
Abstract
This preliminary study assessed trimmed supraspinatus 
tendons from rotator cuff repairs (RCRs) to compare the 
samples’ surgically cut ends and torn ends with histo-
pathology and polarization-sensitive optical coherence 
tomography (PS-OCT) imaging. PS-OCT can be used 
to assess collagen content and organization in birefrin-
gent tissue and shows promise in RCR. The data were 
compared to determine correlations between luminosity 
measured from histopathology and PS-OCT. Bivariate 
plots and a simple regression were performed to assess 
the linearity of the 2 groups, with a predictive value of 
less than .05 showing significant correlation.
   Approximately 50% of the visually inspected supraspi-
natus tendons acceptable for RCR exhibited collagen 
depletion when examined by histopathology, compared 
with PS-OCT. Because a strong correlation in collagen 
concentrations existed between histopathology and 
PS-OCT polarized back-reflection intensity, this study 
established the potential of PS-OCT for clinical use in 
the assessment of collagen content and organization to 
improving outcomes in RCR.

Full- or partial-thickness tears of rotator cuff 
tendons (RCTs) are relatively common, occur-
ring in approximately 30% of the population 
and representing 4.5 million clinic visits and 

40,000 surgeries in the United States anually.1 The most 
common RCT injury is a supraspinatus tear at the great-
er humoral tuberosity enthesis.2-15 Unfortunately, 25% 
to 60% of repaired RCTs rerupture within 2 years.16,17 
Rotator cuff repairs (RCRs) are performed by flatten-
ing a foundation on the greater humoral tuberosity to 
secure the RCT remnants.18 Strong evidence suggests 
that formation of a new fibrocartilage at the enthesis site 
depends heavily on migration of chondrocytes and plu-

ripotent mesenchymal cells, from the greater tuberosity 
into the reattached tendon.19-21 Although the importance 
of these migratory cells cannot be underestimated, the 
integrity of the tendon clearly plays a role in the enthe-
sis process.

The condition of the tendon at the time of repair is 
likely to affect the success rate; it is hypothesized that 
reattachment of a degraded tendon can increase the risk 
for surgical failure.14,22-23 During surgery, a viable ten-
don with highly organized type I collagen is an excel-
lent milieu for both suture support and cell migration, 
even when the matrix is reorganized. Surgeons rely 
primarily on the visual appearance of the tendon and 
prior experience with RCRs. However, visually normal 
but structurally weak collagen-depleted tendon is often 
used at the reattachment site, leading to reduced tensile 
strength of the tendon-enthesis interface and a pau-
city of structure for establishing a strong attachment. 
Therefore, outcomes of repair would likely improve if 
the surgeon were to resect the collagen-depleted rem-
nant tendon through appropriate guidance and reattach 
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“The goal was to determine the  
feasibility of using polariza-
tion-sensitive optical coherence 
tomography as a potential diag-
nostic tool for assessing tendon 
collagen."
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highly organized tendon to the bone interface. Aside 
from postoperative histopathology, evaluations of col-
lagen quantity and organization at reattachment sites 
are difficult to perform. Computed tomography, mag-
netic resonance imaging, ultrasonography, and con-
ventional radiography do not detect organized collagen 
and have limited resolution.14,24 Optical coherence 
tomography (OCT), particularly polarization-sensitive 
OCT (PS-OCT), represents a promising technology for 
assessing the integrity of tendons in RCRs.25,26

OCT is an imaging technology that operates in a way 
analogous to that of ultrasonography, using infrared light 
as opposed to acoustical waves. The time it takes light to 
reflect back, echo delay time, is used to measure distance 
discrepancies between the sample arm and the reference 
arm. The intensity of back-reflection is plotted as the 
function of depth. The beam is then scanned across the 
sample to create 2- and 3-dimensional (2D, 3D) data 
sets. OCT has shown tremendous potential for assess-
ing musculoskeletal tissue, particularly tendon collagen 
organization. OCT can be used to perform optical biop-
sies, which provide diagnostic information at the level 
of low-resolution microscopy without tissue destruction. 
OCT is based on a technique, optical low–coherence 
interferometry, that has been applied in microelectronic 
devices and in transparent tissue to measure distances 
with micrometer resolution. For more than 15 years, our 
laboratory has worked on developing OCT for imaging 
nontransparent tissue. This work has included advances 
in spectroscopic techniques, including PS-OCT and elas-
tography, further refining the ability of OCT to image 
tissue properties.23,27-31

