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TITLE: HYBRID OCT/SCINTIGRAPHY INTRAVASCULAR DEVICE.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to an imaging device for use within body cavities and/or

lumens. More particularly, the invention relates to an imaging device combining OCT with

nuclear imaging based scintigraphy to optimize imaging within body cavities and/or lumens.

2. Description of the Prior Art

Coronary artery disease is the major cause of morbidity and mortality in the
industrialized world. The major players in this morbidity and mortality are acute
coronary syndromes (unstable angina and myocardial infarction), where rupture or
erosion of the fibrous cap of a vulnerable atherosclerotic plaque leads to thrombus
formation and occlusion of the blood vessel. Despite remarkable progress in treating
coronary artery disease, we are still unable to predict which individual patient is prone
to develop unstable coronary syndromes. Based on post-mortem studies, vulnerable
plaques are morphologically defined as those with high lipid content, a small number
of smooth muscle cells, an inflammatory infiltrate and a thin fibrous cap. Arbustini
E, Dal Bello B, Morbini P, Burke AP, Bocciarelli M, Specchia G, et al. “Plaque
Erosion Is A Major Substrate For Coronary Thrombosis In Acute Myocardial
Infarction,” Heart, 82:269-72, 1999; P. Libby, "Molecular Bases Of The Acute
Coronary Syndromes,” Circulation, 91(11): 2844-2850, 1995. There are currently no
reliable non-invasive or invasive methods for the detection of these plaques in living
subjects.

The arterial wall consists of three layers. Intima, normally only a single
cellular layer thick, forms the inner layer surrounding the arterial lumen. Itis
separated from the middle layer, media, by an internal elastic membrane. In muscular
arteries (like coronary arteries), the media mainly consists of smooth muscle cells and
extracellular matrix. Adventitia, the outer layer, is separated from the media by an

external elastic membrane. As the most common vascular pathologies are associated
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with changes in the composition and structure of these layers, there is great interest in

high-resolution imaging of the vessel wall. Diagnostic information obtained from
such imaging techniques may greatly affect the management of cardiovascular
diseases.

Presently, the only widely available diagnostic technique for assessing the
vascular wall structure in vivo is intravascular ultrasound. Current clinical
applications of imaging the (anatomical) composition of vessel walls include the
determination of stenosis in angiographically intermediate lesions, where
“lumenography” may not clearly reflect the extent of atherosclerotic burden.
Another widely used application of intravascular ultrasound is to determine the
accuracy of stent placement after balloon angioplasty.

Despite positive remodeling (increase in external vessel diameter), up to 40%
of balloon angioplasties are followed by re-narrowing of arteries (restenosis), which is
due to the formation of a thick intimal layer (neointima formation). Neointima
formation can be seen in a number of other pathological states, such as diabetic
coronary artery disease and chronic graft rejection after cardiac transplantation.
Although helpful in the diagnosis of these processes, the usefulness of intravascular
ultrasound is limited by its relatively limited resolution. As such, it is often difficult
to clearly distinguish between different layers of vascular walls and to clearly
demarcate their borders.

In muscular arteries, such as coronary arteries, the intima is relatively
echogenic compared to the lumen and media. The trailing edge of intima (that would
correspond to the internal elastic membrane) cannot always be distinguished clearly.
Media is usually less echogenic than the intima. In some cases the media may appear
artifactually thin because of “blooming,” an intense reflection from the intima or
external elastic membrane. In other cases, the media can appear artifactually thick
because of signal attenuation and the weak reflectivity of the internal elastic
membrane. In elastic arteries, such as the carotid artery, the media is more echo-
reflective because of the higher elastin content. Mintz GS, Nissen SE, Anderson
WD, Bailey SR, Erbel R, Fitzgerald P], Pinto FJ, Rosentield K, Siegel R], Tuzcu EM,
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Yock PG, ACC Clinical Expert Consensus Document On Standards For The

Acquisition, Measurement And Reporting Of Intravascular Ultrasound Studies: A
Report Of The American College Of Cardiology Task Force On Clinical Expert
Consensus Documents

(Committee To Develop A Clinical Expert Consensus Document On Standards For
Acquisition, Measurement And Reporting Of Intravascular Ultrasound Studies
[IVUS)), ] Am Coll Cardiol, 37:1478-92, 2001.

Although of some help in defining the anatomy of the plaque, intravascular
ultrasound usually lacks the necessary resolution for fine definition of plaque
structure. Optical coherent tomography (OCT) can reveal structures within the body
to several millimeters in depth with unprecedented resolution on the order of 5 to 15
microns, which is an order of magnitude higher than intravascular ultrasound. D.
Huang, E.A. Swanson, CP. Lin, ].S. Schuman, W.G. Stinson, W. Chang, M.R. Hee,
T. Flotte, K. Gregory, C.A. Puliafito, and J.G. Fujimoto, “Optical Coherence
Tomography,” Science, Vol. 254, 1178-1181, 1991; Rollins A., Sivak M Jr.,
Radhakrishnan Sunita, Lass J. H., Huang David, Cooper K. D., Izatt J., “Emerging
(Clinical Applications Of Optical Coherent Tomogaphy,” Optics and Photonics
News, 37-41, April 2002; Rashed H, Izatt J, Toth C,, “Optical Coherent Tomography
Of The Retina,” Optics and Photonics News, 48-51, April 2002; M. Brezinski and ]J.
Fujimoto, “Imaging The Cardiovascular System With Optical Coherence
‘Tomography,” Optics and Photonics News, 34-35, April 2002; P. Patwari, N.
Weissman, S. Boppart, C. Jesser, D. Stamper, ]. G. Fujimoto and M. E. Brezinki,
“Assessment Of Coronary Plaque With Optical Coherence Tomography And High-
Frequency Ultrasound,” The American Journal of Cardiology, 85: 641-644, 2000.
Recent ex vivo studies have demonstrated that intravascular OCT can differentiate
lipids from nonlipids and identify the intimal over the lipid collection. M. Brezinski
and J. Fujimoto, “Imaging The Cardiovascular System With Optical Coherence
Tomography,” Optics and Photonics News, 34-35, April 2002; H. Yabushita, B.
Bouma, S. Houser, H. Thomas, I. Jang, K. H. Schlendorf, C. R. Kauffman, M.
Shishkov, D. Kang, E. F. Halpern, G. J. Tearney, “Characterization Of Human



WO 2004/016166 PCT/US2003/025396

4
Atherosclerosis By Optical Coherence Tomography,” Girculation, 106(13): 1640-

1653, 2002; IK Jang, BE Bouma, DH Kang, et al, “Visualization Of Coronary
Artherosclerotic Plaques In Patients Using Optical Coherent Tomography:
Comparison With Intravascular Ultrasound,” J. Am. Coll. Cardiol., Vol. 39(4), 604-
609, 2002; G. ]J. Tearney, IK Jang, DH Kang, et al,, “Porcine Coronary Imaging In
Vivo By Optical Coherent Tomography,” ACTA CARDIDL 55(4) 233-237, 2000; J.
M. Schmitt, C. L. Petersen, E. Mont and R. Virmani, ” Imaging And Characterization
Of Coronary Lesions With Optical Coherent Tomography,” Proceedings of IEEE
International Symposium on Biomedical Imaging, 106-109, Washington D.C., July
7-10, 2002. High resolution imaging of vessel walls by OCT has, therefore, the
potential of opening exciting new directions in the diagnosis and management of
coronary artery disease. _

As described in US. Patent No. 6,445,944, OCT is an interferometric imaging
technology. OCT achieves high depth resolution (about 2 £ m 1020 p m) viaa
combination of the focal properties of the imaging optics and the coherence properties of
the optical source. OCT provides nearly shot-noise-limited detection and thus high
sensitivity (>140 dB).

OCT uses the reflected light to obtain a cross-sectional image of tissue adjacent the
transparent sheath window. The depth of tissue scan using OCT is based on low coherence
interferometry; and the lateral tissue scan is based on the rotation of an optical beam by
either a rotating mirror or a mechanical motor. In accordance with a preferred embodiment
of the present invention and as those skilled in the art will certainly appreciate, OCT uses an
interferometer with reference arm scanning and a low coherence light source.

As such, the light emitted by the OCT system described above is processed in the
following manner. First, a low coherence light source is directed onto a beam splitter to
produce two beams, a sampling measurement beam and a reference beam.

The sampling beam hits and penetrates the tissue or material to be imaged, and then
reflects (backscatters) from the tissue, carrying information about the reflecting points from
the surface and the depth of the tissue. The light delivered to the reference arm hits a

reference reflector, for example, a mirror or a diffraction grating, and reflects from the
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reference reflector. The reference arm travels a given path length, such that the reference

reflector either moves or is designed such that the reflection occurs at different distances
from the beam splitting point and returns at a different point in time or in space, which
actually represents the depth scanning. The amount of such movement represents the
desirable depth of penetration of the tissue or object being imaged by the sampling arm.
Where OCT is applied the depth of light penetration is typically 2 to 3 millimeters.

The output of the interferometer is the superposition of the electromagnetic fields
from the reflected reference arm and the sampling arm reflected from the tissue or material
being imaged. When the reflected arms meet, interference is observed only where the path
lengths of the reference arm and sampling arm are matched to within the coherence length
of the light source. A photodetector detects this interference and converts it into electrical
signals. The signals are electronically processed and ultimately displayed, for example, on a
computer screen or other momnitors.

Each cross-sectional image involves two scans: depth (axial) and width
(lateral). Typically, the rate of depth scan is faster than the rate of lateral scan, as 200
to 300 or more depth scans may occur for one lateral scan during live imaging. A
typical rate of lateral scanning during live imaging is approximately 26-30 scans per
second. A typical OCT probe for linear cross sectional imaging uses a mechanical
scanning arrangement in which at least one mechanical part reciprocates to create a
scanmnng motion.

OCT detects reflected light and provides high-resolution imaging of -
intravascular structures, however, it has limited functional imaging capability. Recent
research activities on improving OCT functional imaging capabilities include
polarization sensitive OCT, Doppler blood flow OCT, contrast enhanced OCT,
spectroscopy OCT, etc. Z.P. Chen, T.E. Milner, S. Srinivas, X.J. Wang, A.

Malekafzali, M.J.C. van Germert, and J. S. Nelson, “Noninvasive Imaging Of In Viw
Blood Flow Velocity Using Optical Doppler Tomography,” Optics Letters, Vol. 22,
No. 14, pp. 1119-1121, July, 1997; J.A. Izatt, M.D. Kulkarni, S. Yazdanfar, J K.
Barton and A.J. Welch, “In Viw Bi-Directional Color Doppler Flow Imaging Of
Picoliter Blood Volumes Using Optical Coherence Tomography,” Optics Letters,
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Vol. 22, No. 18, pp. 1439-1441, September, 1997; T.G. van Leeuwen, M.D.

Kulkarni, S. Yazdanfar, A.M. Rollins, and J.A. Izatt, “High-Flow-Velocity And Shear-
Rate Imaging By Use Of Color Doppler Optical Coherence Tomography,” Optics
Letters, Vol. 24, No. 22, pp. 1584-1586, November, 1999; DQ. Piao, N. Datta, L.
Otis, Q. Zhu, “Quantitative Assessment Of Flow Velocity Estimation Algorithms
For Optical Doppler Tomography Imaging,” Applied Optics, 41 (29): 6118-6127,
2002; DQ. Piao, L. Otis, and Q. Zhu, “Doppler Angle And Flow Velocity Mapping
By Combining Doppler Shift And Doppler Bandwidth Measurements In Optical
Doppler Tomography,” Optics Letters, in press; F. J-] Toublan, et al, “Magnetically-
Induced Optical Contrast Agents For Optical Coherent Tomography,” OSA
Biomedical Topical Meeting, 257-262, 2002; M. Pierce, B. H. Park, B. Cense and J.
F. de Boer, “Simultaneous Intensity, Birefringence, And Flow Measurements With
High-Speed Fiber-Based Optical Coherent Tomography,” Optics Letters, 27(17)
1534-1536, 2002; C. E. Saxer, ]. F. de Bore, B. H. Park, Y. Zhao, Z. Chen and J. S.
Nelson, “High-Speed Fiber-Based Polarization-Sensitive Optical Coherent
Tomograpy Of In Vivo Human Skin,” Optics Letters, 25, 1355-1357,2000; A. Jiao
and L. V. Wang, “Two-Dimensional Depth-Resolved Muellaer Matrix Of Biological
Tissue Measured With Double-Beam Polarization-Sensitive Optical Coherence
Tomography,” Optics Letters, Vol. 27 (2),2002; K. D. Rao, M. A. Choma, S.
Yazdanfar, A. Rollins and J. Izatt, “Molecular Contrast In Optical Coherent
Tomography By Use Of A Pump-Probe Technique,” Optics Letters, Vol. 28, No.28,
341-344,2003; J. M. Schmitt, S. FL Xiang, and K. M. Yuang, “Differential
Absorption Imaging With Optical Coherent Tomography,” J. Opt. Soc. Am. A Vol.
15, No.9, 2288-2296, 1998.

