LED-based near infrared sensor for cancer diagnostics
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ABSTRACT

Optical spectroscopic technologies are increasingly used for cancer diagnostics. Feasibility of differentiation between
malignant and healthy samples of human kidney using Fluorescence, Raman, MIR and NIR spectroscopy has been recently
reported'. In the present work, a simplification of NIR spectroscopy method has been studied. Traditional high-resolution
NIR spectrometry was replaced by an optical sensor based on a set of light-emitting diodes at selected wavelengths as light
sources and a photodiode. Two prototypes of the sensor have been developed and tested using 14 in-vitro samples of seven
kidney tumor patients. Statistical evaluation of results using principal component analysis and partial least-squares
discriminant analysis has been performed. Despite only partial discrimination between tumor and healthy tissue achieved
by the presented new technique, the results evidence benefits of LED-based near-infrared sensing used for oncological
diagnostics.
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1. INTRODUCTION

478.000 new cases of cancer were diagnosed in 2012 only in Germany. A rising number of incidences is recorded every
year. As an early detection of the disease improves the survival rate drastically, enhanced screening methods are needed.
Therefore, the demand for easy-to-handle cheap instruments is high. Cancer diagnostics is necessary to develop a proper
treatment strategy. Currently, cancer is diagnosed through a variety of techniques. There are non-invasive (ultrasound, X-
rays, CT scans, etc.) and invasive (diagnostic surgery, including a biopsy) procedures. In the clinical praxis there are also
a few blood tests, which detect cancer-related antigens, but these are far from being definitive. Methods using optical
spectroscopy are well equipped to enable fast and reliable measurements of a high number of patients. Additionally, these
techniques are non-invasive and can be used in-vivo offering results without time delay and during routine checkups.

Diagnostics in general consist of tests performed to determine the presence of cancer, to characterize its histological
structure and to determine the degree of its advancement. It is of great importance to diagnose cancer at an early stage
before it has got a chance to grow and to spread. Cancer cells can spread from their origin to other parts of the body, where
they can grow into new tumors. Such secondary tumors or metastases are more difficult to treat, and generally, patient’s
survival chances are reduced.

Since the early 1990s, several clinical groups have used spectroscopic methods to distinguish between normal and
neoplastic tissues. Today, spectroscopic methods in tumor diagnostics are called spectral histopathology. With optical
methods it is possible to detect pathological and morphological changes non-invasive and without Xeno-markers. Whereas,
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using well-known markers such as NADH and FADH only invasive diagnostics is possible. Detailed knowledge of the
changes in chemical composition correlated to pathological cell and tissue functions will affect the development of all new
diagnostic procedures and therapeutic approaches. Optical methods open up new possibilities for the "next generation" of
spectral pathology applications. Recent studies' show that malignant and healthy tissues may be differentiated by
fluorescence or molecular spectroscopy methods: Raman scattering, IR-absorption or diffuse reflection (Fig. 1). One of
the most promising optical methods is near-infrared (NIR) spectroscopy. It is useful for disease diagnosis because of its
potential to probe the changes of tissue at the molecular level. This method can rapidly capture information about chemical
bonds in functional groups and is, therefore, sensitive to changes in molecular composition and structure.
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Figl. Multi Spectral Fiber (MFS) tissue analyzer (left); Fluorescence, NIR DOS, Raman and MIR ATR spectra of cancer
and normal tissue of kidney.

NIR diffuse reflection optical spectroscopy as an adjunct diagnostic modality to image-guided needle biopsy presents
enormous potential for increasing feasibility and effectiveness of cancer detection. Percutaneous, image-guided core needle
biopsy is less invasive, less expensive and faster than conventional surgical biopsy. It minimizes deformity, leaves little or
no scarring and requires a short time for tissue recovery. NIR spectroscopy established at the tip of a needle was able to
successfully differentiate malignant tumor from benign tissue by targeted performance 2. NIR spectroscopic analysis was
as well successfully used to distinguish between cancer tissue and normal tissue of liver?, breast*>%7 cervix®, oral cancer”
10.11 "prostate!? 13, lung'4, gastric'> and esophagus!®.

