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Abstract Ozone major autohemotherapy is effective
in reducing the symptoms of multiple sclerosis (MS)
patients, but its effects on brain are still not clear. In this
work, we have monitored the changes in the cerebrovas-
cular pattern of MS patients and normal subjects during
major ozone autohemotherapy by using near-infrared
spectroscopy (NIRS) as functional and vascular tech-
nique. NIRS signals are analyzed using a combination
of time, time—frequency analysis and nonlinear analysis
of intrinsic mode function signals obtained from empiri-
cal mode decomposition technique. Our results show
that there is an improvement in the cerebrovascular pat-
tern of all subjects indicated by increasing the entropy
of the NIRS signals. Hence, we can conclude that the
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ozone therapy increases the brain metabolism and helps to
recover from the lower activity levels which is predomi-
nant in MS patients.

Keywords Ozone autohemotherapy - Near-infrared
spectroscopy - MANOVA - Multiple sclerosis - Time—
frequency - Entropy - Empirical mode decomposition -
Cerebrovascular pattern

1 Introduction

Ozone therapy has witnessed an increasing set of applica-
tions in recent years. Ozone can be administered by major
ozone autohemotherapy, which consists in drawing a given
amount of venous blood (approximately 240 g) and then
in reinfusing it after it has been added to a mix of oxygen
and ozone [46]. Ozone is effective as anti-bacterial, anti-
fungal, and anti-viral agent [46] to treat vascular patholo-
gies [7] and generally to improve tissue oxygenation and
microcirculation [11, 41]. Ozone plays a fundamental role
in inflammation: it induces a mild oxidative stress that,
in turn, promotes the generation of anti-oxidative species
[40]. In fact, animal studies have shown that ozone therapy
is effective in protecting organs from reperfusion damages
[10, 14]. Hence, ozone shows marked vascular and meta-
bolic therapeutic properties.

Multiple sclerosis (MS) is a degenerative neurologi-
cal pathology characterized by both vascular and meta-
bolic impairments. If the vascular implications of chronic
venous insufficiency in MS are still debated [12, 34], the
increased level of oxidative stress found in MS patients has
been clearly demonstrated [26]. Therefore, ozone therapy
has a rationale of application as an adjuvant treatment for
MS patients.
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The quantification of vascular and metabolic cerebral
effects of ozone therapy on patients is not a trivial task. In
fact, cerebral autoregulation maintains a constant the level
of oxygen which is supplied to the brain, independently
with possible changes in the systemic oxygen saturation.
Therefore, complex methods and techniques are needed
to investigate the cerebrovascular and metabolic effects
of ozone therapy. In our previous study, we analyzed the
long-term effects of ozone autohemotherapy in MS patients
and controls by using transcranial Doppler sonography and
near-infrared spectroscopy (NIRS) [25, 33]. Near-infrared
spectroscopy (NIRS) is a non-invasive technique that can
potentially measure in real time the vascular and metabolic
characteristics of the brain tissues. By using infrared light,
NIRS can monitor the changes in the concentrations of
the oxygenated (O,Hb) and reduced (HHb) hemoglobin in
brain tissues [16], thus providing vascular and flow related
information. To the best of our knowledge, only two studies
used the NIRS technique to monitor the long-term cerebro-
vascular changes occurring during ozone hemotherapy [25,
33].

Some NIRS devices help to measure the concentration
changes of the cytochrome-c-oxidase, whose concentra-
tion is related to the level of mitochondrial activity of the
neurons [5], thus to brain metabolism. We documented that
ozone autohemotherapy increased the level of oxygen in
the brain up to 1.5 h after the reinfusion of the ozonized
blood, without any adverse vascular effect [33]. Moreo-
ver, we showed that the MS subjects had an increase in
the cytochrome-c-oxidase activity and concentration about
40 min after the end of the treatment. This result demon-
strated the positive metabolic effect of ozone in reduc-
ing the level of oxidative stress and promoting brain
metabolism.

