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Nonlinear optical endoscopy is an attractive technique for biomedical imaging since
it promises to give access to high resolution imaging in vivo. Among the various tech-
niques used for endoscopic contrast generation, coherent anti-Stokes Raman scattering
(CARS) is especially interesting. CARS endoscopy allows molecule specific imaging
of unlabeled samples. In this contribution, we describe the design, implementation,
and experimental characterization of a rigid, compact CARS endoscope with a spa-
tial resolution of 750 nm over a field of view of roughly 250 um. Omission of the
relay optics and use of a gradient index lens specifically designed for this application
allow one to realize these specifications in an endoscopic unit which is 2.2 mm wide
over a length of 187 mm, making clinical applications during surgical interventions
possible. Multimodal use of the endoscope is demonstrated with images of samples
with neurosurgical relevance. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5027182

INTRODUCTION

Nonlinear optical microscopy has become a standard tool for in vivo investigations in cell bio-
logical and biomedical settings. While the most prominent among these approaches is two-photon
excited fluorescence microscopy (TPEF),’ also methods like second and third harmonic generation
(SHG and THG) microscopy,'>7->8 as well as coherent anti-Stokes Raman scattering (CARS)'!-3¢ and
stimulated Raman scattering (SRS)?®!%27 microscopy, are routinely employed. A common feature
of all nonlinear optical microscopy methods is their inherent three-dimensional imaging capability.
Since efficient nonlinear excitation is only possible with very high electric fields, in all practical
implementations, nonlinear optical excitation processes require the use of short laser pulses for exci-
tation. Even then, the excitation is restricted to the focal region which allows the generation of three
dimensional images of molecular distributions by raster scanning the sample. Having said that, the
different techniques can, however, be distinguished based on the manner in which contrast is gener-
ated. As a third order nonlinear process, THG does not pose specific symmetry constraints on signal
generation and any isotropic medium will give a certain signal proportional to the materials’ third
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order nonlinear optical susceptibility x®. In practice, THG is used for in vivo imaging of unlabeled
lipids which exhibit a very strong %‘® 833 SHG, by contrast, requires a symmetry break in the medium
for efficient signal generation. Due to this restriction, SHG microscopy provides an excellent means
to investigate noncentrosymmetric biological structures such as collagen with high sensitivity and
low sample background.” Different from the two latter methods, TPEF microscopy and coherent
Raman microscopy offer the possibility to generate contrast with molecular specificity. In the case
of TPEF, this commonly requires the labelling of the sample with suitable fluorophores. Under this
condition, TPEF gives molecule specific contrast, which is not the case if autofluorescence of the
sample is exploited, an approach often used in applications in which different imaging modalities
are combined. The molecule specific contrast generation in unlabeled samples is the realm of the
coherent Raman microscopy methods based on CARS and SRS. In both methods, the vibrational
resonances of the sample molecules are directly used to generate contrast.

