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Abstract. Selected historical aspects of the transition of optical coher-
ence tomography (OCT) research from the bench to bedside are fo-
cused on. The primary function of the National Institutes of Health
(NIH) is to improve the diagnosis and treatment of human patholo-
gies. Therefore, research funded by the NIH should have a direct
envisioned pathway for transitioning bench work to the bedside. Ul-
timately, to be successful, this work must be accepted by physicians
and by the general science community. This typically requires ro-
bustly validated hypothesis-driven research. Work that is not appro-
priately compared to the current gold standard or does not address a
specific pathology is unlikely to achieve widespread acceptance. |
outline OCT research in the musculoskeletal and cardiovascular sys-
tems, examining the rapid transition from bench to bedside and look
at initial validated hypothesis-driven research data that suggested
clinical utility, which drove technology development toward specific
clinical scenarios. | also consider the time of initial funding compared
to when it was applied in patients with clinical pathologies. Finally,
ongoing bench work being performed in parallel with clinical studies
is examined. The specific applications examined here are identifying
unstable coronary plaque and the early detection of osteoarthritis, the
former was brought to the bedside primarily through a commercial

route while the latter through NIH-funded research. © 2007 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.2795689]
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1 Introduction

The primary function of the National Institute of Health
(NIH) is to reduce patient morbidity and mortality from dis-
ease through basic science and clinical research. In other
words, going from the bench to bedside. This requires con-
vincing physicians and scientists in the community that the
basic work is, or will be, of value to the patient. This objective
is difficult to achieve without well-validated, hypothesis-
driven research. Validation or comparison with the appropri-
ate gold standard is critical in achieving scientific credibility.
With imaging technologies, for example, simply generating
images and providing interpretation without the comparison
to a gold standard is likely not to be considered sound science.
Similarly, building an imaging technology without at least
some data for a well-defined, clinically relevant application
likely will not be greeted with much enthusiasm by the gen-
eral community. These two important principles can often be
forgotten when an excess amount of focus is placed on tech-
nological advances. Therefore, technology advances, which
are often the only focus of many reviews, will only be
touched on in this paper.
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In this paper, an invited presentation based on a recent
NIH/SPIE workshop, I outline the very rapid transition of
optical coherence tomography (OCT) from the bench to the
patient. This occurred for a variety of reasons. These include
a clear focus on hypothesis-driven research directed at spe-
cific clinical scenarios, an absolute understanding that valida-
tion with a gold standard was critical, and technological de-
velopment. Without these three arms, obtaining funding and
successfully publishing in high-profile clinical journals would
have been difficult to achieve.

OCT is analogous to ultrasound, measuring the backreflec-
tion of IR light rather than sound.'” It is based on low-
coherence interferomtery and principles have been described
elsewhere in great detail.'” Advantages of OCT include its
high resolution (between 3 and 20 wm), its high dynamic
range (in excess of 100 dB), and its video-rate imaging. OCT
is also compact and portable and can be combined with a
range of adjuvant techniques including polarization-sensitive
imaging (PS-OCT) and elastography.*”’

While initially applied to the transparent tissue of the
eye,3’8’9 since 1994 our team has worked to develop the tech-
nology for imaging in nontransparent tissue.'™ This has led to
a wide range of applications, including those in cardiology,
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Fig. 1 Some of the dynamics between bench and bedside research.
After initial bench work is transitioned to the patient, bench research
continues, and clinical feedback is generated. For these reasons, ad-
vances continue to be made, resulting in improved techniques being
utilized for the patient. Therefore, both bench and animal work, along
with technology development, require continued funding for years
after initial patient studies.

musculoskeletal disease, oncology, and surgical guidance.l‘10

This paper focuses on two specific clinical applications.
The first is the identification of the unstable plaques that are
responsible for most myocardial infarctions, with some men-
tion of guiding stent placement. The second application is the
early identification of osteoarthritis (OA) and monitoring its
progression in patients with medial meniscus resections. The
former was brought to the bedside primarily through a com-
mercial route, while the latter was developed through NIH-
funded research. Figure 1 illustrates the point that clinical
science is not a simple progression of basic work to the bed-
side. After initial bench work is transitioned to the patient,
bench research continues and clinical feedback is generated.
For these reasons, advances continue to be made, resulting in
improved techniques being utilized for the patient. Therefore,
both bench and animal work, along with technology develop-
ment, must continued funding for years to come.