Despite its potentialities, the reliability of the NIRS
measurements can be decreased by confounding factors:
(1) the contribution of skin and superficial vasculature to
the absorption of infrared light [9], (2) concentration of the
molecule to track and (3) noisier and less reliable signal.
In fact, some recent NIRS devices introduced a spatially
resolved technique to lower the effect of the confounding
factors [9] and removed the possibility of measuring the
concentration of the cytochrome-c-oxidase.

The NIRS signals, however, carry considerable infor-
mation in the frequency domain as well. Obrig et al. [35]
showed that cerebral NIRS signals allow the evaluation of
the cerebral vasomotor reactivity and autoregulation. In our
previous studies, we combined time and frequency analysis
of NIRS signals in order to extract physiological informa-
tion while trying to avoid the possible noise sources [24,
28, 32]. Furthermore, cerebral NIRS signals acquired when
the subject is not in resting conditions might be nonsta-
tionary in nature; hence, ad-hoc time—frequency analysis
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should be used [24, 30]. Given the complex interaction
between infrared light and tissues, NIRS signals are nonlin-
ear in nature. Therefore, the time and time—frequency anal-
ysis might be insufficient to capture the subtle variations
from the signals, whereas nonlinear techniques can provide
more accurate information [3, 17, 31, 32].

In this paper, we performed a linear and nonlinear analy-
sis of cerebral NIRS signals acquired from MS patients and
controls during major ozone autohemotherapy. The prin-
cipal aim of this work is to assess the effect of the ozone
autohemotherapy on the subjects’ cerebral pattern even
without monitoring the cytochrome-c-oxidase concentra-
tion. The secondary aim is to propose a general frame-
work for the processing of NIRS signals that can lessen the
effects of confounding factors, by relying on a robust and
local structure based such as the empirical mode decompo-
sition (EMD).

2 Materials and methods

This section describes the essential steps of the ozone auto-
hemotherapy protocol and the corresponding registration
windows. The overall therapy lasted about 3 h per patient,
but the signals were acquired only at specific time steps.
This section describes the time, time—frequency, and non-
linear analysis methods used.

2.1 Ozone autohemotherapy

The major ozone autohemotherapy protocol consists of the
following steps:

1. drawing of 240 grams of whole blood from the sub-
jects (in our case from the antecubital vein) by using
SanO3 bags (Haemopharm, Milan, Italy);

2. mixing of the blood with 240 ml of O,/O;, composed
by O, at 50 %, with an O5 concentration equal to
40 pg/ml (Medical 95 CPS, Multiossigen, Gorle (BG),
Italy);

3. slow blood re-infusion in the same vein.

During the ozone therapy, we acquired NIRS cer-
ebral signals from the left and right forefront of the sub-
jects. We used a NIRO200 device (Hamamatsu Photonics
K.K., Japan), equipped by two probes, which consisted
of a photo-detector and four infrared LED sources (wave-
lengths equal to 775, 810, 830 and 910 nm). Each probe
was placed on the subject’s forehead. To avoid the sinuses,
we placed the probes 2 cm away from midline and 1 cm
above the supraorbital ridge [28]. The sampling frequency
of the system was set to 2 Hz. The pre-processing consisted
in a IR digital 8th order Butterworth band-pass filter, with
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lower frequency equal to 20 mHz and an upper bound set to
250 mHz.

The subjects were asked to stay supine, keeping eyes
closed and breathing normally. The NIRS device meas-
ured in real time the concentration changes of the O,Hb
and HHb for both the hemispheres. Since we did not find
any statistically significant difference in the concentration
changes of the two hemispheres (paired Student’s t test;
p > 0.8), we averaged the signals of the two hemispheres.
Hence, for each subject, we recorded the O,Hb and HHb
concentrations. We analyzed the acquired signals in 7 dif-
ferent time intervals, lasting 256 s each:

baseline recording;

blood drawing;

middle of reinfusion;

end (last 256 s) of reinfusion;
40 min after reinfusion;

1 h after reinfusion;

1.5 h after the reinfusion.

