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Abstract

Introduction. Hyperbaric oxygen therapy is a treatment option for an increasing number of conditions. The aim of
this study was to assess its therapeutic effects in femoral condylar necrosis as well as in normal tissue using
hyperspectral imaging. Material and method. A 47-year-old female patient diagnosed with avascular necrosis of
the medial femoral condyle was included in this study. The patient received hyperbaric oxygen therapy for two
consecutive days (the first day: three stages of 30 min each, separated by two breaks of 5 min at pO, = 2 ATA; the
second day: three stages of 30 min each, separated by two breaks of 5 min at pO, = 2.4 ATA). The effects of
hyperbaric oxygen therapy on the affected area (patient’s knee) and normal (patient’s hand) tissues oxygenation
were assessed before and after each treatment session using hyperspectral imaging. Results and discussions. The
results showed that hyperspectral imaging is quite good for monitoring the hyperbaric oxygen therapy efficacy in
affected areas, even with deep tissue problems. Conclusions. In conclusion, the hyperspectral imaging-based
approach for monitoring hyperbaric oxygen therapy could support physicians in extracting prognostic information

and making the right treatment decisions.
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1. INTRODUCTION
Hyperbaric oxygen therapy (HBOT) is a therapeutic
modality that consists of the administration of high
concentrations of pure oxygen, at pressures exceeding
atmospheric pressure (101.325 kPa), in patients placed
inside a hyperbaric chamber, for therapeutic purposes.
The action mechanism of this therapeutic modality is a
complex one and it has been proven that it can lead to a
series of biochemical, cellular and physiological effects
(1) that could be exploited for the treatment of several
different diseases. Nowadays, the HBOT therapy is
recommended as the main or complementary therapy for:
decompression sickness and CO poisoning (2), gas
embolism (3), necrotizing soft tissue infections (4),
diabetic foot lesions (5), femoral head necrosis (6),
radiation injury (7), burns (8), and acute anemia (9). The
effects of hyperbaric oxygen therapy are usually assessed
using methods such as: pulse oximetry (10,11),
transcutaneous oximetry (12,13), thermal imaging and
planimetry (14) or magnetic resonance imaging for lesion
progressing (15). However, for a more accurate

quantitative assessment of the HBOT therapy effects and
a better understanding of its action mechanism at the
tissular level, new non-invasive methods with real-time
applications are still required.

This paper proposes a new approach for assessing the
effects of HBOT therapy on tissue oxygenation based on
hyperspectral imaging (HSI). The hyperspectral imaging
technique (also known as imaging spectroscopy)
introduced by Goetz (16) in the late 1980s for Earth
observations has more recently aroused interest in the
medical field for: cancer detection, diabetic foot ulcer
prognosis, peripheral vascular disease assessment, burn
characterization, etc. (17,18). This is because the HSI
technique, by combining the facilities offered by two
optical methods (digital imaging and spectroscopy), has
the ability to simultaneously provide spatial and spectral
information about an investigated area, which can be
particularly useful to support clinicians in diagnosing
various pathologies or monitoring the treatment
efficiency.
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The aim of this paper was to explore the possibility of

using  spectral-spatial  information provided by
hyperspectral imaging, via a chemometric regression
approach, to generate distribution maps of tissue
constituents (oxyhemoglobin and deoxyhemoglobin) in
the investigated areas (pathologic-knee and normal-
hand). These maps can be considered as new tools for
non-invasive assessment and easier interpretation of the
effects of HBOT therapy.

The main objectives of this study were: (1) setting the
conditions for hyperspectral images acquisition; (2)
establishing the appropriate method for preprocessing
hyperspectral images; (3) analysis of hyperspectral data
and generation of distribution maps of oxyhemoglobin
and deoxyhemoglobin concentrations in affected and
adjacent areas exposed to HBOT therapy; and (4)
interpretation of results with the extraction of prognostic
information and orientations towards therapeutic options.

2  Materials and Methods

2.1 Patient

A 47-year-old female patient (height = 168 cm, weight =
95 kg) diagnosed with avascular necrosis of the medial
femoral condyle was selected for this preliminary study.
An informed consent was obtained from the patient prior
to participation in the study. The procedures performed in
this study involving human participants were in
accordance with the ethical standards of the “Gen. Dr.
Aviator Victor Anastasiu” National Institute of
Aeronautical and Space Medicine Research and Ethics
Committee and with the 1964 Helsinki declaration and its
later amendments or comparable ethical standards. On
clinical examination, the patient presented pain, function
limitation and swelling of the knee. Diagnosis was
confirmed by magnetic resonance imaging investigation.
HBOT therapy was recommended as a possible treatment
by an orthopedic surgeon.

