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Abstract: The addition of fluorescence guidance in laparoscopic procedures has gained
significant interest in recent years, particularly through the use of near infrared (NIR)
markers. In this work we present a novel laparoscope camera coupler based on an electrically
tunable fluidic lens that permits programmable focus control and has desirable achromatic
performance from the visible to the NIR. Its use extends the lower working distance limit and
improves detection sensitivity, important for work with molecularly targeted fluorescence
markers. We demonstrate its superior optical performance in laparoscopic fluorescence-
guided surgery. In vivo results using a tumor specific molecular probe and a nonspecific NIR
dye are presented.
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1. Introduction

Minimally invasive surgery (MIS) has been shown to be safe and effective in a wide range of
surgical procedures, while providing considerable benefits for the patient including smaller
incisions, reduced pain and shorter hospital stays [1-5]. Conventional laparoscopes provide
visual access to the surgical field by illuminating the region of interest with white light and
imaging the scene back through a relay lens imaging channel, allowing standard color
cameras to acquire images for display in real time. The relay lenses are commonly
constructed according to the Hopkins ‘thick lens’ principle and are complemented by an
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objective lens and an eyepiece. The eyepiece ‘output’ is focused using an imaging lens onto
one or more imaging chips which are used to collect information to display on one or more
monitors. White light color reflectance imaging allows the surgeon to visually differentiate
between healthy and diseased tissue. In the case of small or low contrast lesions, correct
identification of the disease can be challenging. For this reason, additional methods to
improve contrast are becoming more popular; these also place extra demands on the optical
imaging system.

The use of fluorescence as an additional contrast mechanism during surgery is gaining
increasing interest from the medical community, particularly in oncology [6]. Fluorescence
can enhance the view of the surgical field by providing cellular and molecular information as
well as structural and perfusion-related information. In addition, the technology can be readily
fitted to existing laparoscopic instrumentation, with minimal interference with standard
surgical procedures. As with reflected white light, fluorescence imaging in the visible can
only investigate the tissue surface due to the poor penetration depth of visible light and its
contrast is restricted by tissue autofluorescence. The former is a secondary issue in surgery,
where intrinsic access to the imaging field is usually provided as the surgery progresses.

The use of fluorescence in the near infrared (NIR) spectral region has shown that
penetration depths of the order of 10s of mm can be achieved [7], at the expense of poorer
spatial resolution. More importantly, autofluorescence is significantly reduced [8]. Although
light from deeper targets is inevitably scattered, suggesting that imaging at these long
wavelengths need not be parfocal with visible light imaging, superficial targets are
considerably brighter and here achromatic performance of the optics is necessary.
Transmission in conventional MIS systems is, however, generally optimized for the visible
part of the spectrum only [9], although laparoscopes with good transmission in the NIR are
becoming available [10].

Fluorescence-guided surgery (FGS) in the NIR has been successfully performed in a
number of laparoscopic procedures including sentinel lymph node (SLN) detection [7, 11,
12], cholangiography [13], ureter imaging [14] and nerve identification [15] amongst others.
These advances have been driven by the availability of fluorescent dyes that are approved for
clinical use in off-label studies (i.e. indocyanine green (ICG) and methylene blue (MB)) and
by the emergence of suitable imaging systems and associated excitation devices. Recent
efforts towards development of NIR fluorophores and tumor biomarkers have shown a clear
push towards the use of fluorescence molecular imaging (FMI) during cancer surgery [16].
Here, sensitivity is crucial and usually achieved by decreasing working distances and thus
increasing light collection. Molecular agents can specifically target tumor or healthy tissue
and therefore allow fluorescence detection of structures that are typically not visible under
reflected light. FMI has the potential to achieve the detection of a tumor before it reaches a
size corresponding to the diagnostic level of conventional imaging modalities (~10” — 10°
cells, 0.01 — 1 ecm’) [17].

A number of in-house developed laparoscopic systems for FGS have been described by
various research groups [9, 18-21]. The aim of such systems is to overcome the sensitivity
and spectral limitations of commercial counterparts, which tend to focus on usability and
ergonomics. Such systems face the challenge of translating their technologies into a clinical
environment, where ergonomics and simplicity of use become increasingly important.