Nk LN =

We chose these analysis windows in order to observe
specific event-related and long-term changes. For each win-
dow and on each patient, we performed time domain analy-
sis of the signals, by computing the average of the signal
values in each of the observation windows.

2.2 Time—frequency analysis

The NIRS signals are characterized by a marked nonsta-
tionary nature and hence time—frequency analysis is needed
[24, 30, 33]. We have used the Choi—Williams (CW) dis-
tribution, which belongs to the Cohen’s class of bilinear
time—frequency transforms [6, 30]. The mathematical for-
mulation of the CW is the following:

+oo / T k / T
Dx(t,f)z///_oo x(r =3 (7 +3) "
x g(t,0) (=1 =21 T4y 4 dr

where D (¢, f) is the time—frequency representation; ¢ and f
represent time and frequency, respectively; 8 and t the fre-
quency and time lag, respectively; g(z, 6) the kernel of the
CW distribution, which can be expressed as:

922
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2

The parameter o in Eq. (2) is called kernel selectivity,
and it can be tuned in order to avoid interference terms.
In previous studies, it was shown that a value in the range
0.1-1 was suitable for EMG analysis [29] and NIRS sig-
nals [24]. In our study, we chose the value of 0.5 in order to

relative O,Hb
concentration (umol/l)

frequency (Hz)

Instantaneous Shannon Entropy (a.u.)

time (s) 20 s

Fig.1 a Time course of the concentration of O,Hb during baseline.
b CW transform of the signal. The gray zone represents the LF band.
The gray rectangle depicts the LF band. ¢ Corresponding instantane-
ous SE derived from the CW transform

balance between spectral resolution and time localization
of the signal components.

We computed the CW distributions for O,Hb and HHb
signals in every analysis window. Figure la reports the
O,Hb concentration changes during the baseline recording
of healthy subject, and Fig. 1b shows its corresponding CW
representation with function of time and frequency. From
the time—frequency representation, we computed the rela-
tive power of the low-frequency (LF) band, which means
the ratio between the power in the LF band and the total
signal power. The relative LF power was computed in
each time window. The LF band spans from about 40 to
150 mHz, and it reflects spontaneous oscillations in the cer-
ebral cortex [35]. Such oscillations have a debated physi-
ological meaning; however, they are called as “vasomotor
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waves” because they reflect the physiological vasomotor
reactivity. They are correlated with the firing frequency of
the baroreceptors, which are the triggers of the regulation
of the vascular system [35]. The LF band is depicted by the
gray box in Fig. 1b.

2.3 Instantaneous Shannon entropy

The Shannon entropy (SE) is a measure derived from the
field of information theory [23]. SE is based on the prob-
ability distribution; hence, to make it applicable in signal
processing, the power spectral densities must be normal-
ized. However, our signals are nonstationary, so we defined
the SE based on the time—frequency representation Dy (t,f)
of the signals. First of all, we normalized the power of the
D (t, /) as follows:

Dy (z.f)

d,(t,.f) =
©) [ D1, f)dedf ®

in order to make the overall power equal to 1. Then we
defined the instantaneous SE as:

+00
SE() = — / de(tf) - In (dy (1, 1) 4

—00

Figure 1c reports the SE for the signal in Fig. la. The
time course of the SE was averaged to compute a single
value for each signal.

2.4 Empirical mode decomposition (EMD)

The empirical mode decomposition is a form of time—fre-
quency representation of the signal that does not require
linearity. Similar to the Fourier transform, the EMD
decomposes the signals into a series of intrinsic mode func-
tions (IMF), which should all have zero mean and must be
orthogonal [20]. EMD is adaptive and considers the local
characteristics of time and scale of the signal.

