
Optical instruments have become well integrated into the surgical setting to visualize tissue
and improve patient outcome. Surgical microscopes and loupes magnify tissue to help
prevent iatrogenic injury and guide delicate surgical techniques. The repair of injured
vessels and nerves is necessary to restore sensory and motor function after traumatic injury
(1). Although the repair of sensitive structures is performed with the aid of surgical
microscopes and loupes to magnify the surgical field (2), surgeons are limited to the en face
view that these devices provide. A technique capable of subsurface, three-dimensional
(3D), micrometer-scale imaging in real-time would permit the intraoperative monitoring of
microsurgical procedures, offering immediate feedback to the surgeon and likely improve-
ment in patient outcome.

Optical coherence tomography (OCT) is an optical imaging technology (3) ideally suited
for the rapid acquisition of micrometer-scale-resolution two-dimensional (2D) and 3D
images of biologic tissues such as small vessels and nerves. OCT was first used to image the
transparent structures of the human eye (4,5) and has been used to help diagnose and track
various macular diseases in a clinical setting (5,6). More recently, the use of longer
wavelengths, which are absorbed and scattered less in biologic tissue, has permitted
imaging in nontransparent tissues (7-9), for example, in the preliminary assessment of
vessels and nerves (10). OCT is well suited for integration with medical and surgical optical
instruments, and imaging has been performed with a radial-imaging, flexible catheter-
endoscope (11), as well as a handheld surgical probe and laparoscope (12). Recently,
catheter-endoscope-based OCT imaging of the gastrointestinal and respiratory tracts has
been demonstrated in vivo in an animal model (13). OCT can function as a type of "optical
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biopsy" by permitting th~ in vivo imag-
ing of biologic morphology with mi-
crometer-scale resolution without the
need to excise and process a tissue speci-
men as in conventional biopsy.

The purpose of this study was to deter-
mine the capabilities of OCT for the
intraoperative assessment of microsurgi-
cal procedures. We integrated the high-
speed ocr technology with a surgical rnicro-
scope and performed micrometer-scale 3D
imaging of microsurgical specimens.
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OCT is a noninvasive imaging technol-
ogy that does not necessitate contact
with tissue; it works on the principle of
the detection of optical backscatter of
near-infrared light from biologic tissue
(3,6). The technique is somewhat analo-
gous to ultrasound (US) B-mode imaging,
except reflections of light are detected
rather than those of sound. Whereas ultra-
sound pulse propagation and detection
can be described in terms of time delays,
the echo delay time of light returning to
the OCT instrument froin the specimen
cannot be measured directly with elec-
tronic methods due to the high speeds
associated with the propagation of light.
Therefore, a technique known as interfer-
ometry is used, in which a reference and a
sample arm are used. A schematic of the
instrument is shown in Figure 1. A chro-
mium (Cr4+):forsterite laser is used as a
low-coherence light source for OCT imag-
ing (14). Because the infrared imaging beam
(wavelength, 1,280 nm) cannot be seen, a
visible aiming beam (wavelength, 632 nm)
is combined for guidance and tissue registra-
tion. The imaging beam is split in equal
parts by means of a fiberoptic coupler, with
half the beam sent to the reference arm
and half sent to the sample arm of the
fiberoptic Michelson interferometer.

Two configurations are shown in Fig-
ure 1. The first configuration (Fig 1, A)
was used for in vitro imaging of rabbit
arteries and nerves. The reference arm
contained a mirror on a mechanical trans-
lating galvanometer to perform axial scan-
ning. The position of the reference arm
mirror was used to set the depths at
which backscatter would be measured,
because interference between the two
arms only occurs when their path lengths
are matched to within the coherence
length of the laser source. The imaging
beam in the sample arm was focused by
means of a lens to a 30-ILm-diameter spot,
which corresponds to a 1.I-mm depth of
field. The spot size determined the trans-
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Figure 1. Schematic of the ocr instrument and surgical microscope shows two imaging
configurations that use a Cr4+:forsterite laser source. A, Configuration used to acquire cross-
sectional and 3D images of microsurgical specimens: Sample arm includes a fixed microscope
objective and micrometer-precision, computer-controlled stages to translate specimens. Reference
arm mirror scanning is performed with a mechanical galvanometer. B, Configuration used for
high-speed data acquisition: Specimens are imaged and visualized simultaneously with an

integrated surgical microscope.

verse resolution of the image, and the
axial resolution was determined by means
of the coherence length of the laser source.
The laser source has a center wavelength
of approximately 1,280 nm and provides
an axial resolution of 10 IJ.m.

