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Contrast media,

CO, Digital Subtraction
Angmgra hy: Potential
Comphcatmns and Their Prevention’

THE use of CO, as a radiographic
imaging agent dates back to 1914
when Rautenberg insufflated the
peritoneum for visualization of the
intragbdominal viscera (1). Subse-
quently, in the 1920s, it was also
used to evaluate retroperitoneal
structures (2,3) and later in the
19505 and 1960s, it was employed
intravenously to delineate hepatic
veins and diagnose pericardial
effusion (4-9). The infrequency of
untoward events associated with
these procedures illustrated the
safety of CO, (10). Arguably, there
are reports of gas embolism, some-
times fatal, with the use of CO, for
insufflation during laparoscopy, but
the reported incidence is exceed-
ingly rare (15 per 113,263) and is
associated with peritoneal cavity
administration of CO, at 1-8 L/min
under high pressure (11-13). These
volumes far exceed those necessary
for intravascular diagnostic or
therapeutic purposes.

In the 1970s, Hawkins pioneered
the use of intraarterial CO, for
diagnostic arteriography (14). With
the advent of digital subtraction
angiography (DSA), stacking soft-
ware, and tilting examining tables,
€O, angiography became a viable
alternative, offering multiple advan-
tages when compared with iodin-
ated contrast material {15-17). CO,
has no allergic potential and, when
used appropriately, lacks renal
toxicity. However, as Hawkins
demonstrated in 14 canines (18),
one animal did demonstrate tran-
sient acute tubular necrosis, but
this was subsequent to repetitive
selective renal artery boluses of
CO, while the kidney was in the

vertical position. Normally, the
renal arteries are positioned poste-
riorly and this scenario is highly
unlikely unless the patient were to
remain in the decubitus position
and multiple selective injections
were made without a delay,
Frankhaus (17 and Weaver (19)
reported diagnostic and interven-
tional procedures in high-risk pa-
tients with use of both pure CO,
and CO, in addition to a small
amount of contrast material. In the
patients who received pure CQO,,
there was ne abnormal elevation of
creatinine level. In addifion to this
lack of renal toxicity, we are pres-
ently investigating the low viscosity
of CO,, which appears to be benefi-
cial in both diagnostic and interven-
tional procedures. Finally, CO, DSA
may offer this variety of benefits
without inflating, and possibly
reducing, cost. We believe these
benefits, along with the previously
deseribed technological advance-
menta, have led {0 an increase in
the interest in and proliferation of
the use of CO, DSA (15). However,
we also believe that prior to per-
forming CO, DSA, an understand-
ing of GO, and its unique physical
properties is imperative to prevent
rare, yet potential, untoward events
not seen with liquid contrast mate-
rial. Our long CO, experience at the
University of Florida, which in-
cludes more than 100 animals and
1,200 patients regulted in seven
major untoward events. Based on
this and others’ experiences, we
examined the etiologies and preven-
tion of potential CO, DSA complica-
tions.
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Figures 1, 2. (1) CO, bucyancy: {a) When blood is not totally displaced {eg, in an older patient with counterclockwise rota-
tion of the aorta), only the nondependent right renal artery (R) fills with €O, (white). () The left renal artery (L} can be filled
and visualized if the patient’s Ieft side is elevated. (2) Intentional trapping of CO, in the right atrium (RA). In the left lateral
decubitus pesition, CO, traps in the nondependent portion of the right atrium allowing blood to flow unimpeded into the right
ventricle (RV) and pulmonary artery (PA). ‘

UNIQUE PROPERTIES OF
CO, AND THEIR RARE BUT
POTENTIAL ADVERSE
EFFECT

Unlike traditionial vascular
imaging agents, CO, is a nontoxic,
noncombustible, odorless, and color-
less. pas. As a gas, it is buoyant,
tvisible, highly compressible,non-
viseous, and heavier than air. These
unique features differentiate it from
liquid ¢ontrast material and define
how it-can be used ag a safe and
efficdcious vascular imaging agent.

As opposed to liquid contrast
material, CO; does not mix with
bload. Conseguently, to render a
diagnostically accurate image, it
must displace blood from the vessel
being examined. Greater displace-
ment yields a higher quality and
more accurate image. This in part
rélates to the buoyancy of CO,,
vwhich cayses it to {loat and assume
a nondependent position, If an
ingnfficient amount of blood is
displaced, only the anterior or non-
gravity-dependent portion of the
vessel will be visualized and its
contrast will be diminished.

