Toshiaki Sendo, PhD
Masaaki Hirakawa, BS
Kaori Fujie, MS
Yasufumi Kataoka, PhD
Ryozo Oishi, PhD

Index terms:

Animals

Contrast media, complications,
60.46, 60.711

Contrast media, experimental studies,
60.46, 60.711

Lungs, fluid, 60.46, 60.711

Silicone, 60.46

Radiology 1999; 212:97-102

Abbreviation:
USP = U.S. Pharmacopeia

1From the Department of Hospital
Pharmacy, Faculty of Medicine, Ky-
ushu University, 3-1-1 Maidashi, Higa-
shi-ku, Fukuoka 812-8582, Japan. Re-
ceived May 15, 1998; revision requested
July 14; revision received October 26;
accepted February 12, 1999. Address
reprint requests to R.O.

©RSNA, 1999

Author contributions:

Guarantor of integrity of entire study,
R.O.; study concepts, T.S., Y.K., RO.;
study design, T.S., R.O.; definition of
intellectual content, T.S., Y.K., R.O,;
literature research, K.F., M.H.; experi-
mental studies, T.S., K.F., M.H.; data
acquisition, T.S., K.F., M.H.; data analy-
sis, T.S., K.F; statistical analysis, K.F.,
M.H.; manuscript preparation, T.S.,
K.F.; manuscript editing, T.S., Y.K.,
R.O.; manuscript review, Y.K., R.O.

Contrast Medium-induced
Pulmonary Edema Is
Aggravated by Silicone
Contamination in Rats?!

PURPOSE: To examine the effect of silicone contamination, which occurs in clinical
settings during vial preparation with disposable syringes, on contrast medium—
induced pulmonary edema in rats.

MATERIALS AND METHODS: loxaglate, ioversol, and iohexal, silicone-containing
physiologic saline solutions, and three silicone-containing contrast media were
separately, intravenously injected at 1.5 mL/min in rats. Pulmonary edema was
evaluated as changes in the relative lung weight and in the water, sodium, and
potassium contents of the lung.

RESULTS: Intravenous injection of ioxaglate induced marked pulmonary edema,
even with a dose of only 4 g of iodine per kilogram of body weight. In contrast,
ioversol and iohexol induced significant pulmonary edema only after the injection of
large doses (6 g of iodine per kilogram; P < .05). The injection of 4 pL/mL
silicone-containing physiologic saline at a dose of 18.75 mL/kg also produced
marked pulmonary edema, whereas doses of 6.25 and 12.5 mL/kg showed no
significant influence. The addition of an ineffective dose (12.5 mL of physiologic
saline per kilogram of body weight) of silicone in contrast medium substantially
aggravated the pulmonary edema induced by the contrast medium alone; this
phenomenon was also confirmed with morphologic observation.

CONCLUSION: lonic contrast media are more toxic to the endothelial cells than are
nonionic contrast media. Silicone contamination might be one of the causes of
pulmonary edema after intravenous injection. However, caution must be exercised in
extrapolating these results to humans.

Parenteral solutions for intravenous injection are often contaminated with extrinsic
foreign particles (1). Findings of animal studies have demonstrated that particles in
parenteral solutions produce undesirable effects, such as particle-induced coronary vasocon-
striction (2), embolization of arterioles in the kidney (3), and granulomas (4). Findings of
some investigations (3,5,6) have also revealed the involvement of glass particles from the
opening of the package and cotton fibers and other particles from the ambient air that
enter the contrast medium.

In the case of vial preparations, contrast medium is transferred into disposable plastic
syringes for injection. We (7) recently found a marked increase in the particle contamina-
tion of contrast media during the loading of disposable syringes due to silicone released
from the inner surface and the rubber plunger. However, little is known about the harmful
effects of the injection of contrast medium contaminated with silicone.

Pulmonary edema is a severe adverse reaction that sometimes occurs after the intravascu-
lar injection of a contrast medium and, although this is rare, might be the main cause of
death related to contrast media (8). In the present study, therefore, we investigated the
influence of silicone contamination in pulmonary edema induced by contrast media in
rats.
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MATERIALS AND METHODS

Animals

Specific pathogen—free male Sprague-
Dawley rats weighing 200-250 g were
obtained from the Laboratory of Animal
Experiments, Faculty of Medicine, Ky-
ushu University, Fukuoka, Japan. Ani-
mals were given free access to food and
water before the experiments.

