IntechOpen Journals

Digital Medicine

and Healthcare
Technology

Citation

Jane Anastassopoulou, Andreas F.
Mavrogenis and Theophile
Theophanides (2022), Infrared
Spectral Digital Imaging and Bone
Cancer Diagnostic. Digital Medicine
and Healthcare Technology 2022(0),

1-18.

DOI
https://doi.org/10.5772/dmht.o5

Copyright
© The Author(s) 2022.

This is an Open Access article
distributed under the terms of the
Creative Commons Attribution
License (https://creativecommons.
org/licenses/by/4.0/), which permits
unrestricted reuse, distribution, and

reproduction in any medium,

provided the original work is properly

cited.

Published

28 March 2022

REVIEW PAPER

Infraved Spectral Digital Imaging and
Bone Cancer Diagnostic

Jane Anastassopoulou®, Andreas F. Mavrogenis® and Theophile Theophanides™*

1 International Institute of Anticancer Research, 1st km Kapandritiou-Kalamou Road, Kapandriti,
Attiki, Greece

2 First Department of Orthopaedics, National and Kapodistrian University of Athens, School of
Medicine, Athens, Greece

*Corresponding author. International Institute of Anticancer Research, 1st km Kapandritiou-Kalamou
Road, P.O. Box 22, Kapandriti, Attiki, 19014, Greece. E-mail: theo.theophanides@gmail.com

Abstract

Scientists today are pursuing the development of non-destructive and non-invasive
methods for rapid and reliable diagnosis of diseases in digital form and reduction in
the need for biopsies. In this paper we review the most recent studies supporting the
application of Fourier Transform Infrared (FT-IR) spectroscopy and infrared
thermography or medical thermography. Both are non-destructive digital
techniques, which are promising to record and discriminate the local biochemical
changes that are induced by the diseases, while the examined samples do not need
any special preparation. The reflected infrared radiation from the affected areas of
the body strongly depends on the metabolic steps of the cancer/or any other disease,
which is also related to the structural changes at a molecular level of the biological
molecules during enzymatic or non-enzymatic steps of the disease. The detection of
the FT-IR spectral digital “marker bands” of the obtained changes of cell, liquids or
tissue components are derived from the disease in the check point. Furthermore,
Image] analysis of the thermal imaging in cancerous area showed aggregate

formation upon cancer development as it was also indicated from the FT-IR spectra.

Keywords: infrared spectroscopy, thermography, protein structure, digital

diagnostic bands, precision medicine

1. Introduction

Early diagnosis of diseases is important for better treatment patients and extend
their life. In this regard, diagnostics is the first step of precision medicine. Point
technology in medical imaging, prevention and therapy is achieved today through
technical artificial intelligence, digital processing, and handling data, as well as with
totally self-made procedures [1, 2]. Moreover, innovation constitutes the application
of logarithms in the handling of samples in order to derive parameters to identify

correctly the results better than other methods and to combine the concepts of
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Hippocratic messages with technologic “imperative” (power) [3]. In addition,

the use of single and unique “bar code” or “diagnostic band” for detection of
biological samples together with automation minimizes to zero the probability of
false diagnostic results [4]. The development of computer technology gave the
possibility to use the mathematical process of Fourier equations in order to digitalize
the data to the actual spectrum. Based on the fact that the deviation to lower or
higher of human’s body temperature from the normal one is associated with the
appearance of disease, infrared thermometers and cameras digital infrared thermal
imaging cameras were developed to measure the body temperature or to scan a
current area [5, 6]. In the last couple of years, many airports have used thermometers

or thermocameras to detect the passengers possibly infected with Covid-19.

