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CALIBRATION JIG FOR OPTICAL
TOMOGRAPHIC IMAGING APPARATUS AND
METHOD FOR GENERATING A
CALIBRATION CONVERSION TABLE

[0001] This application is a Divisional of co-pending appli-
cation Ser. No. 12/496,273 filed on Jul. 1, 2009, and for which
priority is claimed under 35 U.S.C. §120; and this application
claims priority under 35 U.S.C. §119 of Application No.
2008-172964 filed in Japan on Jul. 2, 2008, Application No.
2008-172965 filed in Japan on Jul. 2, 2008, and Application
No. 2008-172966 filed in Japan on Jul. 2, 2008; and the entire
contents of all these applications are hereby incorporated by
reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to a calibration jig for
an optical tomographic imaging apparatus and a method for
generating a calibration conversion table. The present inven-
tion particularly relates to a calibration jig which is used for
calibrating a probe optical tomographic imaging apparatus
with the calibration jig being attached to an attachment sec-
tion for receiving an optical probe of the optical tomographic
imaging apparatus, and a method for generating a calibration
conversion table.

[0004] 2. Description of the Related Art

[0005] Optical tomographic imaging apparatuses, which
use OCT (Optical Coherence Tomography) measurement,
have sometimes been used to acquire tomographic images in
body cavity. The optical tomographic imaging apparatus
acquires an optical tomographic image of a subject to be
measured as follows. First, wideband light emitted from a
light source is divided into measurement light and reference
light with an optical interferometer. Then, the measurement
light is guided through an optical axis scanning means to be
applied to the subject to be measured, and the optical axis
scanning means scans the subject to be measured with the
measurement light in one dimensional or two dimensional
direction which is perpendicular to the optical axis. Then, the
light reflected from the subject to be measured returns to the
interferometer, where the reflected light is combined with the
reference light to provide interference light between the
reflected light and the reference light. Then, the optical tomo-
graphic image is generated based on intensity of the interfer-
ence light. There are roughly two types of optical axis scan-
ning means: a space scanning system that uses a galvanic
mirror or polygon mirror to effect linear scanning with the
light propagating in space; and a probe system that guide the
light to propagate through an optical fiber and rotates the
output end of the optical fiber to effect radial scanning. A
typical example of the space scanning system is a fundus
OCT apparatus for observing the fundus. Examples of the
probe system include a vascular OCT apparatus for observing
vascular wall using an optical fiber guided through a vascular
catheter, and an endoscopic OCT apparatus which is com-
bined with an endoscope to observe a wall of digestive tract,
etc. Examples of the technique used to achieve optical scan-
ning with the probe system include, besides the radial scan-
ning, moving the distal end of the probe to effect linear
scanning, or providing a small scanning mechanism in the
probe to effect linear scanning.

[0006] OCT measurement techniques are roughly classi-
fied into TD (Time Domain)-OCT measurement techniques
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and FD (Fourier Domain)-OCT measurement techniques.
Recently, the FD-OCT measurement techniques are attract-
ing attention since they allow high speed measurement. Typi-
cal optical tomographic imaging apparatuses that carry out
the FD-OCT measurement include an SD (Spectral Domain)-
OCT system and an SS (Swept Source)-OCT system.
[0007] The SD-OCT system uses wideband low-coherent
light, and decomposes the interference light into optical fre-
quency components with a spectral means. Then, intensity of
the interference light corresponding to each optical frequency
component is measured using a photodetector array, or the
like, and thus obtained interference signal is subjected to
Fourier transform analysis on a computer, thereby acquiring
information of reflectance in the depth direction, i.e., tomo-
graphic information.

[0008] The SS-OCT system uses, as a light source, a laser
with optical frequency thereof swept with time, and measures
temporal characteristics of the intensity of the interference
light corresponding to temporal change of the frequency of
the interference light. Then, thus obtained interference signal
is subjected to Fourier transform on a computer, thereby
acquiring information of reflectance in the depth direction,
i.e., tomographic information.

[0009] Inthe FD-OCT, in order to obtain the tomographic
image, i.e., positional information in the depth direction, the
interference signal, which has been obtained at equal inter-
vals with respect to a wavenumber k of the measurement
light, is subjected to the Fourier transform. However, actual
data obtained in the SD-OCT system is obtained at equal
intervals with respect to spatial displacement of spectral
wavelengths, and actual data obtained in the SS-OCT appa-
ratus is obtained at equal intervals with respect to time. This
is because that the relationship between the wavenumber k
and the spatial displacement or time is nonlinear due to char-
acteristics of the light source used, influence of components
of'the apparatus, etc., and thus the Fourier-transformed signal
has a distorted waveform. Therefore, when the spatial dis-
placement axis or the time axis is converted into the wave-
number axis, it is necessary to correct for the distortion to
achieve correct conversion. An operation of generating a con-
version table (calibration conversion table) to be used for this
conversion is called calibration.

[0010] To achieve the calibration for the SS-OCT system,
two types of methods have been proposed. One is a calibra-
tion method that corrects only frequency sweep characteris-
tics of the light source, which has the greatest influence. In
this method, a part of the measurement light is passed through
an interference filter or fiber Bragg grating, and the transmit-
ted light and the reflected light are measured with light receiv-
ing elements. Then, a time t-to-wavenumber k characteristic
of'the light source is calculated from the thus obtained optical
signal to generate the calibration conversion table. This
method, however, has drawbacks such that an expensive
instrument is necessary for evaluation, it allows only correc-
tion for distortion of the frequency sweep characteristics of
the light source, and influence of dispersion at the interfer-
ometer or the probe, for example, cannot be corrected for. The
other is a calibration method proposed in Japanese Unexam-
ined Patent Publication No. 2007-101365, which achieves the
calibration by using the optical tomographic imaging appa-
ratus itself without using a special instrument as in the method
described above. Specifically, the frequency-swept light
source is monitored with the optical tomographic imaging
apparatus to detect a spectral interference signal as a time



US 2013/0222813 Al

signal. Then, time dependency of the sweep frequency is
found from the spectral interference signal to calibrate time-
dependent characteristics of the sweep frequency of the fre-
quency-swept light source.

[0011] On the other hand, for calibrating the SD-OCT sys-
tem, wavelength of the light is spatially dispersed (decom-
posed) with a grating and is measured with a detector array.
The spatial dispersion at the grating is linear with respect to a
wavelength A, i.e., the inverse of the wavenumber k. There-
fore, in the case of the SD-OCT, influence of the effect of the
spatial dispersion at the grating being nonlinear with respect
to the wavenumber k is the greatest. In order to correct for
only this influence, wavelength dispersion at the grating is
theoretically found to generate the calibration conversion
table. Alternatively, it is easily conceived to use a spectrom-
eter to measure the wavelength with respect to the spatial
displacement to generate the calibration conversion table. In
this method, however, influence of the dispersion at the inter-
ferometer or probe, for example, cannot be corrected. The
dispersion here means change of optical path difference
depending on wavelength due to wavelength dependency of
refraction index in a medium. The above-mentioned Japanese
Unexamined Patent Publication No. 2007-101365 also dis-
closes that a method similar to the above-described method
can be applied to the SD-OCT.

[0012] The above-mentioned Japanese Unexamined Patent
Publication No. 2007-101365, however, does not disclose
specific means in a case where the above-described calibra-
tion method is used. In a conventional basic OCT experimen-
tal apparatus, a measuring device combining a microscope
and an optical axis scanning mechanism is placed on a labo-
ratory table, and measurement is carried out with placing a
measured sample on the laboratory table. In this view, it is
easily conceived that, as a specific means in the case where
the above-described calibration method is used, the device
placed on the laboratory table may be used in stead of an
optical probe, and a mirror reflector may be placed in stead of
the measured sample. In this method, however, wavelength
distortion characteristics that are different from the charac-
teristics in a case where an optical probe is used are intro-
duced due to influence of optical components, such as a lens,
of the measuring device, and this makes the calibration
incomplete. Further, ease and convenience are lost due to the
size of the apparatus.

[0013] The reason is as follows. Unlike the measuring
device combining a microscope and an optical axis scanning
mechanism placed on the laboratory table, an optical probe
used in actual measurement has a small diameter and is long
from the nature of the use thereof. Further, since a protective
member (sheath) for protecting the optical probe from a living
body completely separate the optical axis scanning mecha-
nism from the operator, it is very difficult to hold, fix and
finely adjust the optical axis. Therefore, when the optical
probe covered with the sheath, which is used in actual mea-
surement, is attached to the attachment section, to which the
optical probe is optically coupled in a removable manner, of
the optical tomographic imaging apparatus and a some type
of reflective member is placed in the vicinity of the distal end
of the optical probe to apply the measurement light to the
reflective member, it is difficult for the operator to make the
reflected light being reflected from the reflective member
enter the optical probe with accuracy, and thus the calibration
may not be repeatable. In addition, since optical probes used
in actual measurement have manufacturing variations, it is
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more difficult to achieve repeatable calibration if different
optical probes are used in calibration operations carried out at
different times.