The core of the EMD is the sifting procedure, which
consists in an iterative algorithm that, at each step, removes
from the signal the mean of the envelope of the maxima
and of the minima of the signal itself. By summarizing,
the sifting procedure can be described as follows. Let’s
consider a signal x(f). Let M(¢) be the spline interpola-
tion of the maxima of the signal, and m(f) be the spline
interpolation of the minima of the signal. The mean of
the two maxima and minima envelopes is computed as
M(t) = [M(t) + m(1)]/2, and it is subtracted from the
signal to generate () = x(f) — M(t). The signal A(f) now
becomes the new signal, and the procedure is repeated until
the M(z) is nearly null. At this point, the resulting A(7) is
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named as the first IMF. The extracted IMF is subtracted by
the original signal x(¢), and the procedure is repeated to find
the other IMFs.

In our work, we considered the first three IMFs of O,Hb
and HHbD signals. We have computed two nonlinear met-
rics: the Sample Entropy (SampEn) and the Hurst Expo-
nent (HE) from the extracted IMFs.

2.5 Sample Entropy (SampEn)

The rationale to compute the SampEn is that this entropy
metric is based on the temporal time series instead of rely-
ing on the power spectral density [39]. The time series is
used to derive vector sequences of length m (called embed-
ding dimension) [36, 37], so that each vector sequence has
the form:

u(n) = {hin), hi(n + 1), ..., hi(n +m — 1)} (5)

where h(l), h(2), ..., h(N) are the N samples of the time
series. The distance between each vector segment, and the
others is computed by using the Chebyshev distance [43].
Given a distance threshold equal to r, each vector sequence
is considered and the number of other segments with a dis-
tance lower than r is computed. This number, divided by
the total number of vectors, indicates the probability of
locating another vector not beyond the distance r from the
considered vector u(n;). Let’s call this conditional probabil-
ity as Cy;\. The overall conditional probability is given by
the sum over the total number of vector sequences:

N—m+1

" =N-m+1) > Cr) (6)

i=1

The SampEn is then defined considering also the over-
all probability found for an embedding dimension equal to
m + 1; hence, SampEn is defined as:

" (r)
¢m+l (r)

The basic concept of this metric is that in time series
with a high degree of entropy, the vectors (epochs) of
length m that match point-wise within a tolerance r also
match at the next point. In our study, we considered a
value of m equal to 2 [44] and a distance threshold r equal
to 0.2 times the standard deviation of the data. The embed-
ding dimension was chosen shorted than the oscillation
period of the NIRS frequencies, whereas the r parameter
was chosen large enough not to be excessively selective in
discarding similarities among the time series. Similar val-
ues were used in previous works dealing with biomedical
signals [42].

SampEn(m,r,N) = —In {

(N
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2.6 Hurst exponent (HE)

The Hurst exponent (HE) is proposed to measure the pres-
ence/absence of long-range in a signal and dependence
degree [21]. We adopted this metric because it has been
shown that when the physiological system modifies its
behavior, the HE shows corresponding changes. In neuro-
logical studies, as examples, the HE was used to discrimi-
nate between interictal and epileptic EEG [18] and to char-
acterize the EEG in different sleep stages [1].

The Hurst exponent is a value 0 < H < 1, and the main
interest of its use is the detection of long-range dependency
in the data, which is given with a HE significantly greater
than 0.5. A HE around 0.5 indicates random data (white
noise), and HE < 0.5 indicates short-range dependency.
Normal signals are usually characterized by HE values that
decrease as the system is normalizing its activity [22].

Given a time series h(n) of time length equal to 7, the
mean of the time series is computed and then subtracted by
the time series itself. This produces a zero mean time series
h’(n). The cumulative deviation of /’(n) is then computed
by summing up all the elements. Let’s define R as the range
of the cumulative deviation of h’(n) (i.e., the difference
between the maximum and the minimum value) and S as
the standard deviation of /#’(n). The HE is then defined as:

_ log (R/S)
7 loe 1) ®)

2.7 Patients demographics

The experiment was conducted after having obtained
the approval from the Review Institutional Board of the
“Un Passo Insieme ONLUS Foundation” (Valdella-
torre, Torino, Italy), of the “KAOS ONLUS Foundation”
(Caselle Torinese, Torino, Italy), and of the Scientific
Society of Oxygen Ozone Therapy (SIOOT, Gorle (BG),
Italy). The approved informed consent was read and
explained to the subjects before the tests, and they were
required to sign it.

