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BACKGROUND AND PURPOSE: The organic solvent dimethyl-sulfoxide (DMSO), as a commonly used
vehicle for nonadhesive liquid embolics, is not devoid of local angiotoxic effects. We compared
microvascular toxicities of superselective infusions of DMSO with potentially more compatible sol-
vents in swine rete mirabile.

METHODS: Fourteen swine underwent angiography for superselective catheterization of 28 arteries of
the rete while electrocardiography and intra-arterial pressure were continuously monitored. The
investigated solvents were DMSO, dimethyl isosorbide (DMI), ethyl lactate, glycofurol 75, N-methyl
pyrrolidone (NMP), and solketal. Control infusion of saline ruled out catheter induced vasospasm in all
cases. Each artery of the rete was infused only once with 0.8 mL of one of the solvents over 60
seconds. Acute angiographic and hemodynamic consequences were evaluated. Blood samples were
assessed for signs of intravascular hemolysis. Brains and retia were harvested for gross and his-
topathologic investigation.

RESULTS: On the basis of the angiographic data, DMSO induced the most pronounced vasospasm
with the longest recovery period of all solvents investigated. Ethyl lactate, glycofurol 75, and solketal
elicited less severe vasospasms and accordingly resolved much more quickly. DMI and NMP induced
only minimal vasospasms with comparably short duration. No solvent caused significant hemodynamic
alterations or hemolysis. Gross inspection of brains showed no abnormalities, whereas histopathologic
examination revealed mostly nonspecific findings. One rete exposed to solketal displayed possible
causal histotoxic changes.

CONCLUSION: DMI and NMP produced far less vasospasm than DMSO. No changes in hemodynamic or
hemolytic parameters and no histopathologic findings were observed with infusion of these solvents.

Precipitating liquid embolics used for embolization of cere-
bral aneurysms or arteriovenous malformations (AVMs)

are based on solutions of preformed polymers dissolved in
organic, water-miscible solvents.1-6 After intravascular injec-
tion, the liquid embolic precipitates and forms a nonadhesive
solid cast as a result of a rapid exchange of the solvent with
surrounding physiologic fluids. A growing clinical experience
in the treatment of cerebral aneurysms and AVMs is gained
with Onyx (Micro Therapeutics, Irvine, Calif), which is cur-
rently the only commercially available nonadhesive liquid em-
bolic agent and uses dimethyl-sulfoxide (DMSO) as the carrier
solvent.7-11 Nevertheless, several systemic side effects have
been attributed to the use of DMSO for other therapeutic ap-
plications.12-21 As for rapid intra-arterial injections, fatal sol-
vent-related adverse effects, such as severe vasospasm, angio-
necrosis, endothelial denuding, and internal elastic lamina
disruption, have been reported; subarachnoid hemorrhage,
stroke, and death are frequent clinical sequelae.1,5,22-26 Al-
though the use of low injection rates may avoid structural
vascular damages, even slow DMSO injections are still not
devoid of mild to moderate vasospasm,27 which may compro-

mise proper deployment of liquid embolic to the target during
AVM embolization. Furthermore, the requirement for a low
infusion rate may limit its use for high volume vascular struc-
tures, for which dose-dependent toxicity levels have not yet
been evaluated. Moreover, DMSO dissolves many routinely
used microcatheters, so that its application is restricted to the
use with especially designed DMSO-resistant catheters.

Therefore, alternative water-miscible solvents for liquid
embolics to circumvent these limitations were proposed.28,29

Solvents such as dimethyl isosorbide (DMI), ethyl lactate, gly-
cofurol 75, N-methyl pyrrolidone (NMP) or solketal have
been used as pharmaceutical excipients in humans for intra-
venous (ethyl lactate, solketal), intramuscular (glycofurol 75,
NMP), or topical (DMI, NMP) administrations to facilitate
the dissolution of poorly water-soluble drugs.28,30,31 The goal
of this study was to compare local angiographic (degree of
vasospasm), systemic hemodynamic (blood pressure, heart
rate, and electrocardiography [ECG]), clinical laboratory (he-
molytic parameters), and histopathologic implications of su-
perselective injections of these solvents and DMSO into the
swine carotid rete mirabile, which has previously been used to
evaluate angiographic effects of DMSO.5,22,27

Materials and Methods

Materials
Solvents tested were DMI (Arlasolve; Uniqema, New Castle, Del),

DMSO (KIC Chemicals, Armonk, NY), ethyl lactate (Fluka, Buchs,

Switzerland), glycofurol 75 (tetrahydrofurfuryl alcohol polyethylene
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glycol ether; Hoffman-la-Roche, Basel, Switzerland), NMP (Pharma-

solve; ISP, Wayne, NJ), and solketal (D,L-�,�-isopropylidene-glycer-

ol; Fluka). With the exception of solketal, all solvents were of phar-

maceutical grade. Before use, solvents were heat-sterilized at 121°C

for 20 minutes.