In this work, we present a novel optical imaging accessory designed to be used with in-
house developed laparoscopic FGS devices and optimized for operating in the visible and
NIR spectral regions. Our system addresses two problems. Firstly, in a surgical environment,
surgeons are reluctant to adjust the coupler focus as most cameras/couplers are placed within
a sterile sheath. Furthermore, development of mechanically-activated focusing systems is not
a trivial task faced by researchers when implementing novel imaging approaches capable of
operating reliably in a surgical environment. Such refocusing is, however, necessary when
working distances are reduced as is the case for FMI. Secondly, achromatic performance,
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desirable to aid navigation and to maximize NIR fluorescence detection, is rarely addressed in
published work, though commercial developments have been described, albeit using complex
prism arrangements [22], not readily able to be duplicated by other researchers.

We present means towards addressing these problems by describing an electrically tunable
achromatic lens system. The ability to control lens focus is a prerequisite for an autofocus
system, aimed at the first problem. Furthermore, our approach requires simple electrical ‘up-
down’ switches to control system focus, rather than complex mechanics. Secondly, the
achromaticity of our tunable lens system (TLS) already improves the combined performance
when coupled to a laparoscope. Moreover, it paves the way for further correcting the
chromatic shift associated with the laparoscope itself. This has been achieved by using off-
the-shelf optical components throughout, ensuring that this system can be replicated by
others. The capability of the system is demonstrated in vivo and comparison is made with a
previously developed device aimed at white reflectance and multi-spectral fluorescence
detection [21].

2. Methods
2.1 Laparoscope characterization

The rigid endoscope used in this work is a 10 mm diameter, 300 mm long, zero degrees
viewing angle, Hopkins rod lens-based laparoscope optimized for NIR use (26003AGA, Karl
Storz, Tuttlingen, Germany). Wideband optical coatings on its internal components extend
operation well into the NIR [10]. It includes the possibility of switching in a 472 nm long-
pass or a 660 — 825 nm FWHM excitation blocking filters and allows operation without any
internal filters switched in. In this work neither of these filters were used. The laparoscope
exit pupil and output ray fan were determined, as shown in Fig. 1, to allow the design of the
TLS. Output pupil diameter was measured by placing the laparoscope tip ~200 mm away
from two point sources located at the edges of the field of view at diagonally opposed
positions. Each source produced a hemi-isotropic beam and, resulting in near-collimated
beams at the eyepiece. A 1/3” CCD camera (BFLY-U3-13S2M-CS, Point Grey, Richmond,
Canada) with a 25 mm focal length imaging lens (#67-715, Edmund Optics, Barrington, NJ,
USA) was placed 200 mm from an opaque observation screen and focused to image the
screen. The camera and screen arrangement was coaxial with the eyepiece. The laparoscope
formed two circular images on the screen corresponding to the two point sources. The screen
was moved along the optical axis relative to the eyepiece until the two images overlapped,
thus providing the exit pupil location. The exit pupil diameter and position on the optical axis
were respectively 2.8 mm + 0.1 mm and 1.75 mm = 0.1 mm away from the eyepiece flat
surface. The maximum eyepiece field angle was + 7 degrees + 0.1 degrees. Changes of these
values of up to + 0.2 mm and + 0.3 degree did not materially change the performance of the
model described in §2.2.2.

A Eyepiece

Rod-lens relay system

Exit pupil
(2.8 mm diameter)

Max field angle
/ (+ 7 degrees)

i { Field
Light sources { of view

V 200 mm Laparoscope tip 1.75mm

working distance

Fig. 1. Schematic representation showing the properties of the laparoscope exit pupil. Note that
the drawing is not to scale for the sake of clarity.
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2.2 Laparoscopic tunable lens system (TLS)
2.2.1 Focus-tunable element

The laparoscopic tunable lens system (TLS) described in this work is based on a 10 mm clear
aperture, 30 mm diameter electrically focus-tunable fluidic lens (EL-10-30-TC (beta version),
Optotune, Dietikon, Switzerland). This lens was chosen due to its large optical aperture, as
required by the laparoscope exit pupil beam divergence. In addition, this lens provides a
convenient range of focal lengths (~65-180 mm) and incorporates a temperature sensor for
compensation of slight focal length variations due to thermal effects. The lens focal length
was electrically controlled such that, once set to the user-required value, it is maintained at
that value. For this purpose, we developed a microcontroller-based driver that extracted, via
an I’C bus (http://i2c.info/i2c-bus-specification), the manufacturer’s calibration table of
current to diopter settings over a range of temperatures and computed drive current for a
given focal length. This drive was provided by an efficient pulse width modulated source. A
technical note with further details of the lens drive is available on our website [10].