We recruited 10 subjects suffering from remitting—
relapsing (RR) multiple sclerosis, with a confirmed diag-
nosis of pathology whose onset was at least 5 years before.
Two MS-RR subjects successfully underwent therapy, but
interrupted the recording and did not reach the end of the
monitoring. These two subjects were excluded from the
analysis. Thus, our sample group consists of 8§ MS—RR and
10 controls. The average age of the 8 patients who com-
pleted the therapy was 40.2 £ 3.9 years, and 4 patients
were females. The years from the onset of the pathology
were 7.3 £ 3.3 years, and the EDSS average score was
in the range 1.5-3.5. All the subjects followed a therapy
consisting in beta interferon injections, and corticoster-
oids administered in correspondence of attacks. In control

group, we enrolled 10 volunteers (age: 60.1 & 4.2 years, 6
females), without any neurological, metabolic, or cardio-
vascular disease. Heavy smoking and hypertension subjects
were excluded.

2.8 Statistical analysis

Grouped data are expressed by mean + SD. The Kolmogo-
rov—Smirnov test is used to test normality of the data, fol-
lowed by a Student’s ¢ test to check differences in the mean
values. For all the tests, the first error species probability is
set to 5 % (i.e., confidence level of 95 %).

Multivariate analysis of variance (MANOVA) is used to
compare the entropy data among the two groups and their
change from the beginning to the end of the monitoring.
MANOVA represents the subjects in function of the so-
called canonical variables, which are linear combination
of the original features. The overall number of the original
features is 98 for each subject, 14 for each analysis win-
dow. The 14 features are the SE of O,Hb and HHb signals
(2 features), and SampEn and HE of the three IMFs from
O,Hb and HHD signals (12 features). Feature reduction is
performed by removing the variables that explained a sta-
tistically low amount of overall data variability by using
the Wilk’s lambda [15]. The number of features decreased
from 98 to 35 and the MANOVA is performed on these
remaining variables. The original features that contributed
the most to the canonical variables were considered as the
most important to assess the changes in the cerebrovascu-
lar pattern induced by the ozone therapy and captured by
NIRS.

3 Results

In this work, we studied the temporal changes, spectral
changes, and the complexity changes of NIRS signals
acquired from the brain of MS patients and control subjects
during major ozone autohemotherapy. The purpose of this
work is to document the vascular and metabolic changes
induced by ozone therapy in normal and pathological cer-
ebral tissues.

3.1 Time changes in brain oxygenation

Figure 2 depicts the average concentrations of O,Hb
(Fig. 2a) and HHb (Fig. 2b) signals. The concentrations
are normalized and scaled with respect to the first win-
dow (baseline), which is thus zero valued. In accordance
with previous studies, we found that ozone autohemother-
apy increased the level of brain oxygenation both in con-
trols and MS subjects [25, 33] (Fig. 2a). There are, how-
ever, some differences in the two groups. The MS subjects
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Fig. 2 Boxplot showing the time evolution of the average concentra-
tion of O,Hb and HHb in the seven analysis windows. All the val-
ues are normalized and scaled w.r.t. the first window. Controls are
depicted in white, MS patients in gray

showed a decreasing concentration of O,Hb, more evident
in the fifth window (40 min after the end of blood reinfu-
sion). Then, the oxygen concentration raised and reached
positive levels (compared to window 1) at the end of the