Conventional approaches for imaging of atherosclerosis with single photon
emission computed tomographic (SPECT) and Positron Emission Tomography
(PET), while feasible, provide limited image resolution and/or sensitivity to fully
characterize targeted radiolabeled tracers. Therefore, a number of investigators are
developing intravascular radiation detection systems for early detection of
atherosclerosis. B. E. Patt, J. S. Iwanczyk, L. MacDonald, Y. Yamaguchi, C. Tull,
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“Intravascular Probe For Detection Of Vulnerable Plaque,” Proceedings of SPIE,

Vol. 4508, 88-98, 2001; Lederman R]. Raylman RR. Fisher SJ. Kison PV. San H.
Nabel EG. Wahl RL., “Detection Of Atherosclerosis Using A Novel Positron-
Sensitive Probe And 18-Fluorodeoxyglucose (FDG),” Nuclear Medicine
Communications. 22(7):747-53, 2001; Raylman RR. Wahl RL, et al., “A Fiber-
Optically Coupled Positron-Sensitive Surgical Probe,” Journal of Nuclear Medicine,
35(5):909-13, 1994; M. P. Tornai, G. S. Levin, L. R. MacDonald , C. H. Holdsworth
E. ]J. Hoffman, “A Miniature Phoswitch Detector For Gamma-Ray Localization
And Beta Imaging,” IEEE Transactions on Nuclear Science, 45(3): 1166-1173, 1998;
EJ Hoffman, MP Tornai, CS Levin, “Gamma And Beta Intra-Operative Probes,”
Nucl. Instr. Meth. A389:324:329, 1997.

Nuclear imaging based scintigraphy systems function in the following manner. In
practice, injected radioactive agents are targeted to the organ under study. Depending upon
the body vessel or cavity being studied, various radioactive agents may be employed so as to
produce the highest resolution and signal to background noise image of the vessel or cavity
being studied. As those skilled in the art will certainly appreciate, the radiation emitted by
the radioactive agents bombards the scintillation fibers, producing a signal (such as light)
within the scintillation fibers. The resulting signals are transmitted to the opposite ends of
the respective scintillation fibers. The signals are inputted in the signal-receiving elements.
The light pulses are then converted into electrical signals and are inputted into a time-to-
amplitude converter through constant-fraction discriminators, and a signal delay circuit. The
time-to-amplitude converter outputs an electrical pulse to create a pulse height in proportion
to the time difference between the time periods required for the light pulses to reach the
respective light detectors. The pulse from the time-to-amplitude converter is inputted into
the analog-digital converter.

Although more than one radiation can be incident on the scintillation fiber, it is
possible to see the incident positions of the radiations by discriminating the pulse-heights of
the electrical pulses at the multichannel pulse-height analyzer, and to detect a radiation dose-

rate based on count.
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Compared with external imaging, intravascular approaches have the significant

advantage of detecting localized small lesions that might involve the endothelial cells or the
underlying structures. Even an ideal radiolabeled agent for atherosclerosis imaging might
deliver only ~0.01% of the administered dose to the target lesion. B. E. Pat, J. S. Iwanczyk,
L. MacDonald, Y. Yamaguchi, C. Tull, “Intravascular Probe For Detection Of Vulnerable
Plaque,” Proceedings of SPIE, Vol. 4508, 88-98, 2001. These intravascular systems offer
improved sensitivity for detection of small amounts of radioactivity, although spatial
resolution is limited.

While several groups have been developing an intravascular radiation
detector, the prior art has so far failed to compensate for intravascular radiation
detection devices inability to provide for simultaneous high-resolution imaging of
structure. Since most vascular lesions are associated with changes in the composition
and structure of the vessel wall, there is great need for such high-resolution imaging
of the vessel wall.

Studies have shown that vulnerable plaques are metabolically active and can
be detected at an early stage if the endothelium or underlying media is directly
interrogated. B. E.Patt,]. S. Iwanczyk, L. MacDonald, Y. Yamaguchi, C. Tull,
“Intravascular Probe For Detection Of Vulnerable Plaque,” Proceedings of SPIE,
Vol. 4508, 88-98, 2001. One of the most effective metabolic tracers in the injured
rabbit aorta model employed to screen radiopharmaceuticals is Fluorodeoxyglucose
(FDG) labeled with 18F positron (beta) radionuclide emitter. Lederman R]. Raylman
RR. Fisher SJ. Kison PV. San H. Nabel EG. Wahl RL., “Detection Of
Atherosclerosis Using A Novel Positron-Sensitive Probe And 18-
Fluorodeoxyglucose (FDG),” Nuclear Medicine Communications. 22(7):747-53,
2001. The half-life (110 min) of 8F is relatively long compared to other positron
emission tracers. FDG accumnulation appears to correspond to regions of subintimal
cellular infiltration. FDG uptake is one marker of the relative hypermetabolic state of
atherosclerotic tissue, which is characterized by a dense cellular infiltration of

macrophages and lymphocytes.
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Most catheter-based radiotracer detection systems have focused on beta

detection of positron emitting tracers using scintillating plastic fibers. Since the
targeted cardiac vessels have diameters of less than 5 mm, they correspond well with
the tissue path length (~3 mm) for beta particles with energies of >600 keV. The
catheter designed by Patt et al. employs 0.5 mm diameter scintillating fibers. B. E.
Patt, J. S. Iwanczyk, L. MacDonald, Y. Yamaguchi, C. Tull, “Intravascular Probe For
Detection Of Vulnerable Plaque,” Proceedings of SPIE, Vol. 4508, 88-98, 2001.
This system has demonstrated acceptable sensitivity for detection of 8F of >400
cps/uC at 1mm from the detector. 18F labeled tracers have been developed for
other targets such as the alpha-v beta-3 integrin, which may be upregulated in the
unstable plaque. The detection of the unstable or vulnerable atherosclerotic plaque
may be enhanced by more specific vascular markers, like the alpha-v beta-3 integrin.
The catheter-based scintillating probes provide limited spatial resolution and can, at
most, identify activities about the size of catheter tips (approximately several mms).
With the foregoing in mind, it is apparent a need exists for a system capable
of overcoming the individual shortcomings of scintillating probes and OCT. The
present invention provides a novel hybrid catheter-based device, which integrates an
OCT probe and scintillating fibers for dual-modality high-resolution structural and
high-contrast functional imaging of coronary diseases, using 18F labeled tracers. The
development of the present device will open an exciting new research direction for

high-resolution molecular imaging of vascular, and other intra-cavity diseases.
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SUMMARY OF THE INVENTION

It is, therefore, an object of the present invention to provide an imaging device

including a delivery device shaped and dimensioned for accessing a predetermined body
cavity or lumen, an OCT system linked to the delivery device and a nuclear imaging system
linked to the delivery device.

It is also an object of the present invention to provide an imaging device including a
contro] assembly linked to the OCT system and the nuclear imaging system. The control
assembly includes processing means adapted for gathering information from the OCT
system and the nuclear imaging system and creating imaging information used in the
assessment of the body cavity or lumen into which the delivery device is placed.

It is another object of the present invention to provide an imaging device wherein
the OCT system includes scanning components housed within the delivery device and an
OCT source assembly remote from the delivery device.

It is a further object of the present invention to provide an imaging device wherein
the scanning components of the OCT system include an optical fiber extending from the
OCT source assembly through the length of the delivery device, a lens secured to a distal end
of the optical fiber and a rotating right angle prism positioned for receiving light from the
lens.

It is also another object of the present invention to provide an imaging device
wherein rotation of the right angle prism is controlled by a motor coupled to the right angle
prism.

It is still another object of the present invention to provide an imaging device
wherein the motor is housed within a distal end of the delivery device.

It is also an object of the present invention to provide an imaging device wherein the
motor is positioned adjacent a proximal end of the delivery device.

It is a further object of the present invention to provide an imaging device wherein
the nuclear imaging system includes scintillating fibers positioned adjacent a distal end of the
delivery device.

It is another object of the present invention to provide an imaging device wherein

the scintillating fibers are sheathed in the area adjacent a proximal end of the delivery device.



10

15

WO 2004/016166 PCT/US2003/025396

11
It is also an object of the present invention to provide an imaging device wherein

two to six scintillating fibers are positioned adjacent the distal end of the delivery device.

It is yet a further object of the present invention to provide an imaging device
wherein the scintillating fibers are coupled to a proximal end of the delivery device by optical
fibers extending from the scintillating fibers to the proximal end of the delivery device.

It is another object of the present invention to provide a method for imaging body
lumens or cavities. The method is achieved by first inserting a delivery device to a
predetermined location within a body previously marked with radioactive markers. The
delivery device includes an OCT system linked to the delivery device and a nuclear imaging
system linked to the delivery device. The method further includes scanning the
predetermined location with the OCT system for obtaining a high resolution image and
sensing the radioactive markers with the nuclear imaging system to obtain a high contrast
image of the predetermined location.

Other objects and advantages of the present invention will become apparent from
the following detailed description when viewed in conjunction with the accompanying

drawings, which set forth certain embodiments of the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic of the present imaging system.

Figure 2 is a schematic of a first embodiment in accordance with the present
5  invention.
Figure 3 is a schematic of a second embodiment in accordance with the present
invention.
Figure 4 is a schematic of the OCT source assembly.
Figure 5 is in vivo simultaneous structural and blood flow imaging of two clusters of
10 the abdominal vessels of a small rat with pulsatile flow.
Figure 6 1s a graph of detection sensitivity versus distance between radiation source
and scintillating fiber tips.
Figure 7 is a graph of total counts v. lateral position of beta source relative to the
scintillating fiber tips.
15 Figure 8 is an illustration of position sensitive PMT resistor network and multi-
channel radiation detection system for spatial mapping.
Figure 9 is a schematic of a prototype in accordance with the present invention.
Figure 10 is a perspective view of the prototype shown in Figure 9.
Figure 11 is co-registered OCT images and positron detection simultaneously
20 acquired from a fresh bovine coronary artery. The location of point source beta emitter is
pointed by the white arrow.
Figure 12 is an OCT image showing the layered structure of the vessel of Figure 11.

Figure 13 is a schematic of a recirculation perfusion system.
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DESCRIPTION OF THE PREFERRED EMBODIMENTS

The detailed embodiments of the present invention are disclosed herein. It should be
understood, however, that the disclosed embodiments are merely exemplary of the invention, which
may be embodied in various forms. Therefore, the details disclosed herein are not to be interpreted
as limiting, but merely as the basis for the claims and as a basis for teaching one skilled in the art
how to make and/or use the invention. Where alternate embodiments are described herein, the
same reference numerals will be used in designating similar elements.

With reference to the accompanying figures, an imaging device 10 is disclosed. The imaging
device is adapted for positioning within a predetermined body lumen and/or cavity and retrieving
imaging information relating to the body lumen and/or cavity. The imaging device 10 provides a
system capable of offering dual-modality high-resolution structural and high-contrast functional
imaging of body lumens and/or cavities In accordance with a preferred embodiment of the present
invention, the imaging device 10 is shaped, dimensioned and adapted for intravascular access for
obtaining imaging information regarding the detection of unstable atherosclerotic plaque (coronary
vessels, carotid vessels, renal vessels, peripheral vessels, etc.), the detection of restenosis following
percutaneous angioplasty with or without stenting, the evaluation of brachytherapy following
percutaneous angioplasty performed with coated stents or an intravascular radiation source and/or
the evaluation of cardiac transplant vasculopathy.

While the present imaging device 10 is adapted for intravascular studies in accordance with a
preferred embodiment of the present invention, it is contemplated the present imaging device 10
may be used as an endoscopic device with applications in the evaluation of gastrointestinal
pathology. It is further contemplated the present imaging device 10 may be readily modified for use
as a bronchoscopic device with applications in the evaluation of pulmonary pathology. It is still
further contemplated the present imaging device 10 may be modified for use as an endoscopic
device with applications in the detection of tumors in multiple organ systems (for example,
gastrointestinal tract, pulmonary tract and/or other organ systems). Where the present imaging
device 10 is adapted for other applications it may be linked with laparoscopic surgical techniques and

interventions. In particular, the application of the present imaging device 10 to cancer detection will
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foster new excitement in the early detection of cancer at the cellular level, which may lead to early
detection and final eradication of some deadly diseases.

In accordance with a preferred embodiment of the present invention, and with reference to
the alternate embodiments disclosed with reference to Figures 1, 2 and 3, the imaging device 10
includes a delivery device 12 shaped and dimensioned for accessing a predetermined body cavity or
lumen. The scanning components 14 of an optical coherent tomography (OCT) system 16 and the
sensing components 18 of a nuclear imaging system 20 are housed within the delivery device 12.
The imaging device 10 further includes a control assembly 22 linked to the OCT system 16 and the
nuclear imaging system 20. The control assembly 22 includes processing means adapted for
gathering information from the OCT system 16 and the nuclear imaging system 20 for display on a
monitor 24. The control assembly 22 further creates imaging information used in the assessment of
the body cavity and/ or lumen into which the delivery device 12 is placed.

Optical coherent tomography (OCT) is an imaging technique capable of providing
subsurface high-resolution images on the order of 5 to 10 microns, which is an order of magnitude
higher than conventional intravascular ultrasound. Nuclear imaging-based intravascular approaches,
for example, nuclear imaging based scintigraphy, offer the significant advantage of detecting
localized lesions labeled by highly specific radioactive tracers; that is, nuclear imaging approaches
offer the ability to provide high contrast imaging of predetermined body vessels. In accordance with
the present invention, high-resolution OCT imaging and high-contrast nuclear imaging are
integrated for simultaneous structural imaging.

As discussed above, the delivery device 12 is preferably a catheter-based system adapted for
intravascular access. As those skilled in the art will certainly appreciate, various catheter structures
may be employed without departing from the spirit of the present invention. As will be described
below in greater detail, the scanning components 14 of the OCT system 16 and the sensing
components 18 of the nuclear imaging system 20 are positioned within the most distal 10-15 mm of
the catheter 12. As such, the inclusion of the scanning components 14 of the OCT system 16 and

the sensing components 18 of the nuclear imaging system 20 within the catheter 12 does not
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substantially affect the flexibility of the catheter 12. The catheter 12 is, therefore, capable of
insertion within deep and curved portions of vessels under study.