[0014] Further, in order to obtain accurate tomographic
information of the subject to be measured using the calibrated
optical tomographic imaging apparatus, it is desirable to cali-
brate the optical tomographic imaging apparatus in substan-
tially the same state as the actual state of measurement which
is carried out using the optical probe attached to the appara-
tus. In particular, from the nature of the use, the optical probe
is covered with a sheath that transmits light, so that the mea-
surement light from the optical probe transmits through the
sheath to be applied to the subject to be measured, and the
reflected light from the subject to be measured transmits
through the sheath again to enter the optical probe. When the
measurement light and the reflected light transmit through the
sheath, the measurement light and the reflected light are dis-
persed due to the wavelength dependency of refraction index,
and this distorts the interference signal. Therefore, in order to
provide accurate tomographic information of the subject to be
measured, it is necessary to correct for the distortion due to
the dispersion at the sheath.

[0015] Further, the method for generating a calibration con-
version table disclosed in the above-mentioned Japanese
Unexamined Patent Publication No. 2007-101365 involves
cutting out a peak of interest from a plurality of spectral peaks
(FIG. 11A) after the interference signal has been Fourier
transformed. In general, criteria for selecting a cut-out region
A for cutting out the peak largely vary depending on the
technique used and conditions, and it is difficult to cut out the
peak in a uniform manner. Therefore, this method is time
consuming and does not provide high accuracy.

SUMMARY OF THE INVENTION

[0016] In view of the above-described circumstances, the
present invention is directed to providing a calibration jig for
calibrating a probe optical tomographic imaging apparatus in
a simple and repeatable manner.

[0017] The invention is further directed to providing a cali-
bration jig for calibrating an optical tomographic imaging
apparatus in a simple and repeatable manner with correcting
for distortion due to dispersion at a sheath of an optical probe.
[0018] The invention is yet further directed to providing a
calibration jig for optical tomographic imaging apparatus and
amethod for generating a calibration conversion table, which
allow calibration of an optical tomographic imaging appara-
tus in an easy and repeatable manner without necessitating an
operation of cutting out of a peak, which is an operation with
a high degree of freedom as described above.

[0019] Inorder to solve the above-described problems, one
aspect of the calibration jig according to the invention is a
calibration jig for calibrating an optical tomographic imaging
apparatus, which apparatus includes an optical probe and an
attachment section for optically coupling the optical probe to
the apparatus in a removable manner, and acquires a tomo-
graphic image of a subject to be measured by: emitting light;
dividing the emitted light into reference light and measure-
ment light; emitting the measurement light from an emitting
section of the attachment section; guiding the measurement
light through the optical probe and applying the measurement
light to the subject to be measured; combining the reference
light with reflected light, the reflected light being reflected
from the subject to be measured and guided through the
optical probe; detecting interference light of the combined
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reference light and reflected light as an interference signal;
and acquiring the tomographic image using the interference
signal. The calibration jig includes: a holding member remov-
ably attachable to the attachment section; and a reflective
surface held by the holding member, the reflective surface
reflecting the measurement light emitted from the emitting
section and directing the reflected light back to the emitting
section.

[0020] The description “removably attachable to the
attachment section” herein refers not only to that the holding
member is removably attached to the attachment section via a
member or mechanism for securing the holding member to
the attachment section, but also may refer to that the holding
member is simply placed in the vicinity of the attachment
section. The description “held by the holding member” herein
refers not only to that the reflective surface is directly held by
the holding member, but also may refer to that the reflective
surface is held by some other member that is held by the
holding member. The description “reflecting the measure-
ment light emitted from the emitting section and directing the
reflected light back to the emitting section” refers not only to
that the measurement light reflected from the reflective sur-
face directly enters the emitting section, but also may refer to
that the reflected light enters the emitting section via an opti-
cal system, such as an optical fiber or a collimator lens,
disposed between the emitting section and the reflective sur-
face.

[0021] In the calibration jig according to the invention, the
holding member may also serve as the reflective surface.
[0022] The calibration jig according to the invention may
further include an attenuator section for attenuating the
reflected light reflected at the reflective surface. The descrip-
tion “attenuating the reflected light” herein refers not only to
that the reflected light itself is attenuated, but may also refer to
that the measurement light applied to the reflective surface is
attenuated in advance to effect the attenuation of the reflected
light.

[0023] In the calibration jig according to the invention, the
reflective surface may also serve as the attenuator section.
[0024] In the calibration jig according to the invention, the
attenuator section may attenuate the reflected light reflected
at the reflective surface to provide an intensity of the reflected
light in the range from 1 nW to 100 nW.

[0025] Ifthe optical probe ofthe optical tomographic imag-
ing apparatus is covered with a sheath, which transmits the
measurement light to be applied to the subject to be measured
and transmits the reflected light to be guided through the
optical probe, the calibration jig may include a light transmit-
ting member disposed between the emitting section and the
reflective surface, which light transmitting member transmits
the measurement light and the reflected light reflected from
the reflective surface, and generates the same dispersion as
dispersion generated when the measurement light and the
reflected light reflected from the subject to be measured trans-
mit through the sheath.

[0026] The description “covered with a sheath” herein not
necessarily means that the sheath covers the entire circum-
ference of the optical probe. It suffices that the sheath covers
a portion of the optical probe from which the measurement
light is emitted. The description “between the emitting sec-
tion and the reflective surface” herein refers to a position in
the optical path between the emitting section and the reflec-
tive surface. The “dispersion generated when the measure-
ment light and the reflected light reflected from the subject to
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be measured transmit through the sheath” refers to change in
the optical path difference due to wavelength dependency of
the refraction index of the sheath, i.e., color dispersion gen-
erated by the material forming the sheath.

[0027] In the calibration jig according to the invention, the
holding member may also serve as the light transmitting
member.

[0028] In the calibration jig according to the invention, the
reflective surface held by the holding member may provide a
uniform optical path length from the emitting section to the
reflective surface at the entire surface of the reflective surface
and may cover substantially a half or more in a circumferen-
tial direction of an outer circumference of the holding mem-
ber.

[0029] The description “auniform optical path length from
the emitting section to the reflective surface” herein refers to
that the optical path length from the emitting section to the
reflective surface is the same at any position on the reflective
surface. The “outer circumference of the holding member”
does not refers to the entire outer circumference of the hold-
ing member, but refers to a portion of the outer circumference
of'the holding member through which the measurement light
and reflected light transmit.

[0030] Anotheraspect of the calibration jig according to the
invention is a calibration jig for calibrating an optical tomo-
graphic imaging apparatus, which apparatus includes an opti-
cal probe and an attachment section for optically coupling the
optical probe to the apparatus in a removable manner, and
acquires a tomographic image of a subject to be measured by:
emitting laser light from a frequency-swept laser light source
with temporally swept optical frequency; dividing the laser
light into reference light and measurement light; emitting the
measurement light from an emitting section of the attachment
section; guiding the measurement light through the optical
probe and applying the measurement light to the subject to be
measured; combining the reference light with reflected light,
the reflected light being reflected from the subject to be mea-
sured and guided through the optical probe; detecting inter-
ference light of the combined reference light and reflected
light as an interference signal; and acquiring the tomographic
image using the interference signal. The calibration jig
includes: a holding member removably attachable to the
attachment section; and a single reflective surface held by the
holding member, the single reflective surface being disposed
within an area corresponding to twice a coherence length of
the laser light, a center of the area being a position of the
reflective surface at which the measurement light reflected at
the reflective surface has a same optical path length as an
optical path length of the reference light from a point at which
the laser light is divided into the reference light and the
measurement light to a point at which the reference light and
the measurement light are combined.

