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ABSTRACT

A major challenge in tumor surgery is the differentiation between normal and malignant tissue. Since an in-
completely resected tumor easily leads to recidivism, the gold standard is to remove malignant tissue with a
sufficient safety margin and send it to pathology for examination with patho-histological techniques (rapid sec-
tion diagnosis). This approach, however, exhibits several disadvantages: The removal of additional tissue (safety
margin) means additional stress to the patient; the correct interpretation of proper tumor excision relies on
the pathologist’s experience and the waiting time between resection and pathological result can be more than
45 minutes. This last aspect implies unnecessary occupation of cost-intensive operating room staff as well as
longer anesthesia for the patient. Various research groups state that hyperspectral imaging in the mid-infrared,
especially in the so called "fingerprint region", allows spatially resolved discrimination between normal and ma-
lignant tissue. All these experiments, though, took place in a laboratory environment and were conducted on
dried, ex vivo tissue and on a microscopic scale. It is therefore our aim to develop a system incorporating the
following properties: Intraoperatively and in vivo applicable, measurement time shorter than one minute, based
on mid infrared spectroscopy, providing both spectral and spatial information and no use of external fluorescence
markers. Theoretical assessment of different concepts and experimental studies show that a setup based on a
tunable Quantum Cascade Laser and Attenuated Total Reflection seems feasible for in vivo tissue discrimination
via imaging. This is confirmed by experiments with a first demonstrator.

Keywords: Tissue Differentiation, Tumor Recognition, Mid Infrared (MIR) Spectroscopy, Quantum Cascade
Laser, Fourier Transform Infrared Spectroscopy (FTIR), Attenuated Total Reflection (ATR), Hyperspectral
Imaging.

1. INTRODUCTION
1.1 Challenge

Research shows that partial tumor resection results in higher recurrence than full resection.!® Therefore, one of
the main goals during surgery is to remove malign tissue completely.>% 710 In some cases this can be achieved
by additionally removing healthy tissue enclosing the tumor (safety margins).®> 1! Removing healthy tissue,
however, is especially problematic in regions of highly functional tissue, e.g. the brain. In order to reduce
negative impact on body functions, safety margins thus have to be kept as small as possible, if they can be
implemented at all.26:9:12,13

A clear identification of tumor excision borders is therefore needed. This poses a challenge for surgeons, because
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it is hard and sometimes impossible to clearly differentiate between normal and tumorous tissue with human
senses alone.

State of the art to ensure complete resection is the examination of removed tissue by histopathological meth-
0ds.'®16 This approach includes sending the tissue to pathology right after removal, cutting and staining thin
tissue sections and observing color and morphology with an optical brightfield microscope. Results are obtained
after 20min at the earliest.!®1®> The main restriction of this approach is spatial and temporal separation of
excision and diagnosis. This method therefore does not help to minimize safety margins or surgery time.

Other possibilities to differentiate between normal and tumorous tissue are known ways of classical medical
imaging such as ultrasound (US), magnetic resonance imaging (MRI), computed tomography (CT) and positron
emission tomography (PET). Restrictions for in vivo use are poor image quality (US), high costs (MRI, CT,
PET), space problems (MRI, CT, PET) and ionizing radiation exposure (CT, PET).1% 1718

1.2 State of research

Tumor recognition via mid infrared (MIR) spectroscopy seems a promising way to overcome the aforementioned
problems. There are two basic approaches in this field: Firstly, the implementation of non imaging cancer
recognition systems that aim for in vivo use'®2? and secondly imaging systems for ex vivo use.?°! The first
approach is usually either realized as an endoscope to do single point in vivo diagnosis or as a spectrometer placed
in the operating room to do ex vivo diagnosis of untreated and freshly resected tissue. The second approach uses
hyperspectral imaging to produce maps of dried tissue slices that show areas of different tissue types in the form
of false color maps. This is done in a laboratory separated from the operating room.

The combination of both approaches would lead to an imaging system for in vivo use that could help surgeons to
differentiate between tumorous and healthy tissue intraoperatively.2! Spatial and temporal separation between
resection and diagnosis would be eliminated, resulting in reduced safety margins and surgery time.

1.3 Suggested approach

A system offering the aforementioned qualities, must feature the following properties:

e In vivo means watery and undried environment. The system therefore must be able to produce strong
signals in spite of strong water absorption in the mid infrared.

e In vivo also means patient movement, therefore relative movement between imaging device and patient has
to be eliminated.

e Imaging time should be as fast as possible (less than a minute) to ensure acceptance of surgeons.

e The image size should have the dimension of the size of a tumor, that is the image size should be in the
range of square millimeters to square centimeters.

e High spatial resolution is not required, because resolution does not have to be higher than a surgeon can
dissect. Spatial resolution of about 1 mm should therefore be sufficient.

e Using no fluorescence markers reduces negative impact on the patient as well as problems with device
certification.