In some instdances, such as large
vessels, incomplete displacement is
comimon. Héwever, if one is aware

2.

of the buayancy factor, this can be
used as an advantage. For instance,
during an aortic injection, CO,
assumes a nondependent position
and fills the superior mesenteric
ard celiac arteries, yvielding excel-
lent images of their origins. Con-
versely, when trying to improve the
image of & more posterior structure,
the patient or the table can be
rotated to maneuver the area of
interest inte the nondeperident
position (Fig 1).

Alternatively, because it is
buoyant, CO, also has the potential
to hecome trapped in nondependent
structures. Normally, intravascular
CO, is eliminated rapidly in one of
two ways. When injected intrave-
nously, it is removed by the lungs
(presumably after éardiac churning
and rapid dissolution in the blood)
in spproximately 12-15 seconds.
Likewise, after an intraarterial
injection, it dissolves within z finite
period as long as a sufficient COgp
blood interface is present. Conse-
quently, CO, will be eliminated
rapidly as long as both of these
processes are unimpeded.

The problem arises when trapped
CO, cannot be eliminated and
obstructs normal blood flow causing
a vapor lock. This is more likely to

occur when, excessive doses are
administered or the bloed-CG,
interface is reduced. It is important
to realize, however, that an exces-
sive dose is specific to the patient
and varies depending on the pa-
tierit’s anatomy. Because of this, an
excessive dose cannot be defined by
a specific volurmie alone. As a
general rule, extrapolated from our
experience, we do not exceed 100
cm® per injection. However, in the
anesthesia literature, angiocardiog-
raphy with doses of CO, as large as
7.5 mL/kg have been well tolerated
(13). Again, individual doses of that
magnitude are unnecessary for our
purpeses. Yet, it is also important
to realize that a compromising dose
can result from either one large
bolus or multiple smaller ones
performed in rapid snccession,
Regardless of the reason, the conse-
guences of trapping are dependent
on the location and rapidity of
elimination. The most susceptible
sites are the main pulmenary
artery, inferior mesenteric artery,
and the abdominal sortd in patients
with an aneurysm.

Concerning the pulmonary arter-
ies, CO, has been used safely in a
large number of patients in the
1960s and 1870s for the detection of
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Figure 8. Trapping in the pulmonary artery. (a) If a patient is in the supine pesition dnd a relatively large amount of CO,
(white) is :n_;ented into the veénous system, CO, may trap anteriorly in the pulmonary artery (PA). (b) If the right side is el
evated, the gas is released from the pulmonary artery (PA) and resides in the nondependent right atrium (RA} without obstrue-

tion. RV = right ventricle.

pericardial effugion. Bendib et al
reported 1,600 cazes in which 200
em? were 1njected idtravenously
without significant complications
{10). However, many of these injec-
tions were performed in the left
lateial decubitus pesition. In this
position, CO; is trapped in the
nondependent portion of the right
atrium, which leaves enough space
for blood to flow beneath the GOy
into the right ventricle (Fig 2).
Subseguently, it enters the pulmo-
nary artery and is eliminated by
the pulmonary circulation, Pres-
ently, most intravenous injections of
COy are performed with the patient
in the supiine position. In this posi-
tion, the pulmonary artery is mostly
anterior. Therefore, rather than the
CO,, trapping in the right atrium, it
can be trapped in the pulmonary
artery (Fig 3).

If €Oy flows rapidly into the
peripheral pulmonary arteries and
dissolves quickly, no hemodynamic
changes have been noted. If large
volumes are injected or if a smaller
amount of gas (possible air contami-
nation) does not quickly dissolve,
the pulmonary outflow tract can he
blocked (vapor lock) resulting in
electrocardiographic changes of
coronary ischemia (elevated S-T
segment), bradycardia, hypotension,
and if uncorrected, death. This