Following the introduction of the different nonlinear optical microscopy techniques, also numer-
ous adaptations of these to endoscopic imaging have been reported. While in endoscopy it is not
necessary to generate three-dimensional images, the most important advantage of employing non-
linear optical processes in endoscopy is the restriction of the imaging to a well-defined focal plane.
The price to be paid for this attractive feature is the necessity to generate an image by raster scan-
ning and the requirement of delivering sufficiently short laser pulses to the focus. A lot of work has
thus been dedicated to miniaturizing sample scanning devices such that they can be realized using
a typical endoscope diameter of a few mm?3!2%142132 and to the development of efficient schemes
for laser pulse delivery.”>!:%>2 With respect to the sample scanning, three different strategies have
been followed in the past. The first approach consists in scanning one end of an optical fiber bun-
dle containing several tens of thousands of individual fibers. The one-to-one relation between the
fibers at both ends of the bundle then allows the generation of an optical image in which each pixel
corresponds to the intensity recorded by one optical fiber element.!®-1>>3 While this approach holds
great promise for the design of flexible endoscopes, the achievable image quality to date is limited
by the number of optical fibers in the bundle. High resolution images are more easily obtained by
using conventional scanning devices based on either piezo or galvanometer scanners. In this case,
the problem consists in the miniaturization of the device. Scanners with a diameter of less than 2 mm
can be realized by fixing the end of the optical fiber used for laser pulse delivery to a piezo scanner.
Images are generated by scanning the end of the fiber in front of a lens which focuses the excitation
light onto the sample.?>!” This approach allows the generation of images with spatial resolutions
comparable to those of nonlinear optical microscopes. Future applications of this method in medical
environments might, however, be hampered by the fact that the piezo device, which is positioned in
close proximity to the sample, requires a comparatively high voltage supply. Therefore, the place-
ment of the actual scanning unit far from the sample environment has been pursued in a number of
experimental designs. Scanning is then most often achieved by a galvanometer scanner which scans
the excitation laser beam in xy over a scan lens which has a focal plane in common with a tube lens.
The tube lens produces a collimated beam which is finally focused onto the sample with a micro-
scope objective.!” The technical challenge in this approach is the miniaturization of all components
to fit into dimensions typical for an endoscope. No matter whether piezo or galvanometer scanning
is employed, it is necessary that the last optics which focuses the excitation light onto the object has
a small diameter. Therefore, gradient index (GRIN) lenses have been used in the vast majority of
nonlinear optical endoscopes reported to date. GRIN lenses have two planar surfaces, and focusing
is achieved by precise control of the refractive index profiles within the glass slab, which is achieved
by controlled diffusion of ions into the glass.>> GRIN optics can be designed as compound objectives
such that despite their small diameters in the mm range, excellent imaging properties even for high
numerical apertures can be realized.?

In this contribution, we report the design and experimental characterization of a novel rigid endo-
scope suited for CARS imaging. In order to allow future applications in neurosurgical interventions,
a galvanometer based setup was used. Its size was minimized by devising an optical layout comprised
of custom-designed scan and GRIN lenses without relay optics. The final dimensions of the rigid
endoscope are 2.2 mm diameter with a length of 187 mm. We demonstrate a spatial resolution of
750 nm with a field of view (FoV) of approximately 250 um. The high imaging quality of the device
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is exemplified with images of polymer particles with defined diameters and of human nerves, mouse
spinal cord, and mouse adipose tissue.

EXPERIMENTAL RESULTS AND DISCUSSION

The main aim of the research reported here was the implementation of a rigid CARS endoscope
providing high spatial resolution and a large FoV while at the same time offering a long effective
working distance with a diameter small enough to be applicable, e.g., in neurosurgical interventions. In
order to meet these goals, we decided to design an endoscopic unit based on a long and narrow diameter
GRIN Iens. In the design, we omitted relay optics to realize a compact setup. Since we intended to
use our endoscope in medical applications at a later stage, beam scanning with a galvanometer was
used for image generation. As a first step, the excitation lasers were delivered via free beam optics
with the option of fiber coupling the laser beams to the miniaturized endoscope at a later stage.

CARS microscopy requires the spatial and temporal overlapping of two pulsed excitation beams
with the pump laser frequency wp and the Stokes laser frequency ws. Provided that the frequency
difference of the two excitation lasers coincides with the frequency of a vibrational transition of the
sample molecules wyi, = wp — ws, a resonance of X(3) will lead to an enhancement of the CARS
signal. Our experimental setup is shown in Fig. 1. As a Stokes beam, we used the fundamental of a
Nd:YVOq laser (1064 nm, repetition rate 76 MHz, pulse duration 6 ps, picoTRAIN, HighQ Laser,
Austria) which was used to pump an optical parametric oscillator (OPO; Levante Emerald, APE,
Germany). The signal output of the OPO which is tunable between 700 nm and 1000 nm served as
a pump beam. Pump and Stokes beams were expanded to a diameter of 7 mm and precisely aligned
to overlap in angle and space. An optical delay line was used to achieve temporal overlap of both
excitation beams. Both laser beams were spatially scanned as depicted in Fig. 2(a) by using a non-
resonant galvanometer mirror (GVS112, Thorlabs, USA). The samples are mounted on a 3D stage
(562 series, Newport, USA), and the distance between the sample and the GRIN lens is controlled
using a motorized actuator (Z825B, Thorlabs, USA). After focusing onto the sample through the
endoscopic unit described below, the CARS signal is collected by using the same unit, descanned by
passing through the galvanometer again, separated from the excitation light by using a dichroic beam
splitter (HC775LP, Semrock, USA), and detected with a photomultiplier tube (R3869, Hamamatsu,
Japan). Images are generated by raster scanning the samples. Shortest pixel dwell times were 8 us