Nearly one hundred years after the discovery by Sir William Herschel of the
thermal radiation named (calorific rays) or infrared radiation (infra in Latin means
below, infrared = below-red) in 1800, his son John Herschel later recorded the first
solar “thermogram” [7]. Hardy in 1934 described the diagnostic importance of body
temperature measurement by infrared techniques and paved way for use of infrared
thermography in medical science [8]. The word thermography describes the
acquisition and analysis of thermal information using non-contact remote
sensing [9]. The first medical images were obtained in 1959-1961 with a British
prototype system, the “Pyroscan”, at Middlesex Hospital in London, and the Royal
National Hospital for Rheumatic Diseases [7]. In 1984, Devereaux et al. reported the
use of liquid crystal thermography for the diagnosis of stress fractures [10]. Three
years later, Hosie et al. published a study about the use of liquid crystal
thermography for the diagnosis of scaphoid fractures supporting its use in the
emergency departments as a low cost, painless and non-invasive technique with no
exposure to radiation [11]. Through the years, thermal imaging cameras have been
improved both on image quality and speed of image capture. Currently, modern
thermal imaging is available using small reliable camera systems that can store
digital images, or used online with a portable or desktop computer. Although the
thermal imaging has been available for many years, however, the technique of
images does not provide much information at a molecular level about the products

and structural conformation.

Every object at a temperature above absolute zero emits thermal radiation [12].
Infrared imaging uses this thermal radiation with special infrared detectors to
generate an image. Thermal radiation is located in the wavelength region from 0.75
to 1000 pm. The portion of the infrared spectrum that is used depends on the
transmission in the atmosphere, the transmission of the used infrared optics and the
spectral response of the detectors [13]. Modern infrared thermography uses
real-time video/digital imaging through semiconductor focal plane arrays or

micro-bolometer arrays [14, 15]. Given a blackbody (an object that absorbs all
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incident radiation and radiates in a continuous spectrum) a thermal imaging camera
can capture accurate remote temperature measurements. High resolution cameras
with focal plane arrays of 320 x 240 pixels, a thermal sensitivity less than 50 mK and
a spatial resolution of 25-50 pm ensures useful thermal and spatial details [16, 17].
Working with infrared thermography to make images of temperature changes,
physicians should consider the factors that influence either the evaluation or the
interpretation of the thermal images. According to Fernandez-Cuevas et al. these
factors are divided in three categories: environmental, individual (object) and
technical factors [18]. Many factors can influence either the evaluation or the

interpretation of the thermal images [19].

Skin surface temperature is determined by the rate of heat exchange between the
surroundings and the body core [14]. Hypothalamus is the control center of core
body temperature through sympathetic autonomous system. Heat is generated
during metabolism and muscles during systole, and then is transported to the skin
by blood flow through vessels. The sympathetic nervous system is the primary
regulator of blood circulation in the skin and is therefore, the primary regulator of
thermal emission [18]. The benefit of thermography is that the doctors can follow up
the patients many times during the period of treatment because of absence of
ionizing radiation. Thus, this method is strongly suggested for pregnant women and

children [19].

In contrast to thermography, where the infrared radiation is used to increase the
temperature of the irradiated body, infrared spectroscopy is based on the vibration
and rotation of the atoms in molecules. The infrared radiation is interacting with the
matter and the absorbed energy excites the atoms from the fundamental level to
higher vibrational or rotational levels [20—24]. The infrared radiation frequencies,
which are used to characterize the molecular structure are found in the region
between 2.5 to 25 um (4000-400 cm™*). The development of computers and the
Mickelson (Nobel 1907) interferometer led to the development of Fourier transform
infrared (FT-IR) spectrometers. The use of computers and the Mickelson
interferometer led to the development of Fourier transform infrared (FT-IR)
spectrometers. Later, in the 1970’ Theophanides [25, 26] by using Fourier transform
infrared spectroscopy studied the interaction of nucleotide bases and DNA with
metal ions. Living tissues are complex systems and may contain molecules named
biomolecules, such as lipids, proteins, sugars, DNA, membranes while they may
contain functional groups like, NH, NH,, CH, CH, CH;, COO™, OH, PO3, etc.,
which absorb in the same infrared region and every change of the spectrum will
depend on structural changes [26—29]. The advantage of FT-IR is that a single
spectrum contains the spectra of all components, which are recorded at once very

rapidly.
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In this article the authors will summarize the main benefits of the

above-mentioned technologies, by showing examples of their potential applications.