2 Results
2.1 Time Course of Advances in Cardiology

OCT was initially pioneered for imaging transparent tissue,
with the eye being the chief clinical area, as discussed in other
papers in this special section.*® However, at the time of the
early initial nontransparent tissue bench work in 1994, the
state of OCT was that it had been used essentially exclusively
in transparent tissue with little success in nontransparent
tissue."®¥ Tts penetration was limited to a few hundred mi-
crometers, which was of little clinical value. It was slow, im-
aging at approximately 30 s/image. In addition, it was not
catheter or endoscope based, detection sensitivity was also
limited, and few adjuvant approaches existed.

The initial studies focused on demonstrating feasibility for
characterizing coronary plaque, improving penetration, and
micrometer-scale comparisons with histology for validation.’
The refinement of correlation techniques between images and
histology on a micrometer scale, along with the generation of
the appropriate histology of the proper quality, was instru-
mental in its publication in Circulation at this early stage and
starting the progression to the bedside. This initial study not
only demonstrated the ability to image in nontransparent tis-
sue, it correlated imaging with plaque morphology, including
demonstrating the capacity to identify thin intimal caps, dis-
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Fig. 2 Direct comparison between an OCT image and the histopa-
thology from the initial publication with normal tissue on the right and
plague on the left. The arrow identifies a thin intimal layer over a hard
plague. This layer of intima measures less than 40 um in diameter.
Therefore, OCT demonstrated an ability to identify thin intima at a
resolution higher than any other clinical imaging technology. Cour-
tesy of Ref. 3.

tinguish lipid-from non-lipid-based tissue, and image through
calcified regions. This took place in 1994 and 1995. The first
dedicated NIH-funded grant was in 1996. The first commer-
cialization occurred in 1998 and patient studies begam”’13 in
2000 and 2001. Since the funding of the initial grant, the NIH
has supported our group and others in continuing to move this

field forward.'

2.2 Early Cardiovascular Imaging

The major applications of OCT in cardiology are in the iden-
tification of unstable plaque and the guidance of interven-
tional procedures, in particular, stent placement. Its other po-
tential applications include the management of carotid and
intracranial atherosclerosis, pulmonary hypertension, and ar-
rhythmias, particularly, atrial fibrillation that can be treated
with pulmonary vein ablation. This paper historical in nature,
first showing initial results demonstrating feasibility and then
progressing to patient studies.

The initial paper focused on the application of OCT to the
identification of those plaques that lead to most myocardial
infarctions (MlIs, heart attacks) and this is focus of the next
few paragraphs. Most MIs are caused by small, thin walled
plaques, now currently referred to as thin-capped fibroathero-
mas (TFCAs), which are beyond the detection limit of cur-
rently available imaging modalities.'>'® When these plaques
rupture, they release thrombogenic factors into the blood
stream. If the release is uncontrolled, a clot forms and the
vessel occludes. This is the most prominent mechanism for
acute coronary syndrome (ACS) such as MI. Among the ini-
tiating mechanisms most likely to lead to rupture mechani-
cally weak plaque are hemodynamic stress (flow changes) or
the rupture of angiogenic vessels within the plaque.8 The hy-
pothesis tested by the first paper and part of the first NIH
grant was that OCT could identify small, thin-walled lipid-
filled plaques. The hypothesis was tested successfully.

Figure 2 shows a direct comparison between an OCT im-
age and the histopathology from the same initial publication.
In this figure, normal tissue is on the right.3 Plaque is on the
left. The arrow identifies a thin intimal layer over a hard
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Fig. 3 Direct comparison between OCT and IVUS (30 MHz). Direct
comparison between OCT and the current clinical technology with
the highest resolution, IVUS, was performed. We can see that the
plaques are well delineated in the OCT image and that the imaging is
completely through this near-occlusive plaque. A band is noted in the
image due to birefringence of the tissue, which, if the polarization
state is not rotated, could be confused with a fissure. In the first image
in the upper left-hand corner, you can see a deep fissure near the
medial border that is not detected by IVUS. Therefore, in these two
studies, OCT demonstrated superior plaque characterization to IVUS.
Courtesy of Ref. 17.

plaque. This layer of intima measures less than 40 wm in
diameter. Therefore, OCT demonstrated an ability to identify
thin intima at a resolution higher than any other clinical im-
aging technology.

