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Abstract. We describe a novel hand-held polarization optical coher-
ence tomographic (OCT) probe that can be inserted into mammalian
joints to permit real-time cross-sectional imaging of articular cartilage.
The transverse and axial resolutions of the arthroscopic OCT device
are roughly 17 and 10 wm, respectively. Two-dimensional cross-
sectional images of cartilage tissue with 500X 1000 pixels covering an
area 6 mm in length and 2.8 mm in depth can be acquired at nearly
five frames/s and with over 100 dB of dynamic range. Design of an
OCT as a hand-held device capable of providing such an optical bi-
opsy of articular cartilage allows eventual in vivo detection of micro-
structural changes in articular cartilage that are not apparent using
conventional arthroscopic cameras. The OCT probe can be easily in-
corporated in a conventional arthroscope for cartilage site guidance.
The optical arrangement in the OCT scope minimizes specular back-
reflection of the probe end face and absorption of body fluid in the
path and ensures in-focus OCT imaging when it is in contact with the
cartilage specimen to be examined. Successful application of in vivo
arthroscopy to porcine articular cartilage demonstrates sufficient reso-
lution and practicality for use in human joints. © 2003 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.1609201]
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1 Introduction probes have been reported by implementing different optical

The demand for noninvasive or minimally invasive and high- delivery-scan-collection mechanisms, including catheter-

resolution clinical diagnosis has led to several emerging opti- €ndoscopic OCT probes using a rotary 90-deg pfismpi-

cal imaging techniques® among which optical coherence €zoelectric transduceiPZT) swing scannef? and a micro-

tomography(OCT) has attracted the attention of researchers €lectromechanical (MEMS) mirror.t’ Like conventional

and clinicians in the field.OCT uses the low-coherence prop- endoscopy that has developed into different specialtes,

erty of broadband light and backscattering signatures of cells cystoscopy, arthroscopy, and laparosgojysatisfy different

to image tissue morphology at a high resolutierg., 2 to 10 requirements, different OCT endoscopies need to be devel-

wm). Since its early introduction to image the interior of the oped to tackle different accessibility and light scanning re-

eye; OCT has demonstrated important implications for high- quirements as well as to provide specific image contrast en-

resolution diagnosis of a variety of ocular diseads&espite hancement in different tissues.

the challenges of multiple scattering, this technique has been  articular cartilage injury is a common clinical disease that

extensively studied in imaging a wide variety of nontranspar- jnyolves degeneration of subsurface lesi$h&loninvasive

ent tissues with high resolution and dynamic rarigel00 early detection of these lesions and staging their progression

dB), which includes skin, teeth, vascular tissue, and gas-\q g result in important therapeutic benefits to patients. Be-

trointestinal, respiratory, and genitourinary tracts, as well as cause of superior resolution and intermediate image depth

malformations in these tissués! Recent technological ad- (e.g., 1 to 3 mmy several research groups have reported the

vances have permitted ultrahigh resoluti@to 5 um) OCT, e ; . . )

polarization-sensitive OCT(PSOCT, Doppler OCT, and use of OCT to |r_nage amcular cartilage archltectures and d_e-
fects in these tissues, showing great promise for potential

spectroscopic OCT to enhance image contrast and .. . . . )
P P 9 clinical diagnosis?®=2tIn particular, PSOCT has shown inter-

resolutiont~*®More important, as a fiber optically based im- i birefri ated I : _
aging technology, OCT can be integrated with conventional gstlng |rg rlngzencg cqntrast related to collagen orientations
in the cartilageé? which in turn promotes the development of

endoscopic techniques. Several endoscopic OCT imagin
P a P g gmore advanced PSOCT techniqdé$!

*Address questions regarding arthroscopic OCT probe design and imaging to

Dr. Pan, and those regarding medical implications to Dr. Chu. 1083-3668/2003/$15.00 © 2003 SPIE
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fiber end face was collimated tog2-mm Gaussian beam by
a fiber optic asperical len€CM), and delivered to a high-
speed depth-scanning unit, e.g., a rapid grating lens-based op-
tical delay line(GLD)?’ to implement 2-D OCT imaging in
real time. By properly choosing the components of the optical
delay unit (e.g., focal lengthf =80 mm for the achromatic

G lens, groove densitl =450 lines/mnfor the diffraction grat-

v ing, and tilting angle#=7.5 deg for the servomirrpan opti-

cal delay window or depth scan of 2.8 mm or higher at the

rate of up to 2.4 kHz was obtaindboth forward and back-

ward cycles were usgdwhich is sufficient for the speed re-

quirements of mosin vivo 2-D OCT imaging.

