial CT was used to identify the
space between the foramen magnum and C-1, and the skin surface was marked. Using sterile
technique, the back of the monkey’s head was then shaved and prepared with 3 alternative
applications of Betadine solution and alcohol. A 22-gauge needle was carefully introduced
into the cisterna magna under CT guidance. To minimize the infusion effect on intracranial
pressure, free drainage of 1 ml of CSF was allowed; 1 ml of contrast material (Isovue-M
300) or contrast mixed with 3% Evans blue (0.5 ml) was then delivered over the course of 3
minutes. Cranial CT was performed immediately following the injection. Subsequent CT
scans were performed every 15 minutes for as long as 2 hours following injection. For
quantification, the CT cisternogram showing a maximal concentration of contrast on the
unoperated side was used; typically this was the scan performed 30 minutes after intrathecal
injection. Quantification was performed by placing small (~ 50 voxel) regions of interest in
the region of the M1 segment of the MCAs and on the brain surface above the sylvian fissure
in the parietal lobe on both sides using a picture archiving and communications system
(PACS) workstation (DirectView, Kodak Health Systems) or the Analysis of Functional
Neurolmages program (AFNI; http://afni.nimh.nih.gov/afni).

For assessment of Evans blue distribution after the last of the serial CT cisternographies,
monkeys were killed using 90 mg/kg intravenous pentobarbital followed by immediate
fixation via intracardiac perfusion of 3% glutaraldehyde (Electron Microscopy Sciences)
and 1% formaldehyde (Electron Microscopy Sciences) in 0.1 M phosphate-buffered saline
(pH 7.4). The brain was quickly removed and photographed, and the arteries of the circle of
Willis were dissected and photographed.

Statistical Analysis

Results

Statistical tests included a 1-way ANOVA and the Student-Newman-Keuls test for pairwise
comparisons. Statistical analysis of logarithmic data was performed using MedCalc
software. A probability value < 0.05 was considered statistically significant.

Acute Group

In the acute group, CT cisternography performed within 1 week of surgery consistently
showed the distribution of contrast material. On the side contralateral to the surgery, contrast
material freely distributed around the MCA, the sylvian fissure, and the sulci over the
convexities for animals in both the SAH and sham SAH groups (Fig. 1A, upper and lower).
On the side ipsilateral to the SAH (clot placed around the MCA), contrast material did not
penetrate the cisterns around the MCA, did not enter the sylvian fissure, and only weakly
distributed over the convexities in 4 of the 5 animals (p < 0.05). In 1 animal, contrast
material did penetrate the region of the SAH around the MCA, but the contrast distribution
was delayed and weak compared with the contralateral side. Evans blue distribution
recorded photographically (performed in 4 animals) showed a distribution equivalent to that
observed on CT (Fig. 1B-D, upper).
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On the side ipsilateral to the sham surgery, contrast material rapidly accumulated in the CSF
spaces surrounding the MCA, as well as in the sylvian fissure and sulci of the convexities in
5 animals. There was no delay of contrast accumulation, although the density of the
maximal contrast accumulation was less than that in sulci contralateral to the surgery (p <
0.02; Fig. 1A, lower). Evans blue data (recorded in 4 animals) showed a distribution
equivalent to that observed on CT (Fig. 1B-D, lower).

Contrast enhancement in the sylvian fissure on the side ipsilateral to clot placement in the
SAH was signifi-cantly less than that in the sylvian fissure of the sham-operated animals as
well as the contralateral sylvian fissures (p < 0.05; Fig. 2).

Subacute Group

In the subacute group, CT cisternography revealed persistence of the diminished contrast
distribution on the right side of the brain and within the right sylvian fissure on Days 7, 14,
21, and 28 after SAH and on Days 7 and 14 after sham SAH surgery (Fig. 3). On Day 28
after sham surgery, the contrast material was distributed almost evenly between the 2 sides.

Discussion

The results of this study confirm our hypothesis that, in the presence of a clot, the
distribution of contrast and dye from the CSF into the subarachnoid space is substantially
restricted in the vicinity of arteries covered by the clot and at risk for spasm and that this
limited distribution persists for a prolonged interval. The authors recognize the limitation of
this experimental study. However, because similar imaging procedures (such as serial CT
cisternography) and the interventions that they require would be extremely difficult after
severe aneurysmal SAH in patients, and because this primate model of SAH is widely
recognized as the best model of vasospasm, we believe that the conclusions of this study are
valid and that its applicability to the clinical setting is strongly supported by our findings.