Two early publications tested the hypothesis that the reso-
lution of OCT was superior to that of the current clinical
technology with the highest resolution, high-frequency
ultrasound'”'® (IVUS). This represented an important concept
to hypothesis test to establish credibility in the medical com-
munity. In this case, while validation was performed with his-
topathology, it was also achieved with direct comparison with
a widely accepted clinical imaging technology. In one ex-
ample, an image from these publications shown in Fig. 3, we
see a direct comparison17 between OCT and IVUS (at
30 MHz). We can see that the plaque is well delineated in the
OCT image and that the imaging is completely through this
near-occlusive plaque. In the first image in the upper left-hand
corner, you can see a deep fissure near the medial border that
is not detected by IVUS. Therefore, in these two studies, OCT
demonstrated superior plaque characterization to IVUS. The
band in the images represents birefringence and can be con-
fused with a fissure if the polarization paddles are not moved
during imaging, which is discussed later (or an alternative
procedure for altering birefringence). Over this time period,
acquisition rate was increased and the technology became
catheter based. These advances became of interest to a much
larger population than if clinical relevance had not previously
been strongly suggested.

OCT has now reached the bedside, where it is important
that experienced clinical scientists skilled at performing blind
and controlled clinical trials whose results ultimately effect
patient management become involved. A 2006 Journal of Bio-
medical Optics publication from the group Massachuscetts
General Hospital reviewed some of their work in this area, so
this is only be peripherally discussed here.' In vivo intracoro-
nary OCT images have been generated in humans using a
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Fig. 4 OCT imaging directly compared with angiography. OCT imag-
ing is done with the Lightlab imaging guide wire that is 0.017 in. We
can see that the intima, media, and adventitia are defined at
micrometer-scale resolutions with OCT, but not by angiography. Cour-
tesy of Dr. Grube, Siegburg (Heart Center, Seigburg) and J. Schmitt
PhD (Lightlab Imaging).

catheter-based system, but at this time, there is a paucity of
double-blind controlled clinical trials generating data to pre-
dict long-term outcomes based on either plaque composition
or the guidance of interventional procedures.”’]3 This ap-
proach was first tested in animal models.”*' Most of the hu-
man studies were performed either by groups in collaboration
with Lightlab Imaging or Massachusetts General Hospital.
Several other groups have recently made contributions in this
area.” " In Fig. 4, imaging is done with a Lightlab imaging

ulde wire that is 0.017 in., as shown in the image and com-
pared with angiography. It can be seen that the intima, media,
and adventitia are defined at micron scale resolutions with
OCT, but not by angiography.25 In Fig. 5, in stent restenosis is
noted in vivo in an image generated by a group led by Ish-
ikawa and Schmitt.”® In Fig. 6, a probable thin-capped fiber-
atheroma is identified in the OCT image where the thin wall is
demarcated by the red arrow.”®

2.3 Current and Future Work in the Area
of Cardiology

A significant number of advances are required before OCT
can be considered as a technology capable of risk stratifying
patients based on coronary plaque characterization or stent
placement. Some recent in vivo studies in the last year include
studies evaluating the accuracy of OCT for characterizing
plaque, comparisons with ultrasound, and use of attenuation
coefficients to characterize plaque.”** For the technology to
continue to progress to the bedside, for example, more data
correlating OCT imaging with histology, particularly TFCAs,
is needed. Furthermore, now that correlations have been es-
tablished between OCT images and TCFAS,27_29 we must be
able to identify those TCFAs, a small but clinically important
percentage, that are most likely to lead to ACS. Some of this
information will come from blinded clinical trials but more
data with adjuvant techniques, in both basic and patient stud-
ies is required.

One proposed adjuvant approach has been assessing mac-
rophage concentration.™ It has already been reviewed exten-
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<< 30.1 mm, 1.0 mmisec

Fig. 5 In stent restenosis is noted in vivo in an image generated by a
group led by Professor Ishikawa and Dr. Schmitt. Courtesy of Ref. 26,
Professor  Ishikawa  (Kinki ~ University), —and Dr.  Schmitt
(Lightlablmaging).

sively if macrophages represent a viable clinical marker, in
addition to concerns as to whether OCT can effectively mea-
sure macrophage concentration.”*** Among the most im-
portant adjuvant techniques that may be useful in assessing
the potential for diagnosing ACS is PS-OCT for assessing
collagen concentration.” This technique shows considerable

<< 30.1 mm, 1.0 mmisec

Fig. 6 Probable thin-capped fiberatheroma is identified in the OCT
image where the thin wall is demarcated by the red arrow (Color
online only). Courtesy of Ref. 26, Professor Ishikawa (Kinki Univer-
sity), and Dr. Schmitt (Lightlablmaging)
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promise in distinguishing TCFAs that progress to ACS. In
addition, identification by OCT of angiogenesis and lipid
types may be of additional benefit for subclassifying plaques.
However, this data require more validation, including the use
of histological techniques, immunohistochemistry, and high-
performance liquid chromatography (HPLC).