OCT has several advantages over other imaging 
modalities. First, its resolution is up to 25 times higher 
than that of anything used in clinical medicine. Second, 
its 0.043 cm fiberoptic-based endocatheter can be used 
during diagnostic arthroscopic examinations or surgery 
with a handheld probe. Third, its data are acquired at 
a rate faster than video rate, allowing more than 30 
high-resolution optical biopsies per second. Fourth, it 
is compact and portable, and lastly, it can be combined 
with a range of spectroscopic techniques, including 
PS-OCT, which can be used to assess organized col-
lagen. Most tissue is not birefringent or sensitive to 
the polarization state of incident light. For tissue with 
highly organized collagen, however, the back-reflec-
tion intensity varies with the incident light polariza-
tion state. As demonstrated in other studies, collagen 
organization is lost with many pathologic processes, 
resulting also in loss of polarization sensitivity.32,33 
Strong in vitro correlations have been found between 
birefringence with PS-OCT images and histopathol-
ogy of tendon, ligament, cartilage, and arteries.33-41 In 
vivo studies have been performed with a handheld 
probe in open joints in humans and in rats, and ongo-
ing endocatheter-based arthroscopic studies of articular 
knee cartilage are under way.32,42,43

In this article, we introduce a new technology for 

assessing RCTs. We report on a study in which we 
examined use of PS-OCT in differentiating non–col-
lagen depleted and collagen-depleted supraspinatus 
tendon by correlating images with histology. The goal 
was to determine the feasibility of using PS-OCT as 
a potential diagnostic tool for assessing tendon col-
lagen. Our long-term objective is to develop real-time 
PS-OCT assessment of collagen during surgery and 
potentially improve RCR outcomes.

Methods and Materials
To assess the viability of the technology, we obtained 
resected tendon (portions not used in reattachment) 
from patients who underwent arthroscopic repair of 
full-thickness tears of the supraspinatus tendon. Patient 
selection was not criteria based, but random, and, as 
this was a technology assessment study, demographic 
screening was not performed. The orthopedic surgeon, 
Dr. Martin, resected each supraspinatus tendon section 
until he felt he had a healthy tendon for reattachment. 
The proximal end of the resected tendon (distal end 
of remaining tendon) was considered healthy when 
it was indistinguishable from the unruptured tendon. 
These harvested samples were marked and used for 
in vitro assessment with PS-OCT, with the transected 
end evaluated as normal and the ruptured end deemed 
abnormal. The protocol was approved by the institu-
tional review board of Brigham and Women’s Hospital.

OCT was performed with a modified swept source 
system (Thorlabs, Newton, New Jersey), with images 
captured at a rate of 25 frames per second and a resolu-
tion of 1024×512 pixels. The 2D cross-sections were 
imaged with 15-μm transverse resolution and 12-μm 
axial resolution. The system (Figure 1) consists of a 
10-mW, 1325-nm infrared tunable laser light source at 
6-mm coherence length. We added external polariza-
tion controllers to the system and polarization rotation 
was performed through 180° in 2 seconds.32,33 Seven 
hundred frames minimum were captured at each site. A 
site represented either the distal or the proximal portion 
of the harvested tendon. Both ends of each sample were 
positioned so that, during OCT imaging, a 2D cross-sec-
tional image would be generated. Because of the polar-
ization rotation, the tendons were imaged at multiple 
polarization states by the rotating polarization control-
ler, so that the organization of the birefringent collagen 
could be assessed properly, as previously described. The 
intensity of birefringence by PS-OCT was determined 
by measuring the maximum and minimum back-reflec-
tion regionally in the tendon, as the polarization con-
troller was rotated through different polarization states. 
Large variation in back-reflection intensity represents 
high birefringence, and no change in back-reflection 
intensity represents low birefringence. Regions of inter-
est (ROI) were defined to standardize the technique. 
They were defined as the tissue sections 0.5 mm from 
the transection edge. ROI was 5×3 mm with a pixel den-
sity of 10 μm/pixel. Before imaging, ROI were marked 
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with microinjections of dye, which was used to register 
PS-OCT images with histopathology.

