
ABSTRAC1: Objective. We describe optical coherence tomography (OCT), a high resolution micron scale imag-
ing technology, for assessment of osteoarthritic articular cartilage microstructure. OCT is analogous
to ultrasound, measuring the intensity of backreftected infrared light rather than acoustical waves.
Methods. OCT imaging was performed on over 100 sites on 20 normal and osteoarthritic cartilage

specimens in vitro.
Results. Microstructures that were identified included fibrillations, fibrosis, cartilage thickness, and
new bone growth at resolutions between 5 and 15 ~m. In addition, the polarization sensitivity of

imaging suggested a diagnostic role of polarization spectroscopy.
Conclusion. OCT represents an attractive new technology for intraarticular imaging due to its high
resolution (greater than any available clinical technology), ability to be integrated into small arthro-
scopes, compact portable design, and relatively low cost. (1 RheumatoI1999;26:627-35)
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Osteoarthritis (OA) or degenerative joint disease affects an
estimated 40 million persons in the USA. Although all tis-
sues within the osteoarthritic joint show morphologic
changes, the hallmark of OA is the degeneration of cartilage.
Many investigators have shown that the progression of artic-
ular damage may be modified at early stages either by med-
ical or surgical interventionl-3. This has resulted in a need
for methods of detecting degenerative cartilage abnormali-
ties early in their progression, when intervention is likely to
have its greatest effect. Early markers of joint degradation
that precede reductions in the joint space (as seen with
radiography) range from microstructural abnormalities such

as cartilage thinning, changes in chondrocyte concentra-
tions, and fibrillations to biochemical abnonnalities such as
changes in the concentration of water, glycosaminoglycans,
and collagen4.

A variety of imaging modalities have been applied to the
assessment of early cartilage abnonnalities, including con-
ventional radiography, ultrasound, computed tomography
(CT), magnetic resonance imaging (MRI), and arthroscopy,
with limited results4-10. Conventional radiography, CT, and
conventional ultrasound, although powerful technologies
for a wide range of clinical scenarios, have axial resolutions
in excess of 500 ~m, which is insufficient for the identifica-
tion of most microstructural changes5- 7. High frequency
ultrasound transducers (25 MHz) can increase axial resolu-
tion to 0.1 mm, but their limitations include an inability to
image near the cellular level, a requirement for the presence
of a transducing medium, the relatively large transducer
size, and the limited penetration (few millimeters)8. Needle
arthroscopy provides a direct, magnified view of the articu-
lar surfaces of the joint as well as other supportive structures
such as the menisci9. However, direct visualization does not
allow imaging below the tissue surface, severely limiting
the amount of diagnostic infonnation that can be attained.

MRI represents a powerful tool for evaluating joint
abnonnalities, particularly when using a surface coill0.ll.
Although even high perfonnance clinical systems cannot
generate resolutions better than loo ~m, MRI has had some
success in identifying cartilage softening and swelling, in
part because of its ability to monitor biochemical as well as
structural changes. However, difficulties with MRI include
its high cost, especially if serial screening is required, and
the time necessary for data acquisition. Furthermore,
because of the low axial resolution, it has yet to be shown
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Figure 1. A. Schematic of the OCT system. B. A representative point
spread function, which defines axial resolution.

that cartilage thickness can be measured with sufficient pre-
cision to monitor the effects of ongoing therapy.

Optical coherence tomography (OCT), a new method of
micron scale imaging, has the potential of overcoming lim-
itations of current imaging methodsl2. OCT is analogous to
B mode ultrasound, measuring the intensity of backreflect-
ed infrared light rather than acoustical waves. The typical
axial resolution of the OCT system is 5-15 I1m. This is
almost 10 times greater than the resolution of CT, ultra-
sound, or MRI. Furthermore, resolutions in the range of < 5
I1m have been achieved with the use of broad bandwidth
lasersl3. OCT was originally developed to image the trans-
parent tissue of the eye with unprecedented resolution.
Clinical studies are in progress evaluating its potential for a
wide range of retinal macular diseasesl4. Recently, the iden-
tification of pathology has been achieved in nontransparent
tissue, in part through the use of longer wavelengths in the
near infraredI5-17. However, because of the multiple scatter-
ing of light that occurs in nontransparent tissue, the imaging
penetration is limited to roughly 4 mm. In essence, imaging
is being performed at high resolution over about the same
length as an excisional biopsy. For this reason, an OCT
image is often described as an optical biopsy.