Besides advances in characterization, techniques that en-
able the ability of OCT to be applied in vivo include the
critical need for robust catheters along with techniques to
overcome reduced imaging through blood. The latter includes
the use of Fourier-based techniques as well as the potential of
index matching, although limitations exist for penetration on
the former.**°

2.4 OCT for Assessing OA

In this section, we discuss the application of OCT to OA, one
of the musculoskeletal diseases for which OCT appears to
have the greatest potential. OA is the largest cause of morbid-
ity in the United States, effecting in excess of 45 million
Americans, and the incidence continues to increase.’’ Cur-
rently a variety of therapeutics are available that could poten-
tially treat OA. Among the therapeutic techniques that could
be potentially beneficial in patients with OA include chondro-
protective agents, changing the joint kinetics, penetration of
the subchondral plate, tissue transplantation, mesencymal
stem cell transplantation, and chondocyte transfer.' While car-
tilage breakdown in animals can be assessed postmortem,
there is no method in humans for effectively monitoring
changes during therapy or after interventions. Therefore, a
true clinical necessity exists for an imaging technology to
effectively assess therapeutic responses.

The first demonstration of OCT imaging of OA was in
1997. The first demonstration of polarization-sensitive imag-
ing identifying collagen breakdown in cartilage was in 2001,
the first NIH-dedicated grant was in 1997, and the first patient
was performed on in an academic setting in 2001 during total
knee replacement.38 In 2006, OCT imaging was performed
arthroscopically in vivo in humans in patients undergoing me-
niscal repair.

As stated, we began OCT imaging of cartilage in vitro in
1997. Figure 7 shows an OCT image and the corresponding
histology of patella cartilage from the original publication.39
The top image is normal cartilage and the bottom is histology.
In this image, c is the cartilage, b is bone, and the red arrows
identify the bone/cartilage interface. We can see that the bone
cartilage interface is defined at micrometer-scale resolutions.
The green arrows show polarization sensitivity, which will be
discussed in detail in the following sections.

In Fig. 8, severe OA is noted both in the OCT image and
the histopathology.39 In this figure of a severe osteoarthritic
hip on the left, the cartilage is thin and the nb indicates new
bone growth with complete destruction of the bone-cartilage
interface. The f shows the fibrous band across the surface,
which is pathologic. The homogeneity is lost compared with
Fig. 7.

In vivo imaging has also been performed, initially using a
handheld probe and later with an OCT arthroscope.”® The
handheld probe studies were done in patients prior to joint
replacement so that histopathology could be obtained after
imaging for correlation. An example series of images is
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500 m—

Fig. 7 OCT image and the corresponding histology of patella cartilage
from the original publication demonstrating feasibility. The top image
is normal cartilage and the bottom is histology. In this image, c is the
cartilage, b is bone, and the red arrows identify the bone/cartilage
interface. We can see that the bone cartilage interface is defined at
micrometer-scale resolutions. The green arrows show polarization
sensitivity, which is discussed in detail in the following sections. Cour-
tesy of Ref. 49 (Color online only).

shown in Fig. 9. In the lower image on the left, we see a
banding pattern representing normal cartilage (birefringence)
and on the right we see diseased cartilage were the tissue is
less dense and no banding pattern exists. On the upper left,

Fig. 8 Severe OA is noted both in the OCT image and the histopa-
thology. On the left the cartilage is thin and the nb indicates new bone
growth with complete destruction of the bone-cartilage interface. The
f shows the fibrous band across the surface, which is pathologic. The
homogeneity is lost compared with Fig. 7. Courtesy of Ref. 39.
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Normal
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Fig. 9 Along with Figs. 10 and 11, in vivo imaging is performed of
knee joints prior to joint replacement. In vivo imaging is performed
using a handheld probe/scanner. These studies done prior to joint
replacement enabled correlations with histopathology. In the lower
image on the left, we see a banding pattern representing normal car-
tilage (birefringence) and on the right we see diseased cartilage were
the tissue is less dense and no banding pattern exists. On the upper
left, relatively normal cartilage is noted although the bands are not as
smooth in the lower image. On the upper right, severely diseased
cartilage is imaged in vivo. Courtesy of Ref. 38.

relatively normal cartilage is noted although the bands are not
as smooth the lower image. On the upper right, severely dis-
eased cartilage is imaged in vivo.