All modelling data were made available to us by the manufacturer. Nevertheless, we
checked the current vs. diopter relationship, at visible wavelengths, at a 25 degC temperature.
The effective focal length of the lens was calculated by measuring object and image plane
distances from the center element of the lens and applying the thin lens equation, appropriate
to this lens thickness (3.1 mm maximum) used at relatively long object (1 m to 25 m) and
image (>100 mm) distances. Measurements for three different lens samples were repeated.
The results indicate that the lens’ diopter values were proportional to lens current and
followed the relationship:

diopter = (311 1)xlens current(A)+ (5.68 = 0.09)
2.2.2 Optical modeling and system design

The laparoscopic TLS was designed based on a number of considerations:

1- The system focus should be set by an electrically tunable lens, without external
mechanics and capable of fast operation to enable autofocus system development.

2- Chromatic aberration and field curvature should be minimized in the visible and the
NIR.

3- The imaging system should be constructed using off-the-shelf optical components.
4- Space to accommodate several fluorescence emission filters should be provided.

5- The system should be lightweight and compact.

The imaging system was modeled using ZEMAX optical ray tracing software, with lenses
specifications obtained from their respective suppliers. The focus-tunable lens material has a
refractive index of 1.3, an Abbe number of 105 and its contribution to chromatic aberration is
thus low, but not negligible. Chromatic aberration compensation was achieved by selection of
glasses in the other lenses and by optimizing the inter-lens distances. Modelling was
performed at 450, 530, 600 and 800 nm. Chromatic focus shift modelling was performed up
to 900 nm.

We designed the system for a nominal focal length of 28 mm. The focus tunable element then
consumes <100 mA to minimize lens temperature rise; this is equivalent to a typical focus-
tunable element focal length of ~130 mm, corresponding to a 40 mm radius of curvature. The
range of system focal lengths covered is >26.5-29.5 mm, corresponding to 0-150 mA, and
allows for both inter-laparoscope variations and short working distances operation. The
system object was placed at infinity and an aperture of 2.8 mm diameter was selected to
mimic the laparoscope exit pupil. We selected a configuration that places the focus-tunable
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element between two 12.5 mm diameter achromatic doublets, as shown in Fig. 2(a). Plano-
concave lenses are used between the second achromatic lens and the sensor to reduce the field
curvature; ideally aplanatic lenses, or thick meniscus lenses would have been used but these
are not readily available off-the-shelf commercially. This configuration leaves plenty of room
to place several excitation blocking filters between the eyepiece and the first achromat. Figure
2(a) shows the outline of the optical system and the details of the components for a 28 mm
focal length configuration appropriate for a 1/3” sensor format. This provides an angular view
of + 34 degrees at the laparoscope entrance pupil, as calculated with the method described by
Wang et al. [23]. The modulation transfer function (MTF) curves of the TLS for visible and
NIR wavelengths approach the diffraction limit, as shown in Fig. 2(b). We also show in Fig.
2(c) the chromatic focus shift for our TLS. For comparison, we also show the chromatic focus
shift for a commercial lens (#67-715, Edmund Optics) used in some of the in vivo
experiments described in §2.3.1. Although both lenses performed well in the visible, our TLS
halved the chromatic focus shift compared to the commercial lens over the visible-NIR
region. However, the MTF curves for the commercial lens were almost identical to those of
the TLS and were thus not plotted for clarity. Spot diagrams are provided in our technical
note [10] and we show that all wavelengths in the 450-850 nm range are focused well within
the Airy disc associated with 450 nm (12 pm diameter).

