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Abstract. We present three-dimensional (3-D) high-
resolution spectral-domain optical coherence microscopy
(SD-OCM) by using a supercontinuum (SC) fiber laser
source with 300-nm spectral bandwidth (full-width at half-
maximum) in the 1700-nm spectral band. By using low-
coherence interferometry with SC light and a confocal
detection scheme, we realized lateral and axial resolutions
of 3.4 and 3.8 μm in tissue (n ¼ 1.38), respectively. This is,
to the best of our knowledge, the highest 3-D spatial
resolution reported among those of Fourier-domain optical
coherence imaging techniques in the 1700-nm spectral
band. In our SD-OCM, to enhance the imaging depth,
a full-range method was implemented, which suppressed
the formation of a coherent ghost image and allowed us
to set the zero-delay position inside the samples. We
demonstrated the 3-D high-resolution imaging capability
of 1700-nm SD-OCM through the measurement of an
interference signal from a mirror surface and imaging of
a single 200-nm polystyrene bead and a pig thyroid gland.
Deep tissue imaging at a depth of up to 1.8 mm was
also demonstrated. This is the first demonstration of 3-D
high-resolution SD-OCM in the 1700-nm spectral band.
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1 Introduction

Optical coherence microscopy (OCM) is an optical coherence
imaging technique based on optical coherence tomography
(OCT) combined with confocal microscopy using a high-
numerical-aperture (NA) objective lens, which allows us to
perform three-dimensional (3-D) high-resolution, label-free
imaging of biological specimens without any physical or
chemical pretreatment, such as staining or sectioning.1 So far,

OCM techniques in the 800- to 1300-nm spectral band, which

enable noninvasive, label-free visualization of biological struc-

tures in 3D with high resolution, have been widely employed for

biomedical studies.2–5 In addition, multimodal imaging tech-

niques to integrate OCM with other optical imaging modalities,

such as fluorescence microscopy, photoacoustic microscopy,

and so on, have also been reported to provide complementary

features of biological specimens, allowing more detailed bio-

logical understanding.6,7

In the development of OCM and OCT systems currently

underway, one of the important goals is to realize a large imag-

ing depth in tissue imaging. In tissue imaging with OCM/OCT

using near-infrared (NIR) light, the imaging depth of OCM/

OCT is limited by light attenuation due to multiple light scatter-

ing and light absorption events by water inside the samples.