appedrs to have been the etiology
for complications that arose ifi two
of our patients. Preceding our
current methods of delivery, CO,
was administered directly from its
eylinder through a series of stop-
cocks. In this instance, while per-
forming GO, portography during a
transjugular intrahepatic portosys-
temic shunt (TEPS) pracedure, one
of the stopcocks was inadvertently
turned the wrong way and was
open 1o the patient. Because CO, is
compressed in the cylinder, it
flowed directly from the eylinder
into the patient at a rate of 20--50
cm®/sec for' more than 60 seconds
(Fig 4), Ultimately, at, least 1,200
3,000 cm® were delivered. Such a
iarge volume could not be elimi-
nated by the lungs and became
trapped in the main pulmonary
artery. The entire right heart and
pulmonary outflow tract filled with
C0, and resulted in a “vapor lock
phenomena,” which prevented per-
fusion of the coronary arteries. As a
consequence, during the time
course, which we estimated.to be 5
mimites, there wag S5-T segment
elevation, bradycardia, and hypo-
tension. However, because of its
excellent solubility and placement
of the patient in the left lateral
decubitus position, CO, rapidly
dissolved and cardiac function

returned to normal within 1
minute. Extrapolating from cur
past experience with three animals,
had the flow continued for several
more minutes or had the regulator
been set at a higher rate, the
patient probably would not have
survived.

The other complication was very
similar in that the same ¢linical
manifestations occurred during
another TIPS procedure, but only
20 em® was administered. After
thorough review, it was discovered
that the CO, syringe with 20 cm®
had been in 4 horizontal position for
an extended period of time prior to
injection. If the stopcock was in the
incorrect position; the €O, may
have been replaced with room: air.
This would explain why such a
limited volume could cause a
similar effect. When this became
clinically apparent (the duration of
the trapped gas was riot known),
the patient was placed in the left
lateral decuibitus position, allowing
blood to flow inie the right ventricle
and pulmonary arteéry below the
trapped right atrial gas (Fig 2).
Afterward, the patient’s status
rapidly returned to baseline within
1 minute.

Likewise, because of their ante-
rior location in the aorta, the celiac,
superior mesenteric (SMA), and
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Figure 4. Avoiding excessive CQ, delivery. Excessive intra-
vascular volumes can be delivered if the €O, cylinder is con-

nected directly to the patient and thie three-way stopeock is
madvertemly malpositicned. Even with the regulator function-
ing properlg( and set.at low pressure (10 ps1) it is estimated

that.20 cm’
equals 1,200 cm® in 1 minute.

inferior mesenteric arteries (IMA)
are algo predigposed to trapping.
The IMA is, however, most suscep-
{ible because it is located in the
lower abdominal aorta where aneu-
rysimg are pore likely to oceur.
Because. of their flow dynamics and
shape, aneurysms tend to trap gas
anteriorly and can result in a vapor
lock of the IMA. Normally, CO, is
rapidly dissolved (20x mare soluble
than O,)and does not cavse signifi-
cant ischernia. However, if the CO,
load 15 too great or if an aneurysm
is presernt dnd the interface with
blood is decreased, Oy cannot
dissolve efficiently and ischemia can
ensue. Clinically, this is manifested
by abdominal pain, eramping, and
diarrhea. In addition, because of
partial pressure differences, if CO,
persists for an extended duration, it
has thé potential of being replaced
by O, and N, When this oceurs, O,
and N, can enter the IMA and,
bhecause of their decreased solubil-
ity, compared with CQ,, persist for
a loriger period of time potentially
causing significant ischemia and, if
uncorrected, infarction. Although
this has. never been reported, on
two occasions abdominal computed
tomography {CT) performed 24
hours subsequent to a CO; DSA

Ysec can be delivered through a 5-F catheter, which

procedure (300-500 cm® with dedi-
cated injector over 1 hour) demon-
strated residual gas anteriorly in an
aneurysm (Fig 5). By this time,
€0, should have been dissolved and
this most likely represented less
soluble O, and N

In ancther instance, multiple
large boluses of CO, were adminis-
tered in rapid sequence 1nto the
ahdominal aorta (2,000 em?® total in
less than 1 hour). Augmen’_s_ed by
the presence of an abdominal aortic
aneurysm (AAA}, CO, trapped
anteriorly. Because of the reduced
blood—gas interface and the rapid
administration of COy, it could not
be dissolved quickly énouigh and an
apparent vapor lock ensued, Al-
though a stagnant column.of CO,
was not visualized, it was specu-
lated that the nondependent TMA
distal branches had stasis and
remained filled with CO,. Urlike
the usual occlusive vaseular disease
where collateral flow develops dis-
tally, when a vessel is filled with
trapped CO,, we believe the pres-
sure of the gas prevents collateral
flow from entering {extrapolated
from our experiénice with CO, an-
gioseopy) {20). This apparently
resulted in ischemia manifested by
diarrhea, abdominal pain, and

Figure 5. CT scan cbtained 24 hours after CO; injeetion.
demonstrates gas in anterior AAA.

cramping. Immediate endoscopy
suggested ischemia, however, a
mucosal biopsy petformied at the
time was normal and when aortic
bifemoral praft surgery was per-
formed 3 weeks later, the bowel was
normal.