In Fig. 10, mildly diseased cartilage obtained in vivo is
shown where drop-out areas are noted in the OCT image iden-
tified by the red arrows.”® On the histopathology, the drop out

Fig. 10 Mildly diseased cartilage obtained in vivo shows drop-out
areas in the OCT image identified by the red arrows. On the histopa-
thology, the drop out areas in the OCT images correspond to chon-
drocyte hyperplasia, an indicator of OA. Courtesy of Ref. 38 (Color
online only).
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Fig. 11 Severely diseased human knee cartilage imaged in vivo. On the right, the cartilage is completely gone, and on the left, we see that the
cartilage has lost its homogeneity with dense patches noted. This is confirmed by the histopathology, which is grossly abnormal. Courtesy of Ref.

38.

areas in the OCT images correspond to chondrocyte hyperpla-
sia.

In Fig. 11, a severely diseased joint is seen in vivo.™ On
the right, the cartilage is completely gone, and on the left, we
see that the cartilage has lost its heterogeneity with dense
patches noted. This is confirmed by the histopathology, which
is grossly abnormal.

In addition to in vivo studies using a handheld probe, ar-
throscopic studies have also been performed and these blinded
clinical trials are continuing to recruit patients. These include
patients undergoing menisectomy and microawl procedures.
The protocol for the menisectomy study is shown in Table 1.
The patients receive an initial magnetic resonance imagining
(MRI) prior to arthroscopy and then OCT imaging during the
menisectomy. They are then followed for 2 yr by MRI. This is
done to ascertain if lesions identified by OCT, but not by MRI
or arthroscopy, ultimately develop signs of OA by MRI at
2 yr. This and the microawl study are double-blind controlled
clinical trials looking at the predictive power of OCT imag-
ing.

2.5 Technology Developments

As stated, this paper does not focus on technology develop-
ment. However, a brief mention of this topic is appropriate.
Some technologic advances were developed to meet a clinical
need, such as catheters and faster delays lines. Some were
adopted from other fields, such as certain source and delay
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line technologies. However, other technologies were novel to
OCT research, including ultra-high-resolution sources, certain
delay lines (i.e., CAMs), free-space optical coupling on OCT
rotational catheters, and swept source OCT advances. 204!

2.6 Return to the Bench

Continued basic studies, with both in vitro tissue and with
animal models are being performed currently in parallel with
in vivo human studies to advance the technology. During the
conference that generated this publication, five areas of new
basic research were discussed. These were single-detector PS-
OCT imaging, ultrasound reduction of multiple scattering
(improve imaging penetration), the use of quantum mechani-
cal dispersion to characterize tissue composition, classical/
quantum mechanical noise in OCT systems, and guiding tis-
sue engineering of cartilage. Only the first is discussed due to
space limitations. Other advances in the field include the de-
velopment of OCT probes, Fourier-based OCT, high-
resolution OCT, second-harmonic-generation OCT, and OCT
elastography.7’36’42_48

We have been studying single-detector PS-OCT in both
cardiology and musculoskeletal disease for over a decade,
feeling it is one of the most important adjuvant OCT tech-
niques for diagnosis. OCT imaging of most tissue is not sen-
sitive to the polarization state of the incident light. This is not
true for highly organized structure that can exhibit significant
birefringence. Organized collagen, which is birefringent,
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Table 1 OCT menisectomy study. In addition to in vivo studies using
a handheld probe, arthroscopic studies have also been performed and
these blinded clinical trials are continuing to recruit patients. These
include patients undergoing menisectomy and microaw! procedures.
The protocol for the menisectomy study is shown here. The patients
receive an initial MRI prior to arthroscopy and then OCT imaging
during the menisectomy. They are then followed for 2 yr by MRI. This
is done to ascertain if lesions identified by OCT, but not by MRI or
arthroscopy, ultimately develop signs of OA by MRI at 2 yr. This and
the microawl study are double-blind controlled clinical trials looking
at the predictive power of OCT imaging on the ultimate outcome.