The specimens to be imaged were
placed on a 20 micrometer-precision
translational stage used to position and
translate the specimen under a stationary
imaging beam. Reflections from each arm
were combined and detected with a pho-
todiode. The reference arm mirror was
translated at a known linear velocity. This
translation imparts a Doppler shift to the
reflected light. The electronic detection
filter, with a center frequency at this known
Doppler shift frequency, permits a high
sensitivity and dynamic range (110 dB).

The second configuration (Fig 1, B) was
used for in vitro imaging of human arter-
ies and nerves at high speeds through a
surgical microscope. The reference arm
contained a high-speed optical delay line
to permit more rapid axial imaging (13).
The fiber of the sample arm was con-

nected to a surgical microscope that had
been modified for the simultaneous per-
formance of OCT imaging and en face
visualization. The infrared imaging beam
and the visible aiming beam were di-
rected by means of a pair of orthogonal
galvanometer scanners to a focusing lens.
A dichroic mirror coated to reflect the
imaging and aiming beams was used to
align the beams with the viewing axis of
the microscope and to direct the beams
onto the specimen. The OCT imaging
beam was focused to a 30-fJ.m-diameter
spot, which corresponds to a 1.1-mm
depth of field. The working distance of 60
mm beneath the dichroic mirror pro-
vided ample room for manual manipula-
tion of microsurgical specimens. The
specimen and image location were viewed
through the microscope with the eye or
were digitally imaged with a charge-
coupled-device camera.

To demonstrate the use of OCT imag-
ing for help in the diagnostic assessment
of microsurgical procedures, in vitro mi-
crosurgical specimens were first acquired
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Figure 2. Three-dimensional OCT imag-
ing of an anastomosis in a rabbit artery. A,
Digital image obtained with a charge-
coupled-device camera shows the I-mm-
diameter artery, which was anastomosed
with a continuous suture. Lines labeled B,
C, D, and E indicate planes from which
corresponding cross-sectional OCT images
were obtained. B and E, At the opposite
ends of the anastomosis, the multilayered
structure of the artery is visible, and the
lumen is patent. C, Lumen is partially ob-
structed and a thrombogenic flap (arrow-
head, 1) is present. D, Fully obstructed por-
tion of the anastomotic site is seen.
Intraluminal features such as those in C and
D are not observable on the en face view in
A. 1'; Longitudinal section of the artery
shows the obstruction (double-headed ar-
row, 0). G and H, 3D projections can be
arbitrarily constructed in any orientation,
such as the horizontal (G) and vertical (H)
orientations.

ters on either side of the anastomosis.
After OCT imaging, the en face image of
the specimen was digitally recorded with
a charge-coupled-device camera. Three-
dimensional imaging of the peripheral
nerve was performed by using the same
parameters as described for the artery.
The animal used in this study was cared
for and maintained under the established
protocols of the Massachusetts Institute
of Technology committee on animal care.

To demonstrate the ability of OCT to
depict vessels and nerves embedded in
highly scattering tissue in real time, a
l-cm3 block of human tissue was re-
moved from the left lateral ankle of an
amputated foot, immediately placed in
0.9% normal saline, and stored at 0°C.
The ankle had been amputated as a result
of complications associated with vascular
insufficiency secondary to diabetes melli-
tus. The block of tissue was manually
manipulated under the surgical micro-
scope (Fig 1, B) while OCT imaging was
performed at eight frames per second ina
single cross-sectional plane. Images were

from animal and human tissue. Segments
of inguinal-area arteries and nerves were
resected from a 3.5-kg New Zealand White
rabbit immediately after the rabbit was
euthanized with a 5-mL injection of pen-
tobarbital sodium (65 mg/mL). The speci-
mens were immediately placed in 0.9%
normal saline and were stored at 0°C. An
artery segment was bisected cross-section-
ally with a scalpel and was then re-
anastomosed. A 10-0 nylon suture with a
50-IJ.m-diameter needle was used to place
a continuous suture and to perform an
end-to-end anastomosis.