2. Infraved spectral digital imaging technologies

Infrared spectral digital imaging is obtained through different steps, summarized in

the following:
2.1. Thermal camera

Temperature detection is done by using IR Therma CAM camera. To minimize the
false diagnostic thermographic results and to compare the temperature variations
received from thermal camera with the results of other disciplinary testing methods,
patients are usually allowed to stay in a stable temperature and relative

humidity-controlled room, by using air condition.
2.2. FT-IR spectroscopy

FT-IR spectroscopy does not require any special sample preparation, however, the
technical analyst must be careful when selecting the tissue samples. It is significant
to notice that in order to obtain high quality spectra the scientists must avoid
receiving formalin fixed paraffin embedded tissues [30-37]. The paraffin’s absorption
bands overlap the bands arising from membrane lipids and phospholipids. The
spectra of the same tissue evaluated immediately after the extraction and fixation in
formalin (a) or taken after paraffin incubation (b) are significantly different

(figure 1). Comparison between the two spectra usually shows clearly that there are
intensity changes and maximum of band shifts, while some bands have almost
disappeared. Furthermore, the solute affects even the secondary structure of some

remained proteins, because of solute-protein interactions (figure 1).

In FT-IR spectroscopy, when the size of the biological sample is small, the use of
Attenuated Total Reflectance (ATR) apparatus gives the maximum sensitivity [36,
38]. In this case the infrared light reflects (total reflectance) many times along the
sample providing an alternative of the concentration of the components (figure 2).
Also, to increase the sensitivity of the FT-IR spectra the researchers can increase the

number of spectra (number of scans).

Furthermore, in order to correlate the colors with the morphology and
architecture of tissue sections received after surgery excision, scanning electron

microscopy (SEM) has been used.
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Figure 1. FT-IR spectra of cancerous bone tissues. (a) Fixation in formalin
immediately after extraction and (b) the tissues were incubated in paraffin. (Nicolet

6700, 120 scans/spectra, resolution 4 cm™*.) (Dr. Theophanides personal archive.)
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Figure 2. Schematic representation of ATR apparatus. The sample is placed in good
conduct with the surface of the crystal. The IR rays pass through the sample many

times, minimizing the ratio of signal to noise.

3. Applications of infrared-based technologies to bone
cancer

3.1. Infrared thermal camera

Despite the high potential, it should be noted that details of the diseased tissue are
not always straightly obvious. To study extensively the thermal differences and
transfer these thermal data to more sensitive distinguished digital colors, Image]J
analysis software can be used. In the example provided in figure 3 [illustrating the
images of the arm of a patient, who was diagnosed with metastatic cancer using
X-Rays (A) and the screen with thermal camera (B)], analysis of the square region
of the thermal imaging B, shows special color changes, compared to the rest of the

image. Significantly, this analysis shows two areas that are illustrated like craters.
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Figure 3. Images of a patient’s arm who was diagnosed with metastatic cancer at the
humerus using: (A) X-rays, (B) thermographic, and (C) Image] analysis at the
square cancerous area, as it was detected using thermal camera. The two craters

in (C) correspond to increased aggregates, due to cancer development.

((A,B) Dr. Mavrogenis and (C) Dr. Anastassopoulou’s personal archive.)

It has been observed that the crater-like form appears in cancerous tissue, but also as
atherosclerotic plaques of patients [24]. It was found that the tissues are rich in

lipophilic environment and amyloid proteins.

3.2. SEM morphology

A further step of investigation, to better understand how the disease affects the
tissue, the morphology and architecture of the cancerous bone can be analyzed, as
mentioned, using SEM. SEM obtains high resolution analysis of the biopsies close to
native state, without need of coating. In figure 4, the architecture of cancerous bone
is illustrated; remarkably and similarly to what was expected in molecular
pathology, the analysis was carried out on sections immediately corresponding to
the ones examined for histopathological diagnosis. SEM can investigate and

demonstrate the heterogeneity of a given tissue.