Objective:
To follow abnormalities seen by OCT but not on arthroscopy or MRI

Inclusion

Criteria:

1. Male or female between the ages of
18-24

2. Preserved Joint Space on radiographs

3. A medial meniscal tear confirmed by
MRI

4. Symptomatic for less than 6 months
duration

5. Able to give informed consent

6. Medically cleared for a routine
meniscetomy

7. Medical cleared for an MRI with
contrast

Protocol:

1. Imaging performed of medial
compartment at day O simultaneously
with arthroscopy.

2. Patients followed for two years by MRI
for new lesions at sites
determined abnormal by OCT.

3. Total of 30 patients studied.

4. Radiologists blinded to OCT imaging

except for pre-established
registration procedure.

plays an important role both in the pathophysiology of un-
stable plaque and in OA. Alterations in its concentration are
among the earliest changes in both disorders. Polarization im-
aging can therefore, by assessing collagen organization, be a
more sensitive method than structural imaging for identifying
pathology.

Collagen’s highly organized structure has as its base unit
tropocollagen, a triple helix, and is progressively organized
into more and more organized layers. In OA, collagen breaks
down before cartilage begins to thin. Therefore, it is a very
early marker. Similarly, loss of organized collagen in intimal
caps of plaque can be a sign of instability that may lead to
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rupture and MI. In our studies of these pathophysiological
processes, we validated collagen organization with either pi-
crosirus or scanning electron electron microscopy (SEM). Un-
fortunately, papers in the literature almost exclusively use
standard hematoxylin and eosin (H+E) or trichrome blue to
“quantify” collagen. Figure 12 illustrates the importance of
using the appropriate validation technique to assess
collagen.” In this figure, we see picrosirus-stained sections
where the bright areas show organized collagen. On the bot-
tom left and right we see the OCT images with two different
polarization states. The birefringent changes in the OCT im-
ages correlate with the picrosirius. The trichrome, on the other
hand, is relatively homogenous and therefore of little use.
This emphasizes the importance of using the appropriate tech-
nique for validation, a major theme of this paper.26
Single-detector PS-OCT, the focus of our group, enables
imaging to be performed in real time and polarization sensi-
tivity to be assessed off the screen. %4 No complex data
analysis is required, and we have demonstrated the technique
can be performed in real time, in vivo in humans. The alter-
native techniques are based on dual-detector OCT (dual chan-
nel), used by many groups.] Dual-detector techniques range
from measurement of phase retardation to the Miiller
matrix.”>>* The use of dual detectors enables the measure-
ment of the absolute intensity and relative phase of orthogonal
polarization states arriving at the detector. This by no means
suggests it detects absolute values of the sample. On the other
hand, the single-detector approach measures relative changes
in polarization with changes in polarization of the incident
light, which has its advantages. The first is that OCT systems
are not designed to measure absolute values, particularly since
the polarization state of backreflected light from the sample
(and the reference arm) can be altered with fiber and optical
component movement. Attempts at assessing tissue polariza-
tion states (and therefore collagen) with the dual-detector ap-
proach in vivo have for the most part failed in part because the
polarization state incident on the tissue changes as the
catheter/endoscope bends or stretches. This is because bends
in the imaging device as it moves through the imaging site
result in an unpredictable birefringence that is asymmetric
through the rotation of the catheter. Therefore, measurements
of the absolute polarization state at 0 and 90 deg, for ex-
ample, yield different values, even if the tissue composition is
homogeneous as the measurements are relative rather than
absolute. This comparison is discussed in detail elsewhere'”’
and is shown in Fig. 13. By using a single detector and mea-
suring the change in backreflected polarization with change in
the polarization of the source (or reference arm), the measure-
ments become independent of birefringence changes resulting
from the fiber optics. This can be measured quantitatively
from A-scans or qualitatively from the B-scan. Single-frame
data is shown in the following. The third reason for using the
single-detector approach is that the system is less expensive,
which is important for routine clinical use. Fourth, the
changes in the image of the single-detector system are easy to
interpret on the screen in real time (change in backscattering
intensity as the polarization of the incident light is changed).
Current dual-detector approaches do not obtain birefringence
data in real time, with the exception of the phase retardation
technique of some Lightlab systems. With the Lightlab system
though the “birefringence” image is not actually a direct mea-
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One Polarization State

Orthogonal Polarization State

Fig. 12 Importance of using the appropriate validation technique to assess collagen. Top right picrosirus-stained sections, where the bright areas
show organized collagen. Bottom left and right, the OCT images with two different polarization states. The birefringent changes in the OCT images
correlate with the picrosirius. The trichrome, on the other hand, is relatively homogenous and therefore of little use. This emphasizes the
importance of using the appropriate technique for validation, as trichrome-stained samples have been used by other groups to “quantify” collagen.