For the precise registration of 3D im-
ages, the anastomosed segment was posi-
tioned on a micrometer-stepping, com-
puter-controlled, motorized translational
stage in the sample arm of the OCT
instrument (Fig 1, A). The OCT imaging
beam was held fixed as motorized stages
translated the specimen. A series of 40
cross-sectional images were acquired per-
pendicular to the long axis at 100-IJ.m
intervals. Imaging was performed through
the anastomotic site and several millime-

acquired and stored directly to S-VHS
videotape while they were viewed on a
monitor. The magnified imaging location
was directly viewed through the surgical
microscope as various locations were im-
aged in search of subsurface morphology.
Specimens to be processed for histologic
comparison were placed in 5% buffered
formaldehyde immediately after imaging
and were later embedded in paraffin,
sectioned, and stained with hematoxylin-
eosin. The protocol to use discarded tis-
sue was approved by the committee on
the use of human subjects at Massachu-
setts General Hospital.

Cross-sectional OCT images and 3D
data-set projections were processed and
displayed by using rendering software
(NIH IMAGE version 1.60; Nationallnsti-
tutes of Health, Bethesda, Md). A false-
color scale was assigned to the logarithm
of the data in each image in a manner
analogous to that used in US. For the 40
images obtained in the peripheral nerve,
a single fascicle was manually segmented
and colored white on the images to en-
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able tracking through the multiple sections
and 3D volume. The multiple sections for
each specimen were assembled into a stack
and used to generate projections from the
3D data set. The projections were rotated in
the x, y, and z planes to view particular
features and to determine planes at which
arbitrary sections could be displayed.

RESULTS

The ability to assess the internal structure
and the luminal patency within an arte-
rial anastomosis by using OCT was dem-
onstrated by acquiring cross-sectional
OCT images (2.2 x 2.2 mm, 250 X 600
pixels) and 3D projections of a I-mm-
diameter rabbit inguinal artery. A digi-
tized image of the arterial anastomotic
segment is shown in A in Figure 2. Cross-
sectional 2D images in B-E in Figure 2
were acquired from the locations labeled
in A in Figure 2. B and E in Figure 2 were
acquired from each end of the anastomo-
sis. These images clearly show the arterial
morphology that corresponds to the inti-
mal, medial, and adventitial layers of the
elastic artery. The muscular media exhib-
its less backscatter than the adventitia,
which merges with the surrounding col-
lagenous tissue. The patent lumen is
readily apparent. This is in contrast to C
in Figure 2, where a tissue flap is seen in
cross section at the site of anastomosis. D
in Figure 2 reveals an obstruction within the
arterial lumen. Note that the presence of
additional tissue has attenuated the signal
from the lower wall and, hence, reduces
the ability to resolve individual layers.

By assembling a series of cross-sec-
tional 2D images, a 3D data set was
produced. From this data set, arbitrary planes
could be selected, and corresponding sec-
tions could be displayed. For an arterial
anastomosis, it is often more infonnative to
image longitudinally along the axis of the
artery and through the site of the anastomo-
sis. F in Figure 2 is a longitudinal section
from 'the 3D data set, which confirms the
occlusion within the anastomotic site.

G and H in Figure 2 show 3D projec-
tions of the arterial anastomosis. These
horizontally and vertically rotated projec-
tions comprised 80 sections at 50-ILm
intervals. At this high section density, the
internal structure shown in B-F in Figure
2 is difficult to visualize. However, high
section densities are necessary if the 3D
data set is to be sectioned at arbitrary
planes, as shown in F in Figure 2. In
addition, micrometer-scale surface fea-
tures that were not readily apparent on
the 2D sections are more prominent.

b.

d.c.

e.
Figure 3. Three-dimensional OCT imaging of a
are evident within the peripheral nerve. (a-d) A
the axis of the nerve, manually segmented, and
oriented 3D projections illustrate the spatial arra
(b in f) not previously appreciated on 2D cross se

Longitudinal tracking of the spatial ori-
entation of peripheral nerve fascicles is
demonstrated in Figure 3. Representative
cross-sectional images (3.0 X 2.2 mm,
300 x 600 pixels) of the peripheral nerve
are shown in Figure 3a-3d. For each sec-
tion, one fascicle was manually seg-
mented, colored white, and tracked
through the acquired volume of data.
Forty images at 100-J.l.m intervals were
assembled for the 3D projections shown
in Figure 3e and 3f. The horizontally and
vertically rotated projections of the pe-
ripheral nerve dramatically reveal the
twisted path of the segmented fascicle

along the longitudinal axis of the nerve.
In addition, a branch in another, unseg-
mented fascicle can be seen in Figure 3f.
This feature was not recognized at the
examination of the 2D images.