The catheters 12 utilized in accordance with the present invention must, however, include
structural functionality adapted for supporting the scanning components 14 of the OCT system 16
and the nuclear imaging based scintigraphy system 20. In accordarice with a preferred embodiment
of the present invention, the catheter 12 is constructed with a diameter of approximately 2.0 mm,
although those skilled in the art will certainly appreciate various constructions which may be utilized
in accordance with the spirit of the present invention.

With reference to the alternate embodiments disclosed in Figures 2 and 3 (the same
reference numerals are used for like components), and in accordance with preferred embodiments of
the present invention, the scanning components 14 of the OCT system 16 housed within the
catheter 12 generally include a single mode optical fiber 26, an ultrasonic micromotor 28 (see Figure
3) or a proximally positioned DC motor 30 (see Figure 2), a gradient index (GRIN) lens 32, a right
angle prism 34 directed toward a transparent sheath window 36 formed in the catheter wall 38 and a
rotor 40 powered by the ultrasonic micromotor 28 (see Figure 3).

More particularly, the single mode fiber 26 extends from an OCT source assembly 42
through the length of the catheter 12. The GRIN lens 32 is secured to the distal end 44 of the single
mode fiber 26. The GRIN lens 32 receives light from the single mode fiber 26 and delivers light
intravascularly via the tiny right angle prism 34. The right angle prism 34 is controlled for angular
motion by a proximally positioned DC motor 30 (see Figure 2) or by a tiny micrometer 28 (see
Figure 3). The light delivered to the prism 34 by the GRIN lens 32 is reflected 90 degrees relative to
the longitudinal axis of the catheter 12 at its distal end. The reflected light is passed through the
transparent sheath window 36 of the catheter 12 and onto the vascular wall. The prism 34 is then
rotated under the control of the motor 28, 30 and the Light reflected passes through the transparent
sheath window 36 toward the surrounding tissue of the vessel. Since there is no rotation or bending
driven by external forces involved in the proximal end of the catheter 12 and the solid part of the
catheter is only 10-15 mm in the distal end, the catheter 12 is capable of insertion within deeper and

curved vessels.
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As shown with reference to Figures 2 and 3, two designs have been contemplated for the
implementation of the scanning components of the OCT system 16 in accordance with the present
invention. In accordance with a first embodiment, several groups have implemented OCT catheters
for intravascular or gastrointestinal structural imaging. Bouma, MLE. Brezenski, N.J. Weissman, J.F.
Southern, and J.G. Fujimoto, “Scanning Single-Mode Fiber Optical Catheter-Endoscope For
Optical Coherence Tomography,” Optics Letters, Vol. 21, No. 7, pp. 543-545, April, 1996; A. M.
Rollins, R. Ung-arunyawee, A. Chark, R.CK. Wong, K. Kobayashi, M.V. Sivak, Jr., and J.A. Izat,
“Real-Time In Viw Imaging Of Human Gastrointestinal Ultrastructure By Use Of Endoscopic
Optical Coherence Tomography With A Novel Efficient Interferometer Design,” Optics Letters,
Vol. 24, No. 19, pp. 1358-1360, October, 1999. Their catheter consists of a DC motor-gear
assembly at the proximal end and a rotating shaft. The rotating shaft, which consists of a single-
mode optical fiber and distal focusing elements of GRIN lens and right angle prism (or microprism),
is driven by the gear assembly and can freely rotate inside the catheter sheath. The bending-induced
fiber birefringence as the probe is manipulated within the body is compensated by a faraday rotator
at the distal end. A. M. Rollins, R. Ung-arunyawee, A. Chark, R.CK. Wong, K. Kobayashi, M.V.
Sivak, Jr., and J.A. Izatt, “Real- Time In Viw Imaging Of Human Gastrointestinal Ultrastructure By
Use Of Endoscopic Optical Coherence Tomography With A Novel Efficient Interferometer
Design,” Optics Letters, Vol. 24, No. 19, pp. 1358-1360, October, 1999. We contemplate adopting
this OCT ‘scanning component design by integrating a single-mode optical fiber 26 and two to eight,
preferably two to six, and particularly, four, scintillating fibers 46 inside a catheter 12 (see Figure 2).
As will be discussed below in greater detail, the four scintillating fibers 46 improve the sensitivity as
well as spatial mapping of radiation activities. Since the single-mode optical fiber 26 connected to
the distal GRIN lens 32 and microprism 34 needs to be freely rotated inside the catheter while the
scintillating fibers 46 are stationary, an inner sheath or a gap (not shown) is provided between single-
mode optical fiber 26 and the scintillating fibers 46 to ensure free rotation of the scanning
components 14.

In accordance with a second embodiment, and with reference to Figure 3, a tiny

micromotor 28 is positioned at the distal end of the catheter 12. As with the embodiment described
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above with reference to Figure 2, the micromotor 28 is coupled to the right angle prism 34 for
control rotation. The basic principle of the ultrasonic motor can be found in S.S Lih, Y. Bar-Cohen,
and W. Grandia, “Rotary Ultrasonic Motors Actuated By Traveling Flexural Waves,” SPIE
International Conference, Smart Structures and Materials Symposium, San Diego, CA, 3-6 March
1997. To our knowledge, the ultrasonic micromotors of this size are the smallest that can be made
today. This size is small enough to fit into a regular endoscope’s catheter.

The proximal end of the catheter 12 has a stationary single-mode fiber 26 and is glued to a
GRIN lens 32 of approximately 1 mm in size (in accordance with a preferred embodiment the lens
is manufactured by OZ Optics Inc.) for delivering light to a tiny right angle prism 34, which is
attached to a rotating ultrasonic micromotor 28 positioned at the distal end of the catheter. The
light delivered to the prism is reflected 90 degrees and focused inside the tissue. The speed of the
smallest motors can go up to 2000 ~3000 rpm, which corresponds to more than 25 rotations per
second. Since one rotation of the micromotor generates one frame of a B-scan OCT image, we can
at least achieve 25 frames per second based on current available motor specifications.

This design does not require an inner sheath as is required with the first embodiment,
because both optical fiber 26 and scintillating fibers 46 are stationary. However, the catheter sheath
38 must provide a rigid housing for the motor 28 since the micromotor 28 is positioned at the distal
end. This is achieved by the provision of motor terminators 48. In addition, the GRIN lens 32,
although separated from the motor assembly 28, must be housed rigidly as well to maintain stable
light alignment and focusing,

The catheter 12 is made with biocompatible material, such as fused silica. In order to
maintain a desired housing for the motor 28 and GRIN lens 32 while providing a transparent sheath
window 36 to beta particle and OCT light, a rigid transparent plastic capillary tubing less than 10mm
in length is positioned at the catheter 12 tip, and the micromotor assembly 28 plus GRIN lens 32 are
glued inside the plastic capillary tubing 36 with optical cement.

In practice, the present OCT system 16 functions in the following manner. Light is applied
to the single mode fiber 26. The transmitted light is passed through the GRIN lens 32 secured to
the distal end 44 of the single mode fiber 26 and the light is ultimately delivered intravascularly via
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the tiny right angle prism 34. The right angle prism 34 is controlled for angular motion by the
micromotor 28 or the proximally positioned DC motor 30. The light delivered to the prism 34 by
the GRIN lens 32 is reflected 90 degrees relative to the longitudinal axis of the catheter 12 at its
distal end. The reflected light is passed through the transparent sheath window 36 of the catheter 12
and onto the vascular wall. The right angle prism 34 is then rotated under the control of the motor
28, 30 and the light reflected passes through the transparent sheath window 36 toward the
surrounding tissue of the vessel. The light is then reflected back to the OCT system 16 and
ultimately utilized in the creation of an image of the scanned vessel.

As such, and as those skilled in will appreciate, the light emitted by the OCT system 16
described above is processed in the following manner. First, a low coherence light source is directed
onto a beam splitter to produce two beams, a sampling measurement beam and a reference beam.
The sampling arm and the reference arm are then transmitted through the single mode fiber 26, the
gradient index lens 32 and the right angle prism 34 where they are applied to the vessel tissue.

The sampling arm hits and penetrates the tissue or material to be imaged, and then reflects
(backscatters) from the tissue, carrying information about the reflecting points from the surface and
the depth of the tissue. The reference arm hits a reference reflector, for example, a mirror or a
diffraction grating, and reflects from the reference reflector. The reference arm travels a given path
length, such that the reference reflector either moves or is designed such that the reflection occurs at
different distances from the beam splitting point and returns at a different point in time or in space,
which actually represents the depth scanning. The amount of such movement represents the
desirable depth of penetration of the tissue or object being imaged by the sampling beam. Where
OCT is applied the depth of light penetration is typically 2 to 3 millimeters.

The output of the interferometer is the superposition of the electromagnetic fields from the
reflected reference arm and the sampling arm reflected from the tissue or material being imaged.

The output is gathered by the right angle prism 34 and transmitted through the single mode fiber 26
to the control assembly 22 where the information is processed to produce an image for viewing,
When the reflected arms meet, interference is observed only where the path lengths of the reference

arm and sampling arm are matched to within the coherence length of the light source. A
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photodetector detects this interference and converts it into electrical signals. The signals are
electronically processed and ultimately displayed, for example, on a computer screen or other
monitor.

In accordance with a preferred embodiment of the present invention, the reference arm,
sampling arm and reflected beams are generated and processed in the following manner. More
particularly, and in accordance with a preferred embodiment of the present invention, two OCT
source assemblies 42 have been developed for utilization in conjunction with the OCT system of the
present invention. As those skilled in the art will certainly appreciate, the OCT source assembly 42
is positioned remote from the scanning components 14 and is linked to the scanning components 14
via the single mode fiber 26 described above. The respective source assemblies 42 are described in
DQ. Piao, L. Otis, and Q. Zhu, “Doppler Angle And Flow Velocity Mapping By Combining
Doppler Shift And Doppler Bandwidth Measurements In Optical Doppler Tomography,’: Optics
Letters, (28) No.13., 1120-1123; Chen, NG and Zhu, Q, “Rotary Mirror Array for High Speed
Optical Coherence Tomography,” Optics Letters, (27) No.8., 607-609, April, 2002, which are
incorporated herein by reference (copies attached hereto). In addition to the OCT source
assemblies 42, a DSP real-time data processing unit, which can be used in conjunction with the
present vascular imaging system, is also provided. In accordance with a preferred embodiment of
the present invention, a DSP real-time data processing unit is disclosed in Yan, S., Piao, DQ, Chen
Y., and Zhu Q, “A DSP-Based Real- Time Optical Doppler Tomography System,” J. of BioOptics,
submitted May, 2003, which is incorporated herein by reference (copy attached hereto).

In accordance with a preferred embodiment of the present invention, and with reference to
Figure 4, the OCT source assembly 42 is a typical balanced setup configured with one 1x2 and one
2x2 fiber couplers 50, 52. The low coherence source is a superluminescent diode 54 with
approximately 1310nm center wavelength, 60nm spectral width, and 10.0mW maximum output
power. In the reference arm, a scanning optical delay line based on Littrow-mounting of diffraction
grating 56 is used to generate range scanning and a phase modulation for carrier frequency as well.

In the sample arm, a galvanometer 58 and achromatic lens pair 60, 61 are integrated to perform
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repeatable lateral scanning, which is essential for the demonstration of continuous monitoring of
structure imaging and blood flow.

In the detection arm, reflected light is transmitted through a glass capillary 74, a lens 76, 77
and galvanometer 72. The signal is detected differentially by an auto-dual balanced receiver 62, with
which the source intensity noise is rejected. The signal is then amplified, bandpass filtered 64 and
digitized using a computer 70. Using this system, one frame cross-sectional imaging per second is
obtained by driving reference arm and sample arm galvanometers with approximatelya 128 Hz
triangle wave and a 1Hz saw tooth wave, respectively.

The imaging frame rate of an OCT source assembly 42 employing grating-based delay line is
set by the galvanometer 72. For a frame rate of 8 frames/second, the galvanometer scanning speed

is f, =2048Hz assuming 256 A-lines per frame. At this scanning speed, the phase modulation is in

the mega-hertz range. To facilitate this high speed scanning, a photo-receiver and filter having a
broad bandwidth are needed. In accordance with a preferred embodiment of the grating-based
OCT source assembly described above, the photo-receiver has a curoff frequency of 125KHz, and
the band-pass filter has maximum bandwidth of 102.4KHz. Limited by these two components, the
current delay line cannot run at higher than 128Hz. As such, it is contemplated that the current
photo-receiver and filter may be replaced with Newfocus 1817-FC photo-receiver and Frequency
Devices 818 series filters to achieve 8 frames/second imaging frame rate.

With regard to the DSP real-time data processing unit and display unit, they provide for
simultaneous tissue structure and blood flow imaging based on a custom designed digital signal
processor (DSP) module. Yan, S., Piao, DQ, Chen Y., and Zhu Q, “A DSP-based real-time optical
Doppler tomography system,” J. of BioOptics, submitted May. 2003. The DSP is incorporated into
the above-described OCT source assembly. Two advanced velocity estimation algorithms are
embedded in this DSP module. Experiments on intralipid flow demonstrate that this DSP system is
capable of imaging pulsatile flow at a rate of several hundred pulses per minute. [ 4w real-time
imaging capability of pulsatile blood flow in small rate is also demonstrated (see Figure 5).

In addition, and in accordance with a further embodiment of the OCT source assembly 42, a

fast OCT source assembly 42 is provided for implementing a periodical modulation of the optical
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path length in the reference arm. As mentioned above, this embodiment is disclosed in Chen, NG
and Zhu, Q, “Rotary Mirror Array For High Speed Optical Coherence Tomography,” Optics
Letters, (27) No.8, 607-609, April, 2002, which is incorporated herein by reference. The fast OCT
source assembly includes a linear delay line. The OCT source assembly 42 uses a regular motor of
4000 revolutions per minute (rpm). Up to 2400 A-lines were acquired every second in a 2 mm
range, with less than 0.1% nonlinear effects. For a typical B-scan consisting of 256 A-scan lines, 8
frames/second have been achieved. A much higher scan rate up to 30 frames/second can be
readily obtained by replacing our current motor with high-speed motors, e.g., 24,000-30,000 rpm.