By carefully adjusting the positioning of the dispersion
Fig. 1 Schematic of a real-time OCT arthroscope. A detailed sketch of g,ratlng off the, front_focal plane of the FOUI‘I.eI’ If_s-ns, the exces-
the hand-held OCT probe is given in Fig. 2. BBS, broadband source; sive group dispersion can be reduced, yielding a measured
PD, photodiode; CM, fiber optic collimator; G, servomirror. coherence length.=10uxm that is very close to the source
coherence length. Light from both the sample and the refer-
ence arms was combined at the output fiber; detected by a

Our recent results based @x vivostudies demonstrated ~ PIN detector; followed by a low-noise preamplifier, a band-
that OCT could detect microstructural changes in articular Pass filter, and an envelope detector for analog signal process-
cartilage associated with cartilage injury, degeneration, and iNg; and was then digitized by a 5-MHz, 12-bit analog to
repair (e.g., fibrillation, embedded tears, indentation, and de- digital (A/D) converter. A Pentium IV computer displayed and
generation in animal repair model& These results support ~ Stored the 2-D OCT image sequences acquired and displayed
the development of an OCT probe designed for real-time, — at roughly five frames/s during the arthroscopic examination.
vivoimaging of articular cartilage. We report the development  Figure 2 is a schematic showing the optical layout within
of a near-real-time polarization arthroscopic OCT device. Al- the probe and a photograph of the hand-held arthroscopic
though PSOCT has been extensively studfedye use a OCT probe, which includes a fiber optic collimator attached
simple rotary polarizer to separate cartilage structural defectsto @ polarizing beam splitt¢PBS, a servomirror, a laser scan
and birefringence patterns. The design of the hand-held OcT!ens, and an elliptical thin brass tuleutoclavablg with an
probe, along with the results of arthroscopic examination of angled optical window at its distal end face. Light emitted
articular cartilage in porcine knee joints is reported. These from the sample arm of the fiber optic Michelson interferom-
preliminary results suggest that arthroscopic OCT can be usedeter was collimated to a?2.8 mm Gaussian beam by a
for minimally invasive diagnosis of cartilage injuries and im- Shap-on rotary polarizing fiber optic aspherical I&i@v),
mediate assessment of treatment results. deflected laterally(6) by a 3.5-mm servomirrofS), and fo-

cused by an achromatic len§) onto the cartilage surface

under examination. Because the optical scan afglg is
2 Arthroscopic OCT Probe double that of the mechanical scan angle of the servomirror,
The new arthroscopic OCT device was developed by connect-i.e., 8p=26, the transverse scan range of the arthroscopic
ing the sample arm of a fiber optic OCT setup with a hand- OCT probe,L, is given by
held arthroscopic probe. Optical coherence tomography uses
optical coherence-domain reflectometry to detect the path L=2fxtg(26)~A4fe. (1)
length-resolved reflections of light from within the scattering
media® Unlike conventional microscopy, axial sectioning in Large angular scans at up to15 deg could be provided, but
most OCT imagingexcept optical coherence microscopy the lateral scanning range, was eventually limited by the
accomplished by scanning the reference mirror; thus it cir- transverse size allowance of the arthroscopic OCT probe. For
cumvents the need to axially scan the objective lens in the the elliptical scope sheath used in this study, the diameters of
sample arm, which is critical to the implementation of laser the long and short axes of the oval cross-section were 7.5 and
scanning endoscopy. The principle of OCT and the technical 3 mm, respectively, and the effective lateral scanning range
details of our real-time OCT setup have been previously for 2-D arthroscopic OCT imaging wds~6 mm, which is
reported?® therefore, only a brief introduction is given here. sufficient forin vivo cartilage imaging. A simple rotary PBS
Figure 1 is a schematic diagram of the overall arthroscopic was used to discriminate cartilage structural lesions from