Several features make OCT attractive for intraarticular
imaging in addition to its high resolution. First, OCT is opti-
cal fiber based, allawing easy integration with arthroscopes
of relatively small diameter. Second, OCT is compact and
portable, well suited for the outpatient setting. Third, OCT
is noncontact, allowing imaging to be performed through air
or transparent medium such as saline. Fourth, OCT imaging
can be performed at high speeds, allowing information near
the cellular level to be obtained from throughout the joint.
Finally, because OCT is optically based, it can potentially be
combined with absorption or polarization spectroscopy,
allowing biochemical as well as structural information to be
obtained from tissue.

We present imaging of normal and osteoarthritic cartilage
performed with OCT in vitro, demonstrating its ultrahigh
resolution.

MATERIALS AND METHODS
Articular cartilage was obtained from either postmortem examinations or
postsurgical limb resections. Over 100 sites from 10 patients were exam-
ined, including the knee, hip, ankle, metatarsal, interphalangeal, elbow,
intervertebral, and clavicular joints. The samples were stored in 0.9% saline
with 0.1% sodium azide at 0°C. Imaging was performed on segments
smaller than 10 x lO cm. The saline does not require degassing. Samples
are selected based on their macroscopic appearance. The samples were
placed on a translation stage, which permits the acquisition of multiple
depth scans resulting in a 2 dimensional cross sectional image. For imag-
ing, the cartilage surface is exposed to the light beam. The position of the
invisible infrared light beam on the sample is monitored with a visible light
guiding beam. The peripheral areas of the imaged sections are marked with
microinjections of dye to permit comparison of the OCT images with his-
tologic images. The histologic processing of the sample includes fixing in
10% formalin for 12 h and decalcifying for 24--48 h. Different microstruc-
tures were identified by staining with hematoxylin/eosin (HIE) and

trichrome blue. Stajned histologic sections were compared with OCT
images to allow correlation.

The principles behind OCT have been describedl2. A schematic of the
OCT system is shown in Figure 1. OCT measures the intensity of back-
reflected infrared light as a function of depth in a manner analogous to
ultrasound. The time for light to return to the detector, or echo delay time,
is used to measure distances. To produce cross sectional tomographic
images the light beam is scanned across the tissue. The result is 2 or 3
dimensional data sets of the optical reflectance properties of the tissue.

Because of the high speed of light propagation, a direct measurement of
the echo delay time cannot be made electronically. To measure the delay
time (and optical path length) OCT uses a technique known as low coher-
ence interferometry, which makes the system accurate and simple. The
light is coupled into an optical fiber. The light is evenly split by an optical
beam splitter. Half of the light is directed to a moving reference mirror and
half is directed at the sample. The distance to the moving mirror is precise-
Iy controlled. Light reflected from structures within the tissue is combined
with light reflected from the mirror. Interference occurs only if the path that
light travels in both arms (optical pathlength) is almost identical. OCT mea-
sures the intensity of interference and uses this to represent the intensity of
backreflection. The sigual from the sample will only be measured if it has
traveled the same distance as the controlled distance. By moving the mir-
ror, the distance light travels in the reference arm is changed, which gives
information from different depths within tissue.

A superlurninescent diode light source (similar in some respects to
sources used in compact disc players) or femtosecond solid state laser

(generating pulses of 10-14 s duration) was used for imaging. The diode had
a median wavelength of 1300 nm and a tunable spectral bandwidth of 50
nm, while the laser had a median wavelength of 1280 nm and a bandwidth
of either 65 or 130 nm. The bandwidth ~I is essentially the wavelength dis-

628 The Journal of Rheumatology 1999; 26:3



tribution of the beam. The bandwidth is inversely related to the coherence
length (which defines resolution) via the fonnula13

21n 2 A2
Az=-n- M

The resolution ofirnages was either 15.11. or 511m. depending on the light
source. The advantages of each source are outlined in the Discussion. The
resolution was deternlined experimentally by measuring the axial point
spread function using a mirror. a standard technique for defining resolu-
tionl8. An example point spread function is shown in Figure 1B. The later-
al resolution is deternlined by the spot size or focusing power of the lens
system and was measured to be 10 IIm. As with ultrasound. the axial and
lateral resolution initially increase and then deteriorate as a function of
depth in tissue. We measured the deterioration of resolution in tissue and it
is (on average) a factor of 2 at 1.5mm from the fOCUSI9,20. Acquisition rates
varied from 5 to 40 s. but systems have now been developed that can image
at 4-8 frames/s. In addition. imaging at or near the video rate is likely with
future technical advances. At the acquisition rate of current high speed sys-

terns, a square centimeter of articular surface 3 mm deep (300 pixels deep,
500 x 50 pixels wide) would take 14 s.