As discussed above, nuclear imaging is combined with OCT in an effort to negate the
deficiencies inherent in the use of OCT. In accordance with a preferred embodiment of the present
invention, and with Reference to Figures 2 and 3, nuclear imaging is achieved through the utilization
of scintillating fibers 46. However, it is contemplated other nuclear imaging techniques may be
employed without departing from the spirit of the present invention.

In accordance with a preferred embodiment, the present imaging device 10 includes a
plurality of scintillating fibers (four in accordance with a preferred embodiment of the present
invention) distributed around an OCT single mode fiber 26 positioned in the center of the catheter
12. Four scintillating fibers 46 improve the sensitivity as well as spatial mapping of radiation
activities. The four scintillating fibers 46 are approximately 0.5 mm in size and are designed to
provide a coarse spatial resolution regarding the approximate size of detected radiation inside the
vessel in which the present imaging device is utilized.

As those skilled in the art will certainly appreciate, scintillating fibers 46 of approximately 0.5
mm have been chosen in accordance with a preferred embodiment of the present invention and
other sizes may be utilized depending upon required functionality without departing from the spirit
of the present invention. In addition, four scintillating fibers 46 are employed in accordance with a
preferred embodiment of the present invention, although two to eight fiber versions have been
contemplated and those skilled in the art may certainly appreciate other fiber arrangements
improving the positron detection sensitivity and spatial mapping without departing from the spirit of

the present invention.
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The scintillating fibers 46 extend the entire length of the catheter 12 and are ultimately
connected to the control assembly 22 for transmission of the signal generated by radiation emitted
within the body vessel or cavity. In order to accommodate the need for flexibility required by the
present imaging device 10, the present invention employs the approach described in B. E. Patt, J. S.
Iwanczyk, L. MacDonald, Y. Yamaguchi, C. Tull, “Intravascular probe for detection of vulnerable
plaque,” Proceedings of SPIE, Vol. 4508, 88-98, 2001, by fusing a regular optical fibers 45 with a
scintillating fiber tip 47. The regular optical fiber 45 will be used for light delivery and the
scintillating fiber tip 47 of several millimeters in length will be used for beta particle detection at the
catheter tip. As those skilled in the art will certainly appreciate, there is a trade off between the
length of the scintillating fiber tip 47 and the sensitivity of the positron detection. As such, those
skilled in the art will appreciate that the length of the fibers may be varied without departing from
the spirit of the present invention.

With regard to the scintillating fibers 46, the scintillating fibers 46 are very similar to
conventional optical fibers except that they are doped with scintillating phosphors (1 ~2%) in the
core. In accordance with a preferred embodiment, standard plastic scintillating fiber 46 from Bicron
(Model # BCF-12) of 0.5 mm in outer diameter and 1.5 m in length are used. These fibers 46 have
been used in testing to evaluate the sensitivity of the fiber and signal-to-noise ratio of the nuclear
imaging data acquisition system. We have used sealed T1-24 beta sources for the reported studies
and the Ti-24 beta (765 keV fB7) source has very similar spectrum as 8F (635 keV 7). B.E. Pau,
J. S. Iwanczyk, L. MacDonald, Y. Yamaguchi, C. Tull, “Intravascular Probe For Detection Of
Vulnerable Plaque,” Proceedings of SPIE, Vol. 4508, 88-98, 2001. Beta rays have a mean free path
length of approximately 3mm before they interact with low-Z plastic scintillation detectors. The
high-energy beta particles >600 keV trapped by the scintillating fibers 46 result in thousands of
photons in the visible region (peak at 440nm), which produce a short light pulse. The plastic
scintillator exhibits very fast luminescent-decay time (~3ns) and requires interface with a fast high-
gain photomultiplier tube (PMT) 78 that is capable of resolving the first photoelectrons of a light
pulse produced by the scintillator.
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Since the detection sensitivity of the scintillating highly depends on the distance of the
source to the scintillating fiber tip 47 and the number of scintillating fibers 46 used, we have
evaluated the sensitivity of the present system by translating the source with a linear stage away from
the scintillating fiber tips 47. The scintillating fibers 46 were grouped as 1, 2, 4, 6, respectively.
Figure 6 shows that the sensitivity increases as the number of scintillating fibers 46 is increased and
the sensitivity decreases as the fiber tip 47 to source distance is reduced.

Another parameter trade-off related to the hybrid catheter design is the sensitivity vs.
resolution. To provide a higher spatial resolution for radiation detection, the scintillating fiber 46
length exposed to the radiation should be small. However, smaller scintillating fiber length will
reduce the detection sensitivity. We have evaluated this trade-off by exposing the scintillating fiber
tip 47 of 2 mm, 4mm, and 6 mm to the 1 uG beta source and recording the total counts when the
source was translated laterally. Six scintillating fibers were used for this test. Figure 7 shows the
testing results which suggest that exposing fiber tip 47 of 6 mm to the radiation will reduce
resolution by half but double the sensitivity.

To provide a higher spatial resolution for radiation detection, the scintillating fibers 46 at the
proximal end to the catheter 12 tip region must be shielded from radiation, for example, with a
sheath 49. In our prototype (described below) with a single scintillating fiber 46, 2 6 mm scintillating
fiber tip 47 was exposed to the beta source and the rest of the fiber was shielded with glass tubing
80.

In accordance with a preferred embodiment of the present invention, a 2x2 multianode
photon multiplier tubes (PMT) 78 (R5900U-00-M4, Hamamatsu) is employed for detecting optical
signals from the four scintillating optical fibers 46. This PMT 78 is very compact, about 30 mm by
30 mm by 24 mm in three dimensions and only 26 grams in weight. Its spectral response ranges
from 300 to 650 nm with a peak at 420 nm, which is appropriate for this application. It features
high-speed response and low cross talk. The typical value for anode pulse rise time is 1.2 ns, and the
full width at half maximum of transit time spread is only 0.32 ns. ‘The cross talk between different
channels is generally less than 4%. The internal gain of R5900 is typically 5X105, while the anode

dark current per channel is about 0.5 nA (after 30 minutes storage in darkness).
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Position sensitive PMT 78 is read out by a resistor divider chain producing +X, -X, +Y and -
Y positions signals. Each of the signals will need to be preamplified, shaped with a linear amplifier
and then converted from analog to digital. We will use four electronic channels connected to Xa,
X8, Yc, Yp outputs from the position sensitive PMT 78 (see Figure 8) to record the spectrum of
each signal and the outputs will be weighted based on (XY) = (Xa/(Xa+Xs), Ya/(Ya+Ys)) to
produce an approximate spatial map of the detected radiation activity. The spatial map will be
displayed as hot spots. B. E. Patt, J. S. Iwanczyk, L. MacDonald, Y. Yamaguchi, C. Tull,
“Intravascular Probe For Detection Of Vulnerable Plaque,” Proceedings of SPIE, Vol. 4508, 88-98,
2001.

Attention is directed to possible optical cross-talk between scintillating fibers 46. Bicron
scintillating fibers 46 are sealed well with the extramural absorber to minimize optical cross-talk.
Residual cross-talk is measured by selectively transmitting light to each fiber 46 and measuring the
outputs from the rest. If further sealing is needed, absorbing chambers will be added between
scintillating fibers 46. The optical cross-talk between OCT fiber 26 and scintillating fiber 46 is
readily removed by optical filter because the wavelength of the superluminescent diode source 54 of
OCT is 1.3 pm, which is well above the emission peak (435 nm) of scintillating fibers 46.

As briefly discussed above, a control assembly 22 combines the OCT system 16 and a
nuclear imaging based scintigraphy system 20 to creating a highly functional imaging system. In
particular, the control assembly 22 includes 1) synchronization of OCT system and nuclear imaging
system on data acquisition, 2) co-registration of OCT and nuclear imaging display, 3) use of a high-
resolution OCT image to guide the high sensitivity nuclear imaging at suspicious vessel sections seen
by OCT or use of high sensitivity nuclear imaging to guide the high-resolution OCT at suspicious
vessel sections detected by nuclear imaging.

To demonstrate the feasibility of a combined OCT and radiation detection with co-
registered position information, a prototype imaging device 10 was constructed and is shown in
Figures 9 and 10. In this prototype, a GRIN lens 32 of 2.5mm outside diameter is placed inside a

3mmx3mm square glass tubing 80, and a 0.5mm scintillating fiber 46 is attached to the GRIN lens

and positioned in one corner of the square tubing 80. The light from GRIN lens 32 is reflected 90°
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by a tiny mirror, or prism, 34 attached to a rotation stage 81 through a shaft 82. The shaft 82 is also
placed inside another piece of 3mmx3mm square glass tubing 84. The two glass tubings 80, 84

holding the GRIN lens 32 and the 90° reflection mirror 34 are aligned and separated about 10mm,
in which space the 6 mm scintillating fiber 46 tip is exposed to air to avoid attenuation of beta
radiation by the glass tubing 80, 84. The rotation stage 81 is driven by a DC motor 86 through a
timing belt-pulley assembly, and the speed of the stage rotation can be controlled. It should be
appreciated the motor 86 and the assembly are too big for an intravascular catheter and the
embodiments described above disclosed designs for the implementation of the present imaging
device for iz uw usage. Since OCT A-line scanning speed is configured to be 64Hz, 512 A-lines are
obtained in one revolution of the 90° reflection mirror, and the OCT signal is processed to have
circumferential display corresponding to the cross-section of the blood vessel.

To demonstrate the simultaneous OCT structural imaging and radiation detection, we have
acquired co-registered OCT and radiation data from freshly excised pieces of bovine coronary
arteries. For the convenient of experiments, the examined artery is translated in 2mm steps, and an
OCT across-section image and radiation counts are acquired simultaneously at each step. The beta
source is positioned closer to a hole left at the artery and translated with the artery. Figures 11 and
12 show the co-registration result. When the beta source reaches the scintillating fiber 46 detection
range, the total photon counting is increased significantly. When the beta source is away from the
detection range of the fiber 46, the total photon counting reduces to background level. The spatial
resolution of the radiation detection is poor because a 6 mm single scintillating fiber tip 47 was
exposed to the beta source. The resolution can be improved by exposing smaller fiber tip 47 to the
source as discussed before. Nevertheless, the feasibility of co-registration can be readily
demonstrated from this result.

We plan to study light attenuation issues using the recirculation perfusion system shown in
Figure 13. The perfusion loop consists of a peristaltic pump 88, a 1x2 flow switch 90, a damper 92,
a perfusion guide 94 through the blood vessel 96 and biocompatible plastic tubing 98. When the

perfusion is through the damper 92, a continuous flow will be applied; when the perfusion is



10

15

20

25

WO 2004/016166 PCT/US2003/025396

26

bypassing the damper 92, a pulsatile flow will be generated by the peristaltic pump 88. The
perfusion rate is controlled by changing the speed of pump. This perfusion system allows for the
infusion of buffer (phosphate buffer saline) in the absence and presence of simulated pulsatile flow,
with or without porcine red blood cells. Based on our experience in OCT blood flow studies,
diluted blood to a quarter of its concentration will not cause significant light attenuation for the
vessel size of less than 1 millimeter in diameter. We will further test our catheter-based OCT system
with different concentrations of red blood cells. The OCT catheter will be advanced and images will
be taken within an intact pig vascular segment (2 cm in length), which is interfaced with the
recirculating system. The buffer with different amounts of red blood cells will be perfused within
the recirculation system. The OCT image quality will be analyzed and results obtained will answer
questions for future i ww studies in larger animal models regarding how often and how much saline
is needed for the flushing. The agents that have been reported to enhance the light penetration to
120-150% include glucose, dextrans, propylene glycol and trazograph. V. Tuchin, X. Xu, and R. K.
Wang, “Dynamic Optical Coherence Tomography In Studies Of Optical Clearing, Sedimentation,
And Aggregation Of Immersed Blood,” Applied Optics, Vol 41(1): 258:271, 2002. We will study
glucose and dextrans in conjunction with saline flush in an attempt to find whether saline flush can
be avoided or not. If saline flush is required, we will find the optimal amount of saline water in the
presence of each of the agents.

For sensitive detection of beta activities, the background gamma radiation needs to be
estimated and subtracted. For i uw beta imaging, circulating blood will contain certain amount of
beta and gamma activities and the total count rate will be the summation of both activities, which
will contaminate the actual count rates measured at the lesion locations. We will use the
recirculation system shown in Figure 13 to assess the background gamma activities in the absence
and presence of circulating blood that carries certain amount of radioactive agents. To evaluate
spatial resolution within the arterial wall various amounts of ¥F (from 1 nGi to 1 uG) in 10
microliters of solvent will be injected into the arterial wall. The exact amount injected into the vessel
wall will be calculated by measuring the activity left in the syringe. The catheter will be advanced

back and forth and detected counts will be registered. The profile of the activity versus location will
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be plotted, and the full width at half maximum of the activity profile will be determined. Similar
analyses will be performed for different scintillating fiber thickness and numbers in the catheter for
different amounts of radioactivity. In addition to localization along the artery, we will evaluate the
circumferential spatial resolution for multifiber catheter designs. The trade-off between the spatial
resolution (related to the length of the scintillating fiber tip) and the sensitivity of radiation detection
will be evaluated. In addition, the data acquisition time needed to obtain total counts with high
activity vs background ratio will be evaluated. The same piece of artery may be used for several
evaluations depending on the spatial resolution. To evaluate the system in the presence of higher
levels of background activity these experiments will be repeated in the absence and presence of
different amount of circulating 8F and background radiation will be estimated for each level of
activity. We will also take advantage of the relative short half-life of 18F to evaluate the count
sensitivity of the system.