C0, is also invisible, permitting
inadvertent undetected contamina-
tion. This is most commonly due {o
either the CO, source or room air.

Early in our experience, we exam-

ined CO, cylinders acguired from
hospital stores and found. that in
addition to CQ,, many contained
H,0, particulate matter, and rust.
These contaminants aré not readily
visible and, if undetected, could be
inadvertently administered. Conse-
quently, a pure source of CO, is
mandatory (CMD, Gainssville, FL).
However, this does not eliminate
the other possibility of room air
contamination. Because both CO,
and rodm air are invisible, contami-
nation is impossible to detect and
may result in a potentially fatal air
embolism. The original method of
CQ, delivery, stili used by many, is
to fill a large syringe and deliver it
directly into the angiographic cath-
ater. With use of this method, if the
stopeock remains open, CO, will
exit as it is replaced by room air at
approximately 0.2 em®/sec. There-
fore, a closed system is preferred,
but residual room air and the com-
ponents of this system must be
purged and stop cocks; if present,
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must remain in the appropri-
ate position to avoid contamina-
tion.

The diffusion and convection
of CO,, are extremely important
as possible etiologies of air con-
tamination, which we have previ-
ously not appreciated. Because of
the high partial pressures of CO,
in the syringe (100%) and very
low partial pressures ((03%) in
the surrounding room air, the
gas is rapidly exchanged to create
an equilibrium. With use of Fick’s
first law, we have calculated a

diffusivity of air-CO, at .2 cm%sec.

The time required to compietely
replace CO, with air in a 20-cm®
syringe is calculated to be approxi-
mately 72 minutes. We are pres-
ently using gas chromatography to
actually measure the amount of
contamination in the syringe with
an open stopcock in different posi-
tions.

Anocther dual-edged CO, attrib-
ute is that of low viscosity, Al-
though this may be helpful in
circumstances such as detection
of gastrointestinal bleeding, it also
has the potential of causing dissec-
tion or extravasation. We know of
no cases of dissection, however,
CO, was used in the 1960s for
coronary endarterectomy {21). This
was accomplished by placing the
needle between the intima and
media prior to a forceful injection.
Theoretically, a similar situation
could also occur inadvertently and
result in a serious dissection or
perforation.

We have experienced three cases
of peritoneal extravasation without
sequelae during CO,; wedged-he-
patic venography for the visualiza-
tion of the portal vein for TIPS
procedures. This most commonly
resulted from peripheral catheter
placement in combination with the
low viscosity and explosive delivery
of CO,. A similar experience was
reported by Semba et al, but re-
sulted in liver laceration, subcapsu-~
iar hematoma and, eventually,
multiple system failure and death
{22).

An additional serious potential
complication is neurctoxicity.
Whether this is a frue concern at

this time is uncertain. However,
our rat studies suggest caution
should be taken to aveid intra-
cranial CO, delivery. Our prelimi-
nary studies involved 20 rats in
which CO, was injected directly
into the carotid artery with a tu-
berculin syringe (23). This resulted
in neurclogic deficit and disruption
of the bleod brain barrier in all
rats, On the contrary, however,
our investigation of CO; in the
aortic arch and carotid and verte-
bral arteries of canines yielded

no neurologic deficit. Similarly,
Shifrin: et al reported on 14 canines
that received large amounts of
CO,, directly into the ascending
aorta or commeon carotid arteries
and demenstrated no neurologic
deficit or EEG changes (24).
Nevertheless, there is a report
referring to transient unconscious-
ness and seizure-like activity after
suspected inadvertent CO, deliv-
ery into the eerebral circulation,
gecurring during the evaluation

of dialysis shunts (25). We be-
lieve the compressibility of CO,
often leads to explosive delivery,
which can result in counter-
current reflux into the cerebral
circulation.