Due to a relatively high penetration depth up to 2-3 mm'” '8, non-invasiveness and high speed of analysis, NIR
spectroscopy is one of the most promising tools for cancer diagnostics. It can be easily combined with fiber cables and
probes, adding a flexibility that is necessary under clinical conditions, e.g. during a surgical intervention.

Recent studies in various application fields have shown that full-scale NIR spectroscopy can be replaced by optical sensor
measurements at several specific wavelengths optimized for a specific application'® 2% 2122,

This simplification is not necessarily associated with a loss in accuracy. In some cases, sensor performance can be as good
as that of similar full-scale spectroscopic methods, or even better'®. Some expected losses related to the much lower
resolution of the sensor are compensated by the elimination of non- (or less) informative wavelengths from the analysis,
such as noise or irrelevant variances. This also leads to the data and model simplification, and consequently, improves the
reliability of the modeling (e.g. discrimination) results.

In the present study a novel tumor-sensing device based on light emitting diodes (LEDs) working in NIR region has been
developed. Two prototypes of the sensor have been constructed and tested for kidney cancer detection using in-vitro
clinical samples of seven patients.

2. MATERIALS AND METHODS
2.1 Samples

In this study, NIR spectral measurements were performed on unstained cryo biopsies of normal and tumor renal tissue in
the Klinik fiir Urologie, Charité Universititsmedizin Berlin (Germany). Samples were derived from 7 patients after

Proc. of SPIE Vol. 9715 971510-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/12/2016 Terms of Use: http://spiedigitallibrary.or g/ss/'TermsOfUse.aspx



nephrectomy. The institutional ethics committee approved the sampling and further investigation of renal tissues (ethical
approval: EA1/134/12). Histological classification was performed according to the World Health Organization (WHO)
criteria. Grading was accomplished according to Fuhrman?3 and staging met the UICC criteria®*. Prior to measurements,
tissue samples were thawed for 5 minutes at room temperature.

In the first series of spectroscopic investigations with the first LED-sensor prototype (data set A), three pairs of biopsy
samples (191, 194, and 198) were measured. All tumor samples in the first series were of grade 2. According to the
Fuhrman nuclear grading system (FNG)?*, grade 2 means slightly irregular contours and diameters of approximately 15um
with nucleoli visible at 400x.

In the next series of measurements with an improved sensor prototype (section 2.2), four pairs of renal biopsies (144, 149,
151 and 160) were investigated. Tumor samples in the second series were of grade 2, 1, 2 and 3 respectively. All tumor
samples were of the predominant cCRCC (clear cell renal cell carcinoma) subtype. This experimental series is referred to
as data set B.

Both, tumor and normal, tissue samples of renal biopsies were placed into small Petri dishes 35 mm in diameter. Samples
were fixated to the Petri dishes with a small amount of tissue adhesive glue (TRUGLUE ®) to avoid shifting of the tissue
during measurement. On the outer surface of every Petri dish, a grid with numbered fields was drawn. The measurements
were performed at each position which was completely covered by biopsy.

Fig. 2. Renal biopsies of patients 151 and 160 respectively: healthy (left) and tumor (right) tissue.

In the present text, individual data are coded in accordance with the sample type (“T” for tumor and “N” for normal tissue),
patient number and spectral measurement number. In the data set B, an additional index like C3, Cn or B2 denotes a
specifically marked measurement position (see Fig. 2). For instance, N/144_Cn_5 denotes measurement #5 in the position
Cn of the normal tissue sample of patient 144.

