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ABSTRACT
Multimodal imaging is an advantageous method to increase the accuracy of disease classification. As an example, we and
others have shown that optical coherence tomography images and fluorescence spectroscopy contain complementary
information that can increase the sensitivity and specificity for cancer detection. A common challenge in multimodal
imaging is image co-registration. The different images are often taken with separate imaging setups, making it challenging
to precisely image the same tissue area or co-register the images computationally. To solve this problem, we have
developed a co-registered multimodal imaging system that images the same tissue location with reflectance, multi-photon,
and optical coherence microscopy. The co-registration mechanism is a dual-clad fiber that integrates with a scanning
microscope or scanning endoscope, collecting all three signals using the same optical path. In the current implementation,
optical coherence tomography utilizes a 1300 nm super luminescent diode, multi-photon signals are excited by a custom
femtosecond 1400 nm fiber laser producing two- and three-photon signals in the 460-900 nm band, and reflectance imaging
operates at 561 nm. The system separates the different signals using fiber wavelength division multiplexers, a dual-clad
fiber coupler, and dichroic mirrors to deliver the different signals to the corresponding detector. This wavelength selection
enables the system to work passively, meaning that there is no need for devices such as filter wheels. Using the scanning
microscope configuration, we have obtained multimodal images of ex-vivo ovine ovary tissue.

1. BACKGROUND
Ovarian cancer (OC) is the deadliest gynecological cancer, with an estimated ~22,000 cases in the United States1,2. OC
causes more deaths than any other cancer of the female reproductive system1. The statistics suggest OC has a very low
survival rate due to late diagnosis3. Proper diagnosis is often delayed due to the lack of technology to diagnose it at early
stages, the non-specific symptoms, and the desire to avoid invasive laparoscopy procedures used to detect OC. There has
been limited success in developing a screening method for OC, motivating the development of new methods to detect OC
at early stages. A successful early detection technique could improve affected patients' outcomes since OC detected at the
localized stage has a five-year survival rate of 93%, whereas the rate at the distant stage is only 31%1.
Optical imaging modalities have been shown to effectively detect OC 4,5,6,7,8,9. Multiple modalities may provide improved
classification accuracy10. Research teams, including ours, have been developing novel multimodal imaging endoscopes
that feature optical coherence tomography (OCT) and other imaging modalities such as fluorescence wide-field imaging
or multiphoton microscopy (MPM)11,12,13,14. A multimodal endoscope capable of reaching the ovaries and fallopian tubes
might be able to detect OC in the early stages. For example, an endoscope using a transvaginal approach could navigate
through the peritoneal cavity using wide-field reflectance imaging. When a suspicious area is observed, the same
endoscope could obtain high-resolution images of the area using imaging modalities such as OCT or MPM. Current
multimodal imaging systems usually utilize different optical channels to generate each image, complicating the images'
co-registration.
To allow easy co-registration, we have previously presented a miniature multimodal optical objective that can obtain
images with both wide-field low-resolution, low numerical aperture (NA) suitable for reflectance navigation, and highresolution, high NA suitable for MPM and optical coherence microscopy (OCM)15, which is OCT with high lateral
resolution. MPM and OCT have complementary mechanisms of contrast and have both been shown to yield excellent
correct ovarian cancer classification16,17. The endoscope objective can be utilized with a scanning fiber to illuminate the
sample and collect remitted light as shown previously18, but with a dual-clad fiber (DCF). The core of the DCF carries the
illumination light for all modalities and the OCM collection light. The first cladding provides a more efficient collection
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of MPM or reflectance light. With this simple arrangement, the DCF becomes the co-registration mechanism for the
multiple modalities.

2. MULTIMODAL PROXIMAL SYSTEM OVERVIEW
A multi-modality endoscope has to be supported by a proximal system capable of simultaneously acquiring, separating,
and displaying multiple signals and images. Based on previous work19 , we designed such a proximal system. The system
is versatile enough to be used with an endoscope delivery system or with other implementations, such as a scanning
microscope, as long as the microscope's input mechanism is a fiber. In this manuscript, we present a proximal multimodal
system with images obtained from a scanning microscope.
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Figure 1. Diagram for the multimodal proximal system (medical rack) connected to the scanning dual-clad fiber microscope.
Note that all the major components are listed and are color-coded by optical modality. Devices in brown correspond to the
OCT/OCM imaging modality. Devices in red correspond to the MPM imaging modality. Devices in green correspond to the
reflectance imaging modality. Devices in blue are shared among all imaging modalities.