To achieve greater imaging depth in the observation of turbid

scattering tissue, light sources in the 1300-nm spectral band

are commonly used, because the light scattering is reduced at

1300 nm compared to the conventional NIR band of 650 to

900 nm. For example, an imaging depth of 2.3 mm in the

imaging of living mouse brains was demonstrated by using

1300-nm swept-source (SS) OCT.8 A 1300-nm spectral-domain

(SD) OCM system was also reported, and this system realized

3-D high-resolution imaging of living rat brain tissues with an

imaging depth of ∼1.3 mm.5 Although the light absorption by

water becomes higher in the 1700-nm wavelength region, sev-

eral groups, including ours, have recently reported that use of

the 1700-nm spectral band allows imaging at an imaging depth

greater than that in the 1300-nm spectral band, due to the lower

light attenuation, which arises from the reduced scattering coef-

ficient and the existence of a local minimum of the water absorp-

tion coefficient in the 1700-nm spectral band.9–19 In recently

reported 1700-nm SS-OCT, an imaging depth of 2.6 mm was

realized in imaging of living mouse brains.20 In our group,

we have been developing high-axial-resolution 1700-nm OCT

by using a supercontinuum (SC) fiber laser source. Based on

our OCT system, we also realized 3-D high-resolution time-

domain (TD) OCM in the 1700-nm spectral band {the center

wavelength is 1730 nm and the spectral bandwidth is 380 nm

[full-width at half-maximum (FWHM)]}, which enabled lateral

and axial resolutions of 1.3 and 2.8 μm (in tissue).21 In addition,

a comparison of the imaging depths of 1700 and 1300 nm TD-

OCM under the same sensitivity conditions showed that the

1700-nm spectral band is a promising choice for deep-tissue

imaging with OCM.21 However, because the optical pass length

of the reference beam was scanned by a mechanical scanner,

the image acquisition time of the high-resolution 1700-nm TD-

OCM was not sufficient for biological studies (image acquisi-

tion time: ∼40 min for a single en-face image with 512 ×

512 pixels). In addition, the signal detection sensitivity was also

limited to around 93 dB, due to the use of such a broad spectral

bandwidth in a TD detection system.21,22

In this study, to improve the image acquisition speed and

signal detection sensitivity of high-resolution 1700-nm OCM,

we developed 3-D high-resolution 1700 nm spectral-domain

optical coherence microscopy (SD-OCM) by using an SC fiber

laser source with a 300-nm spectral bandwidth (FWHM) in the

1700-nm spectral band. This SD-OCM was based on our TD-

OCM21 and a full-range high-axial-resolution SD-OCT system

operating in the 1700-nm spectral band.16 The full-range method

was employed to realize both high axial resolution and large

imaging depth. In the 1700-nm spectral band, to achieve high
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axial resolution, a spectral bandwidth of more than several hun-

dred nanometers is required. The use of such a broad bandwidth

usually sacrifices the spectral resolution due to the limited num-

ber of pixels of the line-scan camera, resulting in a large sensi-

tivity roll-off. Because the formation of a coherent ghost image

forces us to set the zero-delay position outside the samples to

avoid the overlapping of a complex conjugate image with an

OCM/OCT image, the large sensitivity roll-off limits the imag-

ing depth of high-axial-resolution 1700-nm SD OCM/OCT.

The full-range method allows us to set the zero-delay position,

where the highest sensitivity is achieved, inside the samples by

suppressing the formation of a coherent ghost image, leading to

OCM/OCT imaging with a large imaging depth and high axial

resolution. In this study, we confirmed that the developed

1700-nm SD-OCM offers lateral and axial resolutions of 3.4 and

3.8 μm in tissue (n ¼ 1.38), respectively, with a sensitivity of

100 dB and an image acquisition time of 6 s for a single en-face

image with 512 × 512 pixels, and then showed the merits of

extending 1700 nm OCT to OCM by comparing en-face tissue

images obtained by 1700 nm OCT and OCM with the same

axial resolution. We also demonstrated deep tissue imaging at

a depth of up to 1.8 mm by observing a pig thyroid gland.

To the best of our knowledge, the 3-D spatial resolution of this

1700-nm SD-OCM is the highest reported among Fourier-

domain optical coherence imaging techniques in this wave-

length region. Although the achievable axial resolution of the

1700-nm SD-OCM becomes slightly lower than that of the

1700-nm TD-OCM, due to the narrower spectral bandwidth

caused by the spectrometer-based detection system (the spectral

bandwidth of the 1700-nm TD- and SD-OCM: 380 and 300 nm),

the developed SD-OCM system provides the improved image

acquisition speed and sensitivity, which makes high-resolution

1700-nm OCM more useful for biological studies.

2 High-Spatial-Resolution Spectral-Domain
Optical Coherence Microscopy System in
the 1700-nm Spectral Band

Figure 1(a) shows the experimental setup for 1700-nm SD-

OCM using an SC fiber laser source and a custom-built broad-

band spectrometer equipped with a line scan InGaAs camera

(Goodrich SU1024LDH-2.2RT-0250= LC), which are basically

the same as those described in Ref. 16. In this SD-OCM system,

the SC light was divided into reference and sample beams

through the Michelson interferometer using a broadband fiber

coupler. The sample arm was composed of optics for laser scan-

ning microscopy with a two-axis galvanometer scanner. The SC

light was focused on samples with an objective lens having an

NA of 0.45 (LCPLN20XIR, Olympus). This objective lens had a

transmittance of more than 60% in the 1700-nm spectral band.

In the sample arm, the core of the fiber worked as a confocal

gate. To perform full-range OCM imaging, we employed a

phase modulation method. The details of this full-range method

are described in Ref. 16. The light scattered and reflected back

from the sample and reference arms was made to interfere in

the fiber coupler and then detected with the line scan InGaAs

camera. The line rate of this camera was 47 kHz, and a 150-

grooves/mm blazed diffraction grating was used for the spec-

trometer (015-200, Shimadzu). Compensation of the chromatic

dispersion and polarization mismatching between the sample

and reference arms was performed with optical glasses placed

in the reference arm and polarization controllers.