Sheath

Envelop Detection (fp)

OCT setup. polarization- or birefringence-induced artifacts, as will be dis-
A broadband laser sour¢BBS) was coupled into the input  cussed later.

monomode fiber to illuminate the fiber optic Michelson inter- For the hand-held OCT probes used in this study, the distal

ferometer. The center wavelength and the spectral bandwidthend face was sealed or terminated by an angled glass window

of the BBS source wer@y=1310 nmand AN=77 nm, re- rather than by the scan lens, as was done in the previous

spectively, vyielding a source coherence length bof designs. The advantages of this improved probe design are as

=10um.? The pigtailed output poweP of the light source follows. First, it almost doubled the depth of the arthroscope
was 12 mW. The light from the BBS source was split equally that could be inserted into the joint tissue. The focal length of
into the reference and sample arms of the fiber optic Michel- the scan lend, was either 40 or 60 mm, and the probing tube
son interferometer. In the reference arm, the light exiting the of the scope that could be inserted into joint tissude,
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Fig. 2 Arthroscopic OCT probe. (a) A schematic diagram of the OCT probe. (b) A photograph of the hand-held OCT arthroscopic probe. PBS,
polarization beam splitter attached to the rotary fiber optic collimator.

(=2f), was either 70 or 110 mm, which is deep enough for in the arthroscope were synchronized with the image data
most uses to examine human knee joint cartilage. Second,acquisition via two 16-bit D/A channels. The axial resolution
because the distal end face of the elliptical tube was sealedAz and the lateral resolutionsL of the OCT arthroscope are
with a 100um-thick optical-grade glass slide angled at 8 deg, defined by the source coherence length and the scart¥ens,

it protected the optical componerigsg., scan lenswithin the

tube from fluid contamination durinign vivo examination and Az=Lc=(4In2/7) X (P/A)\) (2)
minimized the specular back-reflection, which drastically re-
duced the coherence noise induced by side lobes of the BBS AL =2\ 7NA= 4ﬂ/77¢ 3

source and thus maintained a high signal-to-né&ER) ra-
tio. Third, the OCT arthroscopy was able to achieve “focus- WhereNA= ¢/2f is the numerical aperture of the scan lens.
free” examination. This was because the length of the ellipti- For the arthroscopic OCT setup used in this study, they were
cal tube was precisely engineered to ensure that when thefoughly 10 and 17.m, respectively.
OCT probe was immersed in saline or body fluid, the focal
plane was projected on the perpendicular cross-section at the
further edge of the angled window-as indicated in Fig. 2. This 3  Test Results
optical arrangement permitted the cartilage sample under ex-To demonstrate the capability of the hand-held OCT probe for
amination to be in focus as soon as the distal edge of the OCTnear real-time laser scanning arthroscopy, we imaged the ar-
probe was in contact with the cartilage surface, which proved ticular cartilage in pig knee joints to test the image fidelity
to be effective for instantaneous optical alignment and reduc- and feasibility for imaging mammalian knee joints. vivo
tion of artifacts induced by the movement of living tissue OCT arthroscopy was performed on the hindlimb knee joints
during in vivo endoscopic procedures. Most important, this of Hanford minipigs weighing roughly 42 kg each. Using
optical layout prevented the substantial degradation of OCT standard arthroscopic techniques, t#®-mm holes were cre-
image contrast and resolution caused by absorption of bodyated through skin and capsule using an 11-0 surgical blade.
fluid and the degraded spherical aberratidfost commercial An anterolateral portal was used for arthroscopic guidance
lenses, including the scan lens used, are designed for optimiz-and a transpatellar tendon portal was used for OCT imaging
ing spherical aberration in free space with a refractive index and biopsy. Figure @) illustrates the arthroscopic procedure
of n=1 rather than in body fluid witm>1.33.) and Fig. 4b) is a digitized video frame takenyba 3 CCD
In order to study the influence of absorption of body fluid camera in the 30-deg arthroscope to locate the geometric po-
(primarily by watef®) at 1.3um on OCT contrast, which has  sitions of the OCT probe and the cartilage to be imaged. The
been neglected so far, we performed simulation experiments30-deg arthroscope was inserted in the knee joint first and
on changes in OCT contrast of a mirror and a piglet cartilage moved to the surface area of the articular cartilage of interest.
specimen immersed at different depths in saline. In the experi- Next, the OCT probe was inserted and video guided by the
ments, the specimens placed on a motored 3-D stage werearthroscope until it reached the preselected imaging spot. Pre-
carefully adjusted to ensure that the surface of the samplescise alignment of the OCT probe both axially and laterally
(e.g., mirroy were in focus. The resultg=ig. 3) indicated a was guided by near real-time 2-D OCT imagé=., five
substantial absorption loss of light and degradation in OCT frames/s moviesdisplayed on a PC monitor. Because of our
image contrast in saline. Based on the results, we extended theinique focus-free probe design, the arthroscopic OCT imag-
sheath to enclose the path from the scan lens to the focaling procedure was easy to handle.
plane, which was found to immensely enhance the OCT im-  Arthroscopic imaging of normal porcine knee cartilage us-
age contrast and resolution compared with the previous de-ing the hand-held probe produced OCT images comparable in
signs with the distal end face terminated by the scan lens.  size, resolution, and contrast to thoseegfvivoOCT?® Figure
Both depth scan in the reference arm and lateral servoscans shows the results of normal porcine cartilage before and
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Fig. 3 OCT signal change as a function of the depth of fluid immersion. (a) OCT signal change versus the depth of a mirror immersed in saline. (b)
OCT signal change versus the depth of a porcine cartilage immersed in saline. (c) 2-D OCT image of cartilage immersed 1 mm below saline. (d)
2-D OCT image of cartilage immersed 14 mm below saline. The dotted points in (a) and (b) were measured results; the solid lines are results
acquired by a least-squared fit. Typical signal-to-noise ratios in (c) and (d) decreased from 52 to 27 dB. OCT image size: 6 mm lateral and 2 mm
vertical. The dashed circles in (b) indicate the depths at which (c) and (d) were imaged.