Induction of experimental atherosclerosis in rabbits will be employed in testing the efficacy
of the present imaging device as further development proceeds. Specifically, New Zealand White
(NZW) rabbits (4-5 mon old) weighing 2.5 to 3.0 kg will be fed a 0.5% cholesterol diet custom
mixed in 6% peanut oil; the non-injured control animals will be fed normal rabbit chow. One week
following initiation of the high-fat diet, anesthetized rabbits will undergo deendothelialization of the
infra-diaphragmatic aorta with a 4F Fogarty embolectomy catheter passed via right femoral artery.
Rabbits will be continued on the hyperlipidemic diet for 4 months. NZW rabbit is large enough to
allow in vivo testing of the proposed hybrid intravascular OCT/scintillator catheter.

Rabbits will be injected intravenously with 8Fdeoxyglucose (FDG), and the hybrid
intravascular OCT/scintillator catheter will be placed in the aorta for imaging under fluoroscopic
guidance. We anticipate optimal uptake in the aorta approximately 30 mins after radiotracer
injection. Serial blood samples will be drawn for evaluation of blood clearance of the radiotracer.
Rabbits will be euthanized after in vivo imaging. The injured segment of the aorta will then be
placed on our perfusion apparatus for ex vivo imaging. Following ex vivo imaging, the entire length
of the aorta will be exposed and cleaned of adherent adventitial fat and connective tissue and

removed for ex vivo analysis. The entire aorta will then be segmented into 2 mm pieces. These
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segments will be weighed and counted in an automatic well-type gamma counter for determination
of the percent injected dose per gram tissue (%ID/g) of the radiolabeled ligands. The aortic
specimens will then be submitted for histopathological studies.

Pathological characterization of the aortic atherosclerotic lesions will be undertaken by
histological assessment and immunohistochemical evaluation of the constituents of neointimal layer.

Histochemical staining will also be performed for determining the distribution of macrophages, and
the presence of apoptosis of macrophages. Prevalence of macrophages will be correlated between
%ID/gram uptake of 8Fdeoxyglucose.

We will evaluate the hybrid OCT/scintigraphy device for ex iw analysis of vascular structure
and function in normal (n = 6) and atherosclerotic (n = 6) NZW rabbit aorta, comparing imaging
results with postmortem histology and tissue counting. In the final phase of testing, we will establish
the feasibility of # ww imaging with the Hybrid OCT/ scintigraphy intravascular catheter in normal
(n = 6) and abnormal atherosclerotic rabbit aorta (n = 6). As previously outlined, NZW rabbits on
hyperlipidemic diet with endothelial injury will be utilized for a subset of the ex ww and i ww
studies. The i uw images will be directly compared with images acquired from the same rabbit
aortas mounted on our ex ww testing system. 'This initial testing will establish resolution of the OCT
system under true conditions of pulsatile flow in the presence of circulating blood. We anticipate
that the catheter system will require incorporating a flushing system immediately proximal to the
active imaging component of the catheter. In the rabbit model, the flushing will be initially
accomplished with a long sheath placed in the aorta via the carotid with the aid of a guide wire. After
the guide catheter is positioned, the guide wire will be withdrawn, and the hybrid catheter will be
advanced through the guide catheter with the imaging component just distal to the guide catheter.
The OCT images and the radiation counts will be acquired while flushing between the OCT catheter
and blood vessel is periodically conducted. However, a flushing system ultimately will need to be
integrated with the catheter.

A total of 24 rabbits will be utilized over a two year period, recognizing approximately a 25%
loss rate. Initial testing of the hybrid OCT/ scintigraphy catheter will be performed on porcine

coronary vascular tissue, however, subsequent ex ww testing will be performed on NZW rabbits.



WO 2004/016166 PCT/US2003/025396

29

Final testing of intravascular anatomic and functional FDG imaging will be conducted in
atherosclerotic NZ'W rabbits as outlined above.

While the preferred embodiments have been shown and described, it will be understood that
there is no intent to limit the invention by such disclosure, but rather, is intended to cover all
modifications and alternate constructions falling within the spirit and scope of the invention as

defined in the appended claims.
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CLAIMS
1. An imaging device, comprising:

a delivery device shaped and dimensioned for accessing a predetermined body cavity or
lumen;

an OCT system linked to the delivery device; and

a nuclear imaging system linked to the delivery device.
2. The imaging device according to claim 1, further including a control assembly linked to the

OCT system and the nuclear imaging system, the control assembly includes processing means
adapted for gathering information from the OCT system and the nuclear imaging system and
creating imaging information used in the assessment of the body cavity or lumen into which the

delivery device is placed.

3. The imaging device according to claim 1, wherein the OCT system includes scanning
components housed within the delivery device and an OCT source assembly remote from the

delivery device.

4. The imaging device according to claim 3, wherein the scanning components of the OCT
system include an optical fiber extending from the OCT source assembly through the length of the
catheter, a lens secured to a distal end of the optical fiber and a rotating right angle prism positioned

for receiving light from the lens.

5. The imaging device according to claim 4, wherein rotation of the right angle prism is

controlled by a motor coupled to the right angle prism.

6. The imaging device according to claim 5, wherein the motor is housed within a distal end of

the delivery device.
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7. The imaging device according to claim 5, wherein the motor is positioned adjacent a
proximal end of the delivery device.
8. The imaging device according to claim 1, wherein the nuclear imaging system includes

scintillating fibers positioned adjacent a distal end of the delivery device.

9. The imaging device according to claim 8, wherein the scintillating fibers are sheathed in the

area adjacent a proximal end of the delivery device.

10.  The imaging device according to claim 8, wherein two to six scintillating fibers are
positioned adjacent the distal end of the delivery device and are adapted for determining the radial

position of a radiation source.

11. The imaging device according to claim 8, wherein the scintillating fibers are coupled to a
proximal end of the delivery device by optical fibers extending from the scintillating fibers to the
proximal end of the delivery device.

12. A method for imaging body lumens or cavities, comprising the following steps:

inserting a delivery device to a predetermined location within a body previously marked with
radioactive markers, the delivery device including an OCT system linked to the delivery device and a
nuclear imaging system linked to the delivery device;

scanning the predetermined location with the OCT system for obtaining a high resolution
image and sensing the radioactive markers with the nuclear imaging system to obtain a high contrast

image of the predetermined location.

13.  The method according to claim 12, further including the step of processing information
from the OCT system and the nuclear imaging system and creating imaging information used in the

assessment of the body cavity or lumen into which the delivery device is placed.
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14.  The method according to claim 12, wherein the predetermined location is vessels of the

cardiac system.

15.  The method according to claim 12, wherein the predetermined location is chosen from the

group consisting of the cardiac system, the gastrointestinal system and the pulmonary system.

16.  The method according to claim 12, wherein the nuclear imaging system includes at least one

scintillating fiber positioned adjacent a distal end of the delivery device.

17. The method according to claim 16, wherein the scintillating fiber is sheathed in the area

adjacent a proximal end of the delivery device.

18.  The method according to claim 16, wherein two to six scintillating fibers are positioned
adjacent the distal end of the delivery device and are adapted for determining the radial position of a

radiation source.

19.  The method according to claim 16, wherein the scintillating fiber is coupled to a proximal
end of the delivery device by an optical fiber extending from the scintillating fiber to the proximal
end of the delivery device.
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Accurate estimation of flow velocity requires measurement of Doppler angle, which is not available in general

clinical applications.

We describe a novel method of direct Doppler angle and flow velocity mapping that

uses a conventional single-beam optical Doppler tomography system. The Doppler angle is estimated by
combination of Doppler shift and Doppler bandwidth measurements, and flow velocity is calculated from the

Doppler shift and the estimated Doppler angle.

of America

OCIS codes: 170.4500, 170.3880.

Optical Doppler tomography (ODT),'-® a functional
extension of optical coherence tomography,* has found
wide clinical applications in detection and estimation
of subsurface blood flow velocity. Compared with
ultrasonic Doppler flow mapping and laser Doppler
velocimetry, ODT has advantages of high spatial reso-
lution and high volumetric flow sensitivity. In ODT,
the Doppler frequency shift of an interference signal
between the light backscattered from the moving scat-
terers and light reflected from the reference mirror is
detected and is proportional to the mean flow velocity
of moving scatterers. For a scatterer that is moving
perpendicularly to the probe beam, the Doppler shift
vanishes; for a scatterer that is moving obliquely to
the probe beam, however, flow velocity cannot be
accurately estimated from the Doppler shift without
knowledge of the Doppler angle. Doppler angle
measurement with a double-beam technique in which
two probe beams were oriented at a precisely known
relative angle was originally invented for Doppler
ultrasound® and has also been extended to ODT.® The
double-beam technique in ODT, however, requires two
optical beams with different polarizations for probing
the target; in addition, the beams demand multichan-
nel detection electronics and polarization-maintaining
fiber optics. Moreover, the double-beam setup at the
sample arm is apparently inconvenient for in vivo
application. Doppler bandwidth is known in ultra-
sound and laser Doppler velocimetry to be the effect
of transit time broadening in which the output signal
bandwidth is altered by moving scatterers that cross
the probing beam.” In ODT, Ren et al. reported
detection of a velocity component that is transverse to
the optical probing beam with the Doppler bandwidth
measurement.® As was reported, Doppler bandwidth
is insensitive to the variation of Doppler angle when
the angle is within *+15° perpendicular to the probe
beam. However, inasmuch as a priori knowledge of

0146-9592/03/131120-03$15.00/0

In vivo study of lip microvascularization demonstrates that
this method is capable of providing both flow speed and flow direction information.

© 2003 Optical Society

Doppler angle is unavailable, the Doppler bandwidth
only is not sufficient for accurate estimation of the
flow velocity. In addition, Doppler bandwidth does
not provide directional information on the flow.
Doppler angle measurement thus ultimately limits the
accuracy of flow velocity estimation. In this Letter
we present what is to our knowledge a novel method of
Doppler angle and flow velocity estimation by use of a
conventional single-beam ODT system. The Doppler
angle is estimated by combination of Doppler shift and
Doppler bandwidth measurements, and flow velocity
is calculated by use of Doppler shift and the estimated
Doppler angle. The estimation accuracies of Doppler
angle and flow velocity were previously evaluated in
Intralipid flow experiments with predefined Doppler
angle and flow velocity values® We found in the
study reported in Ref. 9 that the accuracies of Doppler
angle and flow velocity are greater than 95% and
90%, respectively, for an average signal-to-noise ratio
(SNR) 13 dB from Intralipid. The in vivo imaging
capability of recovering both flow direction and flow
speed by this method is demonstrated in this Letter
with human lip microvascularization.

In ODT, after Doppler shift f and full width at
half-maximum Doppler bandwidth Af are measured,
the Doppler angle § can be obtained:

4 1 Af—b),
7vIn2 NAgr

where NAr is the effective numerical aperture of the
probe light inside the sample and b accounts for a
system-specified spectrum bandwidth background
that is independent of the macroscopic flow velocity.®
The flow velocity is then calculated with

fa

- 2 cosf

0= tan"1< 1)

v

(2)

© 2003 Optical Society of America
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Equations (1) and (2) are not valid when the Doppler
shift is zero, in which case the Doppler angle is consid-
ered to be 90° and ‘he flow velocity is calculated from
the Doppler bandwidth with

2 A
m ln2 NAeff

The ODT system for in vivo study was described
in detail in Ref. 10. In addition to obtaining the in-
tensity profile, each cross-sectional data set is pro-
cessed to yield Doppler shift and Doppler bandwidth
images. The Doppler shift is calculated with a previ-
ously introduced sliding-window filtering technique,®
and this technique is extended to Doppler bandwidth
measurement.® The background spectrum bandwidth
[6 in Eq. (1)] is found to be 5.1 kHz, and the effective
numerical aperture of the probe beam inside the tissue
is equal to 0.08.

The in vivo blood flow was taken at the upper
lip of a female volunteer. The probe beam from
the graded-index lens was oriented close to 90° with
respect to the surface of the imaging spot. The
spot of ODT scan was taken at the pars villosa of
the lip, which has the most extensive subsurface
blood supply. It is reported that in the pars villosa
of the lip, the papillary loop network is the most
characteristic.'"! The pars villosa contains two types
of loop: short loops and long loops (see Fig. 1). The
short loops (~250 um in length) are papillary net-
works in contact with the deep aspect of the epidermis.
The long loops (~700 xm in length), which are more
numerous, penetrate deep into the papillary layer of
the dermis. The loops are arranged perpendicularly
to the periphery of the lip. The papillary network
connects with the reticular network. The reticu-
lar network is composed of two distinct parts: a
superficial part and a deep part. The superficial
part essentially receives the short loops and has the
appearance of fine, irregular meshes arranged parallel
to the surface. The deep part drains the superficial
part of the reticular network and the long loops of the
papillary network.