Doing MIR spectroscopy of undried tissue samples is said to be difficult, because water signals in the MIR are
very strong compared to tissue signals.26:52:53 There is, however, a region between approximately 1500 cm™*
and 1000 cm ™!, in which reasonable spectra acquisition of undried tissue seems viable. This is indicated by the
following three aspects: Firstly, this region covers much of the fingerprint region and therefore contains a huge
amount of spectroscopic information. Secondly, water absorption there is low compared to its surroundings and
thirdly, water absorption is comparatively constant, as it is shown in Fig. 1.

In spectroscopy, radiation can be brought into contact with the sample either in transmission or reflection
mode. Due to tissue thickness, the only way to do in vivo spectroscopy is using reflection mode. There are two
routine reflection measurement modes for working with biological tissue: Diffuse reflection (DR) and Attenuated
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Figure 1. FTIR spectrum of water; region of relatively constant and weak water absorption is highlighted.

Total Reflection (ATR).%* DR describes the reemerging of scattered photons from the upper surface of a sample.?
This happens if tissue is illuminated directly. In case of ATR, however, total internal reflection (TIR), that is
specular reflection, is established at the interface of an internal reflecting element and the sample, e.g. tissue.
TIR implies an exponentially declining wave penetrating the sample a few wavelengths. This evanescent wave
can be partially absorbed by the sample and can therefore be used for spectroscopy.?®>”

It was shown that a water film of only 2 pm on undried tissue leads to an almost complete elimination of tissue
bands in case of diffuse reflection.?? Using ATR, however, allows reducing the water layer thickness on a tissue’s
surface by pressing the internal reflection element (e.g. a diamond crystal) onto the sample. This is shown in
Fig. 2: While there still is a PMMA signal despite the water in case of ATR, water eliminates the PMMA signal
completely in case of DR.

Thus, spectra of wet tissue in the above-mentioned region of 1500 cm™! to 1000 cm™' should show spectral
information of water overlaid with spectral information of tissue, given that water reduction by using ATR is
adopted. The more contact pressure is applied, the less water should be detected and the stronger the tissue
signal will be. Due to the constant water absorption in the mentioned region, spectral information should be
easier extractable than in areas of strong and varying water absorption.

Besides minimizing the water layer, contact between crystal and tissue reduces relative movement between sensor
and patient during acquisition, which is a second crucial benefit.

FTIR spectroscopy is regarded as state of the art concerning spectroscopy of biological tissue, although
broadly tunable Quantum Cascade Lasers (QCLs) are becoming more and more popular in biomedical appli-
cations.?® %1 Advantages of QCLs compared to FTIR spectrometers are their higher spectral power and better
beam quality as well as lower complexity and maintenance effort. A drawback on the other hand is their lower
spectral bandwidth. Commercially available QCL systems have a tuning range of up to 1000 cm ™!, while FTIR
spectrometers in the MIR usually have about four times as much. Taking the above-mentioned region between
1500 cm~! and 1000 cm ™! into consideration, however, the bandwidth of QCLs is sufficient.

In this study we present a novel hyperspectral imaging setup in order to answer two questions:

e Can reasonable spectra of undried tumorous tissue be generated with a single reflection ATR crystal system?
The number of reflections is roughly proportional to the signal strength. Therefore, single reflection leads
to an accordingly lower absorption signal than multiple reflections applied by others.!?:21,22,24,:26 Gingle
reflection is, however, necessary for imaging to preserve spatial specificity.52

e Does a simple QCL setup produce imaging results similar to a commercial FTIR spectrometer?
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Figure 2. Left: Pressing the Attenuated Total Reflection crystal onto the PMMA section reduces the water film thickness
and therefore the spectral influence of water. This results in a spectrum consisting of spectral information of both PMMA
and water. Right: In case of using Diffuse Reflectance, water on the PMMA section results in elimination of the PMMA
signal. Shown Diffuse Reflectance spectra were transformed by Kramers-Kronig relations.

Figure 3. Overview of the experimental setup; (1) MCT detector, (2) radiation of QCL or FTIR, (3) ATR crystal, (4)
Sample, (5) QCL radiation, (6) QCL, (7) x-y-stage, (8) deflection mirror to choose between QCL and FTIR, (9) FTIR
radiation, (10) FTIR radiation source and interferometer.