In studies examining the effect of light polarization state on imaging,

the polarization of the incident light was varied manually with fiber polar-
ization controller paddles (Thor Labs, Newton, N], USA). Imaging at the
same sites was performed with light whose polarization was switched to
another polarization state.

To perform precision measurements of cartilage thickness, the refrac-
tive index of the tissue, a measure of the velocity of light in tissue, must be
known. The refractive index of samples was measured for samples assess-
ing cartilage thickness using described methods21. This method places sec-
tions of cartilage on a metal reflector and measures the apparent displace-
ment of the reflector. The width of cartilage sections in an OCT image
(Figure 2) were directly compared with histopathology. Cartilage thickness
was determined at 3 sites on this patella at the center and :t 1 mm from the
center. At each site, 8 measurements were made 50-100 flm apart. Data
represent means :t the standard error.

Figure 2. OCT image of the posterior surface of the patella (A) is compared with histology (B) (trichrome stain).
The cartilage (c)-bone (b) interface (red arrows) is well defined. Green arrows show a region where the mea-
sured backreflected intensity is sensitive to the polarization state of the incident light. This is caused by the bire"
fringence of the cartilage. The axial resolution (Az) of this image is 5 ~m.

Her17nann, et al; ocr and OA cartilage 629



Figure 4. OCT images of an interphalangeal joint of the second toe. A. A
section of cartilage is seen at the outer edge of the joint at the site of the lig-
ament insertion (Az II flm). An interface of cartilage and planes of fibrous
tissue is indicated by arrows. B. Proximal (Az 15 flm) and C, distal (Az II

flm) surfaces of the interphalangeal joints are shown. Cartilage ( c )-bone (b )
interfaces are defined sharply. The saline solution, visible as a narrow line
above the cartilage (arrows, A and B), was applied to prevent the tissue

from drying.

Figure 3. A. Cartilage ( c ) of the talus (&z II I1m). The corresponding his-
tology is shown in B (H&E stain) and C (trichrome stain). Red arrows show
the cartilage (c)-bone (b) interface, green arrows indicate a region of bire-

fringence.

the outer edge of the interphalangeal joint at the site of lig-
ament attachment was imaged and clear differentiation of
the proximal and distal surfaces of the interphalangeal joints
was seen (Figure 4). A medial meniscus overlying the artic-
ular cartilage of the knee was also imaged. Surface abnor-
malities were seen in the cartilage through the meniscus
(Figure 5). A region of femoral head where the cartilage had
become thin was differentiated (Figure 6). A large and het-
erogeneous region of bone was also seen that represents
either irregular subchondral bone or new bone formation. A
fibrous layer was noted at the surface of the cartilage. The
sternoclavicular joint cartilage had become fibrocartilage
and a mosaic pattern similar to that of an intervertebral disc

RESULTS
Cartilage with minimal osteoarthritic changes was imaged
and is shown in Figures 2 through 4. Corresponding histol-
ogy was perfonned and included. Emphasis was placed on
viewing the contrast between bone and cartilage. Each of
the OCT images sharply defined the cartilage and bone
interface, the difference between the 2 tissue types being
apparent in the varying degrees of backreflection. The pos-
tenor surface of the patella revealed cartilage of varying
thickness (Figure 2).

The cartilage-bone interface of the talus was seen over
1.5 mm into the sample (Figure 3). A section of cartilage at
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A

Figure 5. A. OCT image of the medial meniscus (m). The
meniscus overlies the articular surface cartilage (c) of tibia
(~ 5 J.lm). Red arrow shows fibrillations visible in the car-

tilage through the meniscus. B. A photograph of the joint;
the imaging plane is delineated.

A 500~m -
f

B
f

Figure 6. A large and heterogeneous
region of bone (b), which represents
either irregular subchondral bone or
new bone formation. A fibrous layer
(f) was resolved at the surface of the
cartilage (c). Red arrows show the
bone-cartilage interface. The OCT
image (A) was confIrmed by histol-
ogy (B) (& 5 Ilm) (trichrome stain).
Insert in B is an enlargement of the
fibrous layer.
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A 500~m

Figure 7. Cartilage at the clavicular head. The articular

cartilage has become fibrocartilage and a mosaic pattern
is visible (~z 16 flm). The fibrous bands are identified

(F). Insert shows enlargement of an interface between

cartilage (C) and fibrous tissue (trichrome stain).