2.2 Sensor construction and data acquisition

The concept of a LED-sensor is based on rapid scanning of a few (typically, two to seven) selected wavelengths. The LEDs
at the chosen wavelengths are used for an alternating illumination of the sample. The reflected light is then measured by
photodiode.

In the present study, four wavelengths were selected: 0.94 pum (channel 4), 1.17 um (channel 3), 1.30 pm (channel 1) and
1.44 pm (channel 2). The wavelengths near 1.0 um and 1.45 um were chosen to be close to the maxima of water absorption
bands while the LED at 1.2 pm mostly corresponds to the absorption of lipids?®. The possibility to detect cancer using a
water-to-lipid ratio in tissue with NIR spectroscopy was reported in?’ 28, The third channel was intended as a scatter-
correcting channel as it corresponds to a “low-populated” spectral region around 1.3 pm.

The measurements were performed using a vertically mounted thin metal-coated probe (Fig. 3, right). In the first
experiment (data set A) the probe end was in contact with the tissue samples through a thin (about 0.5 mm) quartz glass
covering the sample. In the second experiment (data set B) with an improved sensor prototype the probe equipped with a
sapphire window at the Brewster’s angle (~60.5°) (Fig. 3, right), only the sharp-angled tip of the probe (and not the window
itself) was in direct contact with the sample. Therefore, in the latter case, the measurement was performed at some distance
from an uncovered probe surface.
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Fig. 3. Probe construction and measurement setup. (Left) experimental setup used for data acquisition in data set B; (right)
probe construction schematic: 1 - LEDs, 2 - fiber cables, 3 - stainless steel tube, 4 - sapphire window (in data set A the probe
tip had a right-angle shape and was not protected by a glass window).

The sensor voltage data (in mV) were recorded using a software written in LabView by National Instruments™ (USA).
2.3 Data analysis

Prior to the analysis, the data variables (individual channels) were mean centered. No further preprocessing was applied.
One evident outlier (sensor measurement N/94 5) has been removed from the data set A prior to analysis. Principle
component analysis (PCA)? and partial least-squares discrimination analysis (PLS-DA)*® were used for data analysis.

Data treatment and chemometrics analysis were performed in MATLAB R2008b (The MathWorks™ Inc., USA)
supplemented with PLS Toolbox v.7.5 (Eigenvector Research Inc., USA) and in TPT cloud (www.tptcloud.com), a web-
based chemometrics software by Global Modelling (Germany) and Samara State Technical University (Russia).

3. RESULTS AND CONCLUSIONS

The data sets A and B acquired using two respective sensor prototypes (section 2.2) are closely similar (Fig. 4). The mean
signal curves (Fig. 4, bottom left and bottom right) have the same characteristic shape with a pronounced minimum at
1.44 pm and the highest intensities observed at 1.30 pm. The measurements of all sensor channels show an essential
variance. The scatter of values is particularly high for the channels 1 and 4 (1.30 and 0.94 um). Generally, lower data
intensity in the case of data set B is accounted for another measurement geometry associated with some losses of the
incident and re-emitted light, i.e. a larger distance to the sample and the presence of a relatively thick sapphire window
located at an angle to the measurement surface (section 2.2). Some individual measurements in both data sets have different
shapes.

As itis clearly seen from the mean signals (Fig. 4, bottom left and bottom right) the tumor tissues are basically characterized
by a higher intensity of detected signal at all studied wavelengths. This is an evidence of higher light scattering by the
tumor tissue.

Cancer cells have in comparison to normal cells larger nuclear-cytoplasmic ratios. They show nuclear enlargement,
asymmetrical nuclear shape and increased DNA content. The differences observed by NIR DOS correspond to alterations
related to the interaction between light and cells. Microscopically the tumor cells of cCRCC (clear cell renal cell
carcinoma) are arranged in compact nests, sheets, alveolar, or acinar structures separated by thin-walled blood vessels.
Tumor cells have clear cytoplasm. The diameter of non-cancer cell nuclei is typically 5-10 um, whereas cancer cell nuclei
can be as large as 20 pm. In this dense network of cells, probably nuclei are the most significant scatterers 3!. The spectrum
of backscattered light contains a component that varies characteristically with wavelength, (with this variation) depending
on particle size and refractive index.