The combination with EDX (energy diffraction X-Rays) permits us to
discriminate and characterize the element composition in very low small area, as is a
biopsy section. In case of bones, for example, by determining the relative
concentrations of the calcium (Ca) and phosphorous (P) atoms in the detected area
of biopsy and calculate the ratios [Ca]:[P] it is easy to diagnose the osteoporotic or
calcified regions due to a disease. X-Ray diffraction (XRD) can demonstrate that the
hydroxyapatite loses its stoichiometric chemical composition,

[(Cay0(PO,4)6(OH),)] and crystals of inorganic calcium phosphate salt (Ca;(PO,),
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Figure 4. Scanning electron microscopy (SEM) an illustration of the morphology
and architecture of cancerous bone section. The bright places correspond to
hydroxyapatite in the bone, which are reduced. (B) and (C) are the results of Image]
analysis of cross-linked proteins and demineralized areas, respectively. The square
surrounded areas 1 and 2 show the cross-linked proteins, respectively. Scale 100 pm,

Mag 200x. (Dr. Anastassopoulou’s personal archive.)

are produced, enhancing further the bone resorption. Cross-linked proteins,

damaged proteins, fibers and many other abnormalities are also detected.

Image]J analysis of the outer-line square areas, where the cross-links of proteins
are in SEM pictures, shows in our example that the proteins do not bind to
hydroxyapatite. The formation of characteristic cross-links indicates that oxidative
stress is present as cancer associated feature, and that free radicals are involved in
the phenomenon [39, 40]. Upon oxidative stress the free radicals, which are mainly
hydroxyl radicals (HO.) which by interacting with proteins produce proteins free

radicals and finally form dimers, cross-links, fibrils, etc. [39, 40].

3.3. FT-IR spectra of cancerous bone tissues

In the infrared spectral region between 4000-3000 cm™* are located the
characteristic stretching vibrational modes of the vOH frequencies obtained from
hydroxyapatite and other overlapping hydrogen bonded bands of this group and the
vNH frequency of proteins and DNA (figure 5). In bone cancer, the band intensities
of vibration of vOH and ¥YNH modes are obtained from the spectra originated from
the cancerous bones suggesting the damage of both hydroxyapatite and collagen

molecules of bone tissues [41-44]. From the shift of the maximum, of the yNH
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Figure 5. FT-IR spectra of slices from healthy bone (a) and cancerous bone (b) in the

spectral region 4000-500 cm™*. (Dr. Theophanides’ personal archive.)

absorption band to higher wavenumbers we obtain the increasing number of free

NH groups [31, 42-45].
3.4. Data integration for advanced diagnostics

In the presented example of bone cancer, in the fingerprint region 3000-2850 cm™
the observed bands are assigned to antisymmetric v,5CHs, (~2957 cm™) and
symmetric stretching v;CH; (~2871 cm™") vibrations of terminal methyl groups.
These bands are shoulders in the spectra of normal bones. On the contrary, the
stretching »sCH; bands are weak and have almost disappeared. Bands arising from
the stretching vibration of antisymmetric v,sCH, and symmetric vsCH, modes of
methylene groups located at 2928 cm™* and 2858 cm ™%, respectively, are pronounced
in the spectra of cancerous bones (figure 5b). The vCH, stretching absorption bands
are very sensitive and the peak position depends not only on the size of the alkyl
chain but also on the surrounding environment [41-43] and give fundamental
information for the changes in membrane fluidity upon disease development and
formation. In the present case it was indicated that cancer development has
influenced the lipophilic environment and that the hydrophobic interactions
between the hydrocarbon chains, as well as between intermembrane proteins
changed their order-disorder puckering provoking the lipid aggregate

formation [41]. This change was observed in many cancers and the ratio of the band
intensities [vasCH3]/[vasCH,] depends on the progression of the cancer

development [42, 43].

In the spectral region 1800-1500 cm™* the intensities of all bands are very
sensitive and are strongly affected by the disease [42—49]. The high intensity

absorption “marker band” at 1742 cm™* is originated from vRHCO aldehydic group,
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confirming the suggestion that oxidative modification of proteins by ROS (reactive
oxygen species) took place upon cancer development [47-50]. The intensity of this
particular band is also related to the presence of inflammation. The protein carbonyl
group has been used as indicator “marker band” for protein oxidation and it was
observed in several other diseases, such as aortic valve calcification, diabetes, cancer,
arthritis, colitis, inflammatory of bowel [29, 36, 46, 51-54]. This band is well
differentiated from the stretching vibration of the protein carbonyl group vC=0,

which absorbs at lower frequencies.