Qur first and only known en-
counter with cerebral exposure
occurred in a patient with a right
axillary-femorsl, femoral-posterior
tibial artery graft in addition to an
occluded left carotid and stenotic
right brachiccephalic artery.
Because of the patient’s symptoms
of claudication and elevated creati-

nine level, CO, was chosen to evalu-

ate the integrity of this graft. After
several diagnoestic injections, the
patient inadvertently raised his
head, developed dizziness, and
subsequently became unconscious.
Once his head was lowered, he
immediately regained consciousness
and later demonstrated no neuro-
logic deficit. It was postulated that
when the patient elevated his head,
the buoyancy of CO, caused a large
volume present in the graft to
travel in a counter-current direction
toward the cerebral circulation. The
assumption is that this large bolus
of CO, temporarily impeded normal
blood flow, resulting in transient

Volume § Number 3

symptoms until the CO, rapidly
digsolved. Room air contamination
would offer an alternative explana-
tion, however, a dedicated closed
system that delivers pure CO, was
utilized and room air would have
resulted in more serious conse-
quences. Regardless, the lack of a
permanent deficit with CO, in this
case does not exclude the potential
for neurotoxicity. In addition, it is
uncertain whether these untoward
effects are truly secondary to CO,,
its explesive delivery, or possibly air
contamination. Because of this
uncertainty, we avoid intraarterial
CQ,, delivery into the cerebral circu-
lation or when this potential exists,
such as in dialysis grafts.

Finally, pain, nausea, vomiting,
and the urge to defecate are less
severe, possible complications, but
in inexperienced hands are more
likely to occur, Although rare, these
most commonly occurred (<10%)
with large (>100 cm®) explosive
injections into the abdominal aorta.
Similarly, extremity pain occasion-
ally resulted from selective injec-
tions in which greater than 20 cm®
was delivered explosively. Each of
these is significant in that they not
only cause patient discomfort but
also lead to patient motion, often
resulting in degraded, worthless
images. Probably, the least common
pathway for these symptoms is
trapping, which may lead to isch-
ernia and subsequently pain.
Another remote possibility, because
these oecurred while we were using
dispesable eylinders of pure CO,, is
contamination from old tanks. More
likely is the scenario in which CO,,
because of its compressibility, is
delivered in an explosive manner,
resulting in rapid distention of the
vasculature.

Notably, our experience with
1,200 patients resulted in only
seven potentially serious complica-
tions. This is a reflection of the
safety of (), which has also been
corroborated by other authors (26—
28). However, our experience also
suggests that, albeit small, there
are potentially dangerous complica-
tions, including death, that can be
avoided when CO, DSA is per-
formed appropriately,
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PREVENTION

Averting unlikely untoward
consequences of GO, DSA is simple
once. its unique properties and their
effects are inderstood, Trapping,
which is a result of buoyancy and/or
excessive volumes as well as patient
and vessel positien, can be elimi-
nated by a few simple steps.
Because excessive volume is by far
the most serious complication, a
large, rapid intravascular CO,
burden should be avoided. The
compressibility of CO, results in
considerable difficulty in the opera-
tor knowing the exact volume of
CO; that is being injected. For
medical application, the source of
CO; is always a CO, cylinder con-
taining a large velume under very
high pressure (actually, COzisin a
liguid state). A gas regulator is
used to decrease the pressure for
delivery and the pressure per
square inch (psi) is indicated on the
regulator. The indicator reads above
the ambient atmospheric pressure
{14.7 psi at sea level). That is;, when
the pressure gauge indicator is set
at 14.7 psi (1 atmosphere), pressure
i getually set at 2 atmospheres.
Accordmg to Boyle’s Law, if a 100-
em® syringe is filled at 4 atmo-
sphereg (44.1 psion mdlcat()z‘) it
wﬂl not contain 100 cm®, but 400
em® when injected into a container
at atmospheric pressure (Fig 6).