This study was reviewed by the ethics
committee regarding animal experiments
at the Faculty of Medicine, Kyushu Uni-
versity, and was performed according to
the Guidelines for Animal Experiments in
the Faculty of Medicine, Kyushu Univer-
sity, and the law (no. 105) and guidelines
for notification (no. 6) from the Japanese
government.

Administration of Contrast Media in
Study Rats or Physiologic Saline in
Control Rats

Each nonanesthetized rat was placed in
a plastic restrainer (model KN-328; Nat-
sume, Tokyo, Japan); ioxaglate (Hexabrix
320, lot no. 3100, ionic dimer containing
320 mg of iodine per milliliter; Mallinck-
rodt Medical, St Louis, Mo), ioversol (Op-
tiray 320, lot no. 305465J, nonionic
monomer containing 320 mg of iodine
per milliliter; Mallinckrodt Medical), or
iohexol (Omnipaque 300, lot no. FQ41,
nonionic monomer containing 300 mg
of iodine per milliliter; Daiichi Pharma-
ceutical, Tokyo, Japan) was injected into
the tail vein with a 25-gauge butterfly
needle connected to an injection pump
(Terumo, Tokyo, Japan) at a rate of 1.5
mL/min. Silicone-free plastic syringes
(20-mL capacity; Top, Tokyo, Japan) were
used for injection.

Control animals received injections of
physiologic saline. In the study animals,
the dose of the contrast medium was
adjusted with the injection volume. Con-
trast medium at a dose of 2, 4, or 6 g of
iodine per kilogram of body weight or a
volume of physiologic saline equal to the
volume of a dose of contrast medium at 6
g of iodine per kilogram was injected.
Volume-related effects between the con-
trol group and the contrast media groups
can therefore be excluded.

Preparation of Silicone-containing
Contrast Media

Silicone-containing contrast media
were prepared from commercially avail-
able contrast media by adding medical-
grade silicone (silicone oil SH-200; Na-
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Graphs show the course of pulmonary edema development in rats after intravenous

injection of ioxaglate. The maximum changes in the lung weight and potassium content were
observed at 2 minutes after the injection, the maximum change in the water content was observed
at 10 minutes, and the maximum change in the sodium content was observed at 20 minutes.
loxaglate was intravenously injected at a dose of 6 g of iodine per kilogram and a rate of 1.5
mL/min. Each point with a vertical bar indicates the mean * SEM for three to eight animals. Error
bars are not shown when they are smaller than the symbols. x = P < .05 in a comparison with the

value at 0 minute.

calai Tesque, Tokyo, Japan). Each silicone-
containing solution was made on the
basis of the number of contaminated
particles in a previous report (7). Also,
silicone (4 pL/mL) was added to the con-
trast media and physiologic saline. The
solutions were filtered through a 5-um
membrane filter (Millex-SV; Millipore, To-
kyo, Japan).

The degree of silicone contamination
was evaluated by counting the particles
derived from the interaction of the con-
trast media with silicone. Particle count-
ing was performed with an automated
light extinction method by using an auto-
matic parenteral sampling system (Par-
ticle Measuring Systems, Boulder, Colo),
as in a previous study (7). The prepared
silicone-containing solutions of ioxaglate
or ioversol were at 164% or 112%, respec-
tively, of the U.S. Pharmacopeia (USP)
acceptable limit of 6,000 pieces of 10 um
or larger per container; the solution of
iohexol was at 76% of the USP limit.
These differences among the three con-
trast media were based on the partition
coefficient of their physicochemical prop-
erties (7).

To summarize, in the first experiment,

we injected pure physiologic saline and
pure contrast medium (ioxaglate, iover-
sol, or iohexol). In the second experi-
ment, we injected pure physiologic saline
and silicone-containing physiologic sa-
line. In the third experiment, we injected
pure contrast medium (4 g of iodine
per kilogram) and silicone-containing
contrast medium (4 g of iodine per kilo-
gram).