Vasospasm Treatment Strategy Using Intrathecal Drug Delivery

Easy access to the CSF has prompted numerous researchers to use intrathecal delivery of
drugs in an attempt to treat or prevent delayed cerebral vasospasm following aneurysmal
SAH in preclinical and clinical trials (Appendix, available online). In the 1980s,
intrathecally administered nimodipine was reported to increase efficacy without evoking a
deleterious reduction of blood pressure and cerebral perfusion.#1545 Intrathecal delivery of
other drugs also was reported to prevent or reverse delayed cerebral vasospasm after SAH,
while avoiding the complications of systemic administration.34®> However, Lewis and
colleagues, 2 using a primate model, found that intrathecally administered nimodipine
dilated the MCA in only 1 of 8 animals. In a clinical study of intrathecal nicardipine,3°
vasospasm was not reversed except in arteries in the proximity of the catheter tip.
Additionally, although intrathecally administered endothelin-1 antagonists showed potent
antivasospastic effects in rat and rabbit SAH models, 2648 this effect did not occur in canine
or primate models.” 19

Regardless of these observations, the discovery of new classes of potentially effective drugs
with a variety of mechanisms of action led to renewed interest in intrathecal delivery of
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many drugs. Despite limited knowledge about drug distribution in the subarachnoid cisterns
after SAH, researchers and clinicians describing negative results often concluded that the
failure was due to ineffective drugs.1-38 The possibility that the presence of a blood clot in
the subarachnoid space limited drug distribution was never addressed. This error in
interpretation persists despite knowledge that clot thickness is related to development of
vasospasm,12:24 and its thickness differs greatly from patient to patient?4 and among models
of disease.28

Clot Effect on Drug Distribution in the Subarachnoid Space

Physical removal and irrigation of the clot during surgery as well as during recovery (with a
head-shaking device)?! have been advocated and were found to lower the risk of vasospasm
in experimental®” and clinical trials. 22:23.31 However, a complete removal of blood from a
clot in the subarachnoid space remains impossible. Nevertheless, few studies quantify drug
distribution in the subarachnoid space after SAH.25:33:36 |n 4 rabbit model of SAH, Pradilla
et al.36 tested the rate and degree of Evans blue distribution after intrathecal placement (in
the cisterna magna or subfrontal cisterns) of a polymer impregnated with Evans blue for
controlled release. The peak concentration at 3 and 14 days was at least 4—6 times lower in
the region of interest (frontal cisterns) than in the cervical region, where peak concentrations
were detected. Curiously, despite this observation, the authors concluded that “...SAH did
not interfere with Evans blue diffusion.”36 Furthermore, in a canine model of SAH, Ohta et
al.33 observed that intracisternally administered horseradish peroxidase entered the
adventitia and media of the cerebral arteries, but the effect was diminished compared with
control animals. Nevertheless, the authors concluded that their findings support intrathecal
drug administration after SAH.33

Intrathecal Thrombolysis

The thickness of the subarachnoid blood clot after aneurysmal bleeding is directly related to
the risk of vasospasm and clinical outcome.12:24 The risk of vasospasm development, which
is zero during the first 2 days after SAH, 46 gradually increases by almost 11% a day
through Day 7 and then decreases through the next week.4946 The dissolution of the clot in
the subarachnoid space has a half-life of 5.4 days and is independent of initial clot volume.30
Because resolution of vasospasm is related to diminishing clot volume,*%47 many
investigators attempt to accelerate clot resolution using intrathecal or intraventricular
thrombolysis with heparin,* urokinase,6:17 or recombinant tPA.11:44 However, the only
double-blind, placebo-controlled, randomized trial using tPA showed no beneficial effect on
vasospasm.10 Additionally, a meta-analysis of accessible data found no strong support for
the use of thrombolysis to prevent vasospasm.? It appears likely that the presence of a clot in
the subarachnoid space restricts not only the distribution of antivasospastic drugs distributed
via the CSF, but also that thrombolysis using recombinant tPA has a limited effect on the
thickness of the clot enveloping cerebral arteries because of limited distribution,3°
explaining its limited effect on arterial spasm.2-10