2.2 Hyperbaric oxygen therapy (HBOT)

Hyperbaric oxygen therapy was performed using a
BARAMED monoplace hyperbaric chamber (ETC,
Southampton, USA). The patient received HBOT once a
day for several days, the first two days being selected for
this study. On the first day, the patient was exposed to
HBOT inside the hyperbaric chamber at a O, pressure of
2 absolute atmospheres (ATA) for 90 min, in three stages
of 30 min each, separated by two breaks of 5 min
breathing ambient air. Oxygen was administered by an
on-demand regulator on a standard care mask. The next
day, the procedure was repeated, but at an O, pressure
increased to 2.4 ATA.

The immediate effects of HBOT therapy on the normal
and pathological tissues oxygenation were evaluated
before and after each treatment session using
hyperspectral imaging.

2.3 Hyperspectral images acquisition

Hyperspectral images of the patient's hand and knee
(normal and pathological tissues, respectively) were
acquired using a line-scanning hyperspectral imaging
system. This system consists of: (1) a hyperspectral
sensor (ImSpector V8E, Specim, Oulu, Finland) that
allows the simultaneous acquisition of 205 spectral bands
in the spectral range (400-800) nm, at a spectral
resolution of 1.95 nm; (2) an illumination unit consisting
of two 300W halogen lamps (OSRAM, Munich,
Germany) equipped with diffusion filters for uniform
illumination of the area of interest; (3) a galvanometric
scan mirror (GVS211, Thorlabs, New Jersey, USA) for
scanning of the region of interest; (4) a computer with
specialized software installed for the acquisition,
processing and analysis of hyperspectral data, such as
SpectralDAQ software (Specim, Oulu, Finland) and
ENVI v.5.1 software (Exelis Visual Information
Solutions, Boulder, Colorado, USA), and (5) a tripod
(Manfrotto, Cassola, Italy) for mounting the
hyperspectral sensor in a suitable position to acquire the
image of a region of interest (Fig 1.)
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Fig. 1. The experimental setup used for the acquisition of
normal and pathological tissues hyperspectral images
Hyperspectral images acquired with this hyperspectral
system often contain artifacts and aberrations associated
with the type of line-by-line scanning that affects image
quality. Therefore, prior to any further analysis of
hyperspectral images, a processing step of the original

data is required.

2.4 Hyperspectral images processing

The processing of the original hyperspectral images was
performed in two steps (Fig. 2). The first step was aimed
at minimizing the signal variations of the hyperspectral
system introduced by the spatial non-uniformity of the
artificial light intensity in the scene to be investigated and
by the dark current of the monochrome camera.
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All acquired hyperspectral images were calibrated with
white and dark reference images, using Equation (1) :

Loriginal — ldark 1

T =
calibrated *rwi'.'l'rp - Idn:ﬁc

where: lalibraea 1S the calibrated hyperspectral image,
Loriginai 1S the original hyperspectral image of the
investigated areas, lgq is the dark reference image
acquired by completely covering the hyperspectral sensor
lens with its black cap and turning off the illumination
unit, and Lwhie is the white reference image acquired using
a polytetrafluoroethylene (PTFE) reference tile (model
WS-2, Avantes, Apeldoorn, Netherlands), located in the
area to be investigated (Fig. 2.a).

r Step 1: Image Step 2: ROI |
Calibration Selection |

PTFE tile .

Reflectance
Conversion

Original HSI Image
______ 1 HSI Image Processing

Fig. 2. Hyperspectral image processing flowchart of the

patient left leg. a) original image of the patient's leg; b)

image processing (image calibration and ROI selection
relative only to the patient's knee)

The high dimensionality of hyperspectral data was
reduced in the second step by selecting a region of
interest (ROI) relative only to the area to be investigated
(hand/knee) and eliminating other elements present in the
scene, not relevant to the area to be investigated which
would complicate the subsequent analysis of the data
(Fig. 2.b). Image processing was repeated at the
beginning of each experimental measurement, with the
white reference standard placed in the same scene as the
investigated area. Hyperspectral images acquired before
and after exposure of patients to HBOT therapy, after
appropriate processing, were used as a basis for
subsequent chemometric analysis of chromophores
identified in the investigated tissues.

2.5 Hyperspectral data analysis

The spatial and spectral information contained in the
processed hyperspectral images was exploited to generate
distribution maps of oxyhemoglobin (HbO,;) and
deoxyhemoglobin (Hb) concentrations in biological
tissues using an approach based on Beer-Lambert law

(19) and Levenberg-Marquardt method (20). The
approach assumes, as a first step, the conversion of
hyperspectral images (reflectance images, R (A)) into
absorbance images Acac (A) using Equation (2):

Aue(¥)=-log R(») 2

In the next step, the absorbance Aet (A) in each pixel of
the image is estimated according to the Beer-Lambert
law, by Equation (3):

Aest ()\‘) = SOxy()\‘)COxy+8Deoxy(}\')CD€0Xy+T (3)

where: Coxy and Cpeoxy represent the surface molar
concentrations of HbO, and Hb [(mol / L)-cm], goxy and
Epeoxy are the extinction coefficients (cm™/(mol/liter)) of
HbO, and Hb, and T is a term that takes into account the
effect of light scattering. Finally, the terms Coxy are Cpeoxy
are determined by minimizing the sum of square
difference between the calculated absorbance Ac.c and
the estimated absorbance Acy using the nonlinear least-
square method (Eq. 4).

S[ALM)-AL®)] - min @)

k

The minimization of the function described by Eq. 4 is
performed using the Levenberg—Marquardt method.

The results of this approach are distribution maps of
oxyhemoglobin and deoxyhemoglobin concentrations
generated both as images (.tif files) and as numerical data
(ASCII text files). In addition, the information contained
in these maps can also be exploited to evaluate oxygen
saturation (StO;) in each pixel of the analyzed region of
interest. This parameter is defined by Equation (5):

Coy ®)

St0, =
COxy + CDcoxy

These results, in the form of distribution maps of HbO,,
Hb concentrations and StO,, allow the analysis of the
changes induced by HBOT therapy in the oxygenation
level of the investigated pathological area, in a simple
and easy to interpret graphical manner.

3  Results

Figure 3 shows the distribution maps of oxyhemoglobin
and deoxyhemoglobin concentrations, as well as oxygen
saturation across the region of interest related to the
patient's pathological area (knee) determined from
hyperspectral data obtained at different time moments
during HBOT treatment (before and after the first and the
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second treatment day). The distribution maps of the
coefficient of determination (R?) calculated over the same
region of interest indicating the accuracy degree of the
regression equation adjustment to the experimental data
are also shown (Fig. 3.d,h,L,p).

1° Day of HBOT

2" Day of HBOT

Fig. 3. D1str1but10n maps of oxyhemoglobm and
deoxyhemoglobin concentrations, oxygen saturation and
R? values over the patient's pathological area (knee)
calculated from hyperspectral data obtained at different
time moments during HBOT treatment (before and after
the first and the second treatment day). a), ), 1) and m)
distribution maps of oxyhemoglobin concentrations
before and after each HBOT treatment session; b), ), j),
and n) distribution map of deoxyhemoglobin
concentrations before and after each HBOT treatment
session; ¢), ), k), and o) oxygen saturation at different
time moments during HBOT treatment; d), h), 1), and p)
R? values calculated at different time moments during
HBOT treatment

It is noticeable from Figure 3 that the HbO, concentration
increases after the first session of HBOT therapy,
especially in the central area of the knee, thus clearly
highlighting the affected area, but decreases significantly
in the next 24 h. After the second HBOT therapy session,
the significant increase in HbO concentration observed
throughout the patient's knee area can be explained by an
improvement in blood circulation in the knee region,
probably due to the initiation of the neovascularization
process by the mechanism of intermittent hypoxia. The
deoxyhemoglobin concentration increases after the first
session of HBOT therapy as well as within the 24 h
interval between treatment days, an effect just
attributable to the intermittent hypoxia mentioned above,
with the establishment of the neovascularization process.
The second HBOT session led to only a small decrease in
deoxyhemoglobin concentration, due to persistent
neovascularization that did not change during exposure.
The R? values very close to 1 found in all the analyzed
cases indicate a high degree of correlation between the
calculated and experimental data.

In the case of normal tissues, the effect of HBOT therapy
is much more pronounced as seen in Figure 4. Possible
explanations could be related to the different vascular
structure of the examined areas. Taking into account the
patient's pathology, although the lesion is deep (bone) it
is likely that some pathological changes in the superficial
circulation already exist which could justify the
oxygenation state of the patlent's hand)

o m{ P . .

Figure 4. Dlstrlbutlon maps of HbO, and Hb
concentrations, StO, and R?values in normal tissue
(patient’s hand) before and after a HBOT treatment
session. a), e) distribution maps of oxyhemoglobin

concentrations before and after HBOT treatment; b), f)
distribution map of deoxyhemoglobin concentrations
before and after HBOT treatment; c), g) oxygen
saturation before and after HBOT treatment; d), h) R?
values calculated before and after HBOT treatment
The changes in the oxygen content of the normal and
pathological areas induced by HBOT session, expressed
in terms of mean values of oxyhemoglobin and
deoxyhemoglobin concentrations and oxygen saturation,

are shown in Fig. 5.

M pathological tissue
Mnormal tissue

Fig. 5. Difference in the mean values of HbO, and Hb
concentrations, and StO, of normal and pathological
tissues after HBOT therapy
It should be noted that although in Figs. 3 and 4 there are
increases/decreases in chromophores concentrations in
certain areas of the knee/hand, considerable differences
are recorded only for the mean concentrations of HBO»
and StO,. The variation of the mean concentration of
deoxyhemoglobin remains approximately constant (0.46).
This could be due to the fragile development of
redistributed blood flow in the first HBOT sessions. The
effect is expected to be permanent in the affected areas,
but only after a significant number of HBOT sessions
(usually over 5), which we could not monitor for this
study, even if the patient received a full course. Short-
term monitoring excludes chronic circulatory and
metabolic changes attributable to hyperbaric oxygen

therapy.

0.00 I
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Therefore, HbO, and StO, distribution maps generated
from hyperspectral images can be considered as useful
tools for non-invasive monitoring of the local level of
oxygenation of normal and pathological tissues that can
be correlated with the evolution of pathology treated by
HBOT therapy, thus helping physicians to take correct
decisions about the treatment efficiency and staging.

4  Discussion

Herein, a new approach for assessing the effects of
HBOT therapy on tissue oxygenation based on
hyperspectral imaging that has the ability to provide
spatial-spectral information that can be used to generate
distribution maps of tissue constituents (oxyhemoglobin
and deoxyhemoglobin), via a chemometric regression
method, was presented. This approach consists mainly of
two steps: (1) processing of hyperspectral data (image
calibration, ROI selection) and (2) analysis of
hyperspectral data using a Beer-Lambert law-based
approach and the Levenberg-Marquardt method to
generate distribution maps of oxyhemoglobin and
deoxyhemoglobin concentrations in biological tissues to
facilitate the highlighting of local oxygenation levels of
normal and pathological areas, and therefore the local
effects of HBOT therapy. Such distribution maps of
oxyhemoglobin and deoxyhemoglobin concentrations
have seldom been reported so far in clinical practice
where pulse oximetry is most widely used method for
measuring oxygen saturation levels, but unfortunately of
limited use in HBOT. Therefore, the proposed approach
could be considered a particularly useful tool for
evaluating the effects of HBOT therapy, providing
valuable information not only about changes in oxygen
saturation levels (that can also be measured by the pulse
oximetry method), but also about changes in the
oxyhemoglobin and deoxyhemoglobin concentrations in
the pathological tissues. Such information gives an
opportunity to enrich knowledge about the HBOT
therapy mechanism, which is not yet fully understood
(21), and at the same time to establish a proper
therapeutic schedule for specific pathologies.

In this study, the ability of hyperspectral imaging to
assesses the hyperbaric oxygen therapy effects affected
areas was assessed as response to the requirement for
non-invasive and fast methods to assess the immediate
and local effects of HBOT therapy.

The results showed that, through an appropriate analysis
of hyperspectral images of the patient's knee and hand,
the immediate effects of HBOT therapy could be seen in
both pathological and normal areas. Increases in mean
oxyhemoglobin concentration and oxygen saturation
levels were recorded in all investigated areas, more
significant in affected areas than in normal tissues. On
the other hand, local deoxyhemoglobin levels decreased
after tissues exposure to the same HBOT therapy

protocol, but without significant difference between
normal and necrotic areas, explained by local
vasoconstriction.

Promising results in the use of HBOT therapy for femoral
head necrosis have also been reported in several other
studies that have highlighted the HBOT therapy effects
based on clinical outcome (range of motion, stabilometry
and pain (6) or by magnetic resonance imaging (15,22).
However, to our knowledge, the use of hyperspectral
imaging to assess the effects of HBOT therapy on
femoral condylar necrosis is presented for the first time in
this study. It has the advantage of providing important
information about the local effectiveness of HBOT, and
can be considered as a useful monitoring option that can
provide evidence of the HBOT effect.

Although this study has shown the role of hyperspectral
imaging in assessing the effects of HBOT therapy, for a
better understanding of how HBOT therapy may be
beneficial in the treatment of bone disease, further studies
should be conducted on: (1) validation of the HSI method
by comparison with other methods (e.g. transcutaneous
oximetry, thermography, planimetry, etc.), but also by
using larger groups of patients to confirm its outputs; (2)
improving the performance of the algorithm for
calculating chromophore concentrations, so as to allow
the generation of total hemoglobin maps useful in
highlighting the neovascularization process induced by
HBOT therapy; and (3) identifying modalities to reduce
data analysis time for real-time measurements. All these
issues will be addressed in further studies.

5 Conclusions

In conclusion, the effects of HBOT therapy on affected
and normal areas could be clearly demonstrated by the
oxyhemoglobin, deoxyhemoglobin and oxygen saturation
maps generated by hyperspectral imaging. The HSI-based
approach proposed in this study for assessing the HBOT
therapy effects has been shown to be sufficiently accurate
both as critical areas identification and as predictor of
therapeutic effect and it can be an option for HBOT
physicians in making the right treatment decision.
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