After fixation in 10% formalin for 24 hours, the 
samples were kept in sterile 7.4-pH phosphate-buffered 
saline until OCT was performed. This procedure main-
tains collagen imaging properties in tissue.44 Imaged 
RCT samples were processed by routine paraffin 
embedding and were cross-sectioned at 7 μm. Masson 
trichrome stain was used to detect any structural abnor-
malities—this stain is qualitative and is used to ensure 
no secondary pathology, eg, active inflammation—and 
picrosirius red stain was used to identify organization, 
type, and size of collagen fibers.14,24,27,36-41,45-47

For the trichrome stain samples, a blue filter 
(Olympus 45-LBD-1F) was used to improve contrast. 
For the picrosirius red samples, a polarization filter 
(Olympus UPOT) was used. The filter was adjusted 
until the background demonstrated no luminosity, and 
the position was confirmed by absence of coloriza-
tion ban artifacts. A high-resolution digital micro-
scope system, an Olympus BX-41 microscope with a 
Q-color 3-CCD camera (Olympus America, Melville, 
New York), was used to produce images of the cross-
sectioned RCT samples. The picrosirius red-stained 
RCT sections were then analyzed with Photoshop 
(Adobe, Sunnyvale, California) for the quantification 
of collagen types by calculating the mean intensities 
within the ROI. PS-OCT and picrosirius red stain data 
are expressed as mean intensity averaged over ROI. 
PS-OCT images were categorized in the darkest and 
brightest polarized frames (ie, maximum birefringent 
changes) as the polarization was rotated. Both of these 
OCT images were quantified with ImageJ software 
by calculating mean intensities within the ROI and 
were expressed as the difference of mean intensities 
between light and dark polarized frames. Two readers 
evaluated the data and there were no significant dif-
ferences in their analysis of the data. Histopathologic 
analysis and PS-OCT were performed under the super-
vision of Dr. Brezinski.

Statistical Analysis
Data were compared to determine any correlation 
between luminosity measured from the picrosirius red–
stained regions and the same regions on the OCT images. 
Bivariate plots were generated, and simple regression 
analysis was performed to determine the linearity of 
the 2 groups. Spearman correlation coefficients were 
calculated. P<.05 represented a significant correlation. 
Predictive value was calculated by separating the data 
points for the OCT images into thirds, then counting 
the number of points that fell below the mean of the 
luminosity values, and then dividing through by the total 
values in that third. Statistics were calculated with Instat 
(GraphicsPad Software, San Diego, California).

On the basis of our previous power analysis, if the true 
correlation is .80, then 9 analyzable samples yield an a 
of .05. That study yielded a correlation higher than .95, 
making 9 samples a sufficient power for this study.47

results
The object of this study was to investigate a new 
approach for evaluating ruptured tendon with PS-OCT in 
the hope of aiding surgeons during RCT reattachments 
and repairs. Results from this preliminary study demon-
strated the feasibility of a larger in vivo clinical outcome 
study with demographic information. Tendon integrity 
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Figure 2. Normal Achilles tendon, one of the most bire-
fringent tissues. (A) Intense banding pattern on optical 
coherence tomography indicates highly organized collagen.  
(B) Bright orange on picrosirius red stain histology indicates 
highly organized type I collagen. S indicates supportive tis-
sue; C, collagen bundle.

A B

Figure 1. Schematics of optical coherence tomography imaging system (Thorlabs, Newton, New Jersey). SS indicates swept 
laser source; FC, fiber coupler; PC, polarization controller; CIR, circulator; C, collimator; AP, adjustable pinhole variable 
attenuator; M, mirror; BD, balanced detector; DAQ, data acquisition board; SD, XY scanners driver; CCD, CCD camera; OBJ, 
objective; MS, microscope.
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was initially evaluated by the orthopedic surgeon, Dr. 
Martin and harvested samples were evaluated by 2 out-
side readers, whose observations showed no significant 
differences. Nine supraspinatus tendons were evaluated 
in this pilot study. Preoperative imaging was not used 
in this study, as the resolution of current modalities is 
suboptimal for assessing tissue microstructure.

We used 2 types of healthy, non-RCT tissue with 
high collagen content to illustrate imaging with high 
and moderate birefringence. We have worked with 
both tissue types extensively and feel they are more 
appropriate for illustrations than RCT, as this article 
represents our first work with RCT. Figure 2 shows an 
Achilles tendon with very highly organized, uninjured, 
type I collagen. In the picrosirius red–stained image 
(Figure 2B), the sample is bright and yellow-orange 
below the superficial supportive tissue, consistent with 
highly organized, type I collagen. The banding pat-
terns on the OCT image result from the rapid rotation 
of the polarization state of light traveling through the 
birefringent (polarized) tissue.

Figure 3 illustrates the healthy, yet slightly less 
organized, collagen structure in an anterior cruci-
ate ligament. The less defined surface collagen has a 
yellow-reddish color, but the deeper portions of the 

ligament have more defined bundles and are yellow-
ish. As the collagen is not as well organized as the 
collagen in the Achilles tendon in Figure 2, banding 
is not as obvious. However, changing the polarization 
state of the source, or the reference arm, changes the 
intensity of tissue back-reflection; this does not occur 
with unpolarized tissue.