after surgical treatment. Figuréd is anen faceRGB image age size is 6 mm wide and 2 mm deep, assuming that the
of the cartilage surface taken by a conventional 30-deg arthro-refractive index of cartilage tissue is approximately 1.50. The
scope whereas Fig.(15 is a 2-D arthroscopic cross-sectional normal cartilage tissue appeared as a relatively uniform band
OCT image of the articular cartilage shown in Figa)5 The in the OCT image except for a horizontal shadow, as indicated
OCT image is displayed in pseudocolor and a color bar is by the arrows. This subsurface horizontal shadow is induced
illustrated in which the bright-to-dark transition indicates the by cartilage birefringence and is further discussed in relation
high-to-low backscattering scale in the OCT image. The im- to Fig. 8.

Arthroscope
OCT Probe

Soft Tissue

Cartilage
a)

Fig. 4 Arthroscopic OCT imaging of cartilage tissue in vivo. (a) A sketch to illustrate the OCT arthroscopy procedure. (b) A digitized color image

taken by the 3CCD camera in the arthroscope. A conventional 30-deg arthroscope was used to move the OCT arthroscope to select the spot of
interest on the cartilage to be imaged.
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Area of OCT scan

Area of OCT scan

Fig. 5 In vivo arthroscopic imaging of normal procine cartilage before and after a surgical incision. (a) En face RGB image of the cartilage surface
taken by a conventional 30-deg arthroscope. (b) 2-D cross-sectional OCT image underneath the cartilage surface shown in (a). (c) En face RGB
image of the cartilage surface postincision. (d) 2-D cross-sectional OCT image underneath the cartilage surface shown in (c). The image size for (a)
and (c) is roughly ¢ 10 mm, and the image size for (b) and (d) is roughly 6 mm wide and 2 mm deep. The arrows in (b) and (d) indicate the
interfaces of cartilage layers with different collagen fiber orientations, causing form birefringence in the OCT image. The dark lines in (a) and (c)
indicate the area to be scanned by OCT probe. The white bars in (b) and (d) indicate the full thickness of the porcine cartilage. The dashed circle
in (d) shows a 0.24-mm-wide, 0.67-mm-deep incision.