GL

PMT

FIG. 1. A frequency doubled Nd:YVO4 oscillator operating at a repetition rate of 76 MHz pumps an optical parametric
oscillator (OPO). The signal output of the OPO tunable between 690 nm and 1000 nm with pulse durations of 6 ps is used
as the pump beam. It is combined with residual pump light from the oscillator with a wavelength of 1064 nm serving as the
Stokes beam. Both beams are spatially overlapped before coupling into the endoscope head [red box, cf. Fig. 2(a)]. An optical
delay line is used to temporally overlap the excitation beams. Both beams are scanned with a galvanometer mirror (GS), before
focusing onto the sample with a gradient index lens (GL). The CARS signal is collected by the GRIN lens in a back scattering
geometry. It is separated from the excitation light with a dichroic mirror (DM), spectrally filtered (F), and detected with a
photomultiplier tube (PMT).
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FIG. 2. (a) A non-resonantly driven galvanometer mirror scans a 7 mm diameter beam with a uniform intensity distribution
consisting of the pump (803 nm) and Stokes wavelengths (1064 nm). A subsequent achromatic scan lens forms a diffraction
limited intermediate image with a diameter of 1.8 mm. The endoscopic unit, hence, projects this intermediate image toward
the sample and demagnifies it by a factor of 5.6. The image is not to scale. For (b) and (c), pump and Stokes wavelengths
of 803 nm and 1064 nm, respectively, were assumed. (b) Presentation of the simulated linear polychromatic Strehl ratio at
the object depending on the lateral distance and axial position in object space shows a diffraction limited performance within
the entire FoV and depicts the tolerated field curvature. Vignetting effects are not considered. (c) Simulated vignetting plot
shows vignetting effects toward the margin of the FoV. The usable FoV with more than 80% energy transmission is limited to
244 pm.

such that images with a dimension of 500 x 500 pixels could be recorded within 3.8 s. Please note
that the bottleneck of the image acquisition speed in our setup is primarily the readout electronics
[sampling rate of the A/D converter (PCle-6323, National Instruments, USA) and rise time of the
amplifier used] and the scan speed of the galvanometer. With the setup described, faster imaging
speeds are possible if the CARS signal-to-noise-ratios (SNR) (~5.6 for 1 um size PS beads and ~12
for murine adipose tissue) are taken into account. These SNR values are estimated by dividing the
mean value of a homogenous high intensity region in the image by the standard-deviation (SD) of
the same region.

An important aspect in the design of a CARS endoscope is the avoidance of non-resonant
four wave mixing (FWM) generation in the optical system which would deteriorate the achievable
sensitivity. While short GRIN lenses have been used previously in CARS and SRS endoscopic
measurements, > the design of longer and more complex GRIN optics requires care to minimize non-
resonant background generation in the optical system. The non-resonant FWM signal will mainly
originate from common foci of the pump and Stokes beams in the beam path. In order to evaluate
the strength of this background under various optical conditions, we performed test measurements
with 2.0 mm diameter GRIN-lens of 0.1 numerical aperture (NA) and 0.75 pitch length, length of
periodic ray trajectories within the GRIN lens,** using different NA optics focusing just behind the
front surface of the GRIN-lens (Table I). FWM signals acquired within this experiment are measured
in the forward direction.