Figure 2(a) is the Doppler shift image superim-
posed on structure image, which reveals a flow region
(spot 1). The apparent distortion of the structural
image is due to the respiratory motion at a period of
approximately 4.6 s. Nevertheless, this respiratory
motion is found to be out of the range that could
introduce artifacts into Doppler shift and Doppler
bandwidth images. Figure 2(b) shows the Doppler
bandwidth image. Compared with Fig. 2(a), there is
one smaller flow region (spot 2) shown in addition to
spot 1 in Fig. 2(b). Flow spot 2 has a Doppler angle
very close to 90° and is not identifiable in Fig. 2(a).
Spot 1 in Fig. 2(b) appears as one large flow region,
however, in Fig. 2(a) it shows up as two regions with
opposite flow directions. Figure 2(c) is the local
Doppler angle mapping of spots 1 and 2 based on the
values calculated with Eq. (1) and superimposed on
the structure image for better visualization. The
downtilted arrows inside the solid circle of spot 1
represent a Doppler angle greater than 90°, and the
uptilted arrows inside the dashed circle represent a

(Af = b). 3
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Doppler angle less than 90°. The horizontal arrows
in spot 2 represent flow that is perpendicular to the
probe beam. With local Dcppler angle information,
the calculated flow velocity vector image is shown in
Fig. 2(d). Both spot 1 and spot 2 show up in velocity
mapping, and the small negative flow region (blue
color) in spot 1 is clearly identified. The flow areas
in spots 1 and 2 are approximately 700 um in depth
and 600 um in length and have a maximum flow
velocity of ~100 mm/s. To our knowledge, there is
no literature information regarding human lip blood
flow speed; however, the blood vessel sizes that we
measured agree well with these reported in anatomic
studies."! Based on the location and size, we believe
that the larger flow region in spot 1 and the flow area
in spot 2 are all long loops. In the velocity image
Fig. 2(d), there is a discrete strip of flow region that
is parallel to the surface (depicted by the neighboring
white strip), which is also shown in Fig. 2(c) with
close-to-90° Doppler angle. Based on the depth and
orientation, we believe that this is the superficial part
of the reticular network.

It has been shown in this Letter that Doppler
bandwidth imaging is more robust than Doppler shift
imaging, particularly in detecting close-to-90° blood
flows. This is not a surprise because for the Doppler
angle in the region of 90° Doppler bandwidth is angle
insensitive, whereas the Doppler shift is highly de-
pendent on the angle. The angle insensitivity of the
Doppler bandwidth, however, limits the sensitivity of
flow velocity estimation if it is based solely on Doppler
bandwidth. Furthermore, the Doppler bandwidth—
only imaging does not provide flow direction infor-
mation. The Doppler shift, on the other hand, is
direction dependent. By combining Doppler shift
and Doppler bandwidth measurements, one can form
local Doppler angle and flow velocity vector mapping,
which preserves the robustness of Doppler bandwidth
detection while maintaining velocity sensitivity and

Fig. 1. Picture of microvascularization of the pars villosa,
taken from Ref. 11 (reprinted with permission from S.
Karger, AG, Basel), where 1 is a short loop, 2 is a long
loop, 3 is the superficial part of the reticular network, and
4 is the deep part of the reticular network.
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Fig. 2. (a) Doppler shift image superimposed on a structural image taken from the pars villosa of the upper lip of a
female volunteer. In spot 1, the two regions of blood flow are in opposite directions. (b) Doppler bandwidth image su-
perimposed on structural image. The smaller flow spot 2 is not detected in (a). (c) Doppler angle mapping depicted
based on the calculated values with Eq. (1), where the three flow regions in spots 1 and 2 are represented with arrows
of different orientations. (d) Velocity mapping calculated by Doppler shift and estimated Doppler angle. Three flow

regions in spots 1 and 2 are clearly identified.

flow direction information of Doppler shift imaging.
As was shown, this new ODT imaging method intro-
duced is capable of identifying more blood vessels and
blood volumes as well as the directions of flow. The
average SNR of the flow areas imaged is found to be
approximately 10 dB. Although this SNR of in vivo
tissue is less than that of Intralipid in our previously
mentioned experiments,® simulations have shown that
at this SNR greater than 90% and 85% accuracies
for Doppler angle and flow velocity estimations are
expected, respectively. One deficiency of flow velocity
mapping is the lack of color-coding discrimination
between 90° flow and positive flows; however, this can
be easily overcome by integration with Doppler angle
mapping.

To conclude, we have presented a novel method
of direct Doppler angle and flow velocity mapping
by combining Doppler shift and Doppler bandwidth
measurements in ODT. This method can be di-
rectly implemented to conventional single-beam ODT
without hardware modification. The in vivo blood
flow scanning in human lip demonstrates that lip
microvascularization can be better identified with
both flow speed and flow direction.

This work was partially supported by a research
grant from the National Institutes of Health (NIH
1R01 DE11154-03). The authors acknowledge receiv-
ing a predoctoral training grant from the Department
of Defense (DAMD17-02-1-0358). D. Piao and Q.

Zhu’s e-mail addresses are piao@engr.uconn.edu and
zhu@engr.uconn.edu, respectively.
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coherence tomography
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We have developed a simple, high-speed, high-duty-cycle, linear optical delay line suitable for optical coherence
tomography and optical Doppler tomography. Periodic longitudinal scanning is achieved by use of a tilted
mirror array rotating at a constant speed. With a typical motor speed of 4000 rpm, our system has demon-
strated a 2-mm axial scanning range, a 2400-Hz repetition rate, 94% duty cycle, and less than 0.1% nonlinear

errors. Much higher repetition rates can be readily achieved by use of high-speed motors.

Society of America
OCIS codes:

Optical coherent tomography (OCT) permits excep-
tionally high-resolution subsurface imaging of tissue
microstructures. Optical Doppler tomography is an
extension of OCT, and it tracks Doppler shifts arising
from the moving scatterers inside blood vessels. In
many clinical situations, successful use of OCT and
optical Doppler tomography depends on the design of
fast delay lines, which can provide real-time imaging
and, therefore, suppression of motion artifacts. Pa-
rameters associated with the design of fast delay lines
are scanning range, linearity, duty cycle, and cost.
Often, compromises among these parameters have to
be made.

A primitive delay line is a translating mirror, which
is driven by a linear motor, an actuator, or a piezo-
electric transducer. As the mirror moves back and
forth, the power consumption required for generating
acceleration increases dramatically with frequency
and scanning range. This increase is the reason that
most commercially available linear motors and actua-
tors can provide a repetition rate of only ~30 Hz when
a 2-3-mm scanning range is required.! Although
piezoelectric transducers can be driven at much higher
frequencies, they can provide only a limited scanning
range. Resonant scanners have been demonstrated to
achieve a frequency of 1200 Hz and as great as 3-mm
optical length difference.> The drawback to resonant
scanners is that the optical path-length change is a
time-dependent sinusoidal function. As a result, the
Doppler frequencies of interference signals are depth
dependent and vary within a wide range, which may
cause difficulties in signal filtering and introduction
of more noise. More-sophisticated delay lines convert
a small-angle rotation into a longitudinal optical
path-length change. This conversion can be achieved
by use of either a retroreflector’? or a combination of
gratings and lenses.** The former implementation
requires a complicated arrangement of mirrors and
lenses and precise alignment. Grating-based delay
lines have the flexibility to adjust group delay and
phase delay independently. Repetition rates of 2000
(Ref. 3) and 4000 (Ref. 4) scans/s have been reported
for such delay lines with a galvonometer (driven with
a 1-kHz triangle waveform) and a 4-kHz resonant

0146-9592/02/080607-03$15.00/0
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scanner, respectively. It appears that without reso-
nant scanners, vibrational motion-based mechanical
scanning cannot readily achieve a speed high enough
to meet real-time data acquisition requirements.
It is a great idea to use rotational motion—based
devices instead of vibrating devices to generate op-
tical path-length scanning. Once a steady rotation
speed has been reached, a small amount of energy
is required for maintaining rotation speed. Rotating
cubes,*® rotating roof prisms,” and a combination of
a polygonal mirror and a glass cube® can scan up to
28.5 kHz. However, these methods suffer from rather
low duty cycles and (or) considerable nonlinearity of
optical path-length change. Recently, an OCT system
without any moving parts for depth scanning was pro-
posed,’ and a high-repetition scanning rate of 500 kHz
was achieved in a scanning range of 25 mm by use
of optical frequency comb generators. However, the
depth resolution (100 um) and signal-to-noise ratio
of this system need to be improved. In addition,
the cost of this system is high because of the use of
expensive components, such as gigahertz electronics
and electro-optical modulators.

In this Letter we present a novel design for im-
plementing a periodic modulation of the optical path
length in the reference arm, which consists of a de¢ mo-
tor, a mirror array, and a convex lens. We use a regu-
lar motor with a speed of 4000 rpm in our current OCT
system to demonstrate the feasibility of real-time scan-
ning with our new design. As many as 2400 A lines
were acquired every second in a 2-mm range, with-
out noticeable nonlinear effects. A much higher scan
rate can be readily obtained by replacement of our cur-
rent motor with high-speed motors, e.g., with speeds of
20,000-100,000 rpm.

The principle of our delay line is quite simple, as
is illustrated in Fig. 1. Shown in Fig. 1(a) is a seg-
ment of an infinite linear mirror array. Mirrors are
deployed uniformly on a planar base. Their reflective
facets are tilted at a small angle a with respect to the
base. The optics of the reference arm is arranged so
that the reference beam hits a mirror surface perpen-
dicularly and is reflected back along the same path into
the optical fiber. When the mirror array moves at a

© 2002 Optical Society of America
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Fig. 1.
linear mirror array.
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(a) Optical delay line with a section of an infinite
(b) Rotary mirror array derived from

constant speed », the optical path length will be modu-
lated periodically. Within each period, the change of
optical path length is a linear function of time. The
scanning range, AL, and speed »; are given by

AL = d sin a, 1)

yy=vsina, (2)

respectively, where d is the length of the mirror in
the direction of movement. The repetition rate is in-
versely proportional to the spatial period D:

f=v/D. 3

Of course, an infinite mirror array is not practical.
However, one can make a local approximation by bend-
ing a section of an infinite linear mirror array into
a ring [see Fig. 1(b)], forming a circular array of dis-
crete rotational symmetries. When the mirror array
rotates at a constant angular speed w, the linear trans-
lation speed at the light-illumination point is » = @R,
where R is the equivalent radius. In each duty cycle,
the one-way optical path length can be expressed as a
function of time §¢ with the origin at the moment when
the incident beam illuminates the center of the mirror:

Al = R sin « sin(wét)
= R sin a[wdt — (0 6£)%/6]. (4)

Since the rotation angle wé&t is approximately in the
range [—~d/2R, d/2R], the maximum value of the rela-
tive nonlinear error is approximately d2/24R2, which
is as small as 0.1% for our experimental system (R =
50 mm and d = 8.2 mm). To the best of our knowl-
edge, this has never been achieved by other mechanical
fast-scanning devices.

A schematic diagram of our fast OCT system
is shown in Fig. 2. A superluminescent LED
(SLED1300S5A, Opto Speed) is used as low-
coherence source and yields better performance
than the erbium-doped fiber amplifier used in our
previous system.!” The center wavelength and the
—3-dB bandwidth are 1300 and 40 nm, respectively,
resulting in a coherence length of 18.6 um. The
typical output power of the system, ~2.5 mW, is
coupled into a single-mode optical fiber. A 2 X 2
optical coupler distributes input light evenly into the

PCT/US2003/025396

reference and the sample arms. In the reference
arm, longitudinal scanning over a 2-mm range is
achieved with our rotary mirror array. The mirror
array consists of 36 identical small mirrors tilted at
a 14° angle with respect to the base plane and the
direction of the local linear velocity. The equivalent
radius R is 50 mm, and D is ~8.7 mm for each mir-
ror. A fairly high duty cycle of 94% was measured,
in good agreement with the theoretical prediction.
The mirror array is directly driven by a permanent
magnet dc motor (GNM 2636A, MicroMo Electron-
ics). The maximum continuous speed of the motor
is 4000 rpm, which provides a repetition scanning
rate of 2400 Hz. At the sample arm, a galvanometer
scans the light beam laterally on a sample to yield
two-dimensional images. We use a 10-Hz sawtooth
waveform to drive the galvanometer so that a B scan,
consisting of 240 A lines, can be acquired in 0.1 s.
Reflections from both arms are superimposed at the
output fiber, and then the interference signals are
detected by a low-noise photodetector (D400FC, Thor-
labs). Since the original interference signals have a
center frequency of ~7.8 MHz , we used a heterodyne
detection scheme to reduce the speed requirement on
a digitizer. The heterodyned signals (~300 kHz in
center frequency) are converted to digital signals by a
PCI data acquisition card (PCI-MIO-16E-1, National
Instruments). Further signal processing and A-line
segmentation are conducted by a personal computer.
We used a reflective optical sensor together with a
mark on the periphery of the rotating base to generate
feedback signals for timing purposes. With such an
arrangement (not shown in Fig. 2), individual A lines
can be selected from continuous waveforms with high
accuracy and repeatability.