Courtesy of Ref. 31.

sure of birefringence. Instead, it is calculated as

B = C[log(A/256 + 1) — log(B/256 + 1)],

where C is a constant, and A and B are the intensity values
(16-bit numbers) from the orthogonal polarization channels A
and B. The color is mapped into a red-blue color scale.

With more sophisticated techniques, dual-detector tech-
niques, to generate one B-scan via a Miiller matrix of the
tissue, up to 16 polarization images may be required to be
analyzed. The question remains whether any clinically signifi-
cant information can be gained from either having the abso-
lute value or the optical axis above the relative changes seen
with single detector. It can for illustrative purposes be viewed
as analogous to a mass on a chest x-ray or left ventricular
dysfunction on an echocardiograph (ECHO). In both cases,
diagnosis is generally made from the image, and neither den-
sitometry is required on chest x-rays nor is absolute velocity
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Fig. 13 Dual-detector OCT with and without catheter bending. Im-
ages of Achilles” tendon in dual-detector mode with the catheter bent
(left) and straight (right). When the catheter is bent, the incident light
on the tissue changes its polarization, depending on which portion of
the tissue is examined. This difference in intensities shows that the
bending of the catheter could lead to the erroneous interpretation of
birefringence data with the dual-detector approach. Courtesy of Ref.
55.
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Fig. 14 Single-detector PS-OCT imaging of human cartilage. On the
left, a series of OCT images where the polarization state is rotated,
resulting in a smooth band moving steadily through the tissue due to
birefringence. In the upper right, relatively normal cartilage by H+E.
In the lower right, a picrosirus-stained section showing a large amount
of organized collagen type | (bright, yellow). Courtesy of Ref. 49
(Color online only).

necessary on the ECHO. Fifth, dual-detector approaches gen-
erally do not provide data as a function of depth as opposed to
a single detector. Finally, in the dual-detector system, multiple
polarization filters are integrated into the system, leading to a
reduction of power incident on the sample. Since portable
sources, such as quantum-well devices or doped fibers, have
limited power, the addition of these filters into the OCT sys-
tem may result in power levels dropping below what is nec-
essary for in vivo use.

I will begin demonstrating single-detector PS-OCT imag-
ing of human cartilage® in Fig. 14. On the left, is a series of
OCT images where the polarization state is rotated, resulting
in a smooth band moving steadily through the tissue due to

picrosirus

Fig. 15 Mildly diseased cartilage. In the OCT image, there is a band
that slowly moves with changes in the polarization state of incident
light, consistent with a birefringence sample. However, the band is no
longer smooth, as in Fig. 14. In the picrosirus sections, the birefrin-
gence is no longer homogeneous, with drop out areas shown by the
arrows. Courtesy of Ref. 49.
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picrosirus

Fig. 16 Probably the most important image. In the lower right, the
picrosirus-stained section shows no evidence of organized collagen.
In the OCT images, no evidence of polarization sensitivity is noted,
yet the section of cartilage stained by H+E in the upper right demon-
strates that it is over 2.5 mm in depth and relatively homogeneous.
Therefore, OCT can identify early OA prior to significant cartilage
thinning. Courtesy of Ref. 49.

birefringence. In the upper right, we see relatively normal
cartilage by H+E. In the lower right, a picrosirus-stained sec-
tion is seen, showing a large amount of organized collagen
type II (bright, yellow). Figure 15 shows mildly diseased
cartilage.49 In the OCT image there is a band that slowly
moves with changes in polarization state of incident light,
consistent with a birefringent sample. However, the band is no
longer smooth, as in Fig. 14. In the picrosirus sections, the
birefringence is no longer homogeneous. Figure 16 is prob-

Fig. 17 Example of a strongly birefringent tissue, biceps tendon,
which has an extremely high concentration of collagen and represents
a strongly birefringent tissue. The banding pattern that results from the
high birefringence is clearly noted. This is confirmed from the
picrosirus-stained section, were the section is bright and yellow, con-
sistent with high concentrations of collagen type I. Courtesy of Ref. 56
(Color online only).
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Fig. 18 Assessing collagen is also important in assessing plaque instability. The top two upper-left images show a coronary artery imaged at two
different polarization states. The backscattering intensity changes with changing polarization of incident light in most of the image. However, the
red arrow shows an area that lacks birefringence (polarization does not change) that on the picrosirus-stained section represents an area depleted
in collagen. As this area is thin intima overlying a lipid-laden region, it is vulnerable to rupture. If we look at the corresponding trichrome section,
we see that the collagen-depleted area is predominately acellular, with the exception of deeper areas within the plaque, emphasizing that it is not

inflamed and raising the question as to whether inflammation is a good marker for unstable plaque. The issue of the relevance of inflammatory cells

in ACS, as well as whether OCT can identify macrophages is discussed elsewhere.