B

Figure 8. Fibrillations in cartilage of the knee joint. A.
Fibrillation (t) on the surface of the femur in the knee is visible
(Az 5 flm). The histology of a region nearby is shown in B

(trichrome stain).
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Figure 9. The same area of cartilage of an interphalangeal toe joint is shown with 3 different incident polarization states (A to C) (& 15 I1m). The measured
intensity of backreflection as a function of depth changes with the polarization state. A layered appearance develops (arrows). This likely results from dif-
ferent orientations of the collagen layers, which are birefringent. D and E show the backreflected intensity in a single axial plane (from Figures A to C) quan-
titatively. The states of incident polarization are different, which results in a different measured intensity as a function of depth. The cartilage-bone interface
can be identified by a sudden drop of the reflectance.

was seen (Figure 7). Fibrillations were noted on the surface
of the femoral condyle (Figure 8). In all images, backscat-
tering signal intensity decayed as a function of depth, as
would be expected from optical theoryl9.

The images shown in Figure 9 illustrate the sensitivity of
OCT imaging to the polarization state of the incident light,
alluded to in Figures 2 and 3. The same area of interpha-
langeal cartilage was imaged, but with different incident
polarization states (Figure 9). It was seen that the intensity
of backreflection as a function of depth changed with the
polarization state, and a layered appearance developed in
the tissue. This is believed to be secondary to the highly
organized structure of collagen, which is known to influence
polarization. Since change in collagen orientation is one of
the earliest changes of OA, assessments of polarization sen-
sitivity may be of diagnostic value independent of 2 dimen-
sional imaging of structural detail. This effect was shown

quantitatively in Figures 90 and 9E, where the backreflect-
ing intensity in a single axial plane is plotted as a function
of depth, but once again with the incident light at different
states of polarization.

Refractive index measurements were made from 3 joints

Table 1. The ability of OCT to assess cartilage thickness was directly com-
pared with histology. Measurements were made on a single patella at the
cepter and :!: 1 mm from the center. At each site, 8 measurements were
made 50 I1m apart. Data is expressed as the mean :!: SEM. Values in paren-
theses represent percentage difference between OCT and histology mea-
surements.

OCT, mm Histology, rnrn (%)

Center

Imrn(

-I mrn

1.660 :t 0.003
1.744 :t 0.005
1.705 :t 0.006

1.779:!: 0.006 (9)

1.906:!: 0.014 (7)

1.860:!: 0.009 (9)
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and were found to be 1.51 :t 0.009 (n = 18; mean :t SEM).
This value was used in cartilage thickness comparisons
between OCT and histology. The width of cartilage was
assessed on a patella; the values are given in Table 1, which
also shows percentage differences between OCT measure-
ments and those performed on histology. On one section of
cartilage, the same section of cartilage was imaged 6 differ-
ent times at the same site over a period of one hour to con-
firm reproducibility. The maximum variation was one pixel.

Semiquantitative measurements of cartilage thickness
were also confirmed with histopathology on a small number
of samples. For these samples, OCT consistently measured
cartilage thickness to be less than that of histopathology by
a small amount (7-9% ).

tification of the degree of polarization (i.e., polarization
spectroscopy) may be of diagnostic value independent of
imaged structural alterations of the cartilage. Studies are
under way correlating collagen orientation with polarization
sensitivity using polarization microscopy and polarization
sensitive staining with picro-sirius red24. In addition to
polarization spectroscopy, OCT offers the potential of using
infrared absorption spectroscopy for assessing the biochem-
istry of the cartilage. In particular, since an absorption peak
for water exists at 1500 nm, OCT spectroscopy, which is
gated (determines depth of absorber), could allow assess-
ment of the relative water content of the cartilage.

Future investigations will focus on arthroscope develop-
ment, increasing resolution, and extension to in vivo imag-
ing. The current OCT imaging endoscope consists primarily
of an optical fiber and light directing devices (lens, prism),
making it relatively inexpensive. This endoscope is 2.9
French or 1 mm in diameter25,26. Although this size may be
reasonable for endoscopic procedures used in surgical
suites, it is too large for either office based imaging or imag-
ing relatively small joints, such as the phalanges. However,
since OCT is based on technology used in optical commu-
nication, it is likely that this imaging probe can be substan-
tially reduced in size. The optical fiber currently used is only
124 ~m in diameter, so a system capable of being introduced
through a 20 gauge needle remains a possibility.