Another evident data feature is a much lower variance of the measured sensor values in the case of healthy tissue samples.
The simplest explanation of this fact is that normal kidney is more homogeneous in terms of cell structure than tissue
affected by cancer. All clear cell RCCs have characteristic golden yellow appearance due to the rich lipid content of their
cells. The cut surface is often very inhomogeneous with a varying degree of blood particles, necrosis, cystic degeneration
and calcification®’. Sometimes this difference can even be observed by the naked eye (Fig. 2).
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The intensity of the backscattered light seems to be the main characteristic feature distinguishing normal and tumor tissue
samples. Indeed, preliminary data analysis has shown that application of any scatter-correcting preprocessing technique,
such as Standard Normal Variate or using the measurement at 1.3 pm or another channel as an “internal” reference, is
disadvantageous for the model discrimination power. Therefore, the modeling was performed by multivariate analysis of
the raw data sets A and B.
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Fig. 4. Sensor data: (top left) data set A, (top right) data set B, (bottom left and right) data mean and standard deviation in
data sets A and B, respectively.

PCA score plots (Fig. 5) are convenient to estimate the general quality of cancer discrimination in data sets A and B. In
the data set A (Fig. 5, top) the tumor/normal class separation is almost complete. Cancer recognition in the plane of two
first PCs is complicated. The discrimination problem is related to the spectral similarity of different samples taken from
the patient 194. The similarity of the tumor and normal sample from patient 194 may be explained by the fat content of
both specimens. The tumor sample of 194 had a bright golden yellow color due to intracellular lipid accumulation. Normal
sample 194 might be a cut of the adipose capsule of the kidney (or perinephric fat) which is a structure between the renal
fascia and renal capsule. Nevertheless, in spite of the very strong measurement variance in the tumor samples in the PCA-
space, the general trend is very promising and illustrates advantages of the multivariate (multi-channel) approach compared
to a univariate sensing. None of the individual channels in Fig. 4 is capable of providing a similar degree of discrimination.

The class separation is much worse for the data set B. Again, the problem seems to be caused by unusual (compared to
other) optical properties of several individual samples. Thus, tumor sample 775/ forms a very compact group of
measurements at the left side of PC1, although the tumor is generally associated with a positive direction of PC1. This
unusual appearance might be caused by the strong inhomogeneity of this tumor sample. In the highly heterogeneous layer
there were a lot of necrotic regions, cystic changes, blood particles and some fat areas present (see Fig. 2, left).
Measurement of each of these areas has led to a huge signal diversification. Some other inconsistencies correspond to
specific positions on the sample. The measurements of the point Cn on the tumor sample 7744 are in the same way
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randomly scattered, as the measured values of the whole tumor sample 77/51. On the contrary, Cr points of the normal
sample N144 of the same patient are typical “false positive” outliers (considering cancer as a “positive” test result).
Elimination of the above sample and measurement positions only (they take about 18% of the whole data) significantly
improves the separation statistics of PLS-DA analysis below.

Multivariate discrimination models have been built using PLS-DA algorithm. The latent variable space built by the PLS
decomposition takes into account histological assignment of the samples to a “tumor” or “normal” class, i.e. the factor
space is optimized for a particular discrimination task. For this reason PLS-DA is more effective for practical
discrimination than PCA-based classification methods. PLS-DA calibration and cross-validation statistics for data sets A
and B are presented in Table 1. Although the data set B exhibits worse discrimination, the presented statistical values of
Sensitivity, Specificity and Accuracy indicate general practicability of tumor sensing using LED-based near infrared
devices. Considering larger size and diversity of data set B, it better represents the real-life variability of the kidney tissue
by oncology patients. Therefore, the data are not optimal for direct performance comparison of the two sensor models.