An alternative configuration where two image sensors are used to independently acquire
color reflectance and fluorescence images is shown in Fig. 2(d). This permits the use of a
NIR-optimized sensor and a high resolution color sensor. Such arrangements have been
shown to have the advantage of independent processing of the NIR output for overlay
purposes [9, 20, 24]. This alternative configuration uses the EL-10-30-TC lens closest to the
eyepiece, followed by an achromatic lens pair and a dichromatic beam splitter. Space for
additional filters is provided between the beam splitter and the sensors. Modelled optical
performance comparable to the previous design (Fig. 2(a)) was achieved (results not shown).
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Fig. 2. (a) Optical ray tracing for a 28 mm focal length configuration (1/3” sensor format) of
the TLS. The minimum (0 degrees) and maximum (6.1 degrees) field angles are shown in blue
and green respectively. (b) Modulation transfer function (MTF) of the TLS for all system
wavelengths and two field angles in the tangential (T) and sagittal (S) planes. The tangential 0
degree MTF curves are identical to the sagittal ones and were not plotted for clarity. MTF
curves are displayed on two separate graphs for clarity. (¢) The chromatic focus shift of the
TLS is shown in red for comparison with the chromatic focus shift of a commercial VIS-NIR
lens used for experiments described in section §3.2.2. (d) Ray trace modeling of an alternative
TLS configuration that uses two separate sensors to image fluorescence and white reflectance.
The custom achromatic lens pair comprises two 60 mm focal length lenses with different glass
combinations (N-BK7/N-SF5 and N-BK7/N-SF10 respectively). The largest light ray angle at
the beam splitter is ~ £ 3 degrees.
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2.2.3 Prototype development

The 28 mm focal length TLS described above was constructed in a custom housing. Figure
3(a) shows a CAD model of the assembly. All parts were machined from aluminum alloy
6082, matt black anodized. A 7 mm optical aperture was placed between the two plano-
concave lenses to reduce potential diffuse and off-axis reflections. The final assembly is
48.5mm long (to camera CS-mount, excluding clamping mechanism), providing ~20 mm
space for several filters which may be stacked in front of the TLS, its maximum diameter is
34 mm and it weighs 135 g. The TLS was designed to fit CS-mount cameras, although small
adjustments can make it compatible with C-mount ones. An image of the TLS next to a
conventional C-mount 28 mm coupler (LEOA28, Lenoptec, Shenzhen, China) is shown in
Fig. 3(b).

(a) C-mount

Filters

EYEPIECE
SIDE

CAMERA
SIDE

Aperture

80 90 100 110 120 130 1AD ASC

\ Focus-tunable element

flex cable

Fig. 3. (a) CAD section view of the custom housing that holds the optical components. (b)
Image of the TLS (left) next to a conventional 28 mm laparoscope adapter (right). The
generous space for filters could be readily reduced by 10 mm if required.

2.2.4 Optical characterization

A schematic representation of the experimental setup used to assess the optical performance
of the lens system is shown in Fig. 4. The TLS was coupled to a 1.3 mega pixel (MP) CCD
camera (BFLY-U3-13S2M-CS, Point Grey). The NIR blocking filter in front of the camera
sensor was removed for optimal transmission in the range 450-900 nm. Image acquisition and
camera control were performed using the Point Grey FlyCapture2 software.

The system was coupled to the eyepiece of the laparoscope using a custom-made clamp
that allowed correct centration of the lens optical axis with the exit pupil. The laparoscope
was mounted vertically and with the tip pointing downwards. A 1951 USAF resolution chart
(R3L3S1IN, Thorlabs) was placed in the object plane at a distance of 20 mm from the
laparoscope tip. This short working distance was used to allow determination of the smallest
feature that the laparoscope can resolve. Illumination was provided externally to avoid the
typical uneven field illumination produced by the laparoscope optical illumination channel.
This ensured a more accurate characterization of the lens optical performance. A halogen
light source was used (LHS-H100C-1, Nikon) and its output light was collimated and passed
through bandpass filters (450 + 20 nm, 530 + 26 nm, 600 + 20 nm and 800 + 20 nm,
Thorlabs) mounted on a filter wheel (CFW6, Thorlabs). The center wavelengths corresponded
to the ones used for modelling. The filtered output was focused on the input of a 5 mm
diameter optical fiber bundle (Fostec-Schott), which produced an output beam with numerical
aperture (NA) of 0.5. This beam trans-illuminated a 100 x 125 mm ‘opal’ diffusing glass
screen (#02-149, Edmund Optics) onto which the resolution chart was placed.
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Fig. 4. Schematic and photographic (insets) representation of the experimental setup used to
measure the optical performance of the lens system.