Future studies will investigate both the advantages of
increasing resolution and the development of clinically
viable sources for subcellular imaging. As stated, the axial
resolution in OCT imaging is dependent on the bandwidth
or wavelength distribution of the source. In this study, 3 dif-
ferent bandwidths were used. The system with the lowest
resolution, a 1300 nm diode, is compact, stable, and inex-
pensive. However, it lacks the power necessary for high
speed in vivo imaging. A solid state laser was also used as a
source in this study; in addition to the higher power, it gen-
erated resolutions of either 11 or 5 ~m, depending on the
bandwidth the laser was set to generate. As anticipated, vis-
ibility of structural detail was superior at the higher axial
resolution. Although the broad bandwidth solid state lasers
generate resolutions near the cellular level, with some sys-
tems in the range of 3 ~m, they are not clinically useful
sources due to their complexityl3. However, compact, inex-
pensive sources with similar wavelength characteristics are
under development that will likely allow cellular level imag-
ing in the clinical setting.

Future in vitro and in vivo investigations will address
many clinically relevant questions that remain, including the
ability of OCT to assess other articular structures, joints, and
disease processes. Imaging of structures other than the artic-
ular cartilage may have important clinical implications for
intraarticular imaging. Examples would include examina-
tions of synovium and synovial fluid, although like saline,
the latter is expected to be optically transparent unless

DISCUSSION
These data confirm that OCT can define microstructural
abnormalities of cartilage at ultrahigh resolutions. A strong
correlation was noted between microstructures in OCT
images and the corresponding histopathology. This included
the identification of fibrillation, fibrosis, and new bone
growth. Since these abnormalities generally begin before
significant disruption of the synovial space (as seen by
radiography), their identification by OCT as an adjunct to
therapeutic intervention could help to decrease patientmor-
bidity and progression of the disease.

With regard to the semiquantitative measurements of car-
tilage thickness, we postulate at least 2 possible explana-
tions for OCT consistently measuring cartilage thickness to
be less than that measured by histopathology by 7-9%.
First, some tissue distortion occurs during histologic pro-
cessing, which may make the cartilage appear artificially
large. Future high precision measurements of cartilage
thickness will be performed using stereomicroscope tech-
niques in conjunction with tissue handling protocols
described by other investigators22. Second, since the refrac-
tive index was only measured on a small number of Sanl-
pies, the value used may represent an overestimation.
Refractive index values must be confirmed in a large num-
ber of sanlples with varying degrees of OA. If a wide varia-
tion in refractive index exists, a technique known as focus
tracking can be employed in vivo for assessing the index on
a given joint. It should be recognized that the effectiveness
of high resolution determination of cartilage thickness for
monitoring the progression of OA needs to be validated with
in vivo patient studies. Changes in cartilage thickness InilY
be non-uniform, and accurate registration of sites from one
interrogation to the next may be difficult.

Imaging of cartilage was also noted to be sensitive to the
polarization of incident light. This polarization sensitivity is
presumed to be related to the structural organization of the
collagen fibers, which is also the basis of polarization
microscopy in this tissue23. Since collagen disorganization
is one of the earliest changes in association with OA, quan-

634 The Journal of Rheumatology 1999; 26;3



severe inflammation or hemoarthrosis is present. In addi-
tion, only a few joints were examined in this study to
demonstrate feasibility. Imaging needs to be expanded, both
in vitra and in viva, to all joints where OCT imaging could
be of potential use to confIrm the initial observations.
Finally, other articular disorders, such as chronic inflamma-
tory diseases, need to be examined, since the diagnostic
potential of OCT is not limited to OA.

With respect to its ultimate clinical use, broad based rou-
tine screening and monitoring of therapy, for most accessi-
ble joints, would ideally be performed in an office setting.
There are several reasons why office based OCT imaging is
a realistic possibility, most of which are a function of its
fiber based design. First, as stated, the OCT arthroscope will
likely be small and disposable. Second, OCT hardware is
compact and portable, roughly the size of a standard per-
sonal computer. Finally, the system is relatively inexpensive
-the final clinical device will likely be comparable in price
to an ultrasound unit.

In conclusion, a need exists for a technology capable of
identifying early osteoarthritic changes in cartilage. OCT
represents a promising new technology for diagnosing these
abnormalities through ultrahigh resolution intraarticular

imaging.
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