Our results indicate that the NA of the optics focusing onto the GRIN lens is a decisive factor
in the generation of non-resonant background. For this reason, we opted for a custom-designed,
achromatized, low NA scan lens with a focal length of f = 30.0 mm, a NA of 0.12, and a FoV of
1.8 mm, as depicted in Fig. 2(a). The radii of curvature of the achromatic doublet are from left to
right 57.049 mm, 13.432 mm, and —28.78 mm, and the thickness of the flint and crown glass material
is 5 mm and 10 mm, respectively. A precise positioning of the scan lens at an axial distance f from
the center between the two galvanometer mirrors ensures telecentricity. The custom achromatic scan
lens is directly used to focus the lasers close to the entrance pupil of the endoscope, hence omitting
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TABLE I. FWM signal intensity of a GRIN lens material of pitch 0.75 doped with Li ions as used in the endoscope as a relay
optical element was measured using NIR Apo objectives of 5x NA 0.14, 10x NA 0.26, and 20x NA 0.4 (Mitutoyo, Japan).
The FWM signal was measured in the forward direction focusing the excitation laser beams into the GRIN lens. In the last
column, the peak count of the FWM signal is given. The measurement with NA 0.07 was done by underfilling the 5x objective.
Laser parameters: 1 MHz repetition rate, 35 ps pulse duration pump, 100 ps pulse duration Stokes, temporally overlapping
pump and Stokes pulses, 10 mW pump at 796 nm, 40 mW Stokes at 1030 nm, 2850 cm™! frequency difference of pump and
Stokes. A compact spectrometer (HR4000, Ocean Optics) was used. All spectra were normalized to 100 ms acquisition time,
and the background has been subtracted. The signal recorded for NA = 0.07 is very close to the noise floor of the instrument.
Due to the nonlinear dependence on the signal intensity and due to the phasematching condition, the process starts at a certain
threshold NA of ~0.07.

Doped ion GRIN-NA Pitch length Ilumination NA FWM signal (a.u.)
Li* 0.1 0.75 0.07 40
Li* 0.1 0.75 0.14 1160
Li* 0.1 0.75 0.26 5600

the 4-f relay optics of scan and tube lenses as used in table-top microscopes>* in order to significantly
shrink the axial length of the overall optical assembly to f only. Simulations predicted a uniformly
high optical performance in terms of a polychromatic Strehl ratio exceeding a value of 0.97 within
the entire intermediate image. Moreover, experimental misalignments and minor violations of the
telecentricity due to the spatial separation of the two scanning mirrors are compensated by a lowered
proximal acceptance NA of the GRIN-lens and, hence, the endomicroscopic unit of about 0.09. This
unit is placed at an axial distance of 500 ym from the focus of the scan lens which corresponds to
the proximal working distance of the GRIN-assembly. The endoscope then projects this intermediate
image toward the object while using a demagnification of m = 5.6 leading to a distal FoV of 320 um
in diameter. Furthermore, the GRIN-probe magnifies the NA from the intermediate image by about
the same factor m to a value of 0.5 at the object, as predicted by the Smith-Helmholtz formula.’ A
diffraction limited performance is expected by simulations performed at 820 nm within the entire
FoV as depicted in Fig. 2(b) which results in the case of linear imaging processes according to the
Abbe resolution limit to a lateral and axial FWHM of 0.83 um and 5.8 um, respectively. Moreover,
we opted for a distal working distance of 30 ym in tissue in the presented simulation and experiment
to ensure a low penetration depth and a high optical performance for in vivo applications close
to the surface of the region of interest. However, in further endomicroscopic probes manufactured
within the scope of this project the distal working distance in tissue was adapted to values between
10 um and 165 um by grinding and polishing processes of the distal cover plate. A similar diffraction
limited performance is achieved by simulations assuming a non-scattering tissue with optophysical
properties similar to water. Dispersion measurements of the stand-alone GRIN-lens incorporated
inside the endoscopic unit showed a longitudinal chromatic shift of a one-pitch lens of 1.1 um per
nm at 803 nm. An achromatizing and NA increasing subassembly incorporated at the distal end of
the probe as depicted schematically in Fig. 2(a) compensates for those longitudinal as well as lateral
chromatic aberrations. The second advantage of placing the color correction unit at the distal end of
the endoscope is the prevention of a precise overlap of the pump and Stokes beams at intermediate
foci within the GRIN-element and hence the reduction in the non-resonant FWM background induced
at these locations.