Our SC fiber laser source was composed of an ultrashort

erbium-doped fiber laser, erbium-doped fiber amplifier, polari-

zation maintaining fiber, and highly nonlinear fiber with normal

dispersion properties.11,12,16,21 The spectral bandwidth of the

output light from the SC source was 360 nm (FWHM), and the

output power was 30 mW. Although the spectral bandwidth

of the detected interference signal was slightly decreased due

to the limited bandwidth of the spectrometer and fiber coupler,

the spectral bandwidth still reached 300 nm FWHM [Fig. 1(b)].

The theoretical limit of the axial resolution obtained with this

experimental condition is 3.2 μm in tissue (n ¼ 1.38).

To evaluate the sensitivity and axial resolution of the devel-

oped SD-OCM, we measured reflected light from a single

mirror surface. Figures 2(a) and 2(b) show log and linear plots

of the measured OCM signal, respectively. In this measurement,

to avoid saturation of the line scan camera, a neutral density

(ND) filter was inserted into the sample arm. The laser power

on the sample was 6 mW and the round-trip attenuation ratio

with this ND filter was 39 dB. From Figs. 2(a) and 2(b), we

confirmed that the sensitivity was 100 dB and the axial resolu-

tion was 5.2 μm in air, which corresponds to 3.8 μm in tissue

(n ¼ 1.38). Although the spectral bandwidth in tissue imaging is

reduced by strong light absorption by water at 1.45 and 1.9 μm

wavelength regions, our previous study on the axial resolution in

deep tissue imaging with 1700-nm OCT using the broadband

light source showed that it is still possible to achieve the axial

resolution of 4.3 μm in tissue.18

The lateral resolution was confirmed by observing a single

200-nm polystyrene bead embedded in gelatin. As shown in

Fig. 2(c), the FWHM of the intensity profile of the single bead

was 3.4 μm. Because the bead diameter was much smaller than

the diffraction limited resolution in the lateral direction, this

intensity profile almost corresponds to the point spread function.
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Fig. 1 (a) Experimental setup for 3-D high-resolution 1700-nm SD-
OCM using the SC fiber laser source in the 1700-nm spectral band.
(b) Optical spectra of the output light from the SC source (blue dotted
line) and light detected with the spectrometer equipped with the line
scan InGaAs camera (red line).
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From this result, we confirmed that the lateral resolution of
our SD-OCM system was 3.4 μm.

3 Tissue Imaging with the Developed
SD-OCM

To demonstrate the deep tissue imaging capability of the devel-
oped SD-OCM, we observed a normal adult pig thyroid gland.
For this experiment, we purchased a pig thyroid gland from
a company, and the organ was delivered in cold storage (4°C)
immediately after surgical removal from a pig. During the obser-
vation, the sample was immersed in phosphate-buffered saline
solution. Figure 3 shows the en-face OCM images of a normal
pig thyroid gland at depths of 0.3, 0.6, 0.9, 1.2, 1.5, and 1.8 mm
from the sample surface. Because the dry objective lens
(LCPLN20XIR, Olympus) was used for this experiment, the
optical pass length in the sample arm increased with the increase
of the imaging depth due to the refraction of light rays in focus-
ing light into samples. Therefore, in en-face imaging at each

different imaging depth, the position of the reference mirror was

slightly adjusted to achieve high signal intensity. The number of

pixels of the images was 512 × 512. The image acquisition time

was 6 s per frame. To reduce the noise, we recorded six OCM

images in the same area and averaged them. In the OCM image

at the depths of 0.3 and 0.6 mm, single layers of follicular cells

were clearly visualized. Although the OCM image became

blurred in the observation of deeper parts of the sample due

to degradation of the lateral resolution by optical aberrations

induced by the sample, the characteristic follicle structures of

the thyroid gland were still clearly observable. The lateral res-

olution could be recovered, or the degradation could be moder-

ated, by employing adaptive optics techniques.23 The results

showed that the developed 1700-nm SD-OCM has the potential

to realize deep-tissue imaging with both 3-D high resolution

and a large penetration depth.