Figure 2. Analogies between an endoscopic optical system (left) and a scanning microscope (right) are shown. The
endoscope components include a scanning piezo (PI, MA, USA) and custom optics (Optics Technology, Inc. NY, USA)
with custom embedded coatings (Blue Ridge Optics, VA, USA). The scanning microscope components include scanning
galvos (included in GVSM002-EC, Thorlabs, NJ, USA), beam expander (SM1L20C slotted lens tubes Thorlabs, NJ, USA,
62-599-INK, and 62-605-INK, Edmund Optics, NJ, USA), and objective (MY20X-804, Mitutoyo, Kanagawa, Japan).
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The diagram for the medical rack connected to the scanning dual-clad fiber microscope is presented in Figure 1. This
diagram shows the major components that are described in the following sections. The advantage of using the proximal
system with a tabletop scanning microscope is that we can perform co-registered multimodal optical imaging to analyze exvivo samples, in vitro cultures, and small animals.
This proximal system can control scanning and obtain signals from either an endoscope or a scanning microscope because,
in principle, they are akin to each other. For example, the proximal system can supply voltage outputs to a quartered tube
piezoelectric actuator with a cantilevered fiber to produce scanning motion within the endoscope. Similarly, the proximal
system can control a galvo scanning system using voltage outputs to define the galvos' scanning angles. The beam diameter
in both systems is expanded optically. In the endoscope, the diverging light from the DCF is further expanded using a
triplet with dichroic surfaces embedded in the lenses15. In the tabletop microscope, the light from the DCF is collimated
before the scanning galvos, then a simple beam expander composed of two lenses increases the beam diameter. The
endoscope's final lens functions as an optical objective that focuses the light at the sample plane, analogous to the
microscope objective in the tabletop system. The similarities can be seen in Figure 2.

3. OCT SUBSYSTEM COMPONENTS.
Figure 3 shows the OCT subsystem's isolated components, and Table 1 shows the manufacturers and part numbers of the
components used in the spectral domain OCT subsystem. The OCT light source is a super luminescent diode (SLD)
centered at 1300 nm with ~75 nm FWHM. Light is coupled to a circulator and then split at the 90-10 coupler to direct light
to the scanning microscope (90%) and the reference arm (10%). The light travels through a custom wavelength division
multiplexer (WDM) (used to couple in the reflectance subsystem's green light source, discussed later) and a custom
combined WDM/dual-clad fiber coupler (WDM/DCFC), used to couple in the MPM source, discussed later, and couple
all light into the core of the DCF). Light is delivered to the scanning microscope using a DCF. Remitted light collected
from the sample travels through the same path back to the circulator to be delivered to the custom-made spectrometer. The
interference pattern created by light reflected from the reference arm and sample arm (microscope arm) is captured with a
line sensor camera in the spectrometer.
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Figure 3. OCT subsystem diagram.

The data acquisition process and image reconstruction are controlled by a computer utilizing a frame grabber (PCIe-1433)
to read the spectrometer's camera and a multipurpose DAQ (PCIe-6321) to provide control waveforms to the scanning
galvos in the tabletop microscope. Custom-made software, described in a later section, controls the scanning and data
acquisition from the camera.
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Table 1. OCT subsystem components. Standard optomechanics have been excluded from this table.

Part Name

Manufacturer

Manufacturer Part Number

Superlum

Driver PILOT-3-2 with 2x2BBC SLD

Line sensor camera

Sensors
Unlimited

GL2048L

Optical grating

Thorlabs

GR25-0613

Lens

Thorlabs

AC254-300-C

Collimator (fiber input)

Thorlabs

MPD124-M01

Circulator

OZ optics

37474 FOC-12N-11

90/10 fiber coupler

Precision
Micro-optics

FUSC-280125223

Custom WDM

OZ optics

WDM-12P-111-532/1210:1410-9/125-SSS-40-3A3A3A-3-1-SP

Custom WDM/DCFC

Castor Optics
Inc

DBM-1300-200901

Collimator (fiber input)