Because the porcine cartilage was thinner than 2 mm, the experiments to examine the sensitivity of the OCT arthro-
full cartilage thickness could be measured. By OCT assess-scope in evaluating radiofrequentiF) treatment of porcine
ment, the Cartilage was between 0.76 and 0.84 mm thick. To Cart"age_ Figure 6 shows that even at a very low RF energy
test the utility of OCT arthroscopy in instantaneoirs vivo level (Arthrocare ACD-50: 200 V, 1.25 mmsthe OCT im-
diagnosis of subsurface cartilage injury or deféets., fibril- age in Fig. 6a) was able to detect the backscattering decrease

lations, the same normal cartilage was incised using a bone (i.e., the shadow in the dashed cifciss a result of RF coagu-
cutter. Figure &) shows the incision on the cartilage surface, | .” . : . . .
lation. By comparison with the corresponding histology in

whereas Fig. &) shows the cross-sectional OCT image of the Fi b). th Wo i . daliti ide i sant
treated area. While the incision was visible with conventional | ig. & ){ ese ; 0 |m§g|ng mo a |.|es can provide importan
information for immediate diagnosis and assessment of mor-

en facearthroscopic imaging, OCT allowed both visualization i . )
and measurement of the cross-section of the small 0.24-mmPhological changes below the cartilage surface following RF
wide, 0.67-mm deep injury. treatment. While fluorescence imagiffgg. 6(b)] requires re-

To further demonstrate the utility of OCT arthroscopy for moval of tissue, OCT imaging provides comparable diagnosis
instantaneous assessment of therapeutic effects, we performeéstantaneously during arthroscopy.

a)

Fig. 6 In vivo arthroscopic OCT of porcine cartilage following RF coagulation. (a) 2-D OCT showed a backscattering decrease indicative of
structural changes in the treated cartilage subsurface. (b) Safranin O-stained histology with fast green counterstaining (red staining is for protegly-
can). Image size: roughly 6 mm wide and 2 mm deep. The white dashed circles indicate the area under RF coagulation.
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nally polarized light beams backscattered from the tissue
might constructively and destructively interfere, and as a re-
sult produce the “ghost” patternée.g., destructive interfer-
ence. This effect can be examined by a simple comparison
with the polarized OCT and is shown in Fig. 8, in which Fig.
8(b) shows the diminished banding effect by rotating the
polarizer. The “ghost” patterns might be artifacts in OCT
images misidentified as tissue boundaries. However, they can
be easily differentiated by polarizing OC[Fig. 8b)] in
which the ghost patterns were minimized by rotating the po-
larization plane in the probé.e., CM with attached PBS
More important, because they resulted from differing collagen
fibril orientations, the “ghost” patterns might provide mor-
phological characteristics of the structural integrity of carti-
lage tissué? Our recentex vivohuman studies suggested that
loss of polarization contrage.g., “ghost” patternsin OCT
imaging was related to cartilage degeneration and injury,
which may provide useful diagnosis of early osteoarthritic

Fig. 7 Ex vivo arthroscopic OCT of an embedded cartilage tear (a)
2-D OCT clearly delineated a minute cartilage tear that was less than

0.2 mm thick but embedded 0.6 mm below the cartilage surface. (b) cartilage. However, a distinctive detection of detailed carti-
Green fluorescent dye-stained histology from a parallel cross-section lage birefringence distribution requires a true polarization-
of the dashed area in (a). Image size: roughly 6 mm wide and 2 mm sensitive OCT that simultaneously detects two orthogonal po-
deep for (a); 3.6 mm wide and T mm deep for (b). The white arrows in larization OCT signals or even the Muller matrix of

both images indicate the embedded tears. cartilage?® We are in the process of incorporating our hand-

held probe design with other reported PSOCT technigtiés.