In addition to the demonstration of deep tissue imaging, to

investigate the merits of extending the 1700-nm OCT to OCM,

we demonstrated en-face imaging of a pig thyroid gland with the

3-D high-resolution 1700-nm SD-OCM and high-axial-resolu-

tion 1700-nm SD-OCT. In this SD-OCT, by using the same SC

source as that used for the SD-OCM, an axial resolution of

3.8 μm and a sensitivity of 100 dB were achieved. The SC light

was focused into samples with an achromatic lens having a focal

length of 30 mm, and the lateral resolution of the SD-OCTwas

29 μm, which is similar to that of 1700-nm OCT reported by

another group.20 Figures 4(a) and 4(b) show en-face OCM and

OCT images of a pig thyroid gland at a depth of 0.3 mm from the

surface. As shown in the result, because both OCM and OCT

have the same optical sectioning capabilities, the image contrast

in both OCM and OCT imaging was similar. However, whereas

the OCM could resolve two layers of follicular cells separated

by 11 μm, such structures were not observable in the OCT

image, as shown in Fig. 4(b). OCM and OCT cross-sectional

images at a depth of around 0.3 mm are also shown in Fig. 4.

Although the cross-sectional structures of a pig thyroid glands

were observed with the similar axial resolution, we confirmed

that the speckle size in OCM was significantly reduced by

(a) 

(b) 

(c) 
O

C
M

 s
ig

n
a
l 
(a

.u
.)

5.2 µm in air
3.8 µm in tissue

µm

 (n = 1.38)

Signal intensity

Log plot

Linear plot

Distance (µm)

Distance (µm)

Position (µm)

N
o
rm

a
liz

e
d
 

O
C

M
 s

ig
n
a
l 

(a
.u

.)

O
C

M
 

s
ig

n
a
l 
(d

B
)

1.0

0.6

0.2

–120

–80

–40

–100 –50 0 50 100

–1.0 –0.5 0.0 0.5 1.0

FWHM:
3.4 

5 µm

The position of 
the intensity profle

x

y
86420

Fig. 2 (a) Log and (b) linear plots of the measured interference signal
from a single mirror surface and (c) OCM image of a single 200-nm
polystyrene bead embedded in gelatin and intensity profile (yellow
dotted line) indicated by the white arrow.

Fig. 3 En-face OCM images of a pig thyroid gland at depths of 0.3,
0.6, 0.9, 1.2, 1.5, and 1.8 mm.

Fig. 4 En-face (a) OCM and (b) OCT images of a pig thyroid gland at
a depth of 0.3 mm. The bottom images are the OCM and OCT cross-
sectional images at a depth of around 0.3 mm. The inset in (a) shows
the intensity profile of the structure indicated with the white arrows in
the OCM image.
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the improvement of the lateral resolution, resulting in the
improvement of the visibility of sample structures. This reduc-
tion of the speckle size by improving the spatial resolution was
also reported in previous OCM and OCT studies.24,25 Our dem-
onstrations show that the extension of 1700 nm OCT to OCM is
beneficial for biological investigations based on visualization of
tissue structures in 3D.

4 Conclusion

In this paper, we reported the development of 1700-nm SD-
OCM, which enabled us to achieve both high spatial resolution
in 3D and a large penetration depth in tissue imaging. By using
an SC fiber laser source in the 1700-nm spectral band with a
spectral bandwidth of 300 nm (FWHM) for OCM, we realized
lateral and axial resolutions of 3.4 and 3.8 μm, respectively, with
a sensitivity of 100 dB and an image acquisition time of 6 s for
a single image with 512 × 512 pixels. With this developed
SD-OCM, deep tissue imaging at a depth of up to 1.8 mm was
also demonstrated. The adoption of adaptive optics techniques
to improve the lateral resolution and numerical techniques to
reduce the chromatic dispersion mismatch induced by tissue
specimens would help to realize further improvements in the
3-D high-resolution imaging capability and penetration depth of
the 1700-nm SD-OCM.23,26–28
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