OZ optics

HPUCO-23A-1300/1550-S-11AS

Mirror

Thorlabs

PF10-03-P01

Polarization Disks

Generic

Ø 2" ,3-Paddle polarization controller

Camera Link cable

National
Instruments

1 199745-05

Computer

Dell

Precision Tower 7810 XCTO

Software

Intaq

Custom

Frame grabber

National
Instruments

NI PCIe-1433

Multipurpose DAQ

National
Instruments

PCIe-6321

Terminal Block for PCIe-6321

National
Instruments

SCB-68

Laser
OCT source
Spectrometer

Fiber Components

Reference Arm

Computer system

3.1 OCT considerations and custom-made components
OCT components were chosen to achieve desired high performance. The SLD was chosen to be centered at 1300 nm to
take advantage of low scattering in tissue at this wavelength. Additionally, light sources and photonic components are
widely available at 1300 nm. The ~75 nm full width half maximum spectral width of this source provides an axial
resolution of ~10 µm, which is sufficient to resolve tissue layer thickening. The 90-10 coupler directs more power towards
the sample since a lower remitted signal from the sample is expected than from the reference arm mirror, thus providing
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better fringe contrast at the spectrometer camera. The circulator redirects light from going back into the source to the
spectrometer, providing more power to the spectrometer. Therefore, we can use a shorter camera integration time (typically
9.1 µs) to avoid interferometric fringe washout due to vibrations or sample motion. The custom WDM is used to introduce
the reflectance subsystem laser passively and does not affect the OCT system except for the laser insertion losses due to
this additional fiber component. The WDM/DCFC merges the combined OCT/reflectance light with the MPM laser source
and couples them into the core of the DCF going to the scanning microscope.
The reference arm uses standard polarization paddles to match the polarization state of the light in the reference and sample
arm, to maximize the fringe contrast at the spectrometer camera plane. Light from the fiber optic is collimated and directed
to a standard 1" mirror that serves as the 0 mm optical path difference reference. The reflected light is recoupled into the
fiber and travels to the spectrometer via the 90/10 coupler and the circulator.

Figure 4. Normalized spectrum of the OCT and MPM sources.

The spectrometer must have sufficient spectral resolution to provide OCT images with the desired depth of imaging.
Calculation of the spectrometer requirements has been previously presented20. Since we expect a penetration depth (zmax)
in our highly scattering tissues of no more than 2 mm, the spectral resolution should be better than 0.211 nm/pixel as
calculated with equation 1.
! #"
!

δλ ≤ " $

#$%

(1)

If only the ~75 nm FWHM spectral width was mapped to the detector, and only 2 mm depth was required to be imaged,
the detector only needs to have 355 pixels. The 2048 pixels in the GL2048L line camera are well above this requirement,
allowing us to image up to ~6 mm depth and map the full SLD spectral width of ~140 nm spanning from 1370 nm to 1230
nm, as seen in Figure 4. Under these conditions, the spectral bandwidth on each pixel is ~0.068 nm/pixel, and the optimum
axial resolution of 9.9 µm is maintained. To choose the lens for the spectrometer and map the entire spectral width, we
used equation 2.
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(2)

DqG is the ½ angle spread of the spectrum due to the grating in the spectrometer. The detector length is 2048 pixels x 10
µm =20.48 mm. Using the grating equation, we obtain DqG ~ 2 degrees. Therefore, we need a lens with a focal length of
~291 mm; we choose the Thorlabs AC254-300-C lens with an flens = 300 mm.
To ensure a full angle spread of 4 degrees with enough resolution to spread the spectrum at the camera plane, a sufficiently
large area with a specific number of grooves (N) of the grating must be illuminated. The light incident on the grating comes
from the circulator output, which is collimated by an all reflective parabola of focal length fcollimator. We chose the Thorlabs
GR25-0613 grating due to its spectral qualities and used equation 3 to obtain the N that need to be illuminated when
working the first diffraction order m=1.
#'()*+$,
7#

= mN

(3)

N needs to be ~3893 lines. Using equation 4, we calculated the Gaussian 1/e beam diameter needed.
8

%'(!;;)

Gaussian Beam Diameter = 9 cos θ: 7

%'(1)

(4)

G is the grating density set at 600 ln/mm for the GR25-0613 grating and qi is ~48 degrees as obtained from the grating
equation19. The Gaussian beam diameter should be ~11.2 mm. The system needs a fcollimator ≥ 39.6 mm as calculated using
equation 5 and the fiber NA of 0.14.
=&2< >:2<&*&-

f+,%%:<2*,- ≥ 1 *2'( (:'-. 8?)

(5)

We chose a parabolic off-axis mirror collimator with an fcollimator = 50.8 mm to have a single element with minimal
aberrations and to exceed the calculated minimum beam diameter at the grating. A picture of the custom spectrometer is
shown in Figure 5.

Figure 5. Custom-made spectrometer.

4. MPM SUBSYSTEM COMPONENTS
Figure 6 shows the isolated components of the MPM subsystem, and Table 2 shows the manufacturers and part numbers
of the components used. The laser we use is custom-made, centered at 1400 nm, with a pulse duration of about 100 fs at
the laser output. The MPM source laser spectrum is shown in Figure 4. The repetition rate is 45 MHz, and the average
power is ~160 mW21. The 100 fs pulse is delivered to a pulse compensator grating pair to pre-chirp the pulse and account
for fiber and glass dispersion between the laser and the sample. After the pre-chirp, laser light is coupled into the
WDM/DCFC module that combines this laser light with the OCT and reflectance sources into the core of the DCF
connected to the scanning microscope. A pulse duration of ~82 fs was measured at the sample plane utilizing a
Femtochrome FR-103XL autocorrelator. The microscope optics collect the emitted light from the sample and couple the
collected light to the DCF's first cladding. The WDM/DCFC directs the light in the cladding to a multimode fiber that
delivers it to the custom photomultiplier tube (PMT) assembly.
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In the PMT assembly, the multimode fiber connects to an all-reflective collimator to avoid chromatic aberrations.
Collimated light is directed towards a set of dichroic mirrors and filters that separate the light into wavelength bands
corresponding to Second Harmonic Generation (SHG), Third Harmonic Generation (THG), 2-Photon Excited
Fluorescence (2PEF), and 3-Photon Excited Fluorescence (3PEF). A different PMT then detects each signal. Each PMT
is connected to a PMT amplifier, which is connected to the multipurpose DAQ board (PCIe-6374). A low-pass filter is
connected between the amplifier and the DAQ board to reduce PMT white noise.
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Figure 6. MPM subsystem diagram.

The same computer used by the OCT subsystem also performs the MPM data acquisition and controls scanning. The same
multipurpose DAQ board (PCIe-6321) provides control waveforms to the tabletop microscope scanning galvos, just as in
OCT mode, but a separate, four analog input channel, synchronous multipurpose DAQ board (PCIe-6374) is used to read
amplifier voltages. The custom software also supports the MPM modality and synchronizes the scanning with the data
acquisition routine to reconstruct images point-by-point.
4.1 MPM custom-made components
A custom PMT assembly was slightly modified from previous work19 to accommodate a source laser with a center
wavelength at ~1400 nm and 1/e spectral width of ~35 nm21 (the previous version was designed for a laser with spectrum
centered at ~1350 nm). Table 3 includes the wavelength ranges expected from various MPM signals with this new laser.
A diagram of the dichroic mirror and filter setup, and a picture of the PMT assembly, are shown in Figure 7. To ensure
that each signal is separated as expected, we tested the assembly by coupling light from an incandescent lamp (MI-I150,
Edmund Optics) to a multimode fiber connected to the collimator's entry port. Then, we used a separate multimode fiber
to capture a portion of the filtered light at the PMT location for each signal. The multimode fiber was connected to a
spectrometer (USB2000+, OceanOptics) to obtain the spectrum.
The theoretical transmission was taken from Kiekens et al19 and is overlaid upon the measured transmission in Figure 8.
The measured transmission bands show their respective cutoffs near the theoretical cutoffs. The expected center
wavelengths for SHG and THG are shown with a yellow and blue line, respectively. The center wavelengths of both
harmonic generation signals are directed to the appropriate PMTs even with the laser center wavelength change. Note that
cross-contamination of SHG and 2PEF signals can occur due to both filters transmitting between approximately 680 nm
and 745 nm, as seen in Figure 8. There is also a probability of 3PEF contaminating SHG if the given fluorophore emits
above 600 nm. As the harmonic generation signals have a finite spectral bandwidth (about 15 nm for SHG and 10 nm for
THG), the probability of contamination of harmonic signals into their respective fluorescence channels is greater.
PMT4-V3 transimpedance amplifiers (Advanced Research Instruments) were selected because they provided the needed
gain as well as frequency response for use in this system.
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Table 2. MPM subsystem components. Standard optomechanics have been excluded from this table. Parts common with the
OCT system (Table 1) are not duplicated in this table.