Methods
All animal experiments and handling were carried out in accordance

with the national laws for animal protection and were approved by the

Review Board for Care of Animals. Fifteen female swine were used for

this study, 14 of which received angiography; 1 animal served as a

control. The animals were 4 –5 months old, weighed 40 –55 kg, and

were maintained on a standard laboratory diet. After an overnight

fast, each swine was premedicated with intramuscular ketamine (20

mg/kg). Endotracheal intubation was performed, and general anes-

thesia was maintained with ketamine 20 mg/kg/h and fentanyl 0.025

mg/kg/h. Pancuronium 0.1 mg/kg/h was given for muscle relaxation.

Digital subtraction angiography (DSA) was performed with a an-

giography unit (Integris V; Philips Medical Systems, Best, the Neth-

erlands). Continuous hemodynamic monitoring was measured

through a 6F guiding catheter using a standard, precalibrated intra-

arterial fluid pressure transducer (Abbott Critical Care Systems, Sligo,

Ireland). Blood pressure as well as heart rate and ECG were continu-

ously monitored and intermittently charted (Sirecust 732; Siemens,

Erlangen, Germany). 5F and 6F sheaths were placed in the left and

right femoral arteries and attached to pressurized saline infusions.

Afterward, 5000 IU heparin was given. A 6F guide catheter (Envoy;

Cordis, Warren, NJ) was placed in the aortic arch and connected to

the fluid pressure transducer; continuous blood pressure monitoring

was started. A 4F guide catheter (Vertebral; Terumo Europe, Leuven,

Belgium) was used for catheterization of the common carotid artery

(CCA). Owing to organic solvent incompatibility with certain com-

monly used polymers for constructing microcatheters, all superselec-

tive catheterizations were performed with a Rebar 14 (Micro Thera-

peutics), which has previously been determined to be resistant to the

organic solvents tested in this study. Superselective catheterization of

the ascending pharyngeal artery (ie, artery of the rete) was performed

by coaxial placement of the microcatheter/microguidewire combina-

tion through the guiding catheter. The tip of the microcatheter was

placed distal to the pharyngeal branch of the ascending pharyngeal

artery to ensure that infusions were delivered to the rete only (Fig 1).

Preinfusion DSA was used to ensure proper positioning of the micro-

catheter and to study the anatomic configuration and blood flow

pattern of the rete mirabile. For all solvents, a total volume of 0.8 mL

was infused over 60 seconds. These parameters have been shown to

evoke a profound but reversible vasospasm of the ascending pharyn-

geal artery and rete after superselective infusions of DMSO.27 Serial

superselective microcatheterization of each artery of the rete (ascend-

ing pharyngeal) was performed in 14 swine using standard tech-

niques. One swine that had had no prior angiographic procedures

served as the virgin rete control. Superselective infusion of 0.8 mL of

normal saline over 60 seconds was performed before each solvent

infusion. Postinfusion DSA was obtained through CCA injection at 3

minutes to rule out changes of the retial circulation. In no case was

vasospasm detected after saline infusion, so that superselective micro-

catheterization of the ascending pharyngeal artery was performed

once more, followed by infusion of 0.8 mL of one of the organic

solvents over 60 seconds. No solvent was used twice in the same ani-

mal. Because the solvents investigated are known to display hemolytic

activity and induce morphologic changes of red blood cells,32 blood

was drawn from one of the sheaths before and after solvent infusion to

evaluate hemolytic parameters (hemoglobin [Hb], free hemoglobin

[fHb], and lactate dehydrogenase [LDH]). The hemodynamic (blood

pressure, heart rate, and ECG), angiographic, and histopathologic

consequences of superselective injections of the solvents were evalu-

ated using the following standardized protocol. Measurements of

blood pressure, heart rate, and ECG were obtained immediately be-

fore infusion (ie, baseline) and were subsequently repeated immedi-

ately, 1 minute, 3 minutes, and 5 minutes after infusion. Postinfusion

DSA was obtained, in which changes in the anatomic appearance or

hemodynamics of the retial circulation as a result of vasospasm were

assessed. If vasospasm was detected, serial follow-up DSA every 5

minutes was subsequently performed until vasospasm resolved or a

total of 30 minutes had elapsed. These hemodynamic and angio-

graphic protocols were repeated in the contralateral rete.