Table 1. PLS-DA statistics of cancer detection in data sets A and B.

Data Calibration Cross-validation
set nLV?
TP® | FP¢ | TNY | FN¢ | Sns' | Spce | Acc® | TP® | FP¢ | TNY | FN° | Sns' | Spct | Acch
A33i 2 19 1 11 2 91% | 92% | 91% | 18 1 11 3 86% | 92% | 88%
B170¢ 2 62 5 70 33 | 65% | 93% | 78% | 59 7 68 36 | 64% | 92% | 75%
B140* 2 64 3 67 6 91% | 96% | 94% | 63 3 67 7 90% | 96% | 93%

2 the number of latent variables in PLS-DA model; ® True Positive; ¢ False Positive; 9 True Negative; ¢ False Negative;
f Sensitivity = TP/(TP+FN); ¢ Specificity = TN/(FP+TN); " Accuracy = (TP+TN)/Total;  full data set A; i full data set B;
k data set B without sample 7751 and positions N/44_Cn and T144_Cn

Relatively good reproducibility of measurements within individual samples and sample sites (even for the outliers) is an
evidence of the technical quality of the method. Poor separation of classes in the case of the data set and sensor B is caused
by the complexity of the data that could not be adequately captured by the four-channel device.

LEDs have been already successfully applied in miniaturized sensing devices in chemical sensing and optical diagnostics
(e.g. the well-known pulse oximetry). The simplicity of use and low power consumption makes LEDs in combination with
PDA (Photodiode Array) detectors a much more attractive option than tungsten-halogen lamps in optical/spectroscopic
sensing devices. The miniaturization of diagnostic instruments is a very popular strategy in the development of medical
devices. There is an increasing demand and a need to create small, handheld diagnostic sensors for in situ monitoring of
vitality functions in real time. Typically, such devices (e.g. for monitoring of heart activity, oxygen or glucose level in the
veins) are permanently implanted (or at least until they are replaced) and connected to a readout interface from which
sensor data can be read out. A wireless transponder circuit of a sensing device, which is attached or brought into contact
with tissue, makes the application even more attractive for surgical or histopathological practice. The LEDs based sensor
to distinguish between tumor and nontumor tissue is a relatively new application, which is currently at the early
development stage. In this paper, an experimental proof-of-concept demonstration of the LEDs based sensor for tumor
differentiation using 4 wavelengths in NIR range has been presented. A wide spectrum of examinations of various organs
and selection of suitable, relevant wavelengths needs to be performed in the development of the next prototype. Even if
hitherto delivered results are widely scattered and their in-depth analysis does not achieve desired precision, nevertheless
the perspectives are very promising.

The main disadvantage of the sensor in its present configuration is low Sensitivity caused by the very high variance of the
measurements on cancer samples (Fig. 4). The tendency to give out false negatives is particularly dangerous in medical
diagnostics; in oncology, they should be practically excluded. Therefore, improvement of the general Accuracy and tumor
detection Specificity is the main requirement to further improvement of the sensor.

The sensor improvement can be achieved by further optimization of the number of channels and their working wavelengths.
In optical technologies, the discrimination success basically relies on the sensor capability to recognize disease markers
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by their spectral features. The most informative wavelengths should be found out based on a preliminary full-spectrum
study of a representative sample set. Data quality can also be improved by the optimization of measurement parameters,
including distance, angle, light intensity, and by using an appropriate reference. The probe construction can also be adapted
to avoid various environmental effects, such as excessive water (contact measurement), surface highlights and ambient
light. The above mentioned improvements are an important part of the future project work.
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Fig. 5. LV1-LV2 scores for a PCA model on data sets A (top) and B (bottom), respectively. Zoom regions (areas inside
rectangles) are shown magnified to the right of the main plots.
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