Therefore, the principles are as follows: (1) with highly 
birefringent tissue, intense banding occurs; and (2) with 
moderately birefringent tissue, birefringence is measured 
by changing the polarization state of the beam.

A mildly diseased section of supraspinatus tendon 
is shown in Figure 4. Although the surgeon deemed 
this sample normal, picrosirius red stain showed a 
dropout of organized collagen (Figure 4B, arrow) 
with otherwise healthy tissue. Trichrome stain (Figure 
4C) showed that the area is fibrocartilage. On OCT 
images, back-reflection intensity changed dramatically 
between the 2 images, except in the area indicated by 
the arrow, where there was essentially no change.

Figure 5 shows a slightly more diseased section of 
supraspinatus tendon used for arthroscopic supraspi-
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Figure 4. Very mildly diseased section of supraspinatus ten-
don. In optical coherence tomography (A), back-reflection 
intensity changes dramatically between these 2 images, 
except area with arrow (essentially no change, not bire-
fringent). Even though surgeon deemed sample normal, 
picrosirius red stain shows dropout of organized collagen 
(B, arrow) in otherwise healthy collagen. Masson trichrome 
stain (C) shows fibrocartilage. 

Figure 5. Slightly more diseased section of supraspinatus 
tendon used for arthroscopic supraspinatus reattachment. 
Organization is visible on optical coherence tomography, 
with back-reflection intensity changing dramatically as inci-
dent light changes between dark and light polarization (A, 
left & right). Bright yellow on picrosirius red stain histology 
shows organized collagen, except at surface, which was 
partially torn during processing (B). Masson’s trichrome 
shows minimal cartilage (C). Some surface areas did not 
change as dramatically and therefore showed some degree 
of disorganization. Had this surface been resected, remain-
ing collagen would be essentially normal.

A

A

B

B

C

C

Figure 3. Moderately organized anterior cruciate ligament 
from geriatric patient post mortem. (A,B) Intense banding 
pattern is absent, but, as polarization of incident light is 
rotated, back-reflection intensity changes (does not occur in 
nonbirefringent tissue). (C) Histology shows relatively orga-
nized tendon (even, orangish color).

A

C

B
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natus reattachment. Picrosirius red stain showed bright 
yellow organized collagen except at the surface, which 
was partially torn during processing (Figure 5B). The 
organization is visible on the OCT image, as back-
reflection intensity changes dramatically with polariza-
tion changes of the incident light between dark and 
light polarizations (Figure 5A, left & right). However, 
areas of the surface did not change as dramatically, 
demonstrating some degree of disorganization.

Figure 6 shows a collagen-depleted section of ten-
don, and Figures 7 and 8 show sections in which fibro-
cartilage (disorganized) is present. Figure 6 shows a 
diseased supraspinatus tendon deemed normal at time 

of surgery and used for reattachment. Picrosirius red 
stain showed minimal areas of organized type I col-
lagen and a relatively green hue, suggestive of structur-
ally weak type III collagen in the tendon (Figure 6B). 
The OCT images suggest that no significant intensity 
variation in back-reflection occurs when the polariza-
tion state is rotated (Figure 6A). Again, this sample 
appeared normal and was deemed appropriate for 
reattachment, but OCT and histopathology showed a 
sample severely depleted of collagen.

In Figure 7, trichrome-stained sections are consistent 
with fibrocartilage, and picrosirius red stain shows lack 
of organized collagen bundles, even though collagen 
was abundant (Figures 7B, 7C). OCT images showed 
essentially no change in image with rotation, consistent 
with poorly organized collagen in this section deemed 
normal by visual inspection (Figure 7A). Similar 
results are shown in Figure 8.

Figure 9 is a plot of collagen intensity measured by 
picrosirius red stain against amount of change in OCT 
image intensity with change in incident polarization. 
There is a linear correlation, a correlation coefficient of 
.98, and the difference between upper and lower thirds 
was statistically significant (P<.03). Most interesting 
is that the surgeon deemed all the samples normal, but 
more than half fell below 50% on the picrosirius scale.

discussion
RCR is one of the most common orthopedic proce-
dures. Unfortunately, 25% to 60% of repaired RCTs 
rerupture within 2 years, which represents substantial 
morbidity. The reason for the high failure rate is not 
well understood, but poor regeneration at the bone–ten-
don interface represents the most common pathologic 
finding. In this article, we have introduced a tool for 
studying the pathophysiology in vivo through PS-OCT.
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Figure 7. (A) Optical coherence tomography shows essen-
tially no change in polarization, consistent with poorly orga-
nized collagen in this section, which was deemed normal 
on visual inspection. Figure 8 shows similar results. (B, C) 
Masson trichrome–stained sections are consistent with 
fibrocartilage, and picrosirius red–stained sections show 
lack of organized collagen bundles, even though collagen 
is abundant. 