To validate our new design, we conducted a series
of imaging experiments. In one experiment, a small
piece of transparent film fixed upon a glass plate
served as a simplified sample. The thickness of the
transparency film was 127 um, and a 255-um gap ex-
isted between the back surface of the transparent film
and the glass plate [Fig. 3(a)). Shown in Fig. 3(b) is
a cross-sectional image acquired with the setup given
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Fig. 2. Schematic diagram of our fast OCT system.
SLED, superluminescent LED; PD, photodetector;
Pre-Amp, pre-amplifier; FG, function generator that sup-
plies reference signals of ~7.5 MHz; LP, low-pass filter;
Amp, amplifier; PCI-DAQ, PCI data acquisition card.
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Fig. 3. (a) Simple sample for imaging. The dashed
square indicates the imaging area. (b) Cross-sectional
image acquired with our fast OCT system.

in Fig. 2. The interfaces of the transparent film and
the glass plate with the air can be identified clearly.
The refractive index of the transparent film is 1.55,
80 the thickness that appears in the image is 196.5 pum.
The advantages of our fast-scanning delay line over
existing technologies are numerous. First, video-rate
image acquisition can be readily achieved. We are
planning to use a high-speed motor (~20,000 rpm)
in the next version of the OCT system. As a conse-
quence, an ~12-kHz scan rate will be obtained. If
300—400 A lines are used for one B scan, the imag-
ing frame rate will range from 30 to 430 frames/s.
Although this speed is adequate for most clinical
applications, there are no mechanical difficulties in ro-
tating the mirror array at an even higher speed. The
practical speed will be limited only by the light-source
power and the signal-to-noise ratio of the entire sys-
tem. The scanning range can be extended to 3 mm
by a slight increase in the size of the mirror array.
Second, since the optical path length is modulated
in a linear fashion, the frequencies of interference
signals are depth independent and are limited to a
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relatively narrow band. These features are highly
desirable for optical Doppler tomography. In addi-
tion, a narrow-band filter can be used to achieve a
high signal-to-noise ratio. Third, the duty cycle of
our system is high, and a duty cycle of more than 94%
is feasible. Fourth, in setting up and maintaining
high-speed rotation, much more energy is saved than
in vibrating devices. Mechanical vibrations and
noises can also be reduced. Finally, our delay line
does not suffer from group-velocity dispersion, which
is desirable for retaining spatial resolution.

In conclusion, we have demonstrated a novel design
for a high-speed optical delay line for OCT systems. A
repetition scan rate of 2400 Hz over a 2-mm range has
been achieved with our prototype system. Excellent
linearity and high duty cycles are obtained. We are
quite confident that much higher speed can be readily
achieved with high-speed motors, so that images can be
acquired at a video rate. The application of this delay
line will not necessarily be limited to OCT. In fact, it
can replace many fast delay lines used in a variety of
optical systems.

We thank graduate student Daqing Piao for his help
with the optical system setup. We thank the U.S. De-
partment of Defense Army Breast Cancer Program
(grants DAMD17-00-1-0217 and DAMD17-01-1-0216)
and the National Institutes of Health (grant NIH 1R01
DE11154-03) for their funding support. N. G. Chen’s
e-mail address is chenng@engr.uconn.edu.
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Abstract: In this paper, we present a real-time data processing and display unit based on a
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flow imaging. The DSP module is incorporated into a conventional optical coherent tomography
(OCT) system. We also demonstrate the flexibility of embedding advanced Doppler processing
algorithms in the DSP module. Two advanced velocity. estimation algorithms previously
introduced by us are incorporated in this DSP module. Experiments on intralipid flow
demonstrate that this DSP system is capable of imaging pulsatile flow at a rate of several
hundred pulses per minute. /n vivo imaging capability with pulsatile blood flow is also
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1. Introduction

Optical Doppler tomography (ODT) L2

is a noninvasive, noncontact imaging modality that
combines coherent gating and Doppler principle to obtain high-resolution cross-sectional
imaging of tissue microstructure and blood flow, simultaneously. As a functional extension of
optical coherence tomography (OCT), > ODT performs depth-resolved tomographic flow
measurements in a series of time frames. Since ODT imaging is highly localized, the image
acquisition speed must exceed the time scale of the movement of non-stationary objects in order
to avoid motion artifacts. In addition, a real-time ODT data processing scheme providing rapid
and continuous imaging and monitoring of blood flow synchronized with structural imaging is
needed for timely diagnosis. The development of rapid-scanning optical delay line is the first
technical challenge for real-time ODT, and it is practically solved. * > ® The second issue is the
development of real-time data processing and display unit. In general two steps of data
processing are involved in simultaneous structure and flow velocity detection using ODT. First,
a structural cross-sectional image is obtained by segmenting the raw interference data to obtain
individual A-line profiles, and mapping the amplitude of each A-line profile to a series of fixed
gray scales. Second, a flow image is obtained using Doppler analysis and displayed either aside
or overlapped on top of the structural image for simultaneous visualization of flow regions and
flow directions. The structural image formation is straightforward and fast in general by using

Hilbert transform and envelope detection. The flow imaging however, requires intensive

computations.

Because of ODT’s promising potential in clinical applications, real-time ODT is under extensive

investigations. Westphal et al. and Rollins et al. have employed autocorrelation scheme in
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hardware to measure the phase of the correlation function, which corresponds to the local
Doppler shift. 7® Zhao et al have proposed a method utilizing the polarization properties of light
to obtain phase information and the method was implemented by optical Hilbert transformation.
9. 10 Yang, et al. have implemented in-phase and quadrature (I & Q) demodulator in hardware and
subsequent Kasai autocorrelation velocity estimator in software.' All these techniques focus on
the hardware-implementation of a particular Doppler algorithm in order to eliminate the need of
off-line processing of the recorded interference signals. The irﬁplemented Doppler algorithm,

therefore determines the performance of the velocity estimator.

The Doppler analysis algorithms currently used in ODT can be classified into three major
categories: a short-time Fourier transform (STFT) ' method, a filtering method, '? and a Hilbert
transform ' method. The short-time Fourier transform method extracts local Doppler shifts by
measuring the spectrum centroid displacement of the interference signal. The filtering method
directly maps the frequency shift at each pixel using digital filtering technique performed by a
bank of narrow band-pass filters. The Hilbert transform method, also called correlation method,
calculates the autocorrelation of individual A-scan line or cross-correlation between sequential
A-scan lines, and estimates velocity changes from the phase of the correlation function. The
STFT method is efficient in computation for its simplicity, but it is noisy. The filtering method is
robust to noise and most accurate compared with STFT and Hilbert transform techniques,
however 1its digital filtering process requires intensive computation. The Hilbert transform
method is known to have highest velocity sensitivity when cross-correlation is taken between
sequential A-lines. Nevertheless it is noisy at lower flow speed and/or lower signal-to-noise-

ratio (SNR) region because correlation techniques are more sensitive to local decorrelation of the
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flow field resulting from low SNR or high velocity gradient that is present at low flow velocity
region. 1214 The Hilbert transform method is computational intensive due to the correlation
process. An investigation on the off-line computation load of these three categories of
algorithms reveals that the flow image processing of a typical data set of 512*2048 requires
approximately 15, 60, and 106 seconds for the three algorithm categories, respectively, on a

Pentium III 800MHz-based PC. ['%

In the above-mentioned real-time ODT techniques primarily the Hilbert transform is
implemented. Hilbert transform accomplished in hardware has the advantage of simple
implementation, however, it lacks the flexibility when a different Doppler method is about to
use. An ODT system based on DSP module, on the other hand, has the advantage of embedding
any desired high-performance Doppler algorithm. In addition, it has the flexibility of
incorporating other functional imaging algorithms such as spectroscopic OCT. ' In this paper,
we present a real-time ODT system using a low-cost digital signal processor (DSP) module
embedded with two advanced Doppler algorithms. In this approach, a custom-designed DSP is
incorporated into a conventional ODT system with a grating-based rapid scanning delay line.
Configured with a signal processing evaluation module and an analog-to-digital (AD)
daughterboard, this DSP performs data acquisition, structural imaging, and flow processing
sequentially. DSP performance evaluation indicates the real-time data processing capability.
Experiments on intralipid flow demonstrate that this DSP system is capable of imaging pulsatile
flow at a rate of several hundred pulses per minute. /n vivo blood flow imaging with pulsatile

flow is also demonstrated. Two advanced velocity estimation algorithms, namely weight centroid
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and digital filtering, are embedded in this DSP, and the superior performance of the sliding-

window filtering algorithm is also demonstrated.

2. The flow velocity estimation algorithms embedded in DSP

In our previous work, ' we discussed five velocity estimation algorithms, among which we
introduced two new techniques: weighted centroid and sliding-window filtering. We also
presented a quantitative assessment of the velocity estimation accuracies of these algorithms by
simulations and in vivo study. These comparisons have shown that the weighted centroid
technique slightly outperforms other three currently available algorithms. The sliding-window
filtering technique is demonstrated to be superior to all other techniques on velocity estimation
accuracy, most significantly at low signal-to-noise ratio (SNR). In terms of operational count,
however, the computation time of sliding-window filtering method is 6 times higher than
weighted centroid method. To take the advantage of the robust sliding-window filtering
technique on flow estimation and also satisfy the real-time data processing demand, we have
implemented a low-cost DSP-based signal processing module. This DSP module improves the
calculation speed dramatically such that real-time data processing is readily achieved. In the

féllowing section, we give a brief review of these two algorithms that are embedded in the DSP.

Since ODT requires a broader bandwidth to detect frequency shifts due to moving scatterers,
averaging of repeated data acquisition to improve SNR 1is necessary. By taking into account the
averaging, we express the detected two-dimensional (2-D) interference signal after Hilbert

transform as '2

Ek.i(t) = Ek,i(t) | e’ 4y
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where £ is the time argument along the depth scanning direction, k represents the lateral
dimension of the kth A-line, i is the index of the repeated A-line measurements, and @ is the

angular frequency of signal reflected from the target. The sampled interferometric signal is

represented by Z, (¢,), where f, =nt and ¢, is the sampling interval, and the power spectrum

of Z, ,(¢,) is denoted with P"+i(@).

2.1 Weighted centroid algorithm

The weighted centroid algorithm, which is an extension of the conventional centroid method, is
given by

o @[P"ri(0)]° dw
© [P"ei(@)]f do )

a_)k,i(n) = I

where a positive integer & is introduced as the weight of the spectrum to emphasize the

frequency component corresponding to the peak power in the spectrum.

2.2 Sliding-window filtering algorithm

The sliding-window filtering technique directly maps the frequency shift at each pixel using a
digital band-pass filtering. In this approach, the detected signal Z, ,(¢,) at each depth scanning
range ¢, is processed by a filter bank consisting of M filters, f,, f,, ..., fu, yielding one
signal at the output of each filter as illustrated in Fig. 1. This produces M output signals

5," (t,), m={1,2,..., M} for each detected signal such that

0,(t,) =%, (L )OF(f,) 3)
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where the passband of f,, is [2m-1)z/2M —Aw/2,2m~)x/2M + Aw/2] with Aw being the
filter bandwidth. The output signals represent components of input signal that change at a rate

corresponding to the passband of the filter. Then, at each range 7, the energy in each filter,

&,(t,), is estimated as [16]

1, +At/2

£,t,)= > [5m (¢ ')]2 @)

'=t,-At/2
where At represents a short range window centered at f,. At any given Z,, the filter window

position corresponding to the maximum &,,(¢,), m={l,2,..., M}, represents the most significant
frequency component, equivalently the frequency shift, of flow signal. The filtering window
[w,, w,] determines the velocity resolution of this algorithm, and a better resolution requires a
narrower filtering window. However, a robust estimate of the velocity requires a broader
filtering window. A compromise between velocity resolution and robustness to noise has been
achieved by using a bandwidth of 7/32 when a 2nd order Chebyshev filter of the first kind is

chosen.

3. The architecture of DSP-based ODT system

The DSP-based ODT system is constructed on top of a conventional ODT device.
Functionally, this new system consists of four units (shown in Fig. 2): ODT scanner, control
signal generator, embedded real-time processor, and image display module. The detailed

function of each unit is described as follows.

Unit 1. ODT scanner

17 .
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The ODT scanner is a typical balanced setup configured with one 1x2 and one 2x2 fiber couplers
(see Fig.3). The low coherence source is a superluminescent diode with 1300 nm center
wavelength, 40 nm spectral width, and 2.0 mW maximum output power. In the reference arm, a
scanning optical delay line based on Littrow-mounting of diffraction grating is used to generate
range scanning and a phase modulation for carrier frequency as well. ' In the sample arm, a
galvanometer and an achromatic lens are integrated to perform repeatable lateral scanning that is
essential for continuous monitoring of flow. In the detection arm, the signal is detected
differentially by an auto-balanced receiver, with which the source intensity noise is rejected. The

signal is then amplified, bandpass filtered and digitized.

Using this system, cross-sectional imaging of one frame per second is obtained by driving
reference arm and sample arm galvanometers with 128 Hz triangle wave and 1Hz sawtooth
wave, respectively. The reference galvanometer is capable of scanning at much higher
frequency, however, 128 Hz scan speed is used due to the bandwidth limitation of the dual-
balanced receiver. Each frame consists of 128 axial scans containing 2048 data points at each
round of scan. Because we used 50% duty cycle of galvanometer scanning, each A-line covers
1024 points, and 4 consecutive A-lines are then averaged to improve the SNR. In the axial
dimension, 16 points are averaged at one pixel, resulting pixel dimension of 64x32 covering an

area of 2.5mmx1.0mm (intralipid study) and 2.5mmx2.0mm (rat study).

Unit 2. Control signal generator

To synchronize the axial scanning, lateral scanning as well as data acquisition, we have built a

control signal generator based on a National Instruments (NI) multi-function Data Acquisition
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(DAQ) card, PCI-MIO-16E-1. As described in Fig. 4, this unit generates synchronization signals
for ODT scan and data acquisition: one fast triangle wave for reference arm scanning and one
slow sawtooth wave for lateral scanning as previously mentioned, and a TTL-compatible

triggering signal for data acquisition and real-time processing.

Unit 3. Embedded real-time processor

Shown in Fig. 5 (a) is the newly embedded real-time module that is a combination of
TMS320C6701 DSP Evaluation Module (‘C6701 EVM, Texas Instruments Inc.) '*?° and analog
expansion daughterboard AED-109 2' (Signalware Inc.). The ‘C6701 EVM board is a complete
DSP system based on ‘C6701 DSP chip operating up to 1336 million instructions per second
(MIPS) with a CPU clock rate of 167 MHz. With ‘C6701 one can actually perform two
multiplication and accumulation operations within a single clock cycle. This board also provides
256 KB of external 133-MHz synchronous burst static RAM (SBSRAM) and 8 MB of external
100-MHz synchronous dynamic RAM (SDRAM), both of which could be used as data buffers.
The daughter board AED-109 has two dual-channel 12-bit A/D converters with up to 8-MHz
sampling speed and two D/A converters; the input channels have been configured into
differential inputs for higher SNR consideration. In addition to analog channels, 16-buffered

digital signals can be used as flags for system control.