ably the most important image. In the lower right we see in
the picrosirus-stained section with no evidence of organized
collagen.49 In the OCT images, no evidence of polarization
sensitivity is noted, yet the section of cartilage stained by H
+E in the upper right demonstrates that it is over 2.5 mm in
depth. Figure 17 is provided for comparison of biceps tendon,
which has an extremely high concentration of collagen and
represents a strongly birefringent tissue.”® The banding pattern
that results from the high birefringence is clearly noted. This
is confirmed from the picrosirus section, were the section is
bright and yellow, consistent™ * with high concentrations of
collagen type II.

Assessing collagen concentration is also important in as-
sessing plaque vulnerability, as shown in Fig. 18. The accom-
panying image demonstrates single-detector PS-OCT in a
minimally diseased artery where a faster rate of band move-
ment, caused by movement of the polarization paddles, means
higher birefringence. In coronary arteries, lack of birefrin-
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1,31

gence suggests minimally organized collagen and plaque
vulnerability.33 The top two upper-left images show a coro-
nary artery imaged at two different polarization states. The
backscattering intensity changes with changing polarization of
incident light in most of the image. However, the red arrow
shows an area that lacks birefringence (polarization does not
change) that on the picrosirus-stained section represents an
area depleted in collagen. As this area is thin intima overlying
a lipid-laden region, it is vulnerable to rupture. If we look at
the corresponding trichrome section, we see that the collagen-
depleted area is predominately acellular, with the exception of
deeper areas within the plaque, emphasizing that it is not in-
flamed and raising the question as to whether inflammation is
a good marker for unstable plaque. The issue of the relevance
of inflammatory cells in ACS, as well as whether OCT can
identify macrophages is discussed elsewhere."*'% The ap-
proach had a statistically significant high positive and nega-
tive predictive value. We are now exploring using the fast
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Fourier transform (FFT) on A-scans to distinguish different
collagen types.”’

3 Limitations

The most significant limitation with OCT is penetration. Its
penetration is generally between 2 and 3 mm in most scatter-
ing tissue. We have used a parallel ultrasound beam to further
improve penetration.59 This is particularly a problem when
imaging through blood, where flushing or index matching
may be of use, and with swept source OCT, which has a
higher level of multiple scattering. Additional limitations lie
more in the requirement for more hypothesis-based research
and a better understanding of underlying OCT theory.

4 Conclusion

This paper focused on the topic of the original conference, the
transition of research from the bench to the bedside. Specifi-
cally, the discussion focused on OCT imaging in the cardio-
vascular and musculoskeletal system. OCT has transitioned
rapidly from the bench to the bedside. The paper emphasizes
three important factors that has led to its fast transition. These
are hypothesis-driven research, validation by the appropriate
gold standard [e.g., histological special stains, scanning elec-
tron microscopy, immunohistochemistry, high-performance
liquid chromatography (HLPC), high-frequency ultrasound],
and technology development. It is important to note that most
of the technology development was directed at addressing
specific clinical objectives as opposed to developing technol-
ogy then later searching for an application in which it was
applicable.

Significant advances are required before the technology
becomes a routine clinical imaging system in either the car-
diovascular or musculoskeletal system. First, randomized
clinical trails that go beyond observation studies are necessary
to establish credibility among both physicians and regulatory
agencies that a benefit is gained above current imaging mo-
dalities. Second, robust, controllable catheters and arthro-
scopes are required with optimized cross-sectional diameters
that provide the physician ease of use. Third, more
hypothesis-driven basic studies with appropriate validation
are required utilizing either in vitro samples or animal studies.
Fourth, in the cardiovascular system, methods to overcome
reduced penetration through blood are necessary, including
index matching and higher data acquisition rates.

In conclusion, OCT has transitioned rapidly from the
bench to the bedside. While the technology has demonstrated
tremendous potential, more scientifically sound future bench
and bedside research is necessary before it can be accepted as
a routine clinical imaging modality in these fields.
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