OCT image data was correlated with
corresponding histology. Figure 4 shows
cross-sectional images acquired from a
rabbit arterial bifurcation and from a hu-
man retroperitoneal nerve. The arterial
segment was imaged with OCT distal to
the bifurcation, and two independent
lumina are shown (Fig 4a). The OCT
images clearly resolve individual layers
within the arterial wall and demonstrate
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peripheral nerve. Multiple fascicles (fin a and b)
single fascicle was followed longitudinally along
colored white. (e) Horizontally and (f) vertically
ngement of individual fascicles and a bifurcation
ctions.



with a surgical microscope (Fig 1, B) to
obtain the images shown in Figure 5.
Because the OCT imaging beam and vis-
ible aiming beam were co-aligned with
the optical axis of the microscope, the
image location on the specimen could be
directly viewed through the microscope.
A block of tissue was manually manipu-
lated under the microscope while images
(3.00 x 2.75 mm, 256 x 256 pixels) were
acquired at eight frames per second. Sub-
surface microsurgical structures were im-
mediately identified, including numer-
ous small arteries, veins, and nerves and
even a vascular clip from previous surgi-
cal repair. All structures were embedded
in adipose and connective tissues. Figure
5a illustrates a cross section of an artery
located 500 ILm below the surface and
surrounded by adipose tissue. This artery
could not be visualized with the micro-
scope alone. The image clearly shows the
characteristic thick wall and multiple lay-
ers of the artery. To the right of the artery
is a portion of dense connective tissue
that does not have the clear, low-backscat -
ter regions present in adipose tissue. Fig-
ure 5b shows a longitudinal section of the
same artery after the tissue block was
rotated 90°. The thick arterial wall is
readily identified. The right edge of Fig-
ure 5b shows an oblique cross section of a
vein with its characteristic thin wall.

b.a.

c. d.
Figure 4. OCT images and corresponding histology of microsurgical specimens for correlation of
image features with architectural morphology. The black bar in a and c represents 500 I1m.
(Disregard the black squares in b and d.) (a) OCT image and (b) photomicrograph show a
bifurcation of a rabbit femoral artery, with adjacent adipose tissue (a in b). (Hematoxylin-eosin
stain; original magnification, x20.) (c) ocr image and (d) photomicrograph show multiple
fascicles (fu (2, (3, (4) in a human retroperitoneal nerve. (Hematoxylin-eosin stain; original
magnification, x20.)

DISCUSSION

During microsurgical procedures, patient
outcome can be substantially influenced
by the ability of the surgeon to assess
tissue microstructure (IS). The in vitro
arterial anastomosis shown in Figure 2
demonstrates the ability of OCT to help
assess internal structure within an anasto-
motic site and evaluate patency. Precision
realignment of individual nerve fascicles
increases the likelihood that end-organ
function will be restored after peripheral
nerve reconstruction (16). With Figures 3
and 4, we showed that OCT can image
peripheral nerves in cross section and
that individual fascicles can be identified
and segmented. The use of OCT to ac-
quire multiple cross-sectional images and
perform 3D reconstructions of the periph-
eral nerve offers the opportunity to deter-
mine the relative diameters of individual
fascicles, as well as track their spatial orienta-
tion. The 3D projection of the segmented
peripheral nerve in Figure 3f not only re-
vealed the twisted course of one fascicle
but also revealed a bifurcation of a second
fascicle, a feature not previously appreci-
ated on the 2D images.

a. b.
Figure 5. OCT images of a subsurface, in vitro human artery were acquired with an integrated
surgical microscope at high speed (eight frames per second). The black bar in a and b represents
500 IJ.m. (a) Cross-sectional image of the artery (art) illustrates the thick elastic wall (ew) and
patent lumen. The artery is surrounded by adipose tissue and is adjacent to dense connective
tissue (ct). (b) Longitudinal cross section of the same artery (art) with the thick elastic wall (ew)
shows a thin-walled vein (v) in oblique cross section.

patent lumina. Above the arteries is a
region of adipose tissue, which appears to
have less backscatter in the OCT image,
except for the nuclei and cell walls. The
images of the human retroperitoneal
nerve illustrate OCT imaging of indi-
vidual fascicles, which correlates well with

the histology (Fig 4c, 4d). Because of the
larger diameter of this nerve, the OCT
optical beam is attenuated, and deeper
fasdcles ({3 and (4 in Fig 4) are difficult to
resolve, except for the sheath surround-
ing each fasdcle.