The data flow with this real-time processor is shown in Fig. 6. When ODT scanning starts, the
daughter board AED-109 acquires the signal from the ODT scanner, and the 12-bit data is
buffered into 256-word two-way FIFO in the field programmable gate array (FPGA) XCV100E6

(Xilinx Inc.). As soon as this FIFO is full, XCV100E6 triggers ‘C6701 DSP to transfer data to
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‘C6701 in direct memory access (DMA) mode. The circular buffer in the ‘C6701 DSP memory,
which is segmented into 8 frames with 256 words per frame, can hold 2K words data acquired
during one complete fast scanning. The transferred 256-word data is saved into one frame of
circular buffer, then the circular buffer is polled to process the new coming data. For structural
image formation and flow calculation using weighted centroid algorithm, this DSP module
processes each section (256 words) in the circular buffer continuously; however, for flow
calculation using sliding-window filtering algorithm, DSP needs to acquire 4 continuous frames
before it starts to process 1024 data points for a complete A-scan line. The processed structural
image and flow image data are saved into each buffer in the SDRAM on ‘C6701 EVM. The next

step is to load image data into PC for display.

Unit 4. Image display module

A real-time image display is the last, yet critical step of this real-time DSP-ODT system. The
real-time data exchange (RTDX) provided by Texas Instruments Inc. offers continuous bi-
directional data exchange in real time with minimal perturbation to the application. However, in
‘C6701 EVM, the maximum RTDX rate is 20 Kbytes/second. Since structural image and flow
image data are in floating data format (4 bytes), a total of 96 Kbytes data needs to be loaded in
one image frame (1 second) for simultaneous display of both structural and flow images, which
is beyond the RTDX speed of our current DSP. To overcome this problem, the host-port
interface (HPI) between DSP and PC is employed to load image data right after processing. With
this technique, flow image processing and image uploading are performed alternately. During
the operation DSP is continuously processing and saving image data into 8 Mbytes SDRAM on

‘C6701 EVM to avoid data loss. After DSP has completed desired frames, all of the image data
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are loaded at one time. This strategy assures the image acquisition speed up to 2 maximum of
128 A-scans per frame, which is the actual scan speed. If a photo-receiver with broader
bandwidth is employed in ODT scanner to accommodate faster scanning, and a new high-speed
RTDX (HS-RTDX) with 2 Mbytes/second transfer rate is implemented, we expect to achieve

much higher processing and display updating speed than current 1 Hz frame rate.

4. Evaluation of DSP performance

To study the pérforrnance of the introduced DSP, we estimated the DSP cycles of three
processing modes: structural image, weighted centroid flow image and sliding-window filtering
flow image. The resulting operational structures for implementing each of them are shown in

Fig. 7 and are described in the following paragraphs.

For structural image, one set of A-scan line with 1024 data points is segmented uniformly into 64
sections, with 16 points per section. The data in each section is then Hilbert transformed by
floating-point FFT and IFFT pair. For each section, the maximum of the absolute values of
Hilbert transformed data is determined, which represents the signal level in the local pixel.
Therefore, a total of 64 pixel values are obtained for single A-scan data in structural imaging.
The most calculations are FFT and IFFT pairs, resulting 0.043M cycles for fixed-point

calculation and 0.041M cycles for floating-point calculation.

For weighted centroid algorithm, again, one set of A-scan line is segmented into 64 sections.
The data in each section is zero-padded to 64 points, and then Fourier transformed by 64-point

complex floating-point FFT. From the calculated 32-point spectrum value of each section, the
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Doppler frequency shift is calculated by finding the local center frequency with weighted
centroid principle and subtracting the known modulation frequency. Again, a total of 64 Doppler
shift values are obtained for single A-scan data in flow imaging by weighted centroid technique.
The most calculations focus on FFT. By using complex radix-2 floating point FFT, about
0.096M cycles are needed to finish the calculation of one 1024-point A-scan data. If complex

radix-4 fixed point FFT is implemented instead, only 0.077M cycles are needed.

For sliding-window filtering algorithm, a complete set of A-scan line with 1024 data points is
filtered individually by 32, 2nd order IIR bandpass filters, each of which has one of 32 evenly
distributed narrow passbands from O to 7, and the passbands of all filters cover the entire
spectrum. The filtered 1024 data is segmented into 64 sections equally, with 16 points per
section. In each section, the filter number corresponding to the maximum signal power after
these 32 filters is indexed as the center frequency, and the Doppler shift is calculated by
subtracting the modulation frequency. The resulted total number of Doppler shift values for
single A-scan data in sliding-window filtering method is 64. The most calculations are IIR
filtering banks. The execution takes about 0.32M cycles for 1024-point fixed-point calculation,
and 0.6IM cycles for floating point calculation. As listed in Table 1, the most intensive
calculation is on sliding-window filtering technique, whiéh is about 6 times as that of weighted
centroid technique. Nevertheless, for one A-line at a duration of 1/128 second, the computation
load of all three modes are within the 1.3M cycles real-time limitation of thel67MHz ‘C6701

EVM.
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The above-described DSP speed estimation is based on the approximation that the DSP has
enough internal memory. However, ‘C6701 DSP provides only 64 Kbytes internal memory for
program storage and 64 Kbytes internal memory for data storage. As a result, the relatively low
speed external memory in SBSRAM and SDRAM has to be used for DSP object file because it
has a size of 95 Kbytes, which exceeds the 64 Kbytes internal program memory. If a code is
present in an external memory, more cycles are demanded for its execution. In addition, a large
amount of data buffers are needed in external memory. By optimizing memory allocation and
code efficiency, we have achieved continuous calculation for simultaneous structural and flow

imaging in less than 1 second with the current DSP module.

To verify that our DSP code is efficient, we have evaluated the ratio of DSP speed for two flow
processing modes and compared it with Matlab calculations. In Matlab, 2.5 seconds and 17
seconds are needed for weighted centroid technique and sliding-window filtering technique,
respectively, on a Pentium-4 2.0GHz PC. The ratio of speed in Matlab is 6.8, which is very

close to 6.4 achieved by ‘C6701 DSP using floating-point calculation.

‘C6701 is a floating point DSP, and it can operate in either fixed-point or floating-point
calculation. ‘C6701 uses 2-byte short date type in fixed-point FFT and IIR functions; and 4-byte
floating data type in floating-point FFT and IIR functions. Because Matlab uses 8-byte double
data type to do the calculation, we can use the result from Matlab as a benchmark, and the
calculation accuracy of fixed-point and floating-point can be found by studying the mean-square-
error (MSE) with respect to the Matlab results. Table 2 lists the MSE in DSP calculation for

fixed-point and floating-point data types. By comparing Tables 1 and 2, we can see that there is
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a trade-off between speed and calculation accuracy on choosing either fixed-point or floating-
point DSP. Since our DSP system is able to process flow information in desired time frame, the

floating-point DSP is favorable for its higher accuracy and is therefore implemented in our code.

5. Results

5.1 Experimental flow

To demonstrate the performance of our DSP-ODT system, we constructed experimental flow
setup with 0.5% intralipid solution. The ODT probing-beam is focused to the axis of a glass
capillary tubing with 1.0mm inner diameter, 1.2m outside diameter and 100mm in length. The
glass capillary is mounted to a rotary stage, and connected to a 2-meter long 3/32" plastic tubing,.
The mean flow velocity of intralipid through the glass capillary tubing is converted from the time
interval of liquid traveling 1 meter distance in the 3/32" plastic tubing that is placed straightly on
a horizontal plane. A peristaltic tubing pump is used to drive the intralipid through the capillary
tubing and circulate it in the tubing loop. The pulsation induced by peristaltic pumping is used to
emulate the in vivo blood circulation. The tubing pump gives approximately 3 pulses per second

at its minimum rotation speed.

Using this setup, 30 frames are taken continuously at 1Hz frame rate. During this 30 frames
interval, the pumping speed has been manually changed, with a sequence of no flow, minimum
speed, gradually increased speed, gradually decreased speed, increasing/decreasing again, and
stop. One frame of the real-time acquired and processed flow images is shown in Fig.8. In those
flow images there are several color strips distributed perpendicular to the lateral_scanning

direction in the intralipid flow region. The axial and transverse flow profiles are also plotted,
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where the axial profile gives clear laminar flow pattern within single color strip corresponding to
one pulse of flow, and the transverse profiles reveal the pulsation of the flow. The number of
flow cycles and the magnitude of frequency shift correspond very well with the numbers of
pulses generated by the pump and the speed of the flow. With this DSP-ODT system, we have
captured intralipid flow of 10 pulses per second. This suggests that our system is capable of

monitoring pulsatile flow circulation of human and experimental animals.

To investigate the performance of the two embedded Doppler algorithms in this real-time
processing scenario, we compared the flow velocity estimation by weighted centroid technique
and sliding-window filtering technique at 3 pulses per second (PPS) and 6 PPS (shown in Fig. 9).
It is observed that the sliding window filtering method gives much less noisy, more accurate flow
profile, and more‘clear pulsation pattern than weighted centroid algorithms does. This result is

consistent with our simulations and experiments reported in Ref. 12.

5.2 In vivo study

We have conducted in vivo study on animal to validate the real-time imaging capability of our
DSP-based ODT system. A 78-gram rat was prepared and operated under the protocol approved
by the University of Connecticut (Z2400201). The blood vessels imaged were inside the opened
abdomen, and the animal was euthanatized at the end of the study. 30 Frames are also taken
from this rat sample, and one frame of the processed structural and flow images are shown in
Figs 10. In Fig.10, the two subsurface bi-directional blood vessels are clearly identifiable. Since
small blood vessels were imaged inside abdomen cavity, the color strips related to the pulsatile

flow seen in intralipid experiment were not observed. This in vivo study indeed demonstrates
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Table 1. Calculation cycle evaluation of 3 processing modes based on 167MHz ‘C6701 EVM.

Processing Mode Fixed-point Floating-point

Structural 0.043M cycles 0.041M cycles
(0.26ms *) (0.25ms *)

Weighted 0.077M cycles 0.096M cycles
Centroid (0.47 ms *) (0.58 ms *)

Sliding-window 0.32M cycles 0.61M cycles
Filtering (1.9ms *) (3.7 ms ¥)

Note: * are calculated with 167MHz system clock of TMS320C6701 EVM
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Table 2. DSP calculation accuracy of fixed-point and floating point compared with Matlab
calculation in 8 bytes double data format. The number is the mean square error with respect to

Matlab results.

Processing Fixed-point Floating-point
Mode (2-byte short) (4-byte float)
Structural 3.5%x1072 1.5x107¢
Weighted Centroid 3
6.8x10 3.4x107

Sliding-window 3.9%1072 6.1x10™

Filtering
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Figure captions
Fig. 1. Schematic of sliding-window filtering technique. The sliding-window filtering bank is
applied to measure the components of each interference signal that change at a rate

corresponding to the passband of the filters.

Fig. 2. Schematic of the DSP-based ODT system.

Fig. 3. ODT scanner, which is a typical balanced setup with both axial and lateral scanning,
performed by galvanometer. O1, O2, microscope objectives; G1, G2, galvanometers; L1, L2,
achromatic lenses.

Fig. 4. The synchronization strategy of ODT scanning and data acquisition.

Fig. 5. Photograph of C6701 EVM board with AED-109 daughter board plugged in.

Fig. 6. Data flow in DSP-ODT system: hardware prospective.

Fig. 7. Code structures of 3 processing modes: (a) Structural imaging; (b) Weighted centroid

flow imaging; (c) Sliding-window filtering flow imaging.

Fig. 8. Experimental results on pulsatile intralipid flow. (a) 3 pulses per second; (b) 6 pulses per

second.
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Fig. 9. Axial and transversal velocity A-scan profiles by weighted centroid algorithm and
sliding-window filtering algorithm for pulsatile intralipild flow. (a) 3 pulses per second; (b) 6

pulses per second.

Fig. 10. In vivo blood flow imaging of the abdominal blood vessels of a small rat. Two
bi-directional blood vessels are clearly identified. (a) Weighted centroid flow image
superimposed on structural image; (b) Sliding-window filtering flow image superimposed

on structural image.
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that our system is capable of monitoring in vivo bi-directional blood flows with reasc:able

sensitivity in real-time.

6. Discussions and Summary

In our DSP based ODT system, we have the flexibility of modifying system parameters that can
be easily done through front panel of Labview software. The easily adjustable parameters include
scanning speed of the galvanometer, the threshold in flow processing, number of averages, etc.
We also have the flexibility of incorporating different flow algorithms in DSP processing module
because the client program in DSP has been modularized into DAQ module, processing module
and communication module. It is easy to implement new algorithms into processing module
without changing the DSP code structure. Instead of implementing the DSP code in hardware,
we have host program executed by Labview, which downloads DSP object file to ‘C6701 EVM
before the ODT system starts, and triggers DSP after initializing DSP-ODT system parameters.
Therefore, any new modifications on algorithms can be easily implemented in software. The
performance of this DSP system can be further improved if DSP board with higher system clock

or multiple DSP boards can be employed.

In summary, we have designed a DSP-based ODT module features real-time data acquisition and
processing by embedding two advanced Doppler analysis algorithms. This system incorporates a
low-cost custom-designed DSP module into a conventional ODT system. Experiments of
Intralipid flow and in vivo study have demonstrated the real-time capability of this system in

capturing and monitoring pulsatile flows.
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