Figure 8. Similar to Figure 7, except fibrocartilage is denser.

Figure 9. Plot of collagen intensity (picrosirius red stain) 
against change in incident light polarization on optical 
coherence tomography shows linear correlation (coef-
ficient, .98). Difference between upper and lower thirds 
was not statistically significant (P<.03). Surgeon deemed 
all samples normal on visual inspection, but more than half 
fell below 50% on picrosirius scale.

A

A

B

B

C

C

Figure 6. On visual inspection, supraspinatus tendon sample 
appeared to be normal and appropriate for reattachment; 
optical coherence tomography (OCT) and histopathology 
showed obviously diseased section depleted of collagen. 
OCT suggests that no significant intensity variation in back-
reflection occurs when polarization state is manipulated (A). 
Picrosirius red stain shows minimal areas of organized type I 
collagen and a relatively green hue suggestive of structurally 
weak type III collagen in tendon (B). 

A

B C
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When performing RCR, the surgeon relies mainly on 
the visual appearance of the tendon and prior experience. 
However, structurally weak collagen-depleted tendon is 
often used at the reattachment site, leading to reduced 
tensile strength of the tendon–enthesis interface. Further, 
it is not unreasonable to hypothesize that maintenance 
of some degree of tendon integrity is needed to allow 
migration of cells from adjacent bone. This is supported 
by the fact that time to repair influences outcomes, which 
would not likely be associated with a reduction in avail-
able regenerative cells or, alternatively, a significantly 
different suture technique. Therefore, it is hypothesized 
that repair outcomes would likely improve if the surgeon 
were to resect structurally weak tendon through appro-
priate guidance and reattach highly organized tendon. 
Results from this small study showed that, in more than 
50% of the cases, collagen organization was abnormal 
by histopathology. Although this pilot study focused on 
an experimental and potential clinical tool, its data raise 
concerns and may explain in part the high rate of reat-
tachment failures for RCR.

Another major finding was that PS-OCT identified 
unorganized and depleted collagen in supraspinatus 
tendons intended for reattachment, despite their being 
deemed normal on visual inspection. Histopathology 
showed a strong correlation with this finding and with 
the ability of PS-OCT to assess properties of nontrans-
parent tissue collagen—suggesting it is feasible that 
intraoperative single-detector PS-OCT can be used to 
identify collagen-depleted tendon.

In terms of limitations, we acknowledge that the 
data pool was small, as it was intended to demonstrate 
a technology, and much larger data sets are required 
to develop improved scoring systems. This was not 
an outcome study; although the technology was dem-
onstrated, the results were not correlated with clinical 
outcomes. These data represent an in vitro study, and 
the results need to be refined before they are adequate 
for in vivo clinical outcome studies.

conclusion
We have introduced a new technology for assessing RCT 
collagen content and organization with the aim of ulti-
mately improving the success rates of RCRs and under-
standing the causes of RCR failures. Our study results 
showed that PS-OCT changes in the supraspinatus 
tendon correlate well with histopathology. Furthermore, 
results in this small population showed that, in approxi-
mately 50% of cases, the tendon was normal on visual 
inspection but abnormal according to PS-OCT and his-
topathology. Long-term studies are needed to strengthen 
correlated imaging data with histopathology and clinical 
outcomes of RCRs to further evaluate the usefulness of 
PS-OCT–assisted assessment of RCT during RCRs.
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Erratum 
In the article, “Lumbar Extracavity Corpectomy With a Single Stage Circumferential Arthrodesis: Surgical Technique and Clinical 
Series" (Am J Orthop. 2012;41(7):316-320), 2 figures were printed incorrectly (Figures 4 and 5). Consequently, both figures are 
reprinted below in their corrected form. The American Journal of Orthopedics® makes every possible effort to ensure accuracy in 
its articles and apologizes for the mistake.

Figure 4. An expandable interbody cage is placed parallel to 
the exiting L3 and L4 nerve roots as marked by the 2 k-wires. 
Note that the cage is perpendicular to the dural sac while it 
is advanced into corpectomy defect.

Figure 5. The cage is then rotated 90° within the corpectomy 
site and expanded as demonstrated by the photograph.
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