monitoring, i.e., 1.5 h after the end of blood reinfusion.
Controls, conversely, showed increased O,Hb concentra-
tions in windows 5 to 7. This difference in the two groups
might be explained by an increase in the oxygen consump-
tion caused by the therapy on MS subjects. In fact, previ-
ous studies [25, 33] showed that ozone therapy increased
the level of mitochondrial activity, which lead to a higher
oxygen consumption by neurons. Hence, a hypothesis is
that the increase in the metabolic brain activity, occurring
in MS subjects, lowered the overall O,Hb concentration,
despite the reinfusion of highly saturated blood. Figure 2b
demonstrates that the concentration change of HHb, which
is not relevant during the therapy and that its variations are
statistically equal for MS patients and control subjects. In
none of the analysis windows, the concentrations of O,Hb
and HHD are statistically different in MS patients and con-
trols (always p > 0.2). The numerical values of concentra-
tions of O,Hb and HHb are reported in Table 1. By using
a Student’s ¢ test, we observed that none of the concentra-
tions in the different windows were statistically different
from zero (i.e., from the baseline; p > 0.1).

3.2 Frequency changes in NIRS signals

Obrig et al. [35] shown that the spontaneous oscillations of
NIRS signals can be used to assess the subject’s cerebro-
vascular reactivity. Our time—frequency analysis showed
how the power associated in the LF band, thus in the vaso-
motor tone, changed during the therapy. Figure 3 represents
the changes in the LF power (normalized to the total power
of the signal) of control and MS subjects during the ther-
apy. It can be noticed that during blood drawing (window
2), the power in the LF band increased significantly com-
pared to baseline (p = 0.01) for the O,Hb signal of control
subjects, and for the HHb signal of MS patients (p = 0.02).
This effect is due to the vagal response to the needle inser-
tion for blood drawing. In the rest of the therapy, we did
not observe significant LF changes in the O,Hb and HHb
signals. Table 2 summarizes the LF relative powers in the
seven analysis windows.

Table 1 Relative

. Controls MS-RR group

concentrations of O,Hb and

HHD in the analysis windows O,Hb (%) HHb (%) O,Hb (%) HHb (%)
Window 1 - - - -
Window 2 0.362 & 2.657 —0.633 £ 0.545 —0.151 £ 1.963 —0.180 £ 0.755
Window 3 0.029 £ 2.394 —0.386 £ 1.436 —0.625 £ 1.463 —0.050 £ 0.750
Window 4 —0.247 £ 2.126 —0.593 £ 1.716 —0.644 £ 2.002 —0.100 £ 0.574
Window 5 1.453 + 4.549 —0.791 £ 2.223 —1.768 £ 2.474 0.062 £0.771
Window 6 1.334 + 5.004 0.037 £ 1.766 —1.410 £2.882 0.045 £ 0.308
Window 7 1.997 £ 4.743 0.201 + 1.449 0.160 £ 2.489 0.009 £ 0.715

The first window is taken as reference
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Fig. 3 Changes in the power associated to the LF band compared to
the overall signal power. Controls are depicted in gray, MS patients in
white. The vertical bars superimposed to the histogram represent the
standard error. a Power in the LF band for the O,Hb. b Power in the
LF band for the HHb

3.3 Signals’ entropy and HE changes

The total of 98 descriptors of the signals in the analysis
windows are reduced to 35 after the feature selection proce-
dure. These 35 features are considered as descriptive of the

complexity of the cerebrovascular pattern of the subjects.
The MANOVA is then applied to the set of 35 features
per subject in order to evidence differences in the overall
cerebrovascular patterns of MS patients versus controls.
Figure 4 reports the representation of the subjects in the
canonical plane of the first and second variables as com-
puted by MANOVA for three different analysis windows:
Fig. 4a is relative to the baseline (first window), Fig. 4b is
relative to the end of the blood reinjection (fourth window),
and Fig. 4c to the end of the monitoring (seventh window,
approximately 1.5 h after the end of the reinfusion). In
baseline conditions (Fig. 4a), the MANOVA reveals that
it is possible to reject the null hypothesis that the subjects
belonged to the same group (p = 1.9 x 107%). In fact, the
MANOVA dimension, which intuitively corresponds to the
number of variables sufficient to separate groups, is equal
to 1. It can be noticed that the MS patients have a positive
value of first canonical variable, whereas the controls have
a negative one. At the end of the reinjection of the ozonized
blood (Fig. 4b), the dimension of the MANOVA already
lowered to zero (p > 0.5), thus indicating that it is not pos-
sible to reject the hypothesis that the subjects belong to
the same group. At the end of the monitoring (Fig. 4c), the
MANOVA dimension is still zero and the subjects belong-
ing to the two different groups are even closer (p > 0.5).