Part Name

Manufacturer

Manufacturer Part Number

Custom made

100 fs pulse duration, 45 MHz pulse repetition
rate, and 160 mW average power21.

3x PMT SHG, 2PEF, 3PEF

Hamamatsu

H10721-20

1x PMT THG

Hamamatsu

H10721-110

Filter 1

Semrock

FF01-890/SP

Dichroic filter 1

Semrock

FF605-Di02-25x36

Dichroic filter 2

Semrock

FF725-SDi01-25x36x3.5

Dichroic filter 3

Semrock

FF484-FDi01-25x36

Filter 2

Semrock

FF01-850/310-25

Filter 3

Semrock

FF01-550/200-25

Filter 4

Semrock

FF01-770/SP-25

Collimator (fiber input)

Thorlabs

RC02FC-P01

PMT voltage monitor

MakerFocus

B077ZQQQFC

PMT potentiometer

Generic

10kΩ variable resistor.

Electronic breadboard

Adafruit

1214

Electrical 4 pins interface connector

Hilitchi

B07F5B5LLX

BNC interface coupler

QMseller

B07VY3KKJJ

Power Supply

Keysight

E3631A

Amplifiers

Advanced Research
Instruments Corp.

PMT4-V3

Electronic filter

KROHN-HITE

3945 Multichannel Filter

Multipurpose DAQ – Four inputs

National Instruments

PCIe-6374

Analog to digital converter for PCIe-6374

National Instruments

185124H-01L

Laser
MPM Laser
PMT box

Computer system

Table 3. The expected spectral range of multiphoton processes with the 1400nm center wavelength MPM laser.

MPM Signal

Wavelength Range

SHG

690-710 nm

2PEF

710-900 nm

THG

460-474nm

3PEF

474-660 nm
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Figure 7. Left, Labeled diagram for PMT dichroic mirrors and filters arrangement. Right, photograph of PMT assembly,
with variable gain potentiometers at the right compartment.

Figure 8. Theoretical wavelength transmission of a uniform spectral emitter through the PMT assembly to each MPM signal
PMT is overlaid in the same graph with scaled spectra measured using an incandescent source. Expected wavelength cutoffs
are near their theoretical positions. The vertical blue line marks the center wavelength of THG, and the yellow line marks
the center wavelength of SHG using our laser source. The nonuniformity of the measured transmission is due to the
incandescent lamp spectrum.
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5. REFLECTANCE SUBSYSTEM COMPONENTS
Figure 9 shows the isolated components of the reflectance subsystem, and Table 4 shows the manufacturers and part
numbers of the components used in this imaging modality. Our source is a continuous-wave laser centered at 561 nm. This
wavelength was chosen because it is well absorbed by hemoglobin, providing contrast in most tissues. This laser is coupled
into the system through the custom-made WDM. The WDM/DCFC further couples this laser into the core of the DCF and
to the tabletop scanning microscope. Backscattered light is captured by the microscope optics and coupled to the DCF's
first cladding. The WDM/DCFC directs the light in the cladding to a multimode fiber that is connected to a photodiode.
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Figure 9. Reflectance subsystem diagram.

