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Optical coherence tomography: a novel technique
for the study of tissue microcirculation
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Background: Three-dimensional (3D) observation techniquesare tseful for understanding organ microcirculation.
Optical coherence tomography (OCT) is one-of the 3-D imaging technlques and is increasingly applied for tissue
microcirculatory studies. _—
Obijective: This article reviews t

Methods: OCT is an optical techniq
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taintomographic images of highly scattering media like living tissues
0S spatlal resofution is down to 10 um. It is also capable of obtaining
.I“qr frequency shift (Doppler OCT).
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The optical microscope szganerally used for in
vivo observation of microcirctlatory systems of
animals, including microvessels, blood cells, lymphatic
vessels, and small structures of other tissues and cells
surrounding microvessels, HoweVer, the, optical
microscope can be applied only tomicrovessels buried
in thin transparent tissugs or organ surfaces because
the living tissue is a strong scattering medium;for
visible light. Heneerthe-subiectsof microcireulatory
studies have“been ‘mostly, limited to mesentery,
omentum, cremaster muscle, pia mater etc, whose
vascular distribution is almost 2-dimensional. In order
to understand the transport processes of nutrients
including oxygen, which are one of the most important
functions of microcirculatory system, it is necessary
to get 3-dimensional information on the conformation
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of vascular tre§:s_iraveling within organs as well as
the cross-sectional shape of each vessel.
Ultrasonagraphy, magnetic resonance imaging
(MRI) and positron emission tomography (PET)
can image living.tissues to a depth of several tens of
centimeters, and they are applied to viewing internal
structure of ‘'organs. The spatial resolution of
ultrasonography is several. hundreds um, that of MRI
is,around mm, and that of,PET is even larger, which
are toodow to resolve microvessels whose diameter
is less than 100 wm. On the other hand, the confocal
laser scanning microscope (CLSM) and multi-photon
microscope have much better spatial resolution, but
their penetrating depth is only around 100 um [1].
Optical coherence tomography (OCT), which was
developed more recently than those techniques, is
capable of viewing living tissues with spatial resolution
around 10 um and penetrating depth of up to a few
mm [2]. Both the spatial resolution and penetrating
depth are intermediate between MRI and CLSM.
Since a system of OCT for examination of



130

eyegrounds is commercially available, most of
the clinical application of OCT has been done in
ophthalmology [3]. Experimentally, it has been applied
not only to observation of structural organization of
the dermis [4], esophagus and trachea [5], the vascular
wall of large arteries [6], intestine [7], but also to the
high-resolution observation of various types of living
cells [8-10].

Since the typical OCT system has a spatial
resolution around 10 wm as indicated above, it has
also been used for observing microvessels in living
tissues. Moreover, it is capable of measuring blood
flow velocity in microvessels by means of.detecting
Doppler shift frequency, similar to the technigue of
Doppler ultrasound [11]. In this article, the application
of OCT to microcirculatory studies«is"disetssed
including our studies on nervous tissues of ifie cerebyal
cortex. ’

#

Optical coherence tomography ’

OCT isatechnique for visualizing internal stadcture”

of turbid media like living tissues up 0 a few mm
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of detecting position by use of a low-coherenge light

source was first introduced by Takada of NTT [12].
A practical system capable of measuring I|V|ng_

tissues has been developed by the Fujimoto group at -

the Massachusetts Institute of Technelogy (MIT) [2].

s T
4 propo_rtlonal to the light intensity reflected from the
depth with around 10 um resolution by utilizing an*
incoherent light source, usually infrared. The concept *
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of ultrasound is transmitted into a tissue and then the
signal that is reflected from the specific position (depth)
inside the tissue is discriminated by a time window
with the delay time corresponding to the depth. Such
method of discriminating the depth of signal source is
called “time gating”. On the other hand, in OCT, depth
discrimination is effected by using the coherency of
light, which is called “coherence gating”. In actual
settings as shown in Fig. 1, incoherent light is split
INto @ heams, one of which is transmitted into an
object and.the other on to a mirror. The light reflected
from withwn'the sample is interfered by that reflected
feom the reference mirror. Let us consider a special
case where a'strong scatterer is buried in the sample.
Then, the intensity of the interference signal attains
maximum when the'eptical path length of the sample
beam from the light source to the scatterer is equal to
that of the reference beam from the source to the
mifror, and it damps rapidly as the path length
diffe erence increases larger than the coherence length.
maximum value of the interference signal is

scatterer. In actual cases where many scatterers
dIStH'bJﬂte in the sample, the longitudinal distribution of
tightintensity reflected from within the sample can be
obtained bi/ scanning the mirror in the direction of light
axis, F,’r'g_ure 1 shows a schematic of a typical fiber-
optic based OCT system of Huang et al. [2]. In order
to obtain a two-dimensional distribution of reflected

The operational principle of QCT IS Ooften
compared with B-mode ultrasomic imaging
(ultrasonography). In ultrasonography; a short pulse

SLD *

NIR broadband
light source

reference arm

light intensity (cross-sectional image), lateral scan is
performed by translatmg the sample stage in the
direction perpendicular to the sample beam axis.
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Fig.1 Typical configuration of a fiber-optic based OCT (optical coherence tomography) system. PD: photo detector, PC:

personal computer.
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Light sources used in OCT include super-
luminescent diodes (SLD), light emitting diodes (LED)
and short pulse lasers, whose central wavelength is
in the near infrared region (800-1500 nm) and spectral
bandwidth ranges from a few tens to several hundreds
of nm. The longitudinal depth resolution of the OCT
is in the order of the coherence length of the light
source. Since the coherence length is inversely
proportional to the spectral bandwidth, the spatial
resolution of OCT becomes higher as the light source
develops a broader spectral bandwidth. For example,
the coherence length is 32 um for the light source
with 810 nm central wavelength and-20-nim-spectral’
bandwidth, and it is 11 um for 940-nm centra%
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wavelength and 80 nm bandwidth. The actual
longitudinal resolution is modulated by the refractive
index of the medium and the method of signal
processing. For example, the full width at half
maximum (FWHM) of the OCT signal is estimated
about 16 um in a living tissue for a SLD with 810 nm
central wavelength and 20 nm spectral bandwidth
[13]. The OCT system using a very short pulse laser
whose spectral bandwidth is 350 nm attains an axial

" esolution of 2-3 um [9]. The lateral resolution is
gstumated as the waist diameter of the sample beam,
whieh is dependent on the original beam width and
the focusing length of the objective lens.
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Fig.2 (a) OCT image of a wedge-shaped slice of rat cerebral cortex placed on an aluminum plate [13]. The central
wavelength of the light source (SLD) is 940 nm, and the bandwidth is 80 nm. Scan depth is expressed in the unit of
optical path length. (b) Distribution of OCT signal intensity along the vertical line shown in Fig. 2 (a).
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The penetrating depth of OCT in living tissues
depends on the power of the light source, wavelength
and beam diameter as well as the optical property of
the tissue. Figure 2 shows an example of an in vitro
OCT observation of wedge-shaped slice of rat brain
cortex placed on an aluminum plate. As shown in
Fig. 2 (b), the signal intensity is maximum at the
cortical surface and it decreases exponentially with
depth. The peaks represent the internal structure of
the tissue. It is noted that the reference beam is
transmitted in the air, while the sample beam is
transmitted in the tissue. As a result, the optical path
length of the sample beam is elongated by.the facior
of the refractive index of the tissue. Thereiore the
aluminum surface, that was set horizontally,.app
curved under the cortical slice. The actual positi
the sampling point inside the tissue is de i

yolk sac
membrane

taking this effect into account. Conversely, the
refractive index of the sample can be estimated using
this effect [13]. The aluminum surface is clearly seen
at a depth of about 1.3 mm on the scale of the optical
path length (Fig. 2 (b)), that corresponds to 0.93 mm
in the actual scale.

Observation of microvessels with OCT

There are very few examples of direct observation
of mit’:frpfssels with OCT. Some possible reasons are
as follows«The spatial resolution of OCT (around 10
um) is Semewhat insufficient for observation of
microvessels-with diameter of several tens of um.
Secondly, the-frequency of OCT signal from red cells
fl‘owing in mieravessels might shift due to the Doppler
effect and the signal may turn away from the
bandwidth of signal demodulation. As a result, the
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Fig. 3 A: Structural image of a chick chorioallantoic membrane (CAM) obtained with optical Doppler tomography [11]. B:
Two-dimensional distribution of blood flow velocity in the CAM vein. C: Velocity distribution along the

horizontal diameter of the vein shown in Fig. 3B.
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vessel lumen cannot be visualized by OCT in such a
case. In addition, since the blood is a strong scatterer
of light, the OCT signal from the tissue behind the
blood stream is highly attenuated so that even the rear
wall of the microvessel may be concealed, which is
called “shadow casting effect” [14, 15]. Figure 3A
shows an OCT image of a microvessel in the
chorioallantoic membrane of chicken egg obtained by
Chen et al. [11]. The ringshaped image in the center
of the figure is the vascular wall of a venule with
about a 150 wm diameter. As described above, the
vessel lumen is not imaged possibly dug to the Deppler
effect, and the OCT signal from«the-yolk sae'
underneath the venule is low due to theshadow.easting
effect. On the contrary, velocity distribuiion.inside the

vessel can be obtained by measuring theDoppler shift"}I
frequency as shown in Figs. 3B and 3C: Especially-
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which indicates that the blood flow in the venule is a
fully developed laminar flow (Hagen-Poiseuille flow).
The same OCT system was also applied to rat skin
microvessels [11]. The structural OCT image and
velocity distributions are shown in Fig. 4. It is difficult
to distinguish the arteriole of 20-30 wm diameter only
from the structural image that may appear in the upper-
right part of Fig. 4A. However, 2-dimensional velocity
distribution (Fig. 4C) helps us to detect the vessel

andfurther to measure its diameter.

_n another example shown in Fig. 5, microvessels
in.namster dorsal skin were observed by a similar
OC 1. system utilizing the Doppler signal [16].
Figure-5a shows the 2-dimensional distribution of
blood flew velocity that was obtained by scanning from
the subcutaneous side of the dorsal skin flap. Three
vessels appear in the figure with blood flow in the

Fig. 3C shows that the velocity distabution/along a . . opposite directions. The 3-dimensional configuration
diameter coincides well with the parabola (solid line),—  of the vessels reconstructed from the Doppler OCT
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Fig.4 A: Structural image of a rat skin including an artery and veins obtained with optical Doppler tomography [11].
B: 2-D distribution of velocity in the direction into the page. C: 2-D distribution of velocity in the direction out of

the page.
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Fig.5 a) 2-D distribution of blood flowxe&eeﬁy—m-ﬁqams&e#depsaksmﬂ—ﬂap-medel-[iﬁi]g Red and blue colors show the

flow direction away from and toward the probe, respectively. b) 3-D reconstruct

on the OCT image of the epi- and sub-dermal surfaces.
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images is shown in Fig. 5b together with the OCT
structural images of the epi- and sub-dermal surfaces
of dorsal skin flap. Branching, runmiing'and tépology
of the vessels are well recognized from the 3-D view.
The Doppler OCT image such as Fig, 5awas.obtained
by off-line processing of /the QCTisignal, where/it
took several 10s sec tg obtain the'original 2-D OCT
signal. The same research group developed a real time
imaging system by achieving fast scan as well as
hardware-based analog signal processing [17].

Application of OCT to cerebral microcirculation

The cerebral cortex is a tissue containing nerve
cells and nerve fibers, and is a few mm thick. It
consists of 6-layered structures in the depth direction
and column structures with 0.5-1 mm diameter that
are arranged on the cortical surface [18]. The column

n of microvessels superposed
T

structure is considered to be a functional unit of neural
activity. “Since_the regionalycerebral blood flow in
microvessels iswell coupledwith the regional neural
activity, which is called neuro-vascular coupling, it is
interesting ta.anvestigate the structure and function of
microvessels in cortical tissue“down to the level of
layers and functional columns.“The characteristics of
OCT match the thickness and the submillimeter scales
of internal structures of the cerebral cortex.

Here, 1 will discuss a few of our recent studies of
cerebral microcirculation using OCT. Our OCT system
is a typical fiber-optic based system as shown in
Fig. 1. The light sources are SLD’s with central
wavelengths of 813 and 940 nm, whose axial resolution
is about 16 and 8.4 um, respectively, and the beam
spot diameter is about 14 um. Figure 6 shows an
example of in vivo OCT image of somatosensory
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cortex of the rat [13]. The boundary surfaces such
as the dura, arachnoid membrane, and pial surface
are well recognized, since the refractive index of the
medium is largely different from that of either side of
the interface. The cortical tissue can be imaged up to
1 mm in optical path length from the dura surface.
Under the microvessels, however, the penetration
depth was severely restricted, probably due to the
shadow casting effect described earlier. Figure 7

dura

pial microvessel

Optical coherence tomography
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shows another example of an OCT image of cerebral
cortex whose dura was removed. The OCT signal
intensity was very low in the vessel lumen for the pial
arteriole seen in the central part of the figure, which
is probably due to the Doppler effect written in
the previous section. In addition, comparing Figs. 6
and 7, we note that the pial microvessels of the
cerebral preparations with intact dura appear to float
in the cerebrospinal fluid filling the subarachnoid space,

arachnoid

—n

Fig. 6 Invivo OCT image of the rat cerebrak coriex with intact dura{13]. The image covers 1.5 mm x 1 mm area, the
vertical distance being expressed in units of optical path length.

Fig. 7 Invivo OCT image of the rat cerebral cortex
without dura [13].

stimulation

Optical Path Length™(um)

Time (s)

Fig.8 Temporal change in OCT signal of the rat
somatosensory cortex induced by electrical
stimulation of the hind paw for the preparation
without dura [13]. The stimulation was imposed
between 3 and 7 second in the time course.
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while they appear to be embedded in the cortical tissue
in the cerebral preparations without dura [13].
There have been some reports that neural
activation brings about changes in the OCT signal from
the cerebral cortex [19]. In the cat visual cortex, visual
stimuli evoked OCT signal changes dependent on the
depth as well as on the area [19]. Aguirre et al. [20]
found OCT signal change in the rat somatosensory
cortex during electrical stimulation of forepaw.
Although the causes of the OCT signal changes
have not been determined yet, the results suggest the
OCT technique can be applied to depth-resolved
functional brain imaging (functional OCT).di.the rat
somatosensory cortex, we examined the efiects of
neural activation on the OCT signal [13, 21]. Temporal
changes in OCT signal were measured#oliowing the

kH
50

t=0.880's

sensory stimulation of a hind paw. Figure 8 shows an
example of the results obtained in the cortical region
corresponding to the hind paw. It showed a swelling
of the cortical surface several seconds after the
stimulus onset, and the region of swelling was restricted
to a thin surface layer with less than several tens um,
which probably reflects the reactive hyperemia
following the neuronal activation [13]. OCT signal
changes were also detected in somatosensory and
motor gortices of mice under the chronic ligation of
sciaticnerve, which is a model of neuropathic
pain [22}+OCT signal intensity increased in the hind
paw area-of-the-somatosensory and motor cortex
contralateralte-the ligated sciatic nerve.

Red cell velocity in pial microvessels and their
changes following neural activation were determined

!

.

t=1.103 s

0

Time ()

Fig.9 Spectrograms of OCT signals obtained for a rat pial arteriole of 83 um diameter during 0.1 second starting at three

different times [21].
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from the spectrogram of the OCT signal [21]. A Figure 10 compares the velocity waveforms in
remarkable feature of OCT used for flow velocity the pial arteriole which perfuses the primary
measurement is its depth resolution. The depth somatosensory area (S1) of the cerebral cortex, before
resolution of OCT is typically 10 um, compared with and after electrical stimulation of the hind paw [21].
several 100 um in the laser Doppler method [23], while The velocity waveforms corresponded to the femoral
the two-slit technique does not have depth resolution artery pressure, indicating the velocity variation was
[24]. Inaddition, OCT the technique can provide cross- brought about mainly by the heartbeats. In this
sectional velocity profiles of blood flow in microvessels example, the mean velocity increased by 13 %, while
with the same spatial resolution as in the tomographic the amplitude of velocity pulsation increased by 40 %
imaging. In particular, the velocity profile along a f/aft stimulation than before stimulation. If the
diameter in the direction of the optical axis can be ;tlgvd'vgssels in the activated state simply dilate
measured in a short time. Figure 9 shows anexample follewingneuronal stimulation, the mean velocity and
of spectrogram obtained for a piak-aiieriole by  thepulsatile amplitude ought to increase by the same
scanning the sampling point alogngethe diamete ratio. Therefore such changes in the velocity impose
perpendicular to the cortical surface quenc a restriction on the mechanism of increases in the
of about 21 kHz corresponds to the'Dopplér freguency’ regional biood volume and blood flow (functional
of the translational motion of th 'mirror.d hyperemia).

Arc-shaped protrusions fro I /,thess &

Doppler signal from the blood flo efiole™t=  Conclusion

is because the scan direction ersed h}at'ﬁhe . ¢ P Optical eoherence tomography (OCT) is an
arcs protrude upward and downward. e sgen .+ evolving technique used for microcirculatory studies.
that the velocity profile kept a nearly parabolic shape; == Doppler OCT s unique in obtaining velocity profiles
while the centerline velocity changed much: Such & ‘ofblood flow in microvessels almost instantaneously.
large variation (up to 50% of the mea elocit}z) of 'lﬁfﬂ_berefore the OCT technique, especially useful when
centerline velocity reflects the cardiac pgfse;tion. -~ combined with Doppler OCT technique. It has a
These facts indicate that the blood flow if-‘the pial %ﬁtial for in vivo observation of 3-dimensional
microvessels is a quasi-steady laminar flow, witich is ,?'gtrqqturing of microvessels and blood flow distribution
consistent with the flow expected in tfié Case of a in livingtissues. It is also expected to offer a valuable
small Reynolds number agd} a small frequency  means forthe'stuey of brain function, since the OCT

parameter [25]. _:;- signal from fﬁé"c}rebral cortex was found to show
" stimulus-induced changes in depth.
| .
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Fig. 10 Stimulus-induced changes of pulsatile waveforms of the red cell velocity in a pial arteriole between the periods
before stimulation (a) and after stimulation (b) [21]. The stimulation was imposed electrically on the hind paw, and
the arteriole perfused the corresponding somatosensory area of the cerebral cortex. The diameter of the arteriole
was 120 um. The dotted lines show the maximum and minimum velocities before stimulation.
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