[0031] Yetanother aspect of the calibration jig according to
the invention is a calibration jig for calibrating an optical
tomographic imaging apparatus, which apparatus includes an
optical probe and an attachment section for optically coupling
the optical probe to the apparatus in a removable manner, and
acquires a tomographic image of a subject to be measured by:
dividing low-coherent light having a wide emission wave-
length band into reference light and measurement light; emit-
ting the measurement light from an emitting section of the
attachment section; guiding the measurement light through
the optical probe and applying the measurement light to the
subject to be measured; combining the reference light with
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reflected light, the reflected light being reflected from the
subject to be measured and guided through the optical probe;
spatially dispersing interference light of the combined refer-
ence light and reflected light with respect to frequency and
detecting the interference light as an interference signal with
a plurality of spatially arrayed light receiving elements; and
acquiring the tomographic image using the interference sig-
nal. The calibration jig includes: a holding member remov-
ably attachable to the attachment section; and a single reflec-
tive surface held by the holding member, the single reflective
surface being disposed within a measurable range determined
by a wavelength width of the low-coherent light entering each
one of the light receiving elements.

[0032] In the case where a frequency-swept laser light
source is used, the “single reflective surface” herein refers to
a reflective surface which reflects the measurement light and
directs the reflected light back to the emitting section, and
which reflective surface is an only reflective surface present
within an area corresponding to twice a coherence length of
the laser light at a certain instant, with the center of the area
being a position of the reflective surface at which the mea-
surement light reflected at the reflective surface has the same
optical path length as an optical path length of the reference
light from a point at which the laser light is divided into the
reference light and the measurement light to a point at which
the reference light and the measurement light are combined.
On the other hand, in the case where a light source having a
wide emission wavelength band is used, and the signal from
the subject to be measured is split into spectral components
and is detected with a photodetector array, the “single reflec-
tive surface” refers to a reflective surface which reflects the
measurement light and directs the reflected light back to the
emitting section, and which reflective surface is an only
reflective surface present within a measurable range of the
detector, which is determined by the number of pixels of the
detector. It should be noted that the description “reflects the
measurement light and directs the reflected light back to the
emitting section” herein refers not only to that the reflected
light, which is the reflected measurement light, directly enters
the emitting section, but may also refer to that the reflected
light enters the emitting section via an optical system, such as
an optical fiber or a collimator lens, disposed between the
emitting section and the reflective surface.

[0033] The “wavelength width of the low-coherent light
entering each one of the light receiving elements” herein
refers to a wavelength width that is spatially allocated to each
light receiving element when the interference light is spatially
dispersed with respect to the frequency and the interference
signal is received with a plurality of spatially arrayed light
receiving elements.

[0034] An aspect of'the method for generating a calibration
conversion table according to the invention is a method for
generating a calibration conversion table using a calibration
jig for calibrating an optical tomographic imaging apparatus.
The calibration jig includes a holding member removably
attachable to an attachment section of the optical tomo-
graphic imaging apparatus, and a reflective surface held by
the holding member, the reflective surface reflecting mea-
surement light emitted from an emitting section of the attach-
ment section and directing reflected light back to the emitting
section. The calibration conversion table represents a rela-
tionship between wavenumber and time and is used for con-
verting a first interference signal plotted along a time axis
with constant time intervals into a second interference signal
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plotted along a wavenumber axis with constant wavenumber
intervals. The first interference signal is obtained by: attach-
ing the calibration jig to the attachment section to optically
couple the calibration jig to the apparatus in a removable
manner; emitting laser light from a frequency-swept laser
light source with temporally swept optical frequency; divid-
ing the laser light into reference light and the measurement
light; emitting the measurement light from the emitting sec-
tion; guiding the measurement light through the calibration
jig and applying the measurement light to the reflective sur-
face; combining the reference light with reflected light, the
reflected light being reflected from the reflective surface and
guided through the calibration jig; and detecting interference
light of the combined reference light and reflected light as the
first interference signal. The method includes: extracting a
group of points from the first interference signal plotted along
the time axis, the group of points being to be plotted at equal
intervals in the second interference signal plotted along the
wavenumber axis; finding a time value corresponding to each
point of the group of points; plotting, based on the time
values, the group of points on the calibration conversion table
at equal intervals along the wavenumber axis of the calibra-
tion conversion table; and interpolating between the plotted
points of the group of points.

[0035] Another aspect of the method for generating a cali-
bration conversion table according to the invention is a
method for generating a calibration conversion table using a
calibration jig for calibrating an optical tomographic imaging
apparatus. The calibration jig includes a holding member
removably attachable to an attachment section of the optical
tomographic imaging apparatus, and a reflective surface held
by the holding member, the reflective surface reflecting mea-
surement light emitted from an emitting section of the attach-
ment section and directing reflected light back to the emitting
section. The calibration conversion table represents a rela-
tionship between wavenumber and displacement and is used
for converting a first interference signal plotted along a dis-
placement axis with constant displacement intervals into a
second interference signal plotted along a wavenumber axis
with constant wavenumber intervals. The first interference
signal is obtained by: attaching the calibration jig to the
attachment section to optically couple the calibration jig to
the apparatus in a removable manner; dividing low-coherent
light having a wide emission wavelength band into reference
light and the measurement light; emitting the measurement
light from the emitting section; guiding the measurement
light through the calibration jig and applying the measure-
ment light to the reflective surface; combining the reference
light with reflected light, the reflected light being reflected
from the reflective surface and guided through the calibration
jig; and spatially dispersing interference light of the com-
bined reference light and reflected light with respect to fre-
quency and detecting the interference light as the first inter-
ference signal with a plurality of spatially arrayed light
receiving elements. The method includes: extracting a group
of points from the first interference signal plotted along the
displacement axis, the group of points being to be plotted at
equal intervals in the second interference signal plotted along
the wavenumber axis; finding a displacement value corre-
sponding to each point of the group of points; plotting, based
on the displacement values, the group of points on the cali-
bration conversion table at equal intervals along the wave-
number axis of the calibration conversion table; and interpo-
lating between the plotted points of the group of points.
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[0036] The axis with “constant time intervals” or “constant
displacement intervals” herein refers to an axis which is
expressed to have a constant interval per unit time or unit
displacement.

[0037] The method for generating a calibration conversion
table according to the invention may further include: if a
wavenumber spectrum of the first interference signal of the
interference light contains a peak other than a peak corre-
sponding to the reflective surface, cutting out a region of the
peak corresponding to the reflective surface from the wave-
number spectrum; applying inverse Fourier transform to the
cut out region of the wavenumber spectrum to form a trans-
formed interference signal; and extracting the group of points
from the transformed interference signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038] FIG. 1 is a diagram illustrating the schematic con-
figuration of an optical tomographic imaging apparatus and
an optical probe,

[0039] FIG. 2 is a diagram illustrating the schematic con-
figuration of a distal end portion of the optical probe,

[0040] FIG. 3 is a graph illustrating an interference signal
IS fed to a tomographic image processing unit,

[0041] FIG. 4 is a graph illustrating a rearranged interfer-
ence signal IS,
[0042] FIG. 5A is a diagram illustrating a variation of a

calibration jig according to a first embodiment,

[0043] FIG.5B is adiagramillustrating another variation of
the calibration jig according to the first embodiment,

[0044] FIG. 5C is a diagram illustrating yet another varia-
tion of the calibration jig according to the first embodiment,
[0045] FIG. 5D is a diagram illustrating still another varia-
tion of the calibration jig according to the first embodiment,
[0046] FIG. 6A is a diagram illustrating a variation of a
calibration jig according to a second embodiment,

[0047] FIG. 6B is a diagram illustrating another variation of
the calibration jig according to the second embodiment,
[0048] FIG. 6C is a diagram illustrating yet another varia-
tion of the calibration jig according to the second embodi-
ment,

[0049] FIG. 6D is a diagram illustrating still another varia-
tion of the calibration jig according to the second embodi-
ment,

[0050] FIG. 7A is a diagram illustrating a variation of a
calibration jig according to a third embodiment,

[0051] FIG. 7B is adiagramillustrating another variation of
the calibration jig according to the third embodiment,

[0052] FIG. 8A is a diagram illustrating a variation of a
calibration jig according to a fourth embodiment,

[0053] FIG. 8B is adiagramillustrating another variation of
the calibration jig according to the fourth embodiment,
[0054] FIG. 9A is a diagram illustrating a variation of a
calibration jig according to a fifth embodiment,

[0055] FIG.9Bis adiagramillustrating another variation of
the calibration jig according to the fifth embodiment,

[0056] FIG. 10 is a diagram illustrating a relationship
between a single reflective surface and a zero path,

[0057] FIG.11A is a conceptual diagram illustrating a rela-
tionship between positions of members and spectral peaks,
[0058] FIG. 11B is a conceptual diagram illustrating
another relationship between positions of members and a
spectral peak,

[0059] FIG.12isagraphillustrating the interference signal
obtained when the calibration jig is attached,
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[0060] FIG. 13A is a diagram illustrating a process of gen-
erating a calibration conversion table, and

[0061] FIG.13Bis adiagram illustrating another process of
generating a calibration conversion table.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0062] Hereinafter, a calibration jig for an optical tomo-
graphic imaging apparatus according to the present invention
will be described in detail with reference to the drawings.
[0063] First, an optical tomographic imaging apparatus,
which is calibrated using the calibration jig of the invention,
and an optical probe are described. FIG. 1 illustrates the
schematic configuration of the optical tomographic imaging
apparatus and the optical probe. As one example, the optical
tomographic imaging apparatus 100 acquires a tomographic
image of a subject to be measured through SS-OCT measure-
ment.

[0064] The optical tomographic imaging apparatus 100
includes: a light source unit 110, which emits laser light L; an
optical fiber coupler 102, which divides the laser light L
emitted from the light source unit 110; a period clock gener-
ating means 120, which outputs a period clock signal T, .
from the light divided by the optical fiber coupler 102; a light
dividing means 103, which divides one of the light beams
divided by the optical fiber coupler 102 into measurement
light [.1 and reference light L.2; an optical path length adjust-
ing means 130, which adjusts the optical path length of the
reference light 1.2; a combining means 104, which combines
the reference light 1.2 with reflected light 1.3 that is reflected
from the subject to be measured Sb and guided through an
optical probe 200 (which is optically coupled to an attach-
ment section 101 of the optical tomographic imaging appa-
ratus 100 in a removable manner) when the measurement
light L1 is guided through the optical probe 200 and is applied
from the optical probe 200 to the subject Sb; an interference
light detecting means 140, which detects interference light .4
between the reflected light 1.3 and the reference light 1.2
combined by the combining means 104; and a tomographic
image acquiring means 150, which acquires a tomographic
image P of the subject to be measured Sb by applying fre-
quency analysis to an interference signal IS detected by the
interference light detecting means 140, and displays the
tomographic image P.

[0065] The light source unit 110 emits the laser light I with
the wavelengths A thereof swept in a constant period. The
light source unit 110 includes a semiconductor optical ampli-
fier 111 and an optical fiber FB10. The optical fiber FB10 is
connected to opposite ends of the semiconductor optical
amplifier 111. The semiconductor optical amplifier 111 emits
weak laser light to one end of the optical fiber FB10 when a
driving current is supplied, and amplifies the incoming laser
light from the other end of the optical fiber FB10.

[0066] Thus, when the driving current is supplied to the
semiconductor optical amplifier 111, the laser light L. gener-
ated at an optical resonator formed by the semiconductor
optical amplifier 111 and the optical fiber FB10 is emitted to
an optical fiber FBO.

[0067] A circulator 112 is coupled to the optical fiber FB10,
so that the light guided through the optical fiber FB10 is
emitted from the circulator 112 to an optical fiber FB11. The
light emitted from the optical fiber FB11 travels through a
collimator lens 113, a diffraction optical element 114 and an
optical system 115, and is reflected at a rotating polygon
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mirror 116. The reflected light travels back through the opti-
cal system 115, the diffraction optical element 114 and the
collimator lens 113, and re-enters the optical fiber FB11.
[0068] The rotating polygon mirror 116 rotates at a high
speed, such as around 30,000 rpm, in the direction of arrow
R1, and the angle of each reflection facet with respect to the
optical axis of the optical system 115 changes during the
rotation. Thus, among the spectral components of the light
split by the diffraction optical element 114, only a component
of the laser light L. corresponding to a particular wavelength
A, which is determined by an angle formed between the
optical axis of the optical system 115 and the reflection facet
at a certain instant, returns to the optical fiber FB11. Then, the
light of the particular wavelength A entering the optical fiber
[0069] FB11 is emitted from the circulator 112 to the opti-
cal fiber FB10. As a result, the laser light L. of the particular
wavelength range is emitted to the optical fiber FB0. As the
rotating polygon mirror 116 rotates at a constant speed in the
direction of arrow R1, the wavelength A of the light re-enter-
ing the optical fiber FB11 changes with time in a constant
period.

[0070] The optical fiber coupler 102 is connected to the
optical fiber FB0 to branch the path to an optical fiber FB1 and
to an optical fiber FB5. The light entering the optical fiber
FB1 is guided to the light dividing means 103, and the light
entering the optical fiber FB5 enters the period clock gener-
ating means 120, which generates the period clock T, .-in the
sweep period.

[0071] The period clock generating means 120 outputs one
period clock signal T - .- to the tomographic image acquiring
means 150 each time the wavelength A of the laser light L
emitted from the light source unit 110 is swept for one period.
[0072] The light dividing means 103 is formed, for
example, by a 2x2 optical fiber coupler, and divides the laser
light L. guided from the light source unit 110 via the optical
fiber FB1 into the measurement light [.1 and the reference
light 1.2 at a ratio of 99:1. Specifically, in this embodiment,
the laser light L is divided to provide the measurement light
L1 having a light amount of 9.9 mW and the reference light
L2 having alight amount of 100 uW as one example, although
this is not intended to limit the invention. The light dividing
means 103 is optically coupled to two optical fibers FB2 and
FB3, so that the measurement light .1 is guided through the
optical fiber FB2 to be emitted to the optical probe 200 and the
reference light 1.2 is guided through the optical fiber FB3 to
be emitted to the optical path length adjusting means 130. It
should be noted that the optical fiber coupler in this embodi-
ment serves both as the light dividing means 103 and the
combining means 4.

[0073] The optical path length adjusting unit 130 changes
the optical path length of the reference light 1.2 to adjust the
position at which acquisition of the tomographic image P is
started. The optical path length adjusting unit 130 includes: a
reflection mirror 132, which reflects the reference light 1.2
emitted from the optical fiber FB3; and a first optical lens
131a and a second optical lens 1315 disposed between the
reflection mirror 132 and the optical fiber FB3.

[0074] The optical path length adjusting unit 130 further
includes: a base 133, on which the second optical lens 1315
and the reflection mirror 132 are secured; and a mirror driving
means 134, which moves the base 133 along the optical axis
of the first optical lens 131a. The optical path length of the
reference light 1.2 can be changed by moving the base 133 in
the direction of arrow A.
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[0075] The combining means 4 is formed by a 2x2 optical
fiber coupler, as described above, and combines the reference
light [.2 having the optical path length adjusted by the optical
path length adjusting unit 130 with the reflected light .3
reflected from the subject to be measured Sb. The interference
light 14 formed between the combined light is guided
through an optical fiber FB4 and enters the interference light
detecting means 140.

[0076] The interference light detecting means 140 detects
the interference light 1.4 between the reflected light .3 and
the reference light .2 combined by the combining means 4,
and outputs a time domain waveform of the intensity of the
interference light .4 as the interference signal IS. It should be
noted that, in this embodiment, the interference light 1.4 is
divided at the combining means 104 at a ratio of 50:50 to enter
photodetectors 140a and 1405 to achieve balanced detection,
as one example. The detected interference signal IS is A/D
converted and fed to the tomographic image processing unit
150.

[0077] In the tomographic image acquiring means 150, a
tomographic image processing unit 151 executes a tomo-
graphic image generation program to generate the tomo-
graphic information of the subject to be measured Sb from the
A/D converted interference signal IS, and a display unit 152
displays the generated tomographic image P. In this embodi-
ment, the operation carried out by the tomographic image
acquiring means 150 is processed on an externally connected
computer and the acquired image is displayed on the display
unit 152 of the computer, as one example. However, the
operation carried out by the tomographic image acquiring
means 150 may be processed on the optical tomographic
imaging apparatus 100 and the acquired image may be dis-
played on the display unit 152 of the optical tomographic
imaging apparatus 100. The processing of the A/D converted
interference signal IS by the tomographic image processing
unit 151 will be described later.

[0078] The attachment section 101, which optically
couples the optical probe 200 to the optical fiber FB2, is
provided at a housing of the optical tomographic imaging
apparatus 100. The attachment section 101 includes an emit-
ting section 101a, from which the measurement light .1 fed
from the optical fiber FB2 is emitted. In this embodiment, the
attachment section is formed by an optical connector 101
provided at the housing of the optical tomographic imaging
apparatus 100, and the emitting section is formed by a center
portion 101a of the optical connector 101, as one example,
although this is not intended to limit the invention.

[0079] The optical probe 200 is attached to the optical
connector 101, thereby optically coupling the optical probe
200 to the optical fiber FB2 in a removable manner. Thus, the
measurement light [.1 emitted from the optical fiber FB2 is
fed to the optical probe 200.

[0080] The optical probe 200 includes a distal end portion
210, which is inserted into a body cavity through, for
example, a forceps channel of an endoscope, and a driving
unit 220. The optical probe 200 contains the optical fiber 201
that extends along substantially the entire length of the optical
probe 200. When the optical probe 200 is attached to the
optical connector 101, the optical fiber 201 is optically
coupled to the optical fiber FB2 at the center portion 101a.
The optical fiber 201 is divided at a point between the distal
end portion 210 and the driving unit 220, and the divided
portions of the optical fiber 201 are joined to each other via an
optical rotary joint (not shown) so that the portion of the
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optical fiber 201 at the distal end portion 210 side is rotatable
relative to the portion of the optical fiber 201 at the driving
unit 220 side. By removing the distal end portion 210, the
rotary joint (not shown) could be used as the above-described
attachment section for attaching the calibration jig to the
optical tomographic imaging apparatus 100.

[0081] A distal end optical system 202 is disposed at the
distal end of the optical fiber 201. The distal end optical
system 202 directs the measurement light L1 to the subject to
be measured Sb and directs the reflected light L3 from the
subject to be measured Sb to the optical fiber 201. It is
assumed here that the subject to be measured Sb provides a
single reflection point like a delta function with respect to the
optical axis. The portion of the optical fiber 201 at the distal
end portion 210 side is rotated about the longitudinal axis of
the optical fiber 201 (in the direction of arrow R in the draw-
ing) by a driving motor (not shown) built in the driving unit
220. Thus, the measurement light [.1 emitted from the distal
end optical system 202 is moved to scan about the longitudi-
nal axis of the optical fiber 201 (in the direction of arrow R in
the drawing).

[0082] FIG. 2 illustrates the schematic configuration of the
distal end portion of the optical probe 200. As shown in FIG.
2, the distal end portion 210 of the optical probe 200 is
covered with a substantially cylindrical sheath 203. The mea-
surement light [.1 guided through the optical fiber 201 and
emitted from the distal end optical system 202 transmits
through the sheath 203 to be applied to the subject to be
measured Sb. The reflected light 1.3 from the subject to be
measured Sb transmits through the sheath 203 and enters the
distal end optical system 202 to be guided through the optical
fiber 203. Therefore, the measurement light L1 and the
reflected light L3 transmitted through the sheath 203 are
dispersed at the sheath 203.

[0083] The tomographic image processing unit 151
obtains, based on the period clock T ;.- fed from the period
clock generating means 120, the interference signal IS for one
sweep period detected by the interference light detecting
means 140. FIG. 3 illustrates the interference signal IS to be
fed to the tomographic image processing unit 151 in a case
where the subject to be measured Sb provides a single reflec-
tion point. As described above, the interference signal
[0084] IS represents a time domain waveform of the inten-
sity of the interference light 4. In FIG. 3, the transverse axis
represents the time t and the vertical axis represents the inten-
sity 1 of the interference light 1.4.

[0085] When the subject to be measured Sb provides a
single reflection point, the interference signal IS should take
the form of a sine wave having a single frequency with respect
to the wavenumber k. In practice, however, the wavenumber
k is not linear with respect to the time axis due to character-
istics of the light source unit 110, influence of components of
the apparatus, etc., and therefore the interference signal IS
does not take the form a sine wave having a single frequency
with respect to the time axis, as shown in FIG. 3. As described
above, however, in order to obtain the accurate tomographic
image P of the subject to be measured Sb at the tomographic
image processing unit 151, the interference signal IS needs to
be rearranged to have a single frequency with respect to the
wavenumber k (=2rt/A.), as shown in FIG. 4. The tomographic
image processing unit 151 is therefore provided with a time
t-to-wavenumber k calibration conversion table or calibration
conversion function that is obtained by calibrating the optical
tomographic imaging apparatus 100. Using the time t-to-
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wavenumber k calibration conversion table or calibration
conversion function, the tomographic image processing unit
151 rearranges the interference signal IS at equal intervals,
i.e., to have a single frequency, with respect to the wavenum-
ber axis k. In this manner, when the tomographic image
processing unit 151 calculates the tomographic information
from the interference signal IS, the tomographic image pro-
cessing unit 151 can acquire highly accurate tomographic
information by using a spectral analysis technique that
assumes that the interference signal IS is arranged at equal
intervals with respect to the wavenumber k, such as the Fou-
rier transform or processing using the maximum entropy
method. Details of this conversion technique are disclosed in
U.S. Pat. No. 5,956,355.

[0086] Thetomographic image processing unit 151 obtains
the tomographic information of the subject to be measured Sb
for one sweep period by applying a spectral analysis tech-
nique, such as the Fourier transform, the maximum entropy
method, the Yule-Walker method, or the like, to the converted
interference signal IS.

[0087] Thetomographic image processing unit 151 obtains
the tomographic information of individual positions of the
subject to be measured Sb exposed to the measurement light
L1 which is emitted from the distal end of the optical probe
200 and moved to scan about the axis of the optical fiber 201.
Then, based on a signal fed from, for example, the an encoder
included in the driving unit 220 of the optical probe 200, the
tomographic image processing unit 151 generates the tomo-
graphic information of the subject to be measured Sb corre-
sponding to the entire scan about the fiber axis, and the
information is displayed on the display unit 152 as the tomo-
graphic image P.

[0088] Next, a first embodiment of a calibration jig 1 of the
invention is described. As shown in FIG. 1, the calibration jig
1 is removably attached to the optical connector 101, which is
one example of the attachment section of the optical tomo-
graphic imaging apparatus 100. FIGS. 5A to 5D illustrate
variations of the first embodiment of the calibration jig 1. The
calibration jig 1 is mainly formed by a holding member 2,
which is attachable to the optical connector 101, and a reflec-
tive member 3, which reflects the measurement light 1.
[0089] The holding member 2 in this embodiment is
removably attached to the optical connector 101 via an optical
connector 2a, which can fit with the optical connector 101. It
should be noted that the means for achieving the removable
attachment of the holding member 2 to the optical connector
101 is not limited to the optical connector 2a provided at the
holding member 2, and the removable attachment may be
achieved by other means, such as securing the holding mem-
ber 2 to the housing of the optical tomographic imaging
apparatus 100 with a screw, or supporting the holding mem-
ber 2 with another support member, or the like, to position the
holding member 2 in the vicinity of the optical connector 101.
[0090] The holding member 2 also holds the reflective
member 3, which reflects the measurement light [.1 emitted
from the center portion 101a, which is one example of the
emitting section, of the optical connector 101. The reflective
member 3 may directly be held by the holding member 2, or
may indirectly be held by the holding member 2 via an adap-
tor.

[0091] Further, the holding member 2 guides the measure-
ment light [.1 emitted from the center portion 101a to the
reflective member 3. In this embodiment, the measurement
light [1 is indirectly guided to the reflective member 3 via an
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optical fiber 2b connected to the optical connector 2a,
although this is not intended to limit the invention. The mea-
surement light .1 may be guided via an optical system, which
is provided in place of the optical fiber 25, or may be guided
via both the optical fiber 25 and an optical system 2c, as
shown in FIG. 5B. Alternatively, the measurement light L1
may directly be guided to the reflective member 3.

[0092] As described above, the reflective member 3 is
directly or indirectly held by the holding member 2, and
includes a reflective surface 3a, which reflects the measure-
ment light .1 emitted from the center portion 101a. The
reflective surface 3a is polished or coated so that the light
reflected at the reflective surface 3a has a predetermined
intensity. It should be noted that the form of the reflective
member 3 is not particularly limited, and the optical fiber 26
in the calibration jig 1 may also serve as the reflective member
3, as shown in FIG. 5C. That is, in the case where the optical
fiber 25 also serves as the reflective member 3, a fiber end of
the optical fiber 256 forms the reflective surface 3a.

[0093] Although there is a space between the optical fiber
2b and the reflective member 3 in the above description, the
reflective member 3 may be secured at an end face of the
optical fiber 2b. For example, as shown in FIG. 5D, an inter-
face 3a' between a reflective member 3' and a reflective mem-
ber 3" having different refraction indices may be used to form
the reflective surface.

[0094] Next, asecond embodiment ofthe calibration jig 1is
described. As in variations shown in FIGS. 6A to 6D, the
holding member 2 of the calibration jig 1 of this embodiment
includes the reflective surface 3a which forms the entire or a
part of the holding member 2 so that the holding member 2
also serves as the reflective member 3. FIG. 6 A shows a case
where the reflective surface 34 is formed on an inner surface
2d of the holding member 2. FIG. 6B shows a case where the
entire or a part of the holding member 2 is formed of a light
transmitting material and the reflective surface 3a is formed
on an outer surface 2e of the holding member 2. Alternatively,
as shown in FIGS. 6C and 6D, an optical system may be
provided at the distal end of the optical fiber 25 to change the
traveling direction of the measurement light [.1. Other fea-
tures of the calibration jig 1 of this embodiment are the same
as those in the first embodiment and explanation thereof is
omitted.

[0095] Next, a third embodiment of the calibration jig 1 is
described. As in variations shown in FIGS. 7A and 7B, the
calibration jig 1 may include an attenuation member 4. As
described above, the light amount of the measurement light
L1 is 9.9 mW, as one example. In actual measurement, how-
ever, the reflected light 1.3 is sufficiently attenuated with
respect to the measurement light [.1. Specifically, the detec-
tion range of the interference light detecting means 140 is set
with assuming that the light amount of the reflected light L3,
which is reflected when the measurement light [.1 having the
above light amount is applied to the subject to be measured
Sb, is within the range from 1 nW to 100 nW at a point
immediately before the combining means 104, as one
example. Therefore, in a case where the reflective surface 3a
has high reflectance, the attenuation member 4 can be pro-
vided in the calibration jig 1 to attenuate the reflected light L3
reflected from the reflective surface 3a so that the reflected
light 1.3 has a light amount within the detection range of the
interference light detecting means 140. As shown in FIGS. 7A
and 7B, the attenuation member 4 in this embodiment is
formed by inserting an ND filter between the center portion
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101a and the reflective surface 3a, although this is not
intended to limit the invention. In the above-described case
where the end face of the optical fiber forms the reflective
surface 3a, the end face may be obliquely cut, and this can
provide attenuation of the returning reflected light L3 to
around 4%. Alternatively, the reflective surface 3a may be
provided with an uneven pattern, which reduces reflectance of
the reflective surface 3a and thus serves as the attenuation
member 4. That is, the reflective surface 3a may also serve as
the attenuation member 4. Other features of the calibration jig
1 of the third embodiment are the same as those in the first
embodiment and explanation thereof is omitted.

[0096] As described above, with the calibration jig 1
according to the first to third embodiments, the operator only
has to attach the calibration jig 1 to the attachment section 101
of the optical tomographic imaging apparatus 100, and the
measurement light [.1 emitted from the emitting section 101a
can be reflected at the reflective surface 3a back to the emit-
ting section 101a. Thus, the optical tomographic imaging
apparatus 100 can be calibrated in a simple and repeatable
manner.

[0097] Next, a fourth embodiment of the calibration jig 1 of
the invention is described. FIGS. 8A and 8B illustrate varia-
tions of the fourth embodiment of the calibration jig 1. The
calibration jig 1 includes the holding member 2, which is
attachable to the optical connector 101, the reflective member
3, which reflects the measurement light [.1, and a light trans-
mitting member 5, which generates the same dispersion as the
sheath 203 of the optical probe 200 does. Other features of the
calibration jig 1 of this embodiment are the same as those in
the first embodiment, and detailed explanation thereof is
omitted unless it is necessary.

[0098] The holding member 2 allows the measurement
light .1 emitted from the center portion 101a to transmit
through the light transmitting member 5 to be guided to the
reflective member 3. In this embodiment, the measurement
light L1 is indirectly guided to the reflective member 3 via the
optical fiber 2b connected to the optical connector 2a,
although this is not intended to limit the invention. The mea-
surement light .1 may be guided via the optical system 2c,
which is provided in place of the optical fiber 25, or may be
guided via both the optical fiber 26 and the optical system 2c¢,
as shown in FIG. 8B. Alternatively, the measurement light [.1
may directly transmit through the light transmitting member
5 to be guided to the reflective member 3.

[0099] The light transmitting member 5 is disposed
between the center portion 101a and the reflective surface 3a,
and allows the measurement light [.1 emitted from the center
portion 101a and the reflected light L3 reflected from the
reflective surface 3a to transmit therethrough. The light trans-
mitting member 5 is formed of the same material as the sheath
203 of the optical probe 200. Thus, during calibration using
the calibration jig 1, the detected interference light [.4 con-
tains substantially the same dispersion as that in actual mea-
surement.

[0100] Next, a fifth embodiment of the calibration jig 1 is
described. FIGS. 9A and 9B illustrate variations of the fifth
embodiment of the calibration jig 1. As shown in FIGS. 9A
and 9B, the entire or a part of the holding member 2 may be
formed by the light transmitting member 5 so that the holding
member 2 also serves as the light transmitting member 5. As
shown in FIG. 9A, the measurement light .1 emitted from the
optical fiber 26 transmits through the holding member 2 and
is reflected at the reflective surface 3a, which is disposed
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outside the holding member 2. Then, the reflected light [.3
transmits through the holding member 2 to enter the optical
fiber 2b. As shown in FIG. 9B, an optical system may be
provided at the distal end of the optical fiber 25 to change the
traveling direction of the measurement light [.1. In the varia-
tion shown in FIG. 98, the reflective surface 3¢ may not
necessarily cover the entire outer circumference of the hold-
ing member 2. It suffices that the reflective surface 3a covers
substantially a half or more in the circumferential direction of
the outer circumference of the holding member 2 including an
area where the measurement light [.1 is applied.

[0101] The variation shown in FIG. 9B is particularly effec-
tive in a case where the above-described rotary joint is used as
the attachment section 101 to which the optical fiber 25 is
rotatably attached so that the measurement light [.1 is moved
to scan about the longitudinal axis. Other features of the
calibration jig 1 of this embodiment are the same as those in
the first embodiment and explanation thereof is omitted.
[0102] As described above, with the calibration jig 1
according to the fourth and fifth embodiments, the operator
only has to attach the calibration jig 1 to the attachment
section 101 of the optical tomographic imaging apparatus
100, and the measurement light I.1 emitted from the emitting
section 101a can transmit through the light transmitting
member 5 and be reflected at the reflective surface 3a to enter
the emitting section 101a. Thus, the optical tomographic
imaging apparatus 100 can be calibrated in a simple and
repeatable manner. Further, using the calibration jig including
the light transmitting member 5 which generates the same
dispersion as the sheath 203 does, the distortion due to the
dispersion at the sheath of the optical probe can be corrected
during calibration, thereby enabling acquisition of accurate
tomographic information of the subject to be measured Sh.
[0103] As shown in FIG. 10, the reflective member 3 in all
the above-described embodiments of the invention may be
formed as a single reflective surface which is disposed within
anarea X corresponding to twice a coherence length W of the
laser light L. The center of the area X is a position Z (herein-
after referred to as a zero path) of the reflective surface at
which the measurement light L1 reflected at the reflective
surface has the same optical path length as the optical path
length of the reference light .2 from a point at which the laser
light L. is divided into the reference light [.2 and the measure-
ment light [1 to a point at which the reference light 1.2 and the
measurement light .1 are combined. That is, the calibration
jig1 may include no reflective surface other than the reflective
surface 3a within the area X. It should be noted that, in a case
where the reflective surface 3a is provided with low reflec-
tance, there may be influence of reflection at a rear surface 36
of the reflective member 3. In this case, the influence of
reflection at the rear surface 36 can be avoided by adjusting
the thickness of the reflective member 3 so that the rear
surface 35 is not present within the area X.

[0104] Now, operation in the case where the reflective
member 3 is formed as a single reflective surface is described.
[0105] The reflective member 3 of the calibration jig 1
shown in FIG. 10 is directly or indirectly held by the holding
member 2. The reflective member 3 includes the reflective
surface 3a for reflecting the measurement light .1 emitted
from the center portion 101a, and forms the single reflective
surface within the area X corresponding to the coherence
length W of the laser light [ with the zero path being the
center of the area. When the calibration jig 1 of this embodi-
ment is used to calibrate the optical tomographic imaging
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apparatus, the operator only has to attach the calibration jig 1
to the attachment section 101 of the optical tomographic
imaging apparatus 100, and the measurement light .1 emitted
from the emitting section 101 can be reflected at the reflective
surface 3a back to the emitting section 101. Further, even ina
case where some other member (such as the attenuation mem-
ber 4 or the light transmitting member 5 described above) is
present in the holding member 2, the Fourier transformed
interference signal does not contain more than one spectral
peaks (FIG. 11A), and a single spectral peak can be obtained
(FIG. 11B). It is therefore not necessary to cut out a peak of
interest (“A” in the drawing) from more than one spectral
peaks, which is an operation with a high degree of freedom,
easy and repeatable calibration of the optical tomographic
imaging apparatus can be achieved.

[0106] Next, calibration using the calibration jig 1 of the
invention is described. the operator removes the optical probe
200 attached to the optical connector 101 of the optical tomo-
graphic imaging apparatus 100, and fits the optical connector
2a of the calibration jig 1 with the optical connector 101,
thereby optically coupling the optical fiber FB2 with the
optical fiber 25.

[0107] For example, in a case where the calibration jig 1
shown in FIG. 5A is used, the measurement light [.1 emitted
from the center portion 101a enters the optical fiber 25, and is
guided through the optical fiber 256 to reach the reflective
member 3. The reflected light [.3 reflected from the reflective
surface 3a of the reflective member 3 enters the optical fiber
2b, and is guided through the optical fiber 25 and the optical
fiber FB2 to enter the combining means 104. The combining
means 104 generates the interference light 1.4 between the
reference light [.2 and the reflected light [.3. The interference
light 1.4 is divided at the combining means 104 and the
divided portions of the interference light [.4 enter the inter-
ference light detecting means 140, where the interference
signal IS is detected. In this case, the reflective surface present
is only the reflective surface 3a of the reflective member 3.
[0108] Onthe other hand, in a case where the calibration jig
1 shown in FIG. 8A is used, for example, the measurement
light 1.1 emitted from the center portion 101a enters the
optical fiber 24, is guided through the optical fiber 256 and
transmits through the light transmitting member 5 to reach the
reflective member 3. The reflected light L3 reflected from the
reflective surface 3a of the reflective member 3 transmits
through the light transmitting member 5 and enters the optical
fiber 26 to be guided through the optical fiber 26 and the
optical fiber FB2 to enter the combining means 104. The
combining means 104 generates the interference light [.4
between the reference light [.2 and the reflected light .3. The
interference light 1.4 is divided at the combining means 104
and the divided portions of the interference light [.4 enter the
interference light detecting means 140, where the interfer-
ence signal IS is detected.

[0109] Therefore, when the calibration jig 1 shown in FIG.
8A is used, the measurement light [1 is reflected at a surface
5a of the light transmitting member 5 near the emitting sec-
tion 1014, a surface 55 of the light transmitting member 5 near
the reflective surface 3a, and the reflective surface 3a. That is,
the calibration jig 1 has three reflective surfaces that reflect
the measurement light L.1.

[0110] Ifthe calibrationjig 1 has a single reflective surface,
and change of the wavenumber k of the measurement light [.1
is linear, the time domain waveform of the interference signal
IS has a single frequency. However, the interference light [.4
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detected as described above using the calibration jig 1 shown
in FIG. 5A or 8A has a waveform that is distorted from the
time domain waveform with a single frequency, as shown in
FIG. 3, due to characteristics of the light source unit 110 or
influence of the presence of the three reflective surfaces.

[0111] It is therefore necessary to generate a calibration
conversion table which corrects for the distortion, thereby
achieving correct conversion. Now, a method for generating
the calibration conversion table is described.

[0112] If the wavenumber k of the measurement light [.1
entering the single reflective surface changes linearly with
respect to the time, zero points (points where the intensity of
the interference signal is at the middle between the maximum
intensity 1, and the minimum intensity I,,,,,) of the interfer-
ence signal IS are plotted at equal intervals with respect to the
wavenumber k. Using this nature, the calibration conversion
table is generated to rearrange the time domain waveform of
the interference signal IS at equal intervals with respect to the
wavenumber k. It should be noted that the points of the
interference signal IS to be plotted at equal intervals are not
limited to the zero points. That is, any group of points of the
interference signal IS can be used as long as they have equal
phase differences, such as 2m, m or m/2, therebetween.
Examples of the group of points include a group of points of
local maximum values with a phase difference of 2, a group
ofpoints of local maximum and local minimum values with a
phase difference of , or a group of points of local maximum
and local minimum values and zero points with a phase dif-
ference of /2. In view of ease of analysis and repeatability,
however, use of the group of zero points may be preferred.

[0113] Therefore, the method for generating a calibration
conversion table of this embodiment includes: extracting a
group of points from the interference signal IS with respect to
the time axis, which points are to be plotted at equal intervals
in the interference signal IS with respect to the wavenumber
axis; finding a time value corresponding to each point of the
group of points; plotting, based on the time values, the group
of points on a calibration conversion table at equal intervals
along the wavenumber axis of the calibration conversion
table; and interpolating between the plotted points of the
group of points.

[0114] Now, the method for generating a calibration con-
version table from the interference signal IS, which is
acquired using the calibration jig 1 shown in FIG. 5A, is
specifically described with reference to FIGS. 12, 13A and
13B. As described above, the calibration jig 1 shown in FIG.
5A has a single reflective surface. First, as shown in FIG. 12,
symbols ky, k,, . . ., k, ; (nis the number of zero points in a
sweep period) are assigned to the wavenumbers k at indi-
vidual zero points in the interference signal IS, and time
valuestg,t,, ..., | corresponding to the wavenumbersk,, k,,
..., k, ; arefound. Thetimevalues t,,t,, . ..t,_, may be found,
for example, by estimating the zero points through linear
approximation between two points adjacent to and at opposite
sides of each zero point. In this case, the linear approximation
between adjacent two points may be carried out after the
number of data of the interference signal IS is increased by
once applying Fourier transform to the interference signal IS,
filling Os at the high frequency side of the thus obtained data,
and applying inverse Fourier transform to the resulting data.
This allows more accurate estimation of the zero points. The
method used for finding the time values t,, t, . . . t,,_; is not
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limited to the linear approximation. For example, the time
valuest,,t,,...,t, ; maybeestimated through spline approxi-
mation.

[0115] Based on the thus estimated zero points, each point
(t,. k,) (m=0, 1, . . ., n-1) is plotted on the table with the
transverse axis representing t and the vertical axis represent-
ing k such that the positions of k,, are at equal intervals, as
shown in FIG. 13A. That is, the positions of k, to k,, , are
plotted along the vertical axis to divide a portion of the axis
between “0” to “1” into equal n portions with the position of
k,_ , being “1”. Then, the thus obtained points (t,,, k,,) (m=0,
1, ..., n-1) are interpolated, for example, by cubic spline
interpolation to provide the calibration conversion table (FIG.
13B). It should be noted that the specific method used for
interpolation is not particularly limited.

[0116] Onthe other hand, when the calibration jig 1 shown
in FIG. 8A is used, it is necessary to take only the reflected
light reflected at the reflective surface 3a into account for
calibration. This may be achieved, for example, by the fol-
lowing method. First, the interference signal IS shown in FIG.
3 is Fourier transformed to obtain an intensity waveform of
the interference light 4. As shown in FIG. 11A, the intensity
waveform of the interference light [.4 with respect to tempo-
ral spectrum obtained through the Fourier transform includes
three peaks of the light intensity corresponding to the three
reflective surfaces, i.e., the surface 5a, the surface 56 and the
reflective surface 3a. Then, a peak region (“A” in the drawing)
of the light intensity corresponding to the reflection at the
reflective surface 3a is cut out and subjected to inverse Fourier
transform to obtain a time domain waveform of the interfer-
ence signal IS corresponding to the reflection at the reflective
surface 3a. The time domain waveform of the inverse Fourier
transformed interference signal IS is regarded as a time
domain waveform of the light intensity with respect to a
single reflective surface, i.e., the reflection at the reflective
surface 3a. Subsequently, a group of points which are to be
plotted at equal intervals along the wavenumber axis are
extracted from the converted interference signal IS, and the
above-described method for generating the calibration con-
version table is applied to obtain the calibration conversion
table in the similar manner.

[0117] As described above, by generating the calibration
conversion table using the calibration jig and the method for
generating a calibration conversion table according to the
invention, the calibration conversion table can easily be gen-
erated from the interference signal.

[0118] Although the optical tomographic imaging appara-
tus 100 is described in the above embodiments as a SS-OCT
apparatus, this is not intended to limit the invention. That is,
the calibration jig 1 of the invention may be applied to a
SD-OCT apparatus to generate a calibration conversion table
which corrects a wavelength domain waveform of the inten-
sity of the interference light [.4, which is obtained through
SD-OCT measurement, to provide equal intervals with
respect to the wavenumber. It should be noted that, in the case
of' SS-OCT, the measurable range is determined by coherence
length of the light source. Whereas, in the case of the SD-
OCT, the measurable range is determined by a measurable
range D, which is determined by wavelength width of the
low-coherent light entering each one of arrayed light receiv-
ing elements. The measurable range D of the SD-OCT is
derived by the equation below:

D=Ag"2/5)
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wherein A, represents a center wavelength of the wideband
light source, and A represents a wavelength width ofthe light
entering each light receiving element. Therefore, when the
method for generating a calibration conversion table accord-
ing to the invention is applied to the SD-OCT system, the
description should be interpreted with reading the “coherence
length” mentioned in the above-described embodiments with
respect to the SS-OCT system as the “measurable range D”.
[0119] Further, when the method for generating a calibra-
tion conversion table of the invention is applied to the SD-
OCT system, the description should be interpreted with read-
ing the time corresponding to the wavenumber in the case of
the SS-OCT as a spatial displacement on the arrayed light
receiving elements. In this manner, a calibration conversion
table representing a relationship between the spatial displace-
ment and the wavenumber can be provided.

EFFECT OF THE INVENTION

[0120] The calibration jig of the invention includes a hold-
ing member, which is removably attachable to an attachment
section of an optical tomographic imaging apparatus for opti-
cally coupling the optical probe to the apparatus, and a reflec-
tive surface, which is held by the holding member and which
reflects the measurement light emitted from an emitting sec-
tion of the attachment section and directs the reflected light
back to the emitting section. When the operator calibrates the
optical tomographic imaging apparatus, the operator removes
the optical probe from the attachment section of the optical
tomographic imaging apparatus, and then attaches the hold-
ing member of the calibration jig of the invention to the
attachment section. With this simple operation, the reflective
surface held by the holding member reflects the measurement
light emitted from the emitting section of the attachment
section and directs the reflected light back to the emitting
section. Thus, the operator can make the reflected light of the
measurement light accurately enter the emitting section in a
simple manner, and repeatability of the calibration is
improved.

[0121] In the calibration jig of the invention, the holding
member may also serve as the reflective surface to simplify
the structure of the calibration jig. This improves manufac-
turing accuracy of the calibration jig, which in turn improves
repeatability of the calibration.

[0122] The calibration jig of the invention may further
include an attenuator section that attenuates the reflected
light. In this case, the reflected light can be attenuated depend-
ing on the reflectance of the reflective surface so that the
intensity of the detected interference light is within a range
detectable by the optical tomographic imaging apparatus.
[0123] Ifthe optical probe ofthe optical tomographic imag-
ing apparatus is covered with a sheath, which transmits the
measurement light to be applied to the subject to be measured
and transmits the reflected light to be guided through the
optical probe, the calibration jig may include a light transmit-
ting member disposed between the emitting section and the
reflective surface, which light transmitting member transmits
the measurement light and the reflected light reflected from
the reflective surface, and generates the same dispersion as
dispersion generated when the measurement light and the
reflected light reflected from the subject to be measured trans-
mit through the sheath. In this case, when the operator cali-
brates the optical tomographic imaging apparatus, the opera-
tor removes the optical probe from the attachment section of
the optical tomographic imaging apparatus, and then attaches
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the holding member of the calibration jig of the invention to
the attachment section. With this simple operation, distortion
due to the dispersion at the sheath can be corrected during the
calibration.

[0124] In the calibration jig of the invention, the holding
member may also serve as the light transmitting member to
simplify the structure of the calibration jig. This improves
manufacturing accuracy of the calibration jig, which in turn
improves repeatability of the calibration.

[0125] Further, in a case where a frequency-swept light
source is used, the reflective surface of the calibration jig
according to the invention forms a single reflective surface
which is disposed within an area corresponding to twice a
coherence length ofthe laser light at a certain instant, with the
center of the area being a position (zero path) of the reflective
surface at which the measurement light reflected at the reflec-
tive surface has a same optical path length as an optical path
length of the reference light from a point at which the laser
light is divided into the reference light and the measurement
light to a point at which the reference light and the measure-
ment light are combined. On the other hand, in a case where
a light source having a wide emission wavelength band is
used, and the signal from the subject to be measured is split
into spectral components and is detected with a photodetector
array, the reflective surface of the calibration jig forms a
single reflective surface which is disposed within a measur-
able range of the detector, which is determined by the number
of'pixels of the detector. Thus, even when some other member
is present in the holding member, the Fourier transformed
interference signal does not contain more than one spectral
peaks, i.e., contains only a single spectral peak. Thus, it is not
necessary to cut out a peak of interest from the more than one
spectral peaks, which is an operation with a high degree of
freedom, and easy and repeatable calibration of the optical
tomographic imaging apparatus can be achieved.

What is claimed is:

1. A method for generating a calibration conversion table
using a calibration jig for calibrating an optical tomographic
imaging apparatus,

the calibration jig including a holding member removably

attachable to an attachment section of the optical tomo-
graphic imaging apparatus, and a reflective surface held
by the holding member, the reflective surface reflecting
measurement light emitted from an emitting section of
the attachment section and directing reflected light back
to the emitting section,

the calibration conversion table representing a relationship

between wavenumber and time and being used for con-
verting a first interference signal plotted along a time
axis with constant time intervals into a second interfer-
ence signal plotted along a wavenumber axis with con-
stant wavenumber intervals,

the first interference signal being obtained by: attaching the

calibration jig to the attachment section to optically
couple the calibration jig to the apparatus in a removable
manner; emitting laser light from a frequency-swept
laser light source with temporally swept optical fre-
quency; dividing the laser light into reference light and
the measurement light; emitting the measurement light
from the emitting section; guiding the measurement
light through the calibration jig and applying the mea-
surement light to the reflective surface; combining the
reference light with reflected light, the reflected light
being reflected from the reflective surface and guided
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through the calibration jig; and detecting interference
light of the combined reference light and reflected light
as the first interference signal,
the method comprising:
extracting a group of points from the first interference
signal plotted along the time axis, the group of points
being to be plotted at equal intervals in the second inter-
ference signal plotted along the wavenumber axis;

finding a time value corresponding to each point of the
group of points;

plotting, based on the time values, the group of points on

the calibration conversion table at equal intervals along
the wavenumber axis of the calibration conversion table;
and

interpolating between the plotted points of the group of

points.

2. A method for generating a calibration conversion table
using a calibration jig for calibrating an optical tomographic
imaging apparatus,

the calibration jig including a holding member removably

attachable to an attachment section of the optical tomo-
graphic imaging apparatus, and a reflective surface held
by the holding member, the reflective surface reflecting
measurement light emitted from an emitting section of
the attachment section and directing reflected light back
to the emitting section,

the calibration conversion table representing a relationship

between wavenumber and displacement and being used
for converting a first interference signal plotted along a
displacement axis with constant displacement intervals
into a second interference signal plotted along a wave-
number axis with constant wavenumber intervals,

the first interference signal being obtained by: attaching the

calibration jig to the attachment section to optically
couple the calibration jig to the apparatus in a removable
manner; dividing low-coherent light having a wide
emission wavelength band into reference light and the
measurement light; emitting the measurement light
from the emitting section; guiding the measurement
light through the calibration jig and applying the mea-
surement light to the reflective surface; combining the
reference light with reflected light, the reflected light
being reflected from the reflective surface and guided
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through the calibration jig; and spatially dispersing
interference light of the combined reference light and
reflected light with respect to frequency and detecting
the interference light as the first interference signal with
a plurality of spatially arrayed light receiving elements,

the method comprising:

extracting a group of points from the first interference
signal plotted along the displacement axis, the group of
points being to be plotted at equal intervals in the second
interference signal plotted along the wavenumber axis;

finding a displacement value corresponding to each point
of the group of points;

plotting, based on the displacement values, the group of
points on the calibration conversion table at equal inter-
vals along the wavenumber axis of the calibration con-
version table; and

interpolating between the plotted points of the group of
points.

3. The method for generating a calibration conversion table

as claimed in claim 1, further comprising:

if a wavenumber spectrum of the first interference signal of
the interference light contains a peak other than a peak
corresponding to the reflective surface, cutting out a
region of the peak corresponding to the reflective surface
from the wavenumber spectrum;

applying inverse Fourier transform to the cut out region of
the wavenumber spectrum to form a transformed inter-
ference signal; and

extracting the group of points from the transformed inter-
ference signal.

4. The method for generating a calibration conversion table

as claimed in claim 2, further comprising:

if a wavenumber spectrum of the first interference signal of
the interference light contains a peak other than a peak
corresponding to the reflective surface, cutting out a
region of the peak corresponding to the reflective surface
from the wavenumber spectrum;

applying inverse Fourier transform to the cut out region of
the wavenumber spectrum to form a transformed inter-
ference signal; and

extracting the group of points from the transformed inter-
ference signal.