The peptide bonds ~CO-NH- of proteins give several absorption amide bands of
which the most intense and sensitive are the amide I at 1655 cm™* and amide II near
1541 cm ' (see figure 5) the region 1700-1500 cm™* as shown in figure 6. Amide I is
resulted from the in-plane carbonyl stretching (vC=0) vibration and bending $NH
vibration. The amide II band is attributed to bending vibration of the SNH modes
coupled to vC-N stretching. The protein is named from the Greek words protos =
first, and ina = fiber, the first-fiber) are very complicated molecules and the building
blocks are the amino acid residues which are linked by peptide bonds through
hydrogen bonds to form the backbone strands of the helices. The hydrogen bond is a
molecular interaction of donor-acceptor type and is distinctly directional, specific
and stronger than Van der Waals forces and much weaker than the usual chemical
bonds. The strength of the hydrogen bond is affected from various conditions, such
as temperature, pH and fluidity of the close local environment [55, 56]. This
property makes the amide I band to be useful for diagnosis. The intensity of the

amide I band is stronger than amide II.

Comparison between the spectral amide I and amide II regions also shows
considerable differences in shape and absorption intensities between normal vs.
neoplastic tissue. These bands are strongly affected from the progression of cancer
and can be used as distinct digital “marker bands” for the progression of cancer, the
band intensities decrease, while the bands become broad. This means that upon
cancer development the proteins change their secondary molecular structure. The
shape and bandwidth of the amide I and amide II bands of the cancerous bone
(figure 5b) indicates that an infrared spectrum has overlapping bands and leads to

the suggestion to further analyze the spectra.

The application of deconvolution spectra or first derivatives’ or resolved analysis
using the software of the instrument can differentiate the absorption bands and

contribute to detailed studies and information on the proteins.

The deconvolution analysis allows us to appreciate that upon disease progression
the proteins change their secondary structure from «-helix, while the overlapping
bands are attributed to antiparallel (1 | ) and parallel (II) 3-sheets. These

conformations correspond to amyloid proteins. The obtained 3-sheets are enhanced
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Figure 6. (a) FT-IR spectra in the spectral region 1700-1500 cm™*; (b) deconvolution
of the spectra reveals distinct bands, which correspond to antiparallel and parallel

(3-sheets. (Dr. Theophanides’ personal archive.)
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Figure 7. Image] results of proteins obtained in SEM presented in figure 3:
(A) B-sheet conformational protein structure, (B) random coil. (C) and (D)
schematic presentation of the hydrogen bonds (C) x-helix, (D) 3-sheet

conformations (Dr. Anastassopoulou’s personal archive).

from the enriched lipophilic environment, as was suggested from the increasing of
the intensity bands of the antisymmetric and symmetric stretching vibrations of
methylene groups v, sCH,. It seems that the lipophilic environment changes the
dipole moment of the peptide bond and change the orientation of amino groups

(NH) to carbonyl (C=0) forming self assembly as it is shown in (figures 3 and 7).
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The extended (3-strands can interact also between each other by hydrogen bonds
changing the conformation of the proteins, while, the lipophilic environment
reverses the chain direction producing aggregates. Accumulation of aggregated
amyloid proteins inhibits the regeneration of the bone leading to osteoporosis and
osteolysis. It is known that the conformation of proteins is associated with the

quality of biological hydroxyapatite of the bones [53, 57-60].

Schmidt et al. [61] have shown that the quality of the human bones depends on
the cross-links and fibril formation. The formation of protein aggregates promotes
the increase of the local temperature compared with the bone and thus by
developing suitable software for detection of the damage with thermal camera, one
can determine this difference as shown in figure 2A. SEM illustrations further show
protein cross-links and fibril leading to inhibition of biological formation
hydroxyapatite. Finally, the FT-IR spectra can show the formation of inorganic
hydroxyapatite [57, 61-64] supporting the reduction of the mechanical properties of
the bones increasing the risk of bone fractures. The changes obtained by subtraction
of the FT-IR spectra of healthy and cancerous bones can aid in more detailed studies
on the effect of the disease in the bones. Image] 3D analysis of damaged proteins
received from SEM, can serve, as in our example to confirm, and validate the results
from the above FT-IR spectra. Based on previous observations, FT-IR spectroscopy

seems suitable to reveal the insights of the protein secondary structure composition.