2. MATERIAL AND METHODS
2.1 Setups
2.1.1 Scanning ATR Device

Due to the aforementioned requirements, our setup had to feature the following properties:

Image size of approximately 8 x 8 mm?.

Spatial resolution of approximately 1 mm.

An ATR crystal to minimize water layer thickness.

Possibility to adjust contact pressure.

e A basin to work with wet samples and fluids.

Furthermore, as we wanted to compare FTIR and QCL based systems, our device had to be suitable for both
FTIR and QCL setups without time-consuming alterations.

Fig. 4 shows the realization of the setup. We implemented a scanning system combined with the nitrogen-
cooled single detector of our FTIR spectrometer, which is described below. A rectangular zinc selenide prism
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Figure 4. Novel setup for imaging of freshly resected tissue; (1) screw mechanism for applying contact pressure, (2) force
sensor, (3) swivel foot, (4) basin, (5) ATR crystal, (6) optical path, (7) x-y-stage, (8) movable deflection mirror unit, (9)
magnet for setting mirror to QCL position, (10) radiation exit (detector chamber), (11) FTIR radiation entrance.

with a base area of 15 x 15mm? is used as a single reflection ATR element. It is embedded in a basin that can
be filled with fluid to simulate "in vivo" environment. Above the crystal is a screw mechanism with a built-in
force sensor to apply well-defined contact pressure between sample and crystal. A swivel foot ensures balanced
contact pressure on the sample. The crystal can be moved by an automated x-y-stage while the light path is
fixed. This generates spatial resolution by scanning; the image size is 8 x 8 mm?. Mapping was done at 8 x 8 = 64
locations, separated by a spatial distance of 1 mm in both directions. To compare FTIR and QCL spectroscopy
without changing the sample, a movable deflection mirror with a focus length of 100 mm allows selecting between
the FTIR and the QCL input beam. The mirror is mounted on a linear stage that can be fixed in two different
positions using a magnet. This allows switching between the FTIR and the QCL setup within a few seconds,
since both FTIR and QCL systems use the same detector, as described below (see Fig. 3).

For the x-y-stage control we used self written software based on Microsoft batch files that could communicate
with the control software of our FTIR and QCL systems.

2.1.2 FTIR Setup

For the FTIR experiments we used a Bruker IFS66v spectrometer together with a liquid nitrogen cooled single
MCT detector. The ATR setup described above was put into the sample chamber of the spectrometer, which is
shown in the photograph on the right of Fig. 4. To use the FTIR radiation, the deflection mirror has to be set to
the FTIR measurement position. For the spectrometer control we used Macros written with OPUS Software by
Bruker. FTIR spectra were recorded between 4000 cm™! and 400 cm~! with a resolution of 4 cm™!; 30 spectra
were co-added. In order to establish spatial resolution, we used an aperture size of 1 mm.

2.1.3 QCL Setup

The Quantum Cascade Laser we used was an Ubertuner 8 from Daylight Solutions, emitting linearly polarized
radiation in the spectral range between roughly 1310 cm ™! and 1150 ecm ™! at 100 kHz pulse repetition rate and
500 ns pulse width. For the experiment, the laser was placed on top of the FTIR spectrometer. Its beam was
deflected into the sample chamber of the FTIR spectrometer from above and then directed onto the crystal of
the scanning ATR device by the movable deflecting mirror setup described above (see Fig. 3). The QCL setup
incorporated the MCT detector of the FTIR spectrometer; the signal was recorded directly from the preamplifier
by a digital oscilloscope. Because the QCL’s emitted radiation power was above the detector’s saturation level,
we used a polarizer for damping the beam. The data was saved by a digital oscilloscope; data analysis was done
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via Matlab.
QCL spectra were recorded in 4 cm ™! steps. For one 4 cm™! step we co-added the pulse maxima of 20 pulses.

2.2 Experiments
2.2.1 Spectra of undried tissue via FTIR

To show the ability of our single reflection ATR device to generate spectra of undried tumorous tissue, we used
two different tumorous tissue sections:

e A tumorous dog brain section, shown in the photograph on the left of Fig. 6. The tissue was resected
at the Section of Clinical and Comparative Neuropathology (Centre for Veterinary Clinical Medicine,
Ludwig Maximilians University) from a 7 year old mongrel dog presenting with non-specific forebrain signs.
Magnetic resonance imaging revealed a left lateral ventricle mass lesion. The owners elected euthanasia
and agreed to full postmortem examination. On brain trimming a haemorrhagic intraventriclar mass was
seen, histology of which was consistent with an exophytic plexus papilloma. After resection, the tumorous
tissue was kept in an airtight container to prevent drying. For the spectroscopic experiment a few hours
after resection, the tissue was put onto the wetted ATR crystal. "Wetted" here means that a few drops of
water were placed on the crystal to prevent tissue drying during the experiment.