Water Content of Lung

The rats were lightly anesthetized with
ether and killed by means of cervical
vertebra dislocation at an appropriate time
after injection. The chest was opened,
and the lungs were removed rapidly. The
lungs were then placed on absorbent pa-
per, and nonpulmonary tissue was care-
fully trimmed off. The lobes of each lung
were separated, and all extralobar vessels
were removed. Compression was avoided
to prevent passive bleeding and fluid
discharge from the lung. The wet weight
was recorded after any visible blood stains
were removed. The lobes were then placed
in a drying oven at 100°C for 24 hours to
measure the dry weight. The percentage
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TABLE 1
Effect of Contrast Medium Dose on Development of Pulmonary Edema
Relative Water
Lung Weight Content Sodium Content Potassium Content
Contrast Medium (%) (%) (mEqg/kg Tissue) (mEqg/kg Tissue)
loxaglate
Saline solution* 0.45 = 0.02 81.6 = 0.7 429.0 = 3.3 85.7 = 9.0
2gl/kg 0.48 = 0.02 81.8+0.5 408.7 £ 19.5 744+ 20
49l/kg 0.63 £ 0.09 84.0 + 1.0t 642.1 + 85.0F 66.0 + 8.51
6 g l/kg 0.81 = 0.08" 85.0 = 0.71 597.3 = 48.5T 62.2 = 3.51
loversol
Saline solution* 0.50 = 0.02 82.0 £ 0.3 442.1 £ 14.9 76.6 £ 4.5
2gl/kg 0.44 = 0.01 81.1 £0.1 389.0 = 12.0 68.9 £ 5.9
4gl/kg 0.55 = 0.05 81.6 + 0.7 448.0 £ 62.3 63.1  8.3%
6 g l/kg 0.60 + 0.01% 83.3 + 0.41 488.7 £ 7.4 62.3 + 4.1t
lohexol
Saline solution$ 0.47 £ 0.02 80.8 £ 0.8 422.2 £ 43.7 73.5 £5.2
2gl/kg 0.46 £ 0.01 81.2 04 388.0 +x 12.4 76.5 £ 5.7
49l/kg 0.53 = 0.04 82.3 £ 0.7 441.8 + 31.9 63.0 £ 2.9
6 g l/kg 0.83 = 0.071 85.2 + 0.71 604.4 + 34.91 57.0 = 5.21

mean + SEM for six animals.

of body weight.

of body weight.

of body weight.

Note.—Each measurement was obtained at 10 minutes after injection. Each value represents the
* Volume of saline solution equal to the volume of ioxaglate at a dose of 6 g of iodine per kilogram

TP < .05 in a comparison with respective saline solution-injected groups.
* Volume of saline solution equal to the volume of ioversol at a dose of 6 g of iodine per kilogram

8 Volume of saline solution equal to the volume of iohexol at a dose of 6 g of iodine per kilogram

of water content was calculated as [(wet
weight — dry weight)100]/(wet weight).

Measurement of Sodium
and Potassium Contents

The dry lung lobes were subjected to
wet ashing with a mixture of nitric acid
and perchloric acid (2:1, vol/vol). After
centrifugation at 1,000 g for 10 minutes,
the supernatant was diluted with distilled
and deionized water. After this dilution,
the sodium and potassium contents were
measured by means of atomic absorption
spectrophotometry (model AA-6400F; Shi-
madzu, Kyoto, Japan) by using diluted
standard solutions (sodium standard solu-
tion, 997 mg of sodium per liter, and
potassium standard solution, 1,000 mg of
potassium per liter; Wako Pure Chemical
Industries, Osaka, Japan). Results were
obtained from triplicate assays and are
expressed in milliequivalents per kilo-
gram of dried lung.