The volume Hijected into the
vascular system also is dependent
on the pressure of the vageular
system. However, the variation in
delivered vélume is much less im-
portant, The volume for an intrave-
nous injection (10 mm Hg {760 mm
4+ 10 mm = 770 mm Hg] venous
préssure) cothpared to that for a
patient with severe arterial hyper-
tension (250 mm Hg [760 mm + 250
mm = 1,010 mm Hg]) only varies
by 26%. Therefore ifa kno‘wn quiar-
tity of CO, is m;ected in & “nonex-
plosive” manner, the subsequent
injection can be tailored for the size,
flow, and pressure of the vascular
systém to optimize vascular filling.

Because the CO, cylinder con-
tains more than 3 million cm®, the
angiographic catheter should never
be coninected directly to the CO,

BOYLE'S LAW

Volume of gas varies inversely o pressure

omm Hyg

teram Hy
00 Hy
280mm Hg
100cc
at 8S8ce
atm Vein 88cc T8cc
press. Artery Artery
t Bp
T60mm Hyg 7Timm Hy B6dmm Hyg 1 0mm Hy
{PV=nRT}

Figure 6. Boyle's law: volume of injected gas changes.
only minimally with variation of patient’s systemic

blood pressure.

cylinder. This eliminates the possi-
hility of regulator malfunction or
inecorrect stopeock direction.. Either
of these errors can result in the
inadvertent delivery of excessive
volumes of COy, To circumvent this
problem, we suggest the nse of a
closed system that delivers a con-
trolled volume of CO;. This does not
include a syringe or contrast power
injector, which we have previously
advocated. With their use, CO, may
present in its compressed state and
the true volurne injected is not
apparent unless calculated using
the volumé of the syringe and accu-
rate regulator measuremerts (Fig
7). We recommend the use of either
a dedicated GO, injéctor or a closed
plastic bag delivery system, One’
dedicated injector, developed by
AngioDynamics (Queensbury’, NY),
hag muliiple transducers that con-
stantly monitor pressure. If the
pressure becomes excessive, there
are five failsafe mechanisins regpon-
sible for terminating the injection.
Likewise, the plastic bag delivery
system wutilizes a 1,500-cm® reser-
voir that is kept flaccid to prevent
compression of CO,. When aspi-
rated from this noocempressed
stats, only the aspirated volume can
be 1n3_ected and inadvertent large-
volume administrations are elimi-
nated.

If the volume per bolus is coii-
trolled and.enough time lapses
between injections for €O, to dis-
solve, an unlimited volume can be

delivered, Presently, we do not
exceed 100 cm® per injection. (arte-
rial or vénous) and we wait approxi-
mately 90--120 seconds before pro--
ceeding with the neéxt ran. The time
between injections is proportional to
the volume delivered. This allows
CO, to dissolve or be eliminated by
the lungs. In addition, when. either
one venous or several arterial injec-
tions (in which an artériovengus
shunt may be present) are made,
fluoroscopy or DSA of the heart and.
pulmonary circulation can be per-
formed to evaluate for any trapped
CO,. The same is true for AAA,
Consequently; if trapping is identi-
fied either by this method or by
patiént symptomatology, it can be
reduced by changing the patient’s
position. This change should be
made fo reotient the-nondependent
position, causing dissipation of CO,
and, st the same time, reestablish-
ing blood flow. For example, it thére
is maid pulmonary artery trapping,
the patient is placed in the left
lateral decubitus position causing
COy to rise in the right atrium,
thereby allowing blood to flow
beneath the trapped CO; into the
right atrium and ventricle and
subsequently the pulmonary circu-
lation. (Fig 3). Likewise, if trapping
is noted in an AAA, IMA, or other
visceral artexry; it can be reduced by
rotating the patient from one decu-
bitus position to the other. If it
oceurs in the lower extremities,
simply lowering the legs can allevi-
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Eigure 7.
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(a) Trappmg of G0y in mverted U—shaped structures. Although many believe that gas blocks capillaries, we believe

that the gas will trap in the apex of any U-shaped vessel (artery, capillary, vein). (b} If the position is chanrged, the buoyancy of

the gas frees the trapped bubbles.

ate the problem (Fig 7). Therefore,
the awareness of trapping and how
to eliminate it helps avert poten-
tially harmful sequela.

To prevent contamination, a pure
disposable seurce of CO, should be
used (CMD, Gainesville, FL). This
eliminates the possibility of inject-
ing contaminants from an old CQ,
cylinder. Likewise, room air con-
tarmination must also be avoided.
Although not recommended, if a
simple syringe is used for angio-
graphic catheter delivery, a stop-
cock must be used and kept in the
off position during transport and
after ventmg to prevent diffusion
with room air. A betier method of
precludiniyg &ir contdmination is to
use a dedicated closed system in
which room air is first purged and
then prevented from entéring. The
dedicated CO, injector, already
described, is ideal and satisfies
these requirements. However, it is
not currently available in the
United. States.

Becaise this injector was de-
signed to be: failsafe, transducers
originally would abort any low- or
high-pressure conditions. This
preciuded its use for high- or low-
pressure procedures such as TIPS,
and précipitated the development of
a closed plastic bag, hand delivery
system by converting a setup rou-
tinely used for liguid waste man-

agement {AngioDynamics) (29).
Briefly, once the system is purged
of roomy air, the use of glued connec-
tions and one-way “check” valves,
traditionally nsed for pulse-spray
thrombolysis, prevent air contami-
nation by removing the risk of
incgrrect stopedek direction. In
addition, the glued connectors elimi-
nate the possibility of contamina-
tion from the Venturi effect, which
cdn oceur in any connection or with

stoproeks. Because we are dealing

with Invisible gases, it is imperative
to use one of these methods to aveid
the inadvertent infravascular injec-
tion of room air,

Preventing neurotoxicity is rela-
tively simple, To begin with, intra-
arterial injections are never made
above the diaphragm of when the
patient’s head is elevated. Both of
these will avoid exposure of CO, 0
the cerebral circulation as long as
reflux does not occur. To prevent
reflux, the éxplosive delivery poten-
tial of COy must be eliminated and
this relates to the compressibility of
the gas. Normally, if CO, is present
in a syringe and the plunger is

advanced, the gas will cormpress as
the very viscous liquid is being
forced fromi the catheter. At the
instant the fluid is cleared from the
catheter, CO, expands in an explo-
sive manner into the vessel, In fact,
during a 4-second injection, 95% of
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Figure B. Graph plotting tirne against
total mass injection with a 4:1-F cath-
eter, Ninety-five percent of the CO, is
delivered in the last 0.5"second during a
4-second injection,

CQ, is delivered in the last 0.5
second of the. injection (Fig 8). This
results in very high flow rates and,
as a result, possible reflizx,

To eiiminate this, the angio-
graphic catheter is first purged of
saline or blood prier to the defini-
tive CO, injection. With the dedi-
cated injector this is done autormati-
eally, When a hand delivery system
such as the one described previ-
ously is used, a small amount of
CO, is delivered by a smaller
“purge syringe” utilizing & small
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finite volume of CO,, usually 3-5
cm®. Once saline or blood is purged
from the catheter, reflux of blood is
prevented by the one-way check
valves. Therefore, a more controlled,
nonexplosive, diagnostic delivery
can be performed with use of a
larger delivery syringe, markedly
reducing the possibility of reflux
and neurotoxicity, The smaller
3-mL syringe is not absolutely
necesgary because the same purging
function can be performed by the
larger delivery syringe, However, it
does provide a constant reminder
for these with or without CO, expe-
rience that purging is necessary and
requires only a small volume of gas.

Possible “jet effect” and dissec-
tion injury of CO, can be reduced
by avoiding single end-hole cath-
eters and eliminating hepatic wedge
injections close to the liver eapsule.
The low viscosity of CO, easily
allows the gas to travel along tissue
planes (coronary artery and endar-
terectomy experience) (21). If the
catheter is wedged, there is a defi-
nite possibility of dissection. This
can be reduced by using a catheter
with at least one side hole that
serves as a safety valve. Experi-
mentally, with use of a gelatin
vascular model, CO, was injected
up to 200 ecm®¥sec with a multiple-
side-hole catheter without injury.
Comparison injection with use of
the same catheter and “fragile”
model, injecting 12 mL/sec of jodin-
ated contrast material produced
extensive damage (Hawkins IF,
unpublished data, 1990).

CO, hepatic wedged portograms
have been extremely helpful in
visualizing the portal vein for TIPS
procedures. Extravasations can be
reduced by injecting less forcefully
or, if this is inadequate, an ocelu-
sion balloon catheter can be placed
in a major hepatic vein and a more
vigorous injection performed (30}.
Presently, we have abandoned
wedge injections in favor of advanc-
ing the TIPS needle into the sus-
pected location of the portal vein
(31). €O, apparently flows through
the sinusoids into the portal vein
without causing extravasation. In
an ongoing experimental rabbit
study, direct injection into the liver

parenchyma produced no evidence
of hepatic injury.