Table 3 reports the statistical analysis results of three
most discriminant features resulting from the Wilk’s
Lambda analysis. In all the three considered windows,
the most significant features are the SampEn of first IMF
obtained from HHD signal, the SampEn of the third IMF
from O,Hb signal, and HE of the first IMF from HHb
signal. It can be observed that the entropy of the IMF is
increasing as effect of ozone therapy, whereas the HE is
decreasing. This result is observed on controls and on MS
patients as well, although only for controls the increase
in the SampEn of IMF3 from O,Hb signal and HE of the
IMF1 from HHb signal is statistically higher at the end
of the monitoring compared to the baseline conditions
(p < 0.001). The increase in the SampEn and decrease of
the HE are both indicators of increasing complexity of the
physiological system under analysis.

Table 2 Relative power in the

Controls MS-RR group

LF band for the O,Hb and HHb

signals in the analysis windows O,Hb (%) HHDb (%) O,Hb (%) HHb (%)
Window 1 0.098 £ 0.059 0.115 4+ 0.060 0.077 £ 0.023 0.081 £+ 0.037
Window 2 0.231 £0.219 0.163 +0.128 0.142 £ 0.115 0.159 £ 0.115
Window 3 0.104 £ 0.046 0.115 £ 0.052 0.117 £ 0.059 0.115 £ 0.038
Window 4 0.119 £ 0.096 0.102 £ 0.033 0.096 £ 0.052 0.097 £ 0.031
Window 5 0.116 £ 0.052 0.117 £ 0.064 0.120 £ 0.061 0.105 £ 0.052
Window 6 0.126 £ 0.085 0.091 £+ 0.030 0.113 £ 0.083 0.080 £+ 0.029
Window 7 0.128 +0.053 0.102 + 0.036 0.096 £+ 0.034 0.145 £ 0.131
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Fig. 4 Representation of the MANOVA for the subjects in three
windows during therapy: a baseline (first window); b end of the
blood reinfusion (fourth window); ¢ end of monitoring (seventh
window). Controls are represented by white squares, MS patients
by black circles. In (a) the subjects belong to two different groups
(p=19 x 10%), whereas in (b) and (c) the hypothesis that the sub-
jects belong to the same group cannot be rejected (p > 0.5)
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Table 3 Numerical values of the three most discriminant features in
the first, fourth, and seventh analysis windows

Window 1 Window 4 Window 7
Controls
SampEn IMF1 0.370 £0.109 0.401 +£0.132 0.431 £ 0.059
(HHb)
SampEn IMF3 0.201 £ 0.057 0.244 £ 0.098 0.266 + 0.091*
(O,Hb)
HE IMF1 (HHb) 0.529 + 0.200 0.406 £+ 0.137 0.315 + 0.132*
MS-RR group
SampEn IMF1 0.387 £0.081 0.410£0.109 0.429 +0.113
(HHb)
SampEn IMF3 0.281 £0.104 0.287 +0.073 0.318 £ 0.076
(O,Hb)

HE IMF1 (HHb) 0.518 £ 0.156 0.471 0.148 0.408 £ 0.184

The first three rows are relative to controls, the bottom three rows to
the MS patients. Increasing values of sample entropy and decreasing
values of the Hurst exponent are observable

* Indicates a statistically significant difference compared to the first
window

Figure 5 reports the results of three IMFs extracted from
the HHb signal of a MS subject. The left panel (Fig. 5a)
depicts the signal and its three IMFs during the baseline
(first window). The right panel (Fig. 5b) depicts the signal
and its IMFs at the end of the therapy (seventh window).
It can be noted that three IMFs actually show a markedly
higher complexity at the end of the monitoring (Fig. 5b).
More specifically, the IMF1 during baseline (Fig. 5a)
results in a quasi-periodic signal, clearly dominated by a
single frequency. In this condition, it is expected that the
entropy is low, due to the repeatability of the signal. Con-
versely, at the end of the ozone therapy (Fig. 5b), the same
IMF1 is characterized by random bursts of different ampli-
tude and frequency, which make the signal less repeatable.