Statistical Analysis

At least six rats were studied in each
experimental group. All data are ex-
pressed as the mean + SEM. Analysis of
variance and then the Fisher protected
least significant difference test were per-
formed. Significance was indicated with a
P value of less than .05.
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RESULTS

Time Course of Pulmonary Edema
Formation

At 0 minute after ioxaglate injection,
the mean relative lung weights and water,
sodium, and potassium contents in un-
treated rats were 0.50% = 0.01, 81.7% =
0.5,381.8 mEq = 8.1,and 97.1 mEq = 5.2
per kilogram of tissue, respectively (Fig 1).
The relative lung weights and water and
sodium contents increased significantly,
and the potassium content decreased sig-
nificantly at 2, 10, and 20 minutes after
the injection of ioxaglate (6 grams of
iodine per kilogram). Although no signifi-
cant differences in these parameters were
noted among these three time points, the
maximum changes in the lung weights
and potassium contents were observed at
2 minutes after the injection, the maxi-
mum changes in the water content were
observed at 10 minutes, and the maxi-
mum changes in the sodium content
were observed at 20 minutes. No signifi-
cant effects on these parameters were
observed at 2, 10, or 20 minutes follow-
ing the injection of a volume of physi-
ologic saline equal to the volume of a
dose of contrast material at 6 g of iodine
per kilogram. In the subsequent experi-
ments, therefore, the evaluation at the
10-minute observation point was as-

sumed to be representative of the degree
of pulmonary edema.

Contrast Medium-induced
Pulmonary Edema

Table 1 summarizes the dose-depen-
dent effects of the three contrast media
on the relative lung weights and on the
water, sodium, and potassium contents.
The data obtained at 10 minutes after
injection were chosen as a reference. The
relative lung weights and water contents
increased with increases in the doses of
the three contrast media. The dose-
dependent elevation in the relative lung
weights became significant at the dose of
6 g of iodine per kilogram for all three
contrast media.

In parallel with these changes, the wa-
ter, sodium, and potassium contents also
showed significant changes at the dose of
6 g of iodine per kilogram for iohexol. For
ioxaglate, however, these parameters
showed significant changes even at a
dose of 4 g of iodine per kilogram. For
ioversol, the potassium contents showed
significant decreases at doses of 4 and 6 g
of iodine per kilogram, but the sodium
contents showed no significant changes.

Silicone-induced Pulmonary Edema

Table 2 summarizes the effects of the
intravenous injection of silicone (4 pL/
mL) in physiologic saline on the relative
lung weights and on the water, sodium,
and potassium contents in rats. Those
values did not change significantly after
the injection of 6.25 or 12.5 mL of sili-
cone-containing solution (4 pL/mL) per
kilogram. However, injection of 18.75 mL
of solution per kilogram significantly in-
creased the relative lung weights and
water and sodium contents.

Pulmonary Edema Induced by
Silicone-containing Contrast Media

Table 3 shows the effect of silicone on
the pulmonary edema induced with con-
trast medium (4 g of iodine per kilogram).
The dose of the silicone-containing con-
trast medium (silicone concentration, 4
pL/mL) was 12.5 mL/kg; at this dose,
silicone showed little influence on the
parameters of pulmonary edema (Table
2). In this experiment (Table 3), each
contrast medium also showed pulmonary
edema to an extent similar to that ob-
served in the earlier experiments (Table
1). Silicone-containing contrast medium
significantly increased the lung weights.
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Silicone-containing iohexol induced
maximum edema and also caused signifi-
cant changes in all other indexes.

The aggravation of contrast medium-
induced pulmonary edema by silicone
was also clearly observed morphologi-
cally (Fig 2). A left lung 10 minutes after
the injection of silicone at a dose of 12.5
mL/kg (Fig 2c) was morphologically simi-
lar to that in the control rat (Fig 2a). A
lung was slightly but apparently enlarged
with the injection of iohexol at a dose of
4 g of iodine per kilogram (Fig 2b). This
phenomenon became more marked after
the injection of silicone-containing io-
hexol (Fig 2d).

DISCUSSION

These results clearly demonstrate that the
intravenous injection of currently used
contrast media produces pulmonary
edema in rats and that the edema is
markedly aggravated by the contamina-
tion of contrast medium with silicone.
An increase in lung weight is caused
mainly by the increase in extravascular
lung water (9,10). Hayashi et al (11) pre-
sented histologic evidence, together with
the evaluation of lung weights, that the
increase in the relative lung weights
closely correlates with perivascular edema.
However, a change in the lung weight
following an injection of contrast me-
dium may not be distinguishable from
the vascular engorgement or presence of
contrast medium in the lung. Thus, we
also determined the water, sodium, and
potassium contents in the lung as better
indications of pulmonary edema (12).

Time- and dose-dependency studies of
pulmonary edema induced by contrast
medium were also performed to decide
the optimal time and dose for the evalua-
tion of the effect of silicone contamina-
tion. The time course of the increase in
the lung weight observed in the present
study is in agreement with that reported
by Mare and Violante (9). In addition,
findings of the present investigation con-
firm that the substantial increases in lung
weight are due to extravascular (intersti-
tial or alveolar) fluid accumulation accom-
panied by disturbances of the ionic equi-
librium, that is, sodium and water influx
and potassium efflux. The water, sodium,
and potassium contents are more sensi-
tive than the lung weight in the detection
of pulmonary edema induced by the ionic
contrast medium ioxaglate.

Differences in the chemotoxicity and
osmotoxicity of contrast media are consid-
ered to be responsible for the degree of
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TABLE 2
Silicone-induced Pulmonary Edema

Injection Volume

No. of Relative Lung Water Content Sodium Content Potassium Content

(mL/kg) Rats  Weight (%) (%) (mEg/kg Tissue)  (mEg/kg Tissue)
Saline solution: 18.75 16 0.49 =0.02 81.8*+ 04 4145 + 15.8 80.7 £ 3.0
Silicone-containing
saline solution
6.25 6 046 *+0.02 81.1+0.6 391.2 +12.0 78.6 =+ 1.2
12,5 6 048 +0.02 809=*=02 381.3 = 3.8 79.2 £ 3.2
18.75 6 0.59 +0.02* 83.3*+0.4* 510.8=* 27.0* 71.0 = 3.0

mean * SEM.

Note.—Each measurement was obtained at 10 minutes after injection. Each value represents the

* P < .05 in a comparison with the group with pure saline solution injected.

TABLE 3

Media

Effect of Silicone Contamination on the Pulmonary Edema Induced with Contrast

Relative Lung Water Content Sodium Content Potassium Content

Substance Injected Weight (%) (%) (mEg/kg Tissue)  (mEg/kg Tissue)
loxaglate 0.64 +0.07 84.4*=0.8 661.9 + 63.3 64.3 + 6.2
Silicone-containing ioxaglate 0.82 = 0.06* 85.1 *= 0.6 693.1 = 47.0 63.2 £ 2.8
loversol 0.55+0.04 81.8=*0.6 447.6 = 48.3 60.1 = 7.1
Silicone-containing ioversol  0.70 = 0.06* 84.5 = 0.8* 532.1 = 56.9 60.1 = 3.9
lohexol 0.54 £0.03 81.9*+0.9 434.9 = 33.9 63.4 =24
Silicone-containing iohexol  0.90 = 0.05* 85.9 + 0.3* 667.4 + 39.2* 54.8 = 1.9*

SEM for six animals.

Note.—The dose of all contrast media was 4 g of iodine per kilogram of body weight. The silicone
concentration was 4 pL/mL. The dose of all silicone-containing contrast media was 12.5 mL/kg.
Each measurement was obtained at 10 minutes after injection. Each value represents the mean *

* P < .05 in a comparison with the respective pure contrast medium-injected groups.

pulmonary edema (13,14). In a Japanese
prospective study of adverse reactions to
intravenous contrast media (15), the inci-
dences of severe reactions to ionic and
nonionic contrast media were 0.22% and
0.04%, respectively, and the incidence of
fatal reactions to ionic contrast media was
0.04%, while the incidence of fatal reac-
tions to nonionic contrast media was 0%.

Beynon et al (16) reported that iox-
aglate caused marked endothelial damage
as an indication of chemotoxicity, while
iohexol did not elicit substantial endothe-
lial damage. In the present study, how-
ever, the large dose of iohexol of 6 g of
iodine per kilogram produced the same
degree of pulmonary edema as did iox-
aglate. Therefore, it is suggested that large
doses of the nonionic contrast media
iohexol and ioversol can induce chemo-
toxic reactions. The very large doses of
contrast media in the present study are
well above clinically relevant doses, and
results of this study are not immediately
applicable to clinical conditions. How-
ever, since the larger doses of contrast
media are clinically recommended for
computed tomography and digital angi-
ography (17), close attention should be

paid to the risk of serious or fatal adverse
reactions, including pulmonary edema.

Silicone, because of its inert biologic
property (18), is supplied for manufactur-
ing a variety of medical devices, such as
intravenous tubing; pacemaker leads;
joint prostheses; lens replacements; and
mandibular, breast, and nasal implants. It
has been reported that silicone elicits
foreign body reactions such as granuloma-
tous inflammation, fibrosis (19), and em-
bolism (20-22).

We showed in this study that large
amounts of silicone (18.75 mL/kg) pro-
duce pulmonary edema. Silicone alone,
at the doses of 6.25-12.5 mL/kg set accord-
ing to the injection volume, did not
produce pulmonary edema. It is interest-
ing that the addition of an ineffective
dose (12.5 mL/kg) of silicone to all of the
contrast media significantly aggravated
the pulmonary edema induced by the
contrast media alone. Significant changes
in all indexes after the injection of sili-
cone-containing iohexol were observed,
even though the particle amounts were
below the acceptable limit. These changes
were also strongly supported by the mor-
phologic findings of the swollen lungs.
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a.

Figure 2. Photographs of left lungs demonstrate morphology at 10 minutes after the injection
of (a) physiologic saline at 18.75 mL/kg, (b) iohexol at 4 g of iodine per kilogram, (c) silicone
at 12.5 mL/kg, and (d) iohexol at 4 g of iodine per kilogram with silicone-containing solution
at 12.5 mL/kg. The preparation of silicone-containing solutions is described in the text. The
lung in a was morphologically similar to a nontreated lung. The lungs in b and c were slightly
enlarged after the injection of (b) iohexol and (c) silicone. The aggravation of iohexol-
induced pulmonary edema by silicone was clearly shown by the morphologic finding of a swollen

lungind.

loxaglate did not show a notable effect of
silicone contamination in a comparison
with the nonionic contrast media. This
might be because the inherent chemotox-
icity of ionic contrast media is enough to
induce the pulmonary changes (23).

The observed aggravation of pulmo-
nary edema following the injection of
silicone-containing contrast medium may
be due to several mechanisms. In general,
the foreign particles in the parenteral
solution cause the vascular endothelial
injury (24) and lodge in the vessels and
disturb the pulmonary circulation, which
leads to elevated pulmonary venous pres-
sure (20-22,25). However, silicone has no
effect on the capillary filtration coeffi-
cient, which is used as an index of alter-
ations in microvascular permeability in
the lungs (26).

Immiscible particles are derived from
the interaction of the contrast medium
with silicone. These particles may pro-
duce pulmonary edema due to vascular
endothelial injury and/or disturbance of
pulmonary circulation. Consequently, the
aggravating effect of silicone on the pul-
monary edema induced with contrast me-
dium may result from the synergistic
effect of the contrast medium and sili-
cone. For further exploration of the ac-
tual mechanism of the pulmonary edema
formation, histologic examinations are
necessary.

Findings of our previous study (27)
showed that an electronic counting
method based on light extinction could
be used to determine the number of sili-
cone droplets present as particles in a
contrast medium. The USP acceptable
limitis based on counts of particles with a
diameter of 10 um or larger and of 25 pm
or larger. Since pulmonary capillaries vary
between 8 and 12 um, any particles larger
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than 12 um are likely to be trapped and
retained in the pulmonary vascular bed
(28). Findings of an animal experiment
(29) in which microspheres have been
intravenously injected indicate that small
particles enter the system circulation and
end up in organs. However, the clinical
importance of silicone droplets that are
too small to be retained in the lungs is
uncertain. Abnormal liver function in
some patients undergoing hemodialysis
was speculated to be a result of silicone
particles in the liver derived from silicon-
ized peristaltic blood pumps (30). How-
ever, the count of particles in the circulat-
ing solution was not determined in that
study.

Practical application: Silicone con-
tamination aggravated pulmonary edema
that occurred after the intravenous
injection of contrast medium in rats.
Although in this experiment it was not
possible to match conditions such as
the dose and rate of injection of contrast
medium, the results obtained raise the
possibility that the incidence of pulmo-
nary edema could be increased in pa-
tients who are examined by using con-
trast medium contaminated with sili-
cone.
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