Another concern, but as of yet
not a problem in our patients, is the
use of CO, in individuals with
chronic obstructive pulmonary
disease. To date, we have not had
any complications relating to this
phenomena. This may relate to our
awareness of this potential and
conservative use of CO; in these
patients. In addition, similar to
Weaver et al (19) and Frankhouse

et 8l (17), when utilizing CO, in

these patients, we inerease the time
between injections to greater than 2
minutes. Of note, however, are
studies by Weaver and Bettman
demonstrating no change in the
partial pressure of CO, (PCO,) in
peripheral arterial blood/gas
samples after CO, DSA when cormn-
pared to baseline values. This in-
cludes five patients in Weaver'’s
study who were noted to have
chronic obstructive pulmonary
disease.

Finally, pain, nausea, vomiting,
and the urge to defecate can be
precluded by utilizing some of the
techniques already deseribed, In our
experience, these symptoms have
been more common when an explo-
sive-type delivery is used. Support
for this theory is the finding that
these untoward effects have been
virtually eliminated by limiting the
frequency and volume of injections
while employing a eontrolled, non-
explosive delivery. Smaller volume
injections have been made possible
by stacking software, which super-
imposes multiple frames yielding a
composite image. As a consequence,
there is no sensation, or, at most,
very little patient discomfort, which
eguates with less patient motion
and an excellent quality examina-
tion (26,32). By employing these
techniques with either the dedi-
cated injector or elosed plastic bag
delivery system, we have reduced
our minor side effects from approxi-
mately 10% to less than 1%.

CONCLUSION

When compared with traditional
intravascular contrast agents, CO,

has demonstrated many advan-
tages. It is nonallergic and lacks
renal toxicity. Its low viscosity
allows the use of smaller catheters
that potentially reduce procedural
complications. This property is also
currently under investigation for ifs
usefulness in diagnostic and inter-
ventional procedures, including
gastrointestinal hemorrhage. Fur-
thermore, CO; DSA may be able to
provide these benefits at a redueed
cost. Presently, the closed plastic
bag delivery system costs $43, and
a 8,000,000-cm® tank of CO,, ap-
proximately $300. Most procedures
require roughly 400 cm®, or 4¢ of
CO,. This reduction is in addition to
the elimination of costly complica-
tions that may result from allergic
reactions or renal toxicity when
iodinated contrast material is used.
Finalty, when used appropriately,
CO, can be administered in unlim-
ited guantities with minimal or no
discomfort.

It is these advantages in addition
to the recent acceptance of CO,
DSA as a viable alternative that
have lead 1o a recent increase in
interest and utilization. However,
commensurate with this should be
the awareness of 00, and its
unigue properties. While these
provide many advantages, an in-
complete comprehension of the
effects of buoyancy, compressibility,
and invisibility could potentially
result in a unique set of untoward
effects. Although extremely rare, a
few serious complications from the
unguided use of CO, could biag its
usefulness and inhibit its evolution
into a more commonly employed
agent.

ADDENDUM

We recently had another esperi-
ence with pulmonary artery gas
embelism during a TIPS procedure.
After reviewing the details of the
case, the embolism ocecurred second-
ary fo a technical error in which the
delivery syringe was placed at the
purge syringe site. Twenty cubic
centimeters of room air was inad-
vertently delivered. After the appro-
priate maneuvers, the patient re-
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covered without sequela. However,
during our review, we revisited the
literature and discovered an
adverse effect potentiating gas
embolism when NO anesthesia is
used in the presence of infravascu-
lar room air or CO, (we typically
use general anesthesia for TIPS).
According to Steffey et al (33), in
the presence of intravascular room
air or CQ,, NO diffuses from the
soft tissues into the gas bubble
intensifying it and diluting its
contents, As a result, the bubble
becomes larger and lasis Jonger
than if it was pure COs. In the
presence of NO anesthesia, it takes
5.5 times less venous CO, to cause
an adverse hemodynamic pulmo-
nary response than CO, alone. We
therefore strongly recommend an
alternative to NO if general anes-
thesia is to be used during a proce-
dure employing intravascular CO,.
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