The performance at each wavelength band of the TLS, when used with the laparoscope
was compared with that from the LEOA28 coupler, connected directly to the eyepiece.
Optimal focus for both was set using either the 530 nm or 800 nm filters, depending on the
experiment performed. Images were acquired at each illumination wavelength band by
rotating the filter wheel. Camera exposure time was set to 40 ms and the intensity of the light
source was adjusted for each filter in order to provide comparable detected signal intensity.
All experiments were performed with minimal ambient light. Line profiles of representative
regions of the images were extracted using ImageJ software (https://imagej.nih.gov/ij/). The
Michelson contrast formula was used to calculate the contrast for each element of the USAF
resolution chart:

Imax _Imin
I+

max

M

where ..« and I, represent the highest and lowest pixel intensity values of adjacent bars
within an element. Using the Rayleigh criterion, bars were considered resolved if the contrast
value was greater than 0.26 [25]. The smallest chart element that could be resolved was
determined for both the TLS and the LEOA2S coupler at each spectral channel.

The performance of the TLS, by itself, was determined using an experimental setup
similar to that described above. The laparoscope was removed and a 2.8 mm aperture placed
in front of the lens to replicate the model shown in Fig. 2(a). The lens-resolution chart
distance was increased to 2 m to ensure that the lens focus is set to a value comparable to that
used with the laparoscope. The MTF was computed by scaling the spatial frequencies of the
resolution chart elements by the magnification of the optical system.

2.3 White light and fluorescence imaging
2.3.1 Experimental setup

The prototyped TLS was tested in an in vivo setup to assess the feasibility of fluorescence
imaging. The lens was used in conjunction with 1/3” color CCD color cameras with NIR
blocking filter removed; this does not alter the system color balance provided a ‘cold’ white
light source (e.g. LED) is used. Narrow band notch filters (NF03-658E-25 and NF03-785E-
25, Semrock, Rochester, USA) were placed in series between the TLS and the eyepiece to
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allow white reflectance imaging (following application of conventional white balance and
gamma correction processes) and fluorescence imaging of two excitation channels. The
excitation and illumination light was provided by an FGS imaging system previously
described [21]. White light from an LED and red — NIR light from laser diodes (660 nm and
785 nm center wavelengths respectively) was delivered to the laparoscope illumination port
using a 5 mm diameter liquid light guide (LLG20.530, Ultrafine Industrial Ltd., Rugby, UK).
The camera was used with a maximum exposure time of 40 ms to ensure real time operation,
as required for surgical navigation.

The TLS tuning range was tested by imaging a human hand with a laparoscope working
distances varied over the range 10-100 mm. For this work, a very small drop of ICG from the
tip a 27-gauge needle was applied to the back of the hand. The ICG was used at a nanomolar
concentration, although this was difficult to quantify precisely due to the method of
application. The 785 nm excitation wavelength was used with power density never exceeding
50 mW/cm®.

For animal work, the laparoscope working distance was set to ~50 mm, resulting in
excitation power densities of ~12 mW/cm® and ~25 mW/cm? for the 660 nm and 785 nm
wavelengths respectively. Imaging performance was compared with our previous FGS
imaging system which used a 25 mm focal length imaging lens (#67-715, Edmund Optics),
with transmission optimized in the visible and NIR wavelengths.

2.3.2 Animal model

Animal procedures were carried out in accordance with the UK Animals (Scientific
Procedures) Act 1986 and with local ethical committee approval. In the first experiment,
OE33 human esophageal adenocarcinoma cells (5 x 10°) diluted in RPMI serum-free medium
were inoculated subcutaneously behind the front paw in three 42-49 day old female NOD
SCID gamma (NSG) mice (Charles River, UK). These mice were kindly made available to us
from a separate ongoing experiment. Mice were fed with an alfalfa-free diet to minimize
autofluorescence. After 11 days all mice developed tumors. A fluorescently tagged peptide
(EMI-137, EM Imaging, Edinburgh, UK) was used to target the OE33 tumor cells that are
known to have high expression of human tyrosine kinase c-Met [26]. This probe has an
excitation peak of ~650 nm, compatible with the 660 nm excitation channel of our system
[27]. An aliquot of peptide solution (1.6 pg/20 g mouse) was injected intravenously into the
tail vein. Mice were anesthetized using 2% isoflurane one hour after tracer injection. In the
second experiment, a BALB-c nude mouse (Charles River, UK) was anesthetized and
received 2 ug/20 g of ICG (Cardiogreen, 12633, Sigma Aldrich) freshly diluted in distilled
water, by subcutaneous injection into the hind paw. Fluorescence excitation was delivered
using the 785 nm channel and imaging was performed 2 min after tracer injection. All mice
were kept under anesthesia throughout the imaging procedures.