The mechanical dimensions of the probe are designed to obtain a long and thin probe fitting
into a standard working channel of a typical rigid endoscope. Therefore, all incorporated optics have
an outer diameter of 2.0 mm leading to an overall mechanical diameter of the probe of 2.2 mm
and an overall length of 187.1 mm. This length is mainly achieved by incorporating an approxi-
mately 1.75 pitch GRIN-relay lens with an acceptance NA of about 0.09. Furthermore, Fig. 2(b)
shows the polychromatic Strehl ratio, which is obtained by evaluating the non-coherent superposi-
tions of the monochromatic point-spread-functions (at 803 nm and 1064 nm) at the object for the
radial and axial focus positions in object space. The graph points out the diffraction-limited per-
formance within the entire FoV and indicates the tolerated field curvature of the probe of about
13 um at the margin of the FoV. This plot, however, does not reflect vignetting effects which lead
to a decreased performance in terms of efficiency when approaching the margin. This dependence is



092409-6 Zirak et al. APL Photonics 3, 092409 (2018)

depicted in [Fig. 2(c)] and indicates that the FoV, defined as the region in which more than 80% of
the excitation energy reaches the sample, is limited to a diameter of 244 um. The total throughput
of the GRIN lens is measured to be at the order of 75% for both wavelengths. Moreover, no change
in temporal and spectral pulse characteristics, measured with an autocorrelator (pulseCheck, APE
Berlin, Germany) and spectrometer (OceanOptics, USB4000, USA), respectively, is observed after the
endoscope.

In order to characterize the optical performance of the whole endoscope, we have performed
measurements on well-defined samples consisting of polymer beads as well as on different types of
tissue samples from mouse and human. The use of mouse tissue was approved by the animal wel-
fare committee of Saxony, Germany (Regierungsprisidium Dresden, AZ: 24-9168.11-1/2011-39).
Human tissue was obtained during routine surgery. The patients gave written consent, and the
study was approved by the ethics committee at University Hospital Carl Gustav Carus, Technische
Universitidt Dresden, Germany (EK 323122008).

All signals were recorded in a back-scattering geometry which is the normal mode of operation
of an endoscope. In a first set of experiments, we tested the spatial resolution of the endoscope by
imaging close packings of polystyrene (PS) beads with a diameter of 1 ym. The sample was about
200 pm thick, and no immersion medium was applied (air spaced). With excitation wavelengths for
the pump and the Stokes lasers Ap = 803 nm and Ag = 1064 nm, respectively, and the NA = 0.5 at the
distal side of the endoscope, a spatial resolution of 750 nm was achieved. This value was determined
by the intensity fit of a single 1 um PS bead and obtaining its FWHM (Fig. 3). The experimentally
achievable FoV can also be estimated from the measurements of densely packed polymer beads on a
cover slip. For this sample, we find that the experimental FoV is in very good quantitative agreement
with the simulated value of 244 um. One should note, however, that we have also observed larger
FoVs up to 310 um for samples with thicker structures or stronger CARS signals. Deviations from
the simulated values [Fig. 2(c)] are expected due to the cubic dependence of the CARS signal on the
excitation intensities and on the fact that the effect of the field curvature [as depicted in Fig. 2(c)] on the
CARS signal is more pronounced for thinner structures. The large FoV together with the high spatial
resolution is a prerequisite for practical use of the endoscope. Subsequent to the experiments on beads,
we tested our setup on thin tissue sections and also on bulk tissue samples. In such experiments, the
recording of different imaging modalities is an attractive option to further enhance the information
content obtained in the imaging experiments.>* In some experiments, we therefore chose appropriate
dichroic filters in the detection path to record the CARS signal (short pass 720/SP; Semrock, USA;
ET680-2p8; Chroma, USA; and band pass 650/50 and 630/90; Semrock, USA) or two-photon excited
autofluorescence (short pass 720/SP, 775/SP; Semrock, USA; ET680-2p8; Chroma, USA; and band
pass 525/50; Semrock, USA; Fig. 4). The images show that the desired high spatial resolution and
large FoVs can also be realized under imaging conditions encountered in biomedical experiments.