In addition to cartilage surface smoothness, detection of . .

embedded subsurface minute tears is critical to the early di-4 Discussion

agnosis and prevention of osteoarthritis. Figure 7 demon- Previousex vivostudies based on human and animal cartilage
strates the unique potential of OCT arthroscopy for the high- models demonstrated that OCT was able to delineate cartilage
resolution imaging of cartilage injury. FigurddJ is the OCT structure and micromorphology to show pathological changes
image in which a subsurface cartilage tear that was invisible such as fibrillation, subsurface tears, tissue damage, and de-
to regular arthroscopy was clearly delineated and correlatedgeneration, thus justifying the development of OCT arthro-
well with the histological result of the parallel cross-section, scopes for clinical diagnosis of cartilage injury and immediate

as indicated by arrows. assessment of therapeutic treatméntsn this paper we
As indicated by the arrows in Fig. 5, even normal cartilage present a novel hand-held polarization OCT arthroscope and
tissue might show “ghost” shadowdanding effegtin OCT preliminary results based on am vivo porcine study to ex-

images. According to previousx vivostudies of ours and of  amine the practicality and the utility of the OCT arthroscope
otherst®~Zthese subsurface “ghost” shadows may be caused for future use on humans. The optical design of the OCT
by form birefringence induced by differing orientation of col- probe enables the transverse and axial resolutions of the im-
lagen fibrils within the articular cartilagenost likely in zones aging system to be roughly 17 and &én, respectively. Two-

2 to 4 in cartilage, where the orientation of fibrils gradually dimensional cross-sectional images of cartilage tissue with
changes to become parallel to the cartilage sujfdaberefore, 500%x 1000 pixels covering an area 6 mm wide and 2 mm deep
if partially polarized or linearly polarized light was illumi-  can be acquired at nearly five frames/s and with over 100 dB
nated, because of the additional phase shift induced by theof dynamic range. Furthermore, the unique optical configura-
form birefringence of the oriented fibrils, the two orthogo- tion in the OCT scope can substantially reduce the specular

Fig. 8 In vivo arthroscopic OCT images of a normal porcine cartilage with the polarization angle changed. Image size: roughly 6 mm wide and 2
mm deep. The arrows in (a) indicate the “ghost patterns” that represent the interfaces of cartilage layers with different collagen fiber orientations,
which resulted in form birefringence in the OCT image. (b) By rotating the polarization plane (possibly close to or vertical to the fast axis of the
collagens in the cartilage) the banding effect was reduced.

Journal of Biomedical Optics * October 2003 + Vol. 8 No. 4 653



Pan, Li, and Chu

back-reflection of the probe end fa@€ig. 2) and body fluid 8.

absorption at 1.3:m (Fig. 3), and ensures that the OCT scan-

ner is in focus as long as the probe touches the cartilage o

specimen to be examined. The test results shown in Fig. 4
demonstrate that the OCT probe can be easily used with a
conventional 30-deg arthroscope for cartilage site guidance
and can acquire high-resolution OCT images of cartilage in

near real time. Not only can it provide cross-sectional mor-

phologies of normal porcine articular cartilagég. 5), but it

can also detect and measure an injury made with a surgicalll-

instrument(Fig. 5), backscattering changes induced by RF
treatment(Fig. 6), and embedded minute cartilage teéfi.

7), suggesting its potential for immediate imaging assessment12.

of minimally invasive therapeutic treatments of cartilage in-
jury. Although the rotary polarizing OCT probe may be un-

able to provide detailed cartilage birefringence distribution, 13

our preliminary resultge.g., Fig. 6 to Fig. 8show that this

simple, inexpensive attachment can discriminate structural de-

fects from birefringence-induced artifadtghost patterns’.
Minimally invasive arthroscopic removal and stabilization

of fibrillated cartilage surfaces using surgical incision— 15.

mechanical shaver and radiofrequency ablation—has been
widely used for clinical treatment of osteoarthritic cartilage.
The assessment of different therapeutic protocols has been
hampered by the inability to obtain cross-sectional informa-
tion without resorting to destructive histology. The obvious
advantages of arthroscopic OCT for these applications are that
OCT assessment is instantaneous, noninvasive, and nonde-
structive, below the surface, and at high resolution. In sum-

mary, we have successfully developed a novel hand-held OCT18.

arthroscope foin vivo and high-resolution imaging of carti-

lage morphology and injuries. Successful application to por- 1o

cine cartilage imagin@n vivo demonstrates the resolution and
practicality of the OCT arthroscope for use in human exami-
nations.

20.
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