The OCT instrument was integrated
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tissue but provides only a surface, or en
face, view. OCT should improve intraop-
erative diagnostics by providing high-
resolution, subsurface, cross-sectional im-
aging of vessels and nerves in real time.
The extension of imaging to three dimen-
sions permits the assessment of the longi-
tudinal spatial orientation of morpho-
logic features such as individual peripheral
nerve fascicles. Intraoperative assessment
of luminal obstructions is crucial to the
successful performance of a procedure.
OCT can be used to identify the location
and longitudinal extent of the obstruc-
tion. This would include the presence of a
thrombogenic adventitial flap or intimal
inversion, which predisposes the site to
postoperative subacute occlusion.

We have demonstrated the capabilities
of an integrated surgical microscope by
acquiring in vitro images of subsurface
human vessels and nerves at eight frames
per second. The integration of high-speed
OCT imaging components with a surgicalmicroscope was a challenge. ' An aberra-

tion-free beam had to be tightly focused
at a long working, distance and main-
tained throughout the entire imaging
range. Integration with the surgical micro-
scope permitted not only en face visualiza-
tion but also simultaneous cross-sectional
OCT imaging. The microscope-based OCT
system is a practical application of OCT
technology and was used to demonstrate
the potential for prevention of iatrogenic
injuries during surgical procedures. ves-
sels and nerves, which could not be iden-
tified on en face images, were clearly
identified on OCT images. Performance
of many fine surgical procedures in vul-
nerable tissues would likely benefit from
high-resolution subsurface imaging find-

ings.
In this article, we have shown the 3D

imaging capabilities of OCT and how
acquired images can provide diagnostic
feedback for the assessment of microsurgi-
cal anastomoses. This previously unavail-
able diagnostic ability offers the potential
to directly affect and improve patient
outcome by incorporating high-speed,
high-resolution, intraoperative imaging
of microsurgical procedures.
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Future work will focus on methods to
increase the rate of data acquisition, to
increase the resolution, and to combine
structural imaging with OCT Doppler
techniques. The rapid acquisition rate of
eight frames per second enabled immedi-
ate feedback for repositioning of the speci-
men and tracking of the vessels and
nerves. The current limitation to acquisi-
tion speed is the axial scanning mecha-
nism. Use of the high-speed optical delay
line has decreased image acquisition times
from 30 seconds to 125 msec compared
with the acquisition time achievable with
a mechanical scanning galvanometer. Ac-
quisition time can also be improved by
decreasing the number of pixels in an
image. We chose to acquire images with a
higher resolution (256 x 256 pixels) at
the expense of speed. Further improve-
ments in axial imaging technology will
enable video-rate (30 frames per second)
and high-speed volume acquisition.

The image resolutions achieved in this
study are as high as 10 IJ.m and exceed the
performance of clinical US, computed
tomography, and magnetic resonance im-
aging. By using broader-bandwidth laser
sources such as a titanium:sapphire Kerr-
lens modelocked laser (17,18) or a Cr4+:
forsterite laser (14), resolutions as high as
2-5 IJ.m may be achieved. Higher resolu-
tions would further improve the identifi-
cation of morphologic features within
the anastomotic site. The maintenance of
these high resolutions during perfor-
mance of high-speed imaging is a current
technical pursuit.

In a manner analogous to Doppler US,
ocr may be configured to perform laser-
Doppler velocimetry. This technique has
been used for the in vivo measurement of
blood flow velocities in animal models
(19,20) and may be useful for the assess-
ment of perfusion after vascular anasto-
mosis.

Potential limitations of OCT imaging
are the maximal penetration and the
effect of blood on imaging. When longer
wavelengths (in the near infrared range)
have been used, imaging depths have
increased from 1 mm up to 2-3 mm due
to decreased optical absorption and scat-
tering in tissue. These depths may appear
limiting. However, the majority of micro-
surgical complications occur in vessels
and nerves less than 2 mm in diameter
and are suitable for OCT imaging. The
presence of blood in the surgical field
may influence the quality of OCT images.
Future studies will assess the influence of
blood on OCT imaging.

Practical applications: The use of a
surgical microscope serves to magnify the
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