e A tumorous rat brain section, shown in the photograph on the right of Fig. 6. To receive this tumorous
tissue, 71l of C6 glioma cell suspension (4 x 10° cells) were implanted stereotactically into the left parietal
cortex of an adult male Wistar rat (Charles River Wiga, Sulzfeld, Germany) by a Hamilaton syringe
(burr-hole trephination 1.2mm (). The tumor was allowed to grow for 7 days. The animal was bred and
kept at an animal facility in a temperature-controlled environment on a 12-hour light/dark cycle (diet and
water ad libitum). The rat was anesthetized by Medetomidin (0.4 mg/kg b.w.) and Ketamin (75mg/kg
b.w.). Analgesie was performed with Tramadol (30 mg/kg b.w.). The rat experiment was performed at
the Institute for Neurosurgical Pathophysiology (Medical Center, Johannes Gutenberg-University Mainz)
in accordance with national and international guidelines and were approved by the Governmental Animal
Care and Use Committee. After resection, the brain section remained in a PFA solution (4%, buffered, pH
7.4) until the spectral experiment. The tissue section was taken out of the PFA solution and directly put
onto the crystal for measurement. The tumor was located within the highlighted range of measurement in
Fig. 6.

Contact pressure between samples and crystal was approximately 1N /cm?.

Absorbance spectra were calculated according to Eq. (1). Background spectra were taken with water (dog)
and PFA solution (mouse) covering the ATR crystal. The corresponding fluid being part of both sample (moist
tissue) and background spectrum reduces the fluid’s influence on the absorbance spectrum due to canceling [see
Eq. (1)].

The ATR crystal was cleaned with water and ethanol before changing or moving the sample.

(1)

Absorbance = —logig ( Sample Spectrum )

Background Spectrum

2.2.2 Hyperspectral imaging of Polymethylmethacrylate (PMMA) via FTIR and QCL

To compare both QCL and FTIR setups in matters of ATR imaging, we used a plate made of PMMA. It features
two holes and a groove (see Fig. 7) and is 1 mm thick. The plate was used, because it was expected to lead to
unambiguous results. The reason for this is that the plate does not change its spectral characteristics over time,
in contrast to e.g. drying tissue. Furthermore, PMMA shows higher absorption than tissue and the holes and
groove are expected to be clearly recognizable in a hyperspectral image. The plate was pressed onto the ATR
crystal with a pressure of about 30 N/cm?.

Mapping the plate results in two different kinds of spectra: At locations of holes and grooves, that is "empty
space", absorbance is a zero baseline plus noise; locations of PMMA naturally show PMMA spectra and transition
regions show PMMA spectra, too, but with less intensity. Thus, we used the intensity of only one PMMA

Proc. of SPIE Vol. 9412 94125F-6

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 03/24/2015 Terms of Use: http://spiedl.or g/terms



1+| —— — FTIR
QCL
O  Peak maximum for FTIR
O Peak maximum for QCL

Absorption [Arbitrary Unit]

1280 1260 1240 1220 1200 1180 1160
Wavenumber [cm_l]

Figure 5. FTIR and QCL spectra of PMMA; both spectra were generated using the single reflection ATR setup; peak
maxima used for imaging are highlighted.

absorbance peak at around 1190 cm ™! to differentiate between PMMA, no PMMA and transitions. The peaks
at about 1190 cm~! are shown in Fig. 5. In the resulting grayscale images, each absorbance intensity of the

maximum at 1190 cm ™! corresponds to a grayscale value, so that black pixels represent high absorbance and
white pixels low absorbance.

Background spectra were recorded without a sample on the crystal. Absorbance was calculated according to Eq.
(1). Mapping of all 64 pixels took about 20 min for both QCL and FTIR setups.

3. RESULTS AND DISCUSSION
3.1 Spectra of undried tumorous tissue via FTIR

Fig. 6 presents spectra of tumorous dog and rat brain sections. The results show that the generation of
reasonable spectra of undried tissue is feasible using single reflection ATR spectroscopy. The spectra clearly
show the following typical features of tissue spectra resembling those from literature:63-6°

e Amide I at around 1645 cm 1.

e Amide IT at around 1550 cm—!.

Asymmetric CHz bending modes of methyl groups in proteins and CHs bending modes of membran lipids
at around 1460 cm~!.

Symmetric CH3 bending modes of methyl groups in proteins at around 1400 cm™1!.

Asymmetric stretching modes of phosphodiester groups at around 1240 cm™?!.

Symmetric stretching modes of phosphodiester groups at around 1080 cm™!.

The experiments therefore show that generating spectra of undried tissue by a potentially in vivo and imaging
(single reflection) technique is feasible.
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Figure 6. Spectra of undried tumorous tissue sections of dog (left) and rat (right). Spectral features resemble those from
literature. Photographs show corresponding samples and range of measurement (dashed lines), i.e. the approximate spot
size of the infrared radiation on the tissue.

3.2 Hyperspectral imaging of PMMA via FTIR and QCL

Fig. 7 shows the mapping capabilities of both FTIR and QCL setups. Although the sections do not overlap
perfectly, which is due to a slight difference in optical paths, one can clearly see the comparability. This is the
case, although the QCL setup is significantly less complex than the FTIR device. Furthermore, the QCL setup
is much better suited for an intraoperatively used application due to the following reasons:

e The QCL setup is much smaller in size and weight, which is favorable if it comes to an intraoperatively
used hand-held system.

e It does not have to heat up like an FTIR spectrometer for more than 30 min and can therefore be used
without long waiting periods.

e [t does not incorporate delicate parts such as an interferometer, which is why maintenance should be easier.

e Due to the high spectral power of the laser, there is potentially no need for liquid detector cooling. There-
fore, time consuming filling of a detector’s dewar as well as providing and handling liquid nitrogen within
the operating room is not required.

In addition, due to better beam quality of QCLs compared to FTIR spectrometer light sources (Glowbars),
QCL spectrometers have the potential to achieve much better spatial resolutions than FTIR setups. This is an
important aspect, if higher resolution should be required in future setups.

Although producing comparable results in matters of spatial resolution, spectral sensitivity of the QCL setup
was not yet as good as the FTIR spectrometer’s. A major reason for this is laser intensity variation over time.
To improve results in case of, compared to PMMA, low absorbing samples such as tissue, averaging over several
measurements is one option. This, however, naturally takes accordingly more time, which is problematic in case
of imaging tissue. The reason for this is that fresh tissue changes its spectral characteristics due to drying, if
the measurement takes too long. Another option to improve results thus is to measure laser intensity variation
using a second detector, which we implement in our next setup.

4. CONCLUSION

It was shown that generating spectra of undried tumorous tissue using single reflection ATR is feasible. Since
single reflection ATR is a technique that can be used for imaging, those results show that differentiation of fresh
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Figure 7. Grayscale images (QCL left, FTIR right), resulting from mapping of the PMMA section shown in the photograph
(middle); Corresponding features are marked with dotted lines.

and undried tissue using hyperspectral imaging seems viable.

We furthermore showed that a setup incorporating a QCL and an ATR device seems the right choice for the
long term objective to establish an in vivo tumor recognition system based on hyperspectral imaging. This is,
because the QCL setup has the potential to produce imaging results similar to a commercial FTIR spectrometer,
while it is at the same time smaller and simpler. Still, spectra recorded with the FTIR spectrometer are yet
more sensitive. This, however, will likely change if a more sophisticated QCL setup will be used in thek future.
One alternative to increase imaging speed is an upcoming generation of new QCLs that allow scanning of a few
hundred wavenumbers within tens of milliseconds rather than seconds. To our knowledge, this is either achieved
by microelectromechanical systems (MEMS) or oscillating gratings, depending on the manufacturer. Others use
matrix detectors (Focal Plane Arrays, FPAs) to increase imaging time, though only for imaging of dried tissue in
transmission mode.%%:! Those FPAs, however, show significantly higher noise levels than corresponding single
detectors. Since the use of ATR in our case, let alone single reflection ATR, leads to much lower absorbance,
those types of FPAs do not seem an option for our use.

Besides improving the QCL setup, future work includes imaging of undried tumorous tissue. It should be
mentioned here, that spectra of wet tissue will, of course, very likely never be as good as spectra of dried and
sliced tissue. It is, however, not our aim to produce high quality spectra on a microscopic scale in order to
replace tissue histopathology,®! but to develop a tool that is able to highlight regions for resection. Such a
device therefore does not have to be able to differentiate between normal and tumorous tissue without knowing
anything about the patient’s tissue characteristics, the specific cancer in question or cancer stage. It rather can
be "calibrated" with the help of tissue that has been resected for diagnosis purposes before surgery. One could
also think of calibration being done during surgery, using the spectra of regions that are clearly tumorous and
clearly non tumorous in order to allow evaluation of transitions.
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