3. Results
3.1 Optical characterization

The performance of the TLS by itself was assessed and compared with model predictions
(Fig. 5(a)). Results at 530 nm and 800 nm show good agreement with theory. The lens was
then tested in conjunction with the laparoscope using the experimental setup illustrated in Fig.
4. Images of the resolution chart at 450 nm, 530 nm, 600 nm and 800 nm are shown (Fig.
5(b)) for the TLS along with those using the LEOA28 coupler, both focused at 530 nm.
Figure 5(c) shows line profile data taken across a region of interest corresponding to 4 line
pairs/mm (Ip/mm) at the object plane, demonstrating the superior performance of the TLS
when used with the laparoscope. Line profiles of images acquired with just the TLS (i.e. no
laparoscope) are also reported (black curves). Negligible variations of such line profiles
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across the range 450 — 800 nm suggest that the TLS itself is truly achromatic, as predicted by
the theory.
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Fig. 5. (a) Experimental vs. modeled MTFs of the TLS at 530 nm and 800 nm illumination
bands. Note that these results refer to the TLS used on its own (i.e. without laparoscope). (b)
1951 USAF resolution chart images for the TLS used with the laparoscope (top) and the
LEOAZ28 coupler used with the laparoscope (bottom) at each spectral band and at a working
distance of 20 mm. (c) Line profiles for a region of interest corresponding to group 2 element 1
(4 lp/mm) of the resolution chart. The black curves represent equivalent measurements
obtained with the TLS used without laparoscope.

The theoretical (Airy disk) resolution, defined by the laparoscope output pupil diameter
and by a notional 28 mm focal length lens used for imaging, along with the smallest
resolvable elements when the TLS or the LEOA28 coupler were used with the laparoscope
are shown in Table 1. Both systems had a resolution of 39 um, when they were initially
focused at 530 nm and performed close to the theoretical limit. It is noted that the USAF
resolution target is inevitably quantized and this leads to uncertainty in defining the best
resolution possible. Nevertheless, our TLS performs better at 450 nm, where the LEAO28
lens would be expected to work well, since it is designed for work in the visible. As
modelling of the TLS indicates, an improvement is also observed at 800 nm, where we would
not expect the LEAO28 to perform well. Imaging would be normally performed by focusing
in the visible and these data show that the achievable resolution would indeed be limited by
the laparoscope. Table 1 also shows the performance achievable when the laparoscope and
associated imaging lens focus is set at 800 nm. As expected, performance degradation in the
visible is noticeable, although the TLS is seen to perform better. Unfortunately, we were not
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able to obtain the optical prescription of the LEOA28 coupler from the manufacturer and so
do not have access to its chromatic focus shift data.

Table 1. Resolution in object space at different illumination spectral bands.

Hlumination  Theoretical TLS (focused LEOAZ28 coupler TLS (focused LEOA28 coupler
wavelength resolution limit at 530 nm) (focused at 530 nm) at 800 nm) (focused at 800 nm)

450 nm 27.5 pm 112 pm 140 pm 62 pm 70 pm
530 nm 32.5 um 39 um 39 pm 177 pm 281 um
600 nm 36.5 pm 39 um 39 pm 157 pm 250 um
800 nm 49 um 125 pm 177 pm 50 pm 50 pm

TLS used in conjunction with the laparoscope at a working distance of 20 mm (tip to object plane),
corresponding to a 5x demagnification between object and image planes.

3.2 White light and fluorescence imaging

An example of the need for short working distance in FGS and consequent need for
refocusing is shown in Fig. 6. In Fig. 6(a) we present an image acquired with the TLS used
with the laparoscope at a working distance approximate to that used during abdominal
surgery; the small fluorescing region is hardly visible at this low magnification (ICG emission
collected over a wavelength range of 802-840 nm). As the working distance is decreases, the
fluorescing region becomes readily detectable. However, at the shorter working distances the
detail available to the surgeon is very poor indeed (Figs. 6(c-d)), although refocusing reveals
the required detail (Figs. 6(g-h)). Despite Fig. 6 not being obtained in a surgical environment,
it nevertheless helps to show that both focusing and NIR achromatic performance are useful
and are delivered by the TLS. The refocusing speed can only be appreciated from the
supplementary movie (Visualization 1).

Figure 7 further demonstrates the feasibility of in vivo fluorescence imaging of the TLS
when used with a laparoscope. A representative subcutanecous OE33 xenograft was visualized
at 2 hours after injection of the EMI-137 peptide targeting c-Met (Figs. 7(a-c)). Detected
fluorescence image wavelengths are in the range 673-700 nm. The images also show
fluorescence emission from one of the kidneys, as a result of renal clearance of the tracer.
Figures 7(d-f) shows fluorescence imaging of an inguinal lymph node (indicated with the
yellow arrow) following subcutaneous injection of ICG in the left hind paw. The lymphatic
vessels below the tissue surface were also clearly visible, confirming the desirable achromatic
performance of the TLS coupled to the laparoscope.

A comparison of NIR fluorescence performance with our previous FGS imaging system is
shown in Figs. 7(g-h); these images were acquired sequentially from the same animal,
although some slight repositioning errors were inevitable. Lens focus was set such that the
mouse skin was in focus when illuminated with white light. All images in Fig. 7 are snapshots
of videos recorded at 25 fps. A typical example of such a video can be found in
Visualization 2.


https://www.osapublishing.org/boe/viewmedia.cfm?uri=boe-8-7-3232&seq=v001
https://www.osapublishing.org/boe/viewmedia.cfm?uri=boe-8-7-3232&seq=v002
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Fig. 6. Illustration for the need for focusing in high sensitivity FGS. (a) Initial scene, acquired
at a working distance (WD) of 100 mm, typical of that used in abdominal surgery. Images (b-
d) are acquired at progressively reduced WDs, without modifying initial focus set for image
(a), nor excitation power density. Images (f-h) are acquired with focus optimized at each WD.
Images (b, f) show why short WDs are useful: the fluorescing region is not readily identifiable
and a WD reduction helps significantly in identifying the presence of a weak, low area
fluorescing region (image (c)). Optimally focused images shown in images (g, h) show the
need for focusing. Images (e) and (i) are magnified regions of images (d, h) respectively and
further confirm the need for focusing to reveal detail adjacent to fluorescing region. WD is the
object-to-laparoscope tip distance and not the object-to-objective distance, since the latter is
placed within the laparoscope body.
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Fig. 7. In vivo evaluation of laparoscopic imaging. (a) White reflectance, (b) fluorescence and
(c) combined fluorescence + white reflectance images of a subcutaneous tumor (right arrow),
obtained with the TLS. Fluorescence signal of the probe accumulating in the kidney is also
shown (left arrow). (d) White reflectance, (e) fluorescence and (f) combined fluorescence +
white reflectance images of the left inguinal lymph node (arrows) following subcutaneous
injection of ICG, obtained with the TLS. Lymphatic vessel fluorescence imaging of ICG using
the TLS (g) in comparison with our previous imaging system that used an imaging lens
optimized for use in the visible and NIR (h). Lens focus for both cases was set for white
reflectance imaging.

4. Discussion

In this paper, we presented a novel achromatic, focus-tunable imaging lens system (TLS),
compatible with most conventional laparoscopes, for application in fluorescence-guided
surgery (FGS). Our system was designed to be readily replicated by other researchers
involved in the development of novel clinical FGS approaches, as it can be constructed using
off-the-shelf optical components. The TLS is based around an electrically focus-tunable
fluidic lens which allows the use of control buttons rather than hand operated mechanical
arrangements. Replacing the focus ring with appropriate buttons can considerably improve
the ergonomics of the system, as the action of focusing and holding the laparoscope can be
performed easily with the same hand. Moreover, this TLS opens the way to implementing an
autofocus arrangement, where its fast response (<7.5 ms for a small signal step response [10])
is clearly useful. Even without an autofocus system, two or three preset focus points
(Visualization 1) can go a long way towards achieving operation over a wide range of
working distances since laparoscopes provide an acceptable depth of field at medium-long
working distances due to their high f-number and short focal length. The use of external
moving parts is avoided, enabling straightforward implementation in a research environment.
The TLS allows convenient use of very short working distances (down to <10 mm), desirable
for FGS and particularly fluorescence molecular imaging (FMI) in order to identify, rather
than to operate on, sub-millimeter lesions with good sensitivity. Shorter working distances
inevitably make instrument access awkward but are desirable, for example, to confirm
surgical margins.