To be able to better compare these with previously observed re-

sults for the severity of vasospasm, a 5-point grading system was used,

as described previously.27 This system was derived from previous sub-

jective angiographic grading systems used for quantifying the severity

of blood-flow alterations associated with vasospasm and thrombo-

embolic occlusion of coronary and cerebral arteries,18-21 including

the system developed for the Thrombolysis in Myocardial Infarction

(TIMI) clinical trials. The following grades were defined specific to

involvement of the ascending pharyngeal and retial arteries: grade 0,

no vasospasm; grade 1, minimal narrowing (�25%) of the ascending

pharyngeal artery with normal runoff and no involvement of the retial

arteries; grade 2, mild narrowing (26%–50%) of the ascending pha-

ryngeal artery with normal runoff and no involvement of the retial

arteries; grade 3, moderate narrowing (51%–75%) of the ascending

pharyngeal artery with minor or no significant decrease in runoff

(TIMI grade 2 or 3) and minimal or no involvement of the retial

arteries; grade 4, severe narrowing of the ascending pharyngeal artery

(�75%) with diminished runoff (TIMI grade 1) and vasospasm in-

volving the retial arteries; and grade 5, profound vasospasm of the

ascending pharyngeal and retial arteries resulting in loss of antero-

grade flow (TIMI grade 0). After DSA, the swine were sacrificed while

under general anesthesia using standard approved procedures, fol-

lowed by immediate necropsy. Each rete was carefully harvested from

the cavernous sinus as described previously.22 The retia were grossly

inspected for any evidence of histotoxicity, such as thrombosis or

hemorrhage. The specimens were placed in 4% formalin for fixation.

Standard techniques were used for preparing sections of the retia for

Fig 1. Superselective catheterization of the artery of the rete.

The microcatheter is positioned in the ascending pharyngeal artery (arrow) distally to the
muscular branch for infusion of 0.8 mL of solvent over 60 seconds.
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light microscopy and sections were stained with hematoxylin-eosin,

Van Gieson’s elastic (EvG), and phosphotungstic acid. The prepared

slides were evaluated by an experienced neuropathologist who was

blinded to the solvents used. The retial samples were carefully scruti-

nized for a variety of possible histopathologic changes, including an-

gionecrosis, intimal injuries, fibrin, acute inflammatory infiltrate, dis-

ruption of internal elastic lamina, and hemorrhage in arterial walls or

perivascular spaces.

Results

Hemodynamics and Laboratory Parameters
No significant changes in blood pressure, heart rate, ECG, or
hemolytic parameters were observed that could be attributable
to superselective infusion of any of the solvents investigated.
There was actually considerable variation in baseline measure-
ments of both blood pressure and heart rate, measuring be-
tween 90/60 and 160/110 mm Hg, and between 110 and 160
beats per minute, respectively. Such variations can be attrib-
uted to natural variations in individual animals and to the
frequent variability and instability in the depth of the anesthe-
sia achieved in swine. Despite these large interindividual dif-
ferences, the measurements of blood pressure and heart rate in
the individual swine before and after the infusion of each sol-
vent were in the range of approximately 5%. Taking variations
of baseline hemodynamics and intrinsic errors in their mea-
surements with the devices used in this study into account, it
has been proposed that a minimum of 10% change was nec-
essary to reflect a potentially real difference in heart rate or
blood pressure that may be attributed to effects of the sol-
vents.27 Using this criterion, we found no significant changes
in blood pressure or heart rate for any solvent investigated.

The baseline ECGs showed normal sinus rhythm or occa-
sionally a mild sinus tachycardia. No significant arrhythmias
or ectopia were observed at baseline, though several subjects
had nonspecific ST and T wave changes, which are commonly
seen in swine placed under general anesthesia. After infusion
of saline or any of the solvents, there was no evidence of in-
creased ectopia, tachyarrhythmia, bradyarrhythmia, or myo-
cardiac ischemia (eg, Q waves, ST wave elevations, inverted T
waves).