The band at 1028 cm™? corresponds to stretching vibration of phosphate vPO>~
groups of biological hydroxyapatite [59, 60] and is almost disappeared upon cancer
development. Studying the bone sections with micro-FT-IR spectrometer
combining with microscope it is possible to have the topography/micro-architecture
of the high non-homogeneous tissues. Calculation of the ratio of the phosphate
vPOi_ (1028 cm™) to amide I (1655 cm™*) peaks permitted to determine the mineral

matrix at each site of the micro-FT-IR spectroscopic analysis.

The variation of the minerals and proteins in the bone can also be evaluated

(figure 8).

The decrease of the concentration in hydroxyapatite is a sign of the loss of
hydroxyapatite during the cancer development [65-69], which changes the bone

properties and is remodeling, and usually presents in agreement with clinical data.

The region 1300-900 cm™* is a very important spectral region and gives details on
the phosphate mode about the progression of the cancer. The most important bands
in this region are the stretching vibrations resulting from vPO; of phospholipids and
of DNA [25-28, 66, 67], the sugar-phosphate bands of DNA ribose [66-69] and the
stretching vibration of the glycosylic bonds ~-O-C-O-.

The band at about 1240 cm™ increases in the spectra of cancerous bone

indicating that there is an increase in stretching of the phosphate ribose groups.
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Figure 8. Synchrotron FT-IR imaging of cancerous bone. (A) and (B) correspond to
2D and 3D distribution of hydroxyapatite (blue) and protein (red) composition. The
deep colors correspond to high concentrations; the color scale is the in between
concentrations. The spectra were collected in transmission mode with a square

aperture of 8 x 8 pm. (Dr. Theophanides’ personal archive.)

The pentose phosphate is a pathway in the metabolism of cancer [68—70]. The
implication of NADH in pentose phosphate generation elevates the ATP generation
of cancer cells [68, 69] and leads to the suggestion that oxidative stress is involved in
cancer development. This high metabolic pathway increases the temperature of the
body, which could be detected with an infrared camera. The intense band at

1159 cm ' is assigned to stretching vibration of »—O-C-O- glycosylic mode and is
predominant in the spectra of cancers. This band can be used as a digital “marker
band” for cancer detection [41, 44, 71, 72]. The band is also related to protein
glycosylation and advanced glycation products (AGEs) [36, 71, 72]. Finally, the band
at about 1079 cm™* is assigned to exocyclic —-C—-O-C (oxygen bridges) [35, 44, 45].

4. Conclusions

In this paper the non destructive methods, infrared thermography and Fourier
transform infrared (FT-IR) spectroscopy are described with specific emphasis on
their role in bone cancer diagnostics. They can detect the changes which affect the
body’s temperature with those of the molecular structure of cells and tissues of the
body. The reflected infrared radiation from the affected areas of the body strongly
depends on the metabolic steps of the cancer/or any other disease, which is also
related to the structural changes at a molecular level of biological molecules during
enzymatic or non enzymatic steps of the disease. The detection of the FT-IR spectral
digital “marker bands” of the obtained changes of cell, liquids or tissue components

derived from the disease in the check point could help to correlate with the
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corresponding temperature transferred to surface from the influenced site growth.
The development of models, sensitive software, protocols and algorithms for early
diagnosis of diseases, such as cancer, sarcomas, impending pathological fractures
and histological diagnosis (biopsy) is of paramount importance specifically to the
high heterogeneity and complex microenvironment of the human tissues [73-88]. In
this respect, infrared thermal and infrared spectroscopic digital imaging data can be
used to develop softwares that will be the fingerprint of specific diseases.
Fingerprints are supported by computers and could be transferred to pixels for high
resolution color classifications that will act as barcodes for early in vivo diagnosis of

diseases.
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