https://www.osapublishing.org/boe/viewmedia.cfm?uri=boe-8-7-3232&seq=v001
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Maximizing sensitivity is always desirable in FGS and FMI, but this is often hampered by
the fact that a finite excitation power is available. Since all laparoscopes provide a wide
excitation/detection field of view, excitation power density can be increased only when the
working distance is decreased: this then causes a change in focus and our TLS can readily
compensate for this.

We showed that our arrangement was achromatic in the visible and the NIR. In addition,
when used in conjunction with a laparoscope intended for abdominal surgery and a 1/3”
format CCD camera, it can achieve an achromatic performance superior to that from a
conventional visible-NIR lens, with obvious advantages for simultaneous imaging of white
reflectance and NIR fluorescence. However, the chromatic focal shift in the NIR due to non-
optimized optical elements of the laparoscope is still noticeable and further work is required
to correct for this. Since optical prescriptions from laparoscope manufacturers are generally
difficult to obtain, our TLS can be used to derive the chromatic focus shift associated with
laparoscopes by acquiring data from a set up similar to that shown in Fig. 4. Such data can be
used to provide input to a ray tracing model. This approach will depend on inter-laparoscope
variability and this remains to be determined. It is very likely that custom glass elements will
be required to correct for these chromatic focus shifts and this may detract from an
arrangement intended to be constructed without use of custom elements. Of course the rapid
tunable feature of our system could be exploited to provide truly achromatic imaging in the
NIR when used in conjunction with sequential white-NIR fluorescence imaging systems (e.g.
such as described in [28]).

Our approach presents further advantages that contribute to improve the performance of
an FGS laparoscopic system. Commercial laparoscope couplers usually use small diameter
optics as they are placed very close to the eyepiece: it is then almost impossible to place
custom fluorescence excitation blocking filters between the eyepiece and the coupler. Placing
filters in this ‘infinity’ optical space is advantageous as angles of incidence are low in this
space. Our focus-tunable element has a large clear aperture (10 mm) providing ample space
for additional filters. The overall dimensions of our TLS are comparable with those of
existing commercial couplers, facilitating clinical acceptance.

There have only been a few attempts of exploiting focus-tunable fluid lenses for
minimally invasive surgery [29-31]. However, their aim was to develop zoom systems and
they were not intended for fluorescence imaging neither in the visible nor the NIR. In
addition, these models and prototypes were not compatible with standard laparoscopes. In
contrast, our TLS can fit existing laparoscopes without major ergonomic differences and
without interfering with standard laparoscopic procedures.

Most of the existing laparoscopic adapters/cameras provide a zoom control ring adjacent
to the focus ring. Although this is used to accommodate different types of laparoscopes and
endoscopes, intra-operative ‘zoom’ is typically provided by manually varying the tip-tissue
distance [32]. It is noted that, in general, the use of image zooming during FGS results in
wastage of available excitation power and is thus not encouraged. Despite the lack of a zoom
feature, our TLS can be designed to have a given focal length to match a specific
laparoscope/endoscope, although the clamp and associated mechanics are standardized. This
is a reasonable compromise as similar procedures are typically performed with the same
laparoscope-focal length combination. Our chosen focal length was 28 mm, which generated
a viewing angle of + 34 degrees using a standard 300 mm long, 10 mm diameter rigid
laparoscope. This is a convenient value as it provides a field of view similar to conventional
systems [23] and it excludes the outermost part of the ~ £ 38 degrees illumination beam,
where the illumination intensity falls off significantly due to the typical Gaussian-like profile.
This is even more crucial in fluorescence imaging, where the lower excitation power density
near the edge of the beam results in poorer detection sensitivity.

We provided in vivo imaging results that showed the capability of the TLS to operate as
part of an FGS setup. While performance checks using targets of phantoms are always useful,
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they do not readily replicate practical imaging requirements, where the imaged field is rarely
flat, where fine tissue structures are present and where movement may degrade the modelled
performance. Acquiring image data in preclinical experiments provided us with confidence
for future clinical translation.
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