No significant increases in Hb, fHb, or LDH, parameters
that would indicate intravascular hemolysis, were found in
any of the animals infused with the solvents. Mean values for
Hb were 9.0 � 0.9 and 8.9 � 1.1 g/dL before and after embo-
lization, respectively; mean values for fHb were 17.2 � 8.7 and
15.9 � 10.2 mg/dL before and after embolization, respectively;
and mean values for LDH were 521.4 � 104.7 and 501.4 �
80.7 U/L before and after embolization, respectively (n � 14).
These values were of no statistical significance (Wilcoxon test:
P � .646 for Hb, P � .929 for fHb, and P � .347 for LDH).

Angiography
No significant technical difficulties were encountered with the
superselective catheterizations and infusion of solvents of the
ascending pharyngeal artery. Superselective infusion of saline
did not result in angiographically documented vasospasm at
postinfusion DSA in any of the specimens. In contrast, all of
the solvents investigated displayed a variable degree of vaso-
spasm, that was typically transient within the observation in-

terval. In only 1 swine in which DMSO was infused was there
residual vasospasm (grade 1) at the end of the 30-minute pe-
riod of follow-up prescribed by the protocol.

To facilitate the discrimination of different properties of
the solvents investigated, the individual vasospasm score, av-
erage vasospasm score, and average duration of vasospasm
were determined. These results are summarized in Table 1.
DMSO induced the most severe average vasospasm after 3
minutes with the longest average duration among all solvents
investigated. The average vasospasm score after 3 minutes for
DMSO was 2.9, whereas the average DMSO-induced vaso-
spasm resolved not before 17.3 minutes (Fig 2). These data
were in good agreement with values reported earlier.27 The
vasospasm associated with the infusion of solketal, ethyl lac-
tate, and glycofurol 75 was moderate and was less severe com-
pared with the vasospasm induced by DMSO. The average
vasospasm scores after 3 minutes were 2.6 for ethyl lactate and
solketal and 2.0 for glycofurol 75. In contrast to DMSO, the
vasospasm induced by those solvents resolved much more
quickly, with an average duration of vasospasm of 8.0 minutes
for solketal and glycofurol 75 and 9.3 minutes for ethyl lactate.
The solvents that evoked the weakest and most transient vaso-
spasms were DMI and NMP. The average vasospasm scores 3
minutes after solvent infusion were 1.0 for DMI and 0.8 for
NMP. Average duration of vasospasm after infusion of DMI or
NMP was 4.8 or 3.7 minutes, respectively (Fig 3). In addition,
of all solvents investigated, only infusions of DMI and NMP
evoked no vasospasm at all in 2 cases each. Temporal declines
of solvent-induced vasospasms are illustrated in Fig 4.

Gross and Histopathologic Evaluation
All resected retia appeared grossly normal with no signs of
focal thrombosis or angionecrosis. The harvested brains were
sectioned and investigated macroscopically for softening, en-
cephalomalacia, or subarachnoid hemorrhage. In none of the
specimens investigated was an abnormal appearance of the
brain found. Microscopic evaluation of retia revealed normal
retial microarteries in most cases, and histopathologic changes
were mostly unspecific. The most frequent nonspecific finding
was partial endothelial separation in scattered retial arteries
(Fig 5A). In addition, 1 side of a rete exposed to glycofurol 75
displayed a small number of retial arteries with arterial wall
hyperplasia of all vessel layers (Fig 5B). This finding cannot be
attributed to acute angiotoxic effects of solvent infusion. Sev-
eral microarteries showed more pronounced endothelial de-
nuding than the endothelial separation described previously
but only on a single retial side that had been exposed to
solketal (Fig 5C). Thus, this histopathologic finding could
possibly be related to infusion of this solvent. EvG staining
excluded disruption of the internal elastic lamina or an arterial
wall injury (Fig 5D). Histopathologic signs of angionecrosis,
fibrin deposition, hemorrhage, disruption of internal elastic
lamina, or acute cellular inflammation were not observed in
any of the specimens investigated.

Discussion
In this comparative study, we evaluated the potential angio-
graphic, hemodynamic, clinical laboratory, and histopatho-
logic implications of infusions of DMSO and the water-misci-
ble organic solvents DMI, ethyl lactate, glycofurol 75, NMP,
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and solketal into the swine carotid rete. This experimental
AVM model has been used previously for the assessment of the
angiotoxic actions of DMSO,5,22,27 though it must be pointed
out that vasospasm as a kind of physiologic effect is not nec-
essarily a marker of angiotoxicity. We chose a solvent volume
of 0.8 mL to be infused within 60 seconds (dose rate of 13.3
�L/s), because prior investigations have shown that identical
injections of DMSO induced, on the average, a moderate de-
gree of vasospasm (range from mild to severe) that was always
fully reversible within the observation interval of 30
minutes.27

On the basis of the angiographic findings, the investigated
substances can be subdivided into 3 groups: (1) DMSO in-
duced the most severe vasospasm with the longest duration of

all solvents investigated; (2) ethyl lac-
tate, glycofurol 75, and solketal all in-
duced a slightly lower initial degree of
vasospasm that, in contrast to DMSO,
resolved much more quickly; and (3)
DMI and NMP elicited only minimal
initial vasospasms that resolved very
quickly.

Moreover, DMI and NMP also display favorable general
toxicity properties for their use in liquid embolics. DMI has a
low systemic toxicity, with an LD50 of more than 5.4 – 6.9 g/kg
of body weight.33 It is known as a skin penetration enhanc-
er34,35 and is used for pharmaceutical and cosmetic applica-
tions.36 Furthermore, it has been proposed for the treatment
of aphthous stomatitis.37 Although few toxicologic data are
available about this solvent, DMI is not reported to be carci-
nogenic by any US agencies38,39 or mutagenic using Ames as-
says, or clastogenic to human lymphocytes.33 NMP also has a
low systemic toxicity in experimental animals, with an LD50 of
2.6 –7.0 g/kg body weight,40 thus progressively replacing more
toxic and highly volatile solvents in occupational and environ-
mental settings. In addition, NMP has some pharmaceutical

Fig 2. Vasospasm of the artery of the rete after infusion of
DMSO.

A, Postinfusion DSA 3 minutes after infusion of DMSO
reveals severe grade 3 vasospasm of the ascending pha-
ryngeal artery (arrows).

B, Repeat DSA shows complete resolution of vasospasm
at 23 minutes after DMSO infusion.

Table 1: Experimental data

Swine
No. Side

Solvent Infused
(0.8 mL/60 s)

% of Vessel Narrowing/Vasospasm Score After:

3 min 8 min 13 min 18 min 23 min 28 min
1 Right DMSO 50/2.5 51/2.5 41/2 36/2 23/2 15/1

Left Glycofurol 75 65/3 45/2 0/0 0/0
2 Right DMI 0/0 0/0 0/0

Left NMP 28/2 18/1 0/0
3 Right Solketal 50/2.5 20/1 0/0 0/0

Left Ethyl lactate 50/2.5 19/1 0/0 0/0
4 Right DMSO 82/4 35/2 0/0 0/0

Left DMI 32/2 21/1 0/0
5 Right NMP 0/0 0/0 0/0

Left Solketal 41/2 0/0 0/0
6 Right Glycofurol 75 45/2 23/1 18/1 0/0

Left Ethyl lactate 82/4 23/1 0/0 0/0
7 Right DMSO 36/2 21/1 17/1 0/0 0/0

Left NMP 14/1 0/0 0/0
8 Right Glycofurol 75 21/1 0/0 0/0

Left DMI 23/1 15/1 0/0
9 Right Ethyl lactate 40/2 20/1 0/0 0/0

Left NMP 0/0 0/0 0/0
10 Right DMSO 68/3 40/2 18/1 11/1 0/0 0/0

Left Solketal 53/3 50/2.5 13/1 0/0
11 Right DMI 39/0 0/0 0/0

Left Ethyl lactate 42/2 26/1.5 14/1 0/0
12 Right Glycofurol 75 36/2 16/1 0/0 0/0

Left Solketal 59/3 25/1.5 0/0 0/0
13 Right NMP 17/1 0/0 0/0

Left DMI 0/0 0/0 0/0
14 Right NMP 10/1 0/0 0/0

Left Glycofurol 75 38/2 18/1 0/0 0/0

Note:—DMSO indicates dimethyl sulfoxide; DMI, dimethyl isosorbide; NMP, N-methyl-2-pyrollidone.
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uses because of its ability as a potent skin penetration enhanc-
er.41-43 In human volunteer studies, no adverse effects were
observed either after an 8-hour inhalation exposure at 10 –50
mg/m3 44 or after ingestion of 100 mg of NMP.45 Furthermore,
NMP showed no carcinogenic activity in a 2-year study in
rats46 or mutagenic activity in the Ames assay in vivo47 in
either mice or hamsters.48 Although some trials have shown
that NMP might induce aneuploidy in yeast,49,50 NMP is not
considered as mutagen or carcinogen. Developmental toxicity
studies revealed that NMP can be teratogenic,51 but only at
dose levels causing maternal toxicity.52,53 More recently, a
drug-delivery system that can be used for both parenteral and
site-specific drug delivery based on a polymeric matrix formu-
lation dissolved in NMP was approved by the FDA (Atrigel
Implant Drug Delivery Technology, Atrix Laboratories, Fort
Collins, Colo).

The acute toxicity levels of the alternative solvents as
measured by the intravenous LD50 are reported to lie in the
range of 2.7– 6.8 g/kg body weight; DMSO has an IV LD50 of
5.4 g/kg in rats.28 Because these doses are typically 2–3 or-
ders of magnitude higher than the injected doses for cere-
brovascular embolizations, solvent-related systemic effects
such as hemodynamic alterations would not be expected.
Nevertheless, because none of the solvents except DMSO
has previously been tested intra-arterially, blood pressure,

heart rate, and ECG were monitored in each specimen, but
no significant changes of these parameters or evidence of
increased ectopia or myocardiac ischemia were noted. Sim-
ilar observations have been made for slow infusions of
DMSO into the rete.27

Anemia, hemoglobinuria, and bilirubinuria mimicking a
hemolytic transfusion reaction as well as sulfhemoglobinemia
have been reported in humans after dermal and intravenous
applications of DMSO.13,20 This remarkably high hemolytic
activity of DMSO has been investigated on red blood cells in
vitro together with the other organic solvents tested in this
study. DMSO and ethyl lactate displayed the highest hemolytic
activity, glycofurol 75, NMP, and solketal were ranked mod-
erate, and DMI was the solvent with the lowest potential for
hemolysis.32 This low hemolytic activity of DMI has been re-
ported previously.54 Despite infusing 2 different solvents (1
for each rete) in each specimen, no significant changes of he-
molytic parameters were registered that were attributable to
the infusions of any of the solvents investigated. Nonetheless,
even if this experimental setup revealed no solvent-related he-
molysis, solvents with low or moderate hemolytic activity
should be preferred for the use as integral components of liq-
uid embolics.

Microscopic histopathologic analysis confirmed normal
microarterial wall assembly or only unspecific changes on
both sides of most exposed retia. These changes were similar to
those reported previously.22,27 Only on one side of a rete ex-
posed to solketal, several microarteries showed endothelial de-
nuding. Infusion of solketal into this artery of the rete induced
an initial grade 3 vasospasm that resolved completely after 18
minutes without angiographic signs of alterations to the ex-
posed retial system. Although this histopathologic finding can
be considered as possible histotoxic effect of solvent infusion,
no similar histologic findings were observed after infusion of
Solketal or any other solvent.

Conclusion
From the data provided by superselective organic solvent
injections into swine carotid rete mirabile, DMI and NMP
induced the lowest vasospasm of all substances investi-
gated. In addition, no hemodynamic changes, no signs of
intravascular hemolysis, and no acute histopathologic find-
ings were found to be associated with infusions of these
solvents.

Fig 3. Vasospasm of the artery of the rete after infusion of
DMI.

A, Postinfusion DSA 3 minutes after the injection of DMI
demonstrates mild grade 1 vasospasm of the ascending
pharyngeal artery (arrow ).

B, Repeat DSA 8 minutes after DMI infusion confirms
complete resolution of vasospasm.

Fig 4. Temporal courses of solvent induced changes in diameters of swine artery of the rete
(n � 28) expressed as a percentage of baseline values before solvent injections. Among
all solvents investigated, DMSO provoked the most severe initial vasospasm that resolved
the most slowly, whereas DMI and NMP induced only weak vasospasms that resolved
quickly.
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Française de Neuroradiologie (SFNR) 1997;25:46

27. Chaloupka JC, Huddle DC, Alderman J, et al. A reexamination of the angiotox-
icity of superselective injection of DMSO in the swine rete embolization
model. AJNR Am J Neuroradiol 1999;20:401–10

28. Mottu F, Laurent A, Rufenacht DA, et al. Organic solvents for pharmaceutical
parenterals and embolic liquids: a review of toxicity data. PDA J Pharm Sci
Technol 2000;54:456 – 69

29. Mottu F, Gailloud P, Massuelle D, et al. In vitro assessment of new embolic
liquids prepared from preformed polymers and water-miscible solvents for
aneurysm treatment. Biomaterials 2000;21:803–11

30. Powell MF, Nguyen T, Baloian L. Compendium of excipients for parenteral
formulations. PDA J Pharm Sci Technol 1998;52:238 –311

31. Heintz C, Boymond C. Aspects pharmaco-toxicologiques et utilisation théra-
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