Surgical Effect on Intrathecal Drug Distribution

Another issue that has not been investigated previously is the influence of surgical
manipulation in the region of an aneurysm on CSF distribution in the subarachnoid space. In
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our surgery group without SAH (sham SAH group), we examined the CSF distribution of 2
different compounds and observed long-lasting impairment of regional distribution of CT
contrast and Evans blue dye following precise and bloodless microsurgical dissection of the
sylvian fissure and membrane of Liliequist. Thus, surgical intervention alone limits the
distribution of intrathecally delivered therapeutics to the region of surgical manipulation.

Conclusions

The pattern of changes and differences in contrast distribution between animals in the SAH
and sham SAH groups and between the right and left hemispheres after producing SAH
confirmed our hypothesis that intrathecal drug distribution is substantially limited by SAH.
Thus, with intrathecal drug delivery after SAH, vasoactive drugs are unlikely to reach the
arteries that are at the highest risk of delayed cerebral vasospasm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Images from the animals in the SAH (top row) and sham SAH (bottom row) groups. SAH

Group: On Day 7 after SAH, CT cisternography (A) revealed contrast material entering the
sylvian fissure and distributed over the surface of the cerebral hemisphere on the side
opposite the SAH, but no contrast present in the vicinity of the right MCA. There is
significantly less contrast on the surface of the right hemisphere. Evans blue dye injected 3
hours before death (B) stains blue the proximal (M) portion of the right MCA, the segment
close to the ICA, leaving the M, branches unstained. The convexity of the right hemisphere
(C) and the base of the frontal and temporal lobes near the right Sylvian fissure (D) are also
less stained than the corresponding areas of the left cerebral hemisphere. The graph (E)
depicts the CSF attenuation in the sylvian fissure on the CT cisternographies performed
every 30 minutes for 2 hours on postoperative Day 7 after SAH in the same animal. There
was a significant difference (p < 0.05) in the CSF attenuation between the right (ipsilateral)
and left (contralateral) sides. Sham SAH Group: On Day 7 after sham SAH, CT
cisternography (A) revealed contrast material entering the sylvian fissure along the left
MCA and distribution of the material over the convexity of the cerebral hemisphere on the
side opposite surgery. Contrast is also present in the vicinity of the right MCA in the right
sylvian fissure. There is less contrast on the surface of the right cerebral hemisphere. Evans
blue dye injected 3 hours before death (B) evenly stained blue the right and left MCAs as
well as the rest of the cerebral arteries, although there is an appreciable difference in dye
distribution over the convexity of the right and left hemispheres (C) and at the base on the
brain (D). The graph (E) depicts the CSF attenuation in the sylvian fissure on the CT
cisternographies performed every 30 minutes for 2 hours on postoperative day 7 after sham
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SAH surgery in the same animal. There was no difference (p > 0.05) in the CSF attenuation
between the right (ipsilateral) and left (contralateral) sides but there was diminished contrast
in the parietal region on the ipsilateral compared with contralateral side (p < 0.02).
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Bar graph of the peak CSF attenuation adjacent to the Mq segment of the MCA contralateral
(contra) and ipsilateral (ipsi) to surgery in which either a clot was placed to mimic SAH or
in which identical surgery was performed, but no clot was placed (sham-SAH). Contrast
distribution in the region of the clot is limited compared with the contralateral side and
compared with both sides after sham SAH (*p < 0.05, Student-Newman-Keuls test for all
pairwise comparisons, 1-way ANOVA).
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Fig. 3.

Li?\e graph depicting the relative density (%) of the contrast in the sylvian fissure on the side
ipsilateral to surgery compared with the maximum density on the side contralateral to
surgery after injection of contrast into the cisterna magna on CT cisternography on Days 7,
14, 21, and 28 after SAH and on Days 7, 14, and 28 after sham SAH surgery. The graph
demonstrates a persistent decrease of contrast penetration for 2 weeks after sham SAH
surgery and for 4 weeks (the end of study) after SAH. Note the undisturbed distribution of
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contrast on the unoperated side and initial limitation, but recovery, of CSF distribution on
the side of sham surgery (Sham-SAH) between 2 and 4 weeks after surgery.
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