This fiber is the same multimode fiber used in MPM to deliver the light to the PMT custom setup. During the design phase,
it was decided that the fiber would be disconnected and connected to the right detector when used with the tabletop
microscope. Therefore, the fiber is connected to the PMTs when the system is being used in the MPM mode, and the fiber
is connected to the photodiode when the system is being used in the reflectance mode. This method avoids any losses in
the collected signal that would be incurred from adding a WDM for the green laser. Additionally, a WDM would be
difficult to manufacture since the spectral signal for 3PEF includes the 561 nm wavelength. This problem can be avoided
by using a separate collection path for the reflected light. For example, we have built an endoscope with 12 multimode,
high numerical aperture (NA) collection fibers for the reflectance subsystem. Regardless, it is critical that the green laser
not be activated while the PMTs are energized. An interlock prevents this occurrence. The photodiode is read by the
software using the same algorithm for MPM. Therefore, the photodiode is also connected to the high-speed multipurpose
DAQ board (PCIe-6374) for data acquisition. As this DAQ board has only four analog input channels, one of the MPM
PMT amplifiers must be disconnected to acquire the reflectance signal. The same multipurpose DAQ board (PCIe-6321)
provides control signals to the scanning galvos.
Table 4. Reflectance subsystem components. Standard optomechanics have been excluded from this table. Parts common
with the OCT system (Table 1) or MPM system (Table 2) are not duplicated in this table.

Part Name

Manufacturer

Manufacturer Part Number

LaserGlow Technologies

R560503FX

MKS (aka Newport)

2107-FC-M

Laser
Green 35mW 561nm laser
Photodiode
Photodiode
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6. SOFTWARE
The computer synchronizes the data acquisition with the scanning galvo control signals using a custom-made LabView
(National Instruments, TX, USA) program. Currently, the software allows for the acquisition of one modality at a time.
The user interface for the OCT mode is shown in Figure 10.

Figure 10. User interface for custom-made LabView software synchronizing the scanning and data acquisition of the
multimodal system.

The multipurpose DAQ board outputs analog signals that control the motion of the galvos and data acquisition triggers to
synchronize the data acquisition. These outputs are calculated using the sampling parameters set by the user, the
characteristics of the tabletop microscope optics, and the detectors to define the image's physical size and the number of
pixels. The choice of data acquisition board with an onboard Field Programmable Gate Array (FPGA) allows the program
to capture images at video-rate speeds of 30-40 Hz since the computer's processing resources are not being used to generate
the output signals. Depending upon image size and extent of processing required for the modality (especially the
wavelength-to-wavenumber resampling and the Fourier transform calculations required for OCT), the computer may be
unable to display images as rapidly as the data is acquired. In that case, the software contains an option to ignore queued
frames resulting in a video feed at a slower rate but without lag in the video feed due to frame processing.

7. MULTIMODAL IMAGING TEST
We obtained initial images with the reflectance, MPM, and OCT modalities using ex-vivo ovine ovarian tissue, shown in
Figure 11 and Figure 12. The tissue used was free of labeling or contrast agents. Note that the tissue surface was not flat,
resulting in a reflectance image that is not in focus over the entire image. However, as seen in Figure 11, the reflectance
image shows the tissue topology with excellent contrast. As limited tissue two-photon autofluorescence would be expected
with our 1400nm center wavelength source, likely, most of the signal in the 2PEF image is SHG generated by tissue
collagen; however, longer wavelength fluorophores such as porphyrin may also contribute. 3PEF images likely show
fluorescence emission from various endogenous fluorophores, including collagen, NADH, and FAD, and may also include
THG contamination from step index of refraction changes. The OCT image shown in Figure 12 shows a cross-sectional
view of the tissue morphology along a horizontal line in the center of the field of view. All images correspond to the same
location on the tissue, and all en face images have the same ~300 x300 µm field of view.
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Figure 11. Co-registered reflectance (left), 2PEF (middle), and 3PEF (right) of ovine ovarian tissue.

Figure 12. The OCT image (left) was obtained by scanning along a horizontal line at the center of the reflectance and MPM
field of view (right).

8. FUTURE WORK
The multimodal imaging proximal system is functional at this stage but still needs some calibration and performance
adjustments to improve imaging quality when used with the tabletop microscope. Future work includes fiber length
adjustments, improved dispersion control, and improvements to software control of the scanning galvos with bi-directional
scanning in OCT mode to enable 3D OCM imaging and en face images as are typical in OCM. Once the ovarian imaging
endoscope is ready to be tested, the proximal system will be utilized in conjunction with the endoscope for an in-vivo
ovarian imaging study in sheep.
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