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Abstract. Optical coherence tomography �OCT� is a
catheter-based imaging technology with powerful reso-
lution capable of identifying vulnerable plaques and guid-
ing coronary intervention. However, a significant limita-
tion of intravascular OCT imaging is its attenuation by
blood. We propose that the use of an oxygen-carrying
blood substitute could potentially optimize OCT image
quality. Surgical isolation of the descending thoracic aorta
of six rabbits is performed, followed by intravascular OCT
imaging of the abdominal aorta. Perfluorodecalin �PFD� is
oxygenated using a bubble-through technique with 100%
oxygen. OCT imaging is performed and compared using
three different flushing modalities: PFD; saline; and blood.
OCT imaging of the rabbit abdominal aorta is successful
in all of the subjects. In each of the six studied subjects,
flushing with PFD consistently provides dramatically bet-
ter imaging of the vessel wall tissue structures. OCT image
quality is highly dependent on the ability of the flushing
modality to remove blood from the imaging field. From
this proof-of-concept study, we demonstrate that endovas-
cular flushing with an oxygen-carrying blood substitute
�PFD� is optically superior to saline flushing for intravas-
cular imaging. © 2009 Society of Photo-Optical Instrumentation Engi-
neers. �DOI: 10.1117/1.3153895�
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1 Introduction
More than 13 million individuals suffer from coronary artery
disease in the United States. Of these, 1.1 million patients
present with acute myocardial infarction every year,1 most of
which are caused by the rupture of small lipid-filled plaques
in the coronary arteries; typically those plaques are referred to
as thin-capped, fibroatheromas �TCFA�. Clinically, we have
been unable to identify the culprit plaques before rupture, and
intervention has always focused on management only after
rupture has produced an acute coronary event.2 Optical coher-
ence tomography �OCT� is a catheter-based imaging technol-
ogy that provides micron-scale resolution that could poten-
tially help delineate these culprit lesions.

1083-3668/2009/14�3�/034028/4/$25.00 © 2009 SPIE
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OCT is the laser light equivalent of ultrasound imaging,
easuring the intensity of backscattered infrared light rather

han sound waves. This technology has been studied exten-
ively with respect to intravascular imaging of coronary artery
laques.3–6 However, a significant limitation of intravascular
maging with OCT is its attenuation by blood. Hemoglobin
nd red blood cells �RBCs� attenuate light from the OCT cath-
ter through absorption and scattering of light, respectively.7–9

everal techniques have been developed to overcome the
imitation of light attenuation. One proposed technique is to

odify the plasma to match the index of refraction to that of
ed blood cells to reduce the scattering of light by blood.10 A
ommon practice, however, has been the application of saline
ushes11 plus balloon occlusion.12 To create a temporary
loodless imaging environment, gentle balloon inflation
roximal to the image zone is used in addition to vessel flush-
ng with saline infusion. Although this practice has been used
uccessfully in humans, there is a potential for ischemia,
iven the removal of oxygen-carrying hemoglobin. Normal
aline has no oxygen-carrying capacity and could possibly
ause tissue ischemia in sensitive myocardial cells already
usceptible to decreased perfusion due to vessel atherosclero-
is. Another potential complication of using saline flushes in-
ludes possible fluid overload and pulmonary edema. These
ossible complications limit the imaging time needed to ad-
quately evaluate the coronary anatomy, and most impor-
antly, overall image quality may be suboptimal.

The use of an oxygen-carrying blood substitute could po-
entially optimize OCT image quality as well as provide for
xtending imaging time without compromising sensitive myo-
ardial cell perfusion. In a prior study, OCT imaging of mu-
ine right ventricle walls was substantially improved by iso-
olumic blood replacement with a hemoglobin-based blood
ubstitute.13 Our study compares the use of an oxygen-
arrying perfluorocarbon, perfluordecalin �PFD�, to saline
ushing during OCT imaging.

Methods
.1 Animal Protocol
his protocol was approved by the University of California,

rvine Institutional Animal Care and Use Committee
IACUC�. All animals were treated in accordance with federal
nd state regulatory guidelines. Six male New Zealand white
abbits weighing 3.9�0.4 kg were anesthetized with a mix-
ure of ketamine HCl and xylazine. The animals were intu-
ated and mechanically ventilated during the surgical and im-
ging procedure. On completion of the experiment, the
ubjects were euthanized with an intravenous injection of
utha-6 �1.0 to 2.0 cc� administered through the marginal ear
ein.

.2 Surgical Procedure
median sternotomy incision was made using a combination

f surgical blade and heavy surgical scissors. The pericardium
as then incised to expose the heart and major vessels, spe-

ifically the descending thoracic aorta. Isolation of the tho-
acic aorta was performed by blunt dissection. Arteriotomy
as then performed distal to the left subclavian artery but
roximal to the diaphragm. A 6-F catheter was introduced into
he aorta at this point and advanced 2 cm distally toward the
ournal of Biomedical Optics 034028-
diaphragm �Fig. 1�. The 3-F OCT imaging probe was then
introduced through the lumen of the catheter distally to image
the abdominal aorta.

2.3 Optical Coherence Tomography Imaging
The objective of the study was the imaging of vessel wall
anatomy on a microscopic level using three different flushing
modalities: 1. PFD �C10F18, Sigma-Aldrich, Saint Louis,
Missouri�, which has a significant oxygen-carrying capacity
�49 mg O2 /100 ml�; 2. normal saline; and 3. blood. The PFD
was oxygenated using a bubble-through technique with 100%
oxygen. OCT imaging of the rabbit abdominal aorta was done
during the different flushing modalities. The thoracic aorta
proximal to the introduction of the guiding catheter was oc-
cluded using a temporary 3-0 silk surgical suture that was
released after imaging. A total of 10 cc of flush for each mo-
dality was used and injected through the guiding catheter over
a 5-s period of time.

2.4 Optical Coherence Tomography Instrumentation
OCT is an interferometric technique based on a broadband
light source and coherent cross correlation detection of light.
The principles of OCT have been previously described. The
time domain OCT system prototype in this study utilized a
Michelson interferometer with a low coherence source to
measure light reflected from turbid structures. The OCT sys-
tem used in this study contains a superluminescent diode
source that delivers an output power of 10 mW at a central
wavelength of 1310 nm with a full width at half maximum
�FWHM� of 75 nm. In our system, lateral resolution and axial
resolution are 10 �m and focal length is 8 mm.

Flexible fiber optic OCT probes were constructed from
single-mode optical fibers. The bare-ended fiber was attached
to a 0.7-mm-diam gradient index �GRIN� lens and a
0.7-mm-diam prism. The probe was placed in fluorinated eth-
ylene propylene tubing for added fiber support and to seal the
optical compartments from the surrounding blood. The single-
mode fiber delivers the incident beam to the distal imaging
apparatus and transmits the reflected signal back. A linear
motor was used to drive the coated flexible fiber optic distally
and proximally along the length of the probe within the
sheath, moving the GRIN lens and prism imaging components
within the sheath to obtain linear images along the long axis
of the abdominal aorta vessel. Axial scans were obtained ev-
ery 10 �m along the length of the probe during 16-mm-long

Fig. 1 Photograph of the surgical procedure.
May/June 2009 � Vol. 14�3�2
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can sweeps. The axial line scanning rate is 500 Hz, and the
odulation frequency of the phase modulator is 500 kHz. A
6-mm scan is obtained in 3.2 sec.

Results
total of six live rabbits was used in this study. OCT imaging

f the rabbit abdominal aorta was successful in all of the
ubjects. The time span of clear imaging with the OCT cath-
ter averaged 5.0 sec during intra-aorta injections of flush.
he efficiency of OCT imaging in providing a clear view of

he vessel wall structure was influenced by the ability of the
ushing modality to remove blood from the imaging field. In

his study, normal rabbits with no significant atherosclerotic
laques were studied. The rabbits were similar in size and
bdominal aorta vessels were similar in diameter. Thus, the
istance between the vessel wall and the OCT probe was con-
istent with each subject animal.

In each of the six studied subjects, PFD flushing consis-
ently provided dramatically better imaging of the vessel wall
issue structures when compared to the other two flushing

odalities. In Fig. 2, images abstracted from the videos of
ach flushing modality are presented. Figure 2�a� shows OCT
maging with no flushing and blood present in the imaging
indow. There is significant image degradation with no clear

dentification of vessel wall anatomy. Figure 2�b� shows an
CT image with saline flushing and after proximal vessel
cclusion. There is some delineation of vessel wall anatomy;
owever, the residual scattered blood degrades the image
uality. In Figs. 2�c� and 2�d�, PFD flush is utilized after
roximal vessel occlusion with significant improvement in the
elineation of vessel wall anatomy. Figure 2�c� is obtained
mmediately after the start of PFD flushing, and Fig. 2�d�
oward the end of the flushing period. Figure 2�c� represents
he imaging border between a significantly degraded image
nd clear imaging of vessel anatomy at the beginning of PFD
ushing.

ig. 2 �a� OCT imaging with no flushing and blood present in the
maging window. �b� OCT image with saline flushing and after proxi-
al vessel occlusion. �c� and �d� OCT imaging with PFD flushing after
roximal vessel occlusion.
ournal of Biomedical Optics 034028-
4 Discussion

Intravascular imaging with OCT has vast potential to resolve
atherosclerotic lesions at the microscopic level and reveal im-
portant characteristics that may be prone to sudden rupture.
However, one major limitation is its attenuation by blood,
specifically absorption by hemoglobin and scattering by
RBCs. From this study, we have demonstrated the proof of
concept that endovascular flushing with an oxygen-carrying
blood substitute PFD is optically superior to saline flushing
for intravascular imaging. The viscosity of PFD is 5.10 mPa s
�dynamic� or 2.61 mm2 /s �kinematic� at 25°C. The refrac-
tive index of PFD is 1.313 nD20. The physical properties of
perfluorocarbons, specifically their immiscibility in blood, al-
lows for superior displacement of blood from the imaging
window. With saline, a significant amount of mixing occurs
rather than complete displacement of blood. Therefore, there
may still be a substantial amount of absorption and scattering
of light. Because PFC is not hemoglobin based and does not
absorb significantly in the 1310-nm wavelength region, the
potential for attenuation from absorption and scattering is im-
proved once blood is displaced. A recent study by Prati
et al.,14 demonstrated the effectiveness of nonocclusive intra-
coronary OCT imaging with iodinated contrast media flush-
ing. Both nonionic contrast and perfluorocarbons have higher
viscosity than blood and therefore effectively displace blood
from the image zone.

Another potential benefit of using an oxygen-carrying
blood substitute such as PFD is the increase in imaging time
without compromising myocardial tissue oxygenation.
Cleman, Jaffee, and Wohlgelernter15 infused oxygenated Fluo-
sol DA 20%, a perfluorochemical oxygen transport fluid, at
the distal tip of the balloon catheter during percutaneous
transluminal coronary angioplasty �PTCA� of 20 human pa-
tients. They reported profound regional left ventricular dys-
function with a greater than 90% decrease in regional contrac-
tion by echocardiogram when PTCA was performed with
Ringer’s lactate solution or nonoxygenated Fluosol DA 20%.
In contrast, regional contraction during transcatheter infusion
of oxygenated Fluosol DA 20% remained at normal levels
throughout balloon inflation.15

The optical properties and ability of perfluorocarbons to
oxygenate should enable a broad range of imaging procedures
by allowing longer imaging intervals and improved image
quality. As more broadband laser light sources are developed,
axial resolution capabilities will improve, and scattering from
interfering blood may limit further advances in the imaging
resolution with saline compared to perfluorocarbon flushing.
The second-generation Fourier domain OCT systems provide
rapid sampling rates, enabling longer vessel segment imaging
without the need for balloon occlusion. We would expect the
advantages of flushing with perfluorocarbons to be even
greater in the nonocclusive setting. With faster acquisition,
substantial optical information can be obtained from OCT im-
ages, including functional optical coherence tomography, po-
larization sensitive tomography, and second-harmonic-
generation OCT. All of these imaging modalities extract
additional information about the biological properties of the
vasculature, but require additional acquisition time. Thus, the
ability to oxygenate with perfluorocarbons will likely become
even more important as this field progresses.
May/June 2009 � Vol. 14�3�3
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In 1989, The United States Food and Drug Administration
FDA� approved Fluosol, an emulsified perfluorocarbon, for
erfusion of ischemic tissue in the setting of PTCA.16 How-
ver, Fluosol production was discontinued due to lack of com-
ercial success. Perfluorocarbons such as PFD are water in-

oluble and require emulsification. To date, there is no FDA-
pproved emulsified PFC available, although different PFC
ormulations are in development.17

In conclusion, we demonstrate that flushing during endo-
ascular OCT imaging with an oxygenated perfluorocarbon
lood substitute such as PFD dramatically improves optical
maging conditions when compared to the traditional method
f flushing with saline. Because of its oxygen carrying capac-
ty, immiscibility resulting in effective clearance of blood, and
ptical transparency at near-infrared wavelengths, the use of
lood substitute has potential to improve intravascular optical
maging applications.
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