Gray Value

0.05

FIG. 3. Left: CARS endoscopic image of 3 um diameter polystyrene beads dried on a glass coverslip. An overview image
indicating the usable FoV. Imaging conditions: power on the sample is 15 mW for each beam (30 mW total power), pixel
dwell time is 8 us averaged over 5 frames, and pixel size is 0.6 um. Right: zoomed-in view of the close packing of the 1 um
diameter polystyrene beads. The profile plot (inset) over a row of particles (white line in the image). FWHM of an intensity
fit of a single 1 um PS bead indicates the achievable spatial resolution on the order of 750 nm. Imaging conditions: power on
the sample is 20 mW for each beam (40 mW total power), pixel dwell time is 8 us averaged over 5 frames, and pixel size is
0.06 pum.
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0.1

FIG. 4. Left: CARS endoscopic image of a murine spinal cord sample (bulk sample). Individual axons can clearly be distin-
guished. Imaging conditions: pixel dwell time is 8 us averaged over 5 frames, and pixel size is 0.24 gm. Middle: CARS (red)
and TPEF (green) endoscopic images of murine adipose tissue (bulk sample). Imaging conditions: pixel dwell time is 8 us
averaged over 5 frames, and pixel size is 0.3 um. Right: CARS (red) and TPEF (green) endoscopic images of a human nervus
suralis sample (cryosection). Imaging conditions: pixel dwell time is 8 us averaged over 5 frames, and pixel size is 0.6 pum.
Excitation parameters for CARS were 40 mW at Ap = 817 nm and 25 mW at Ag = 1064 nm on the bulk samples; 60 mW at
Ap = 817 nm and 35 mW at Ag = 1064 nm on the cryosection sample. The energy difference corresponds to AD = 2841 cm™!.
The two-photon excited fluorescence images were recorded with 80 mW total excitation power on the sample for both samples
at 817 nm.

While on the one hand, fine structures such as individual axons are readily resolved, large FoVs of
roughly 250 pm allow the inspection of extended sample areas.

To put the performance of the CARS endoscope described above into perspective, it must be
compared with other designs of rigid nonlinear optical endoscopes. Jung and Schnitzler have reported
the first rigid, GRIN based endoscope suitable for using one excitation laser beam which suffices for
two-photon excited fluorescence and SHG imaging.'”'® In connection with galvanometer scanning,
these authors report spatial resolutions of slightly more than 1.2 ym and a FoV of approximately
120 um, however, with optics in which the maximum useable length of the endoscope was 26 mm.
The first rigid coherent Raman endoscope was published by Saar and co-workers.*” In this case, a
piezo scanner was used for scanning the proximal side of a focusing GRIN lens. In this manner,
spatial resolutions of roughly 2 um were achieved with an 80 um diameter FoV. The main drawback
of the reported endoscope was the use of a 10 x 10 mm? large detector around the GRIN lens to
allow for SRS detection. For CARS imaging alone, a different smaller diameter design could have
been employed. Other reports of rigid CARS microscopes concern designs, which are too large in
diameter for most scenarios of applications'-'® or have optics which are too short.*

We thus conclude that the endoscope reported here represents an important step toward the med-
ical application of CARS endoscopy in that it combines unprecedented high spatial resolution and
large FoV in a compact setup with narrow diameter and long usable working distance optics. It is
planned to integrate the CARS endo-microscope introduced here into a commercially available endo-
scope which will allow the evaluation of merits of CARS endo-microscopy in clinical environments.
In the case of interest to use the CARS-probe in pursuing experiments, Grintech GmbH intends to
develop the probe as a product.
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