4 Discussion
4.1 Ozone therapeutic effects

There are many literatures discussing the positive effects
of the oxygen and ozone therapy on different pathophysi-
ological process [10, 14], tissues [31], and organs [7, 10,
46]. However, there is the need of robust techniques for
the in vivo and real-time monitoring of the ozone effects
during a therapy. When ozone is used for therapy on spe-
cific tissues or systems, most of the times the validation
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Fig. 5 Results of the empirical mode decomposition applied to the
HHb signal acquired in baseline conditions (a) and at the end of the
monitoring (b) from a MS subject. The upper panels report the HHb

of the therapeutic effect is done by assessing either the
overall improvement of the tissue, or by quantifying some
functional markers. As an example, He and Ma [19] docu-
mented an improved distal fallopian tube recanalization
and consequent higher number of conceptions in 400 infer-
tile women with tube obstruction treated with ozone. When
antibacterial properties are exploited, the validation is usu-
ally done by measuring the concentration changes of infec-
tive agents or the healing process of tissues. Shah et al. [41]
showed how ozone autohemotherapy is effective in healing
the leg of a patient with the post-surgical complications
due to staphylococcus aureus infection causing a necrotic
wound. At a molecular level, Re et al. [38] first demon-
strated that ozone autohemotherapy helped the synthesis of
proteins which collectively favored cell survival.

4.2 Characterization of the cerebral effects of ozone
therapy

When the effects of ozone therapy have to be monitored
at a cerebral level, there are limitations on the number of
biomarkers that can be non-invasively quantified and on the
minimally invasive techniques that can be used. Cerebral
autoregulation masks most of the vascular effects of thera-
pies, since it tends to let the cerebrovascular pattern in a
steady state even in the presence of systemic changes in the
concentration of blood gases or in presence of alterations of
the velocity—pressure field. Brain—blood barrier blocks the
exchange of many chemical compounds between brain tis-
sue and blood; thus, many markers of inflammation, oxida-
tion, and metabolic functions cannot be directly measured
by blood samples. In this study, we adopted the NIRS as
a real-time and non-invasive monitoring system to assess

time course; then the three IMFs are depicted. It can be observed
that in panel (b) the IMFs are characterized by random bursts and
changes, which make the signals less predictable

the changes induced by the major ozone autohemotherapy
in the cerebrovascular pattern. We previously showed that
during this kind of therapy, MS patients underwent an
increase in the activity level of the cytochrome-c-oxidase
of the brain tissues [25, 33]. The study is based on the spec-
tral analysis of the NIRS signals by using a time—frequency
approach. However, from a signal processing point of view,
time—frequency transforms can only capture changes in
the power distribution of the signals. But they cannot cap-
ture subtle changes in the signal. Also, as mentioned in the
introduction, in most of the commercially available NIRS
devices, the measurement of the cytochrome-c-oxidase is
not available. Hence, to satisfy our first aim, we conducted
an extensive time and frequency analysis, and nonlinear
analysis of the NIRS signals.

In accordance with previous studies, the ozone therapy
increased the overall level of tissue oxygenation [11, 14,
33]. The oxygen increase is more evident in controls than in
MS patients (Fig. 2a). The latter group of subjects reached
an actual increase in the level of oxygen concentration only
at the end of the monitoring, about 1.5 h after the end of
the reinfusion of the ozonized blood. This result might be
explained by the metabolic boost induced by ozone. It is
proved that MS patients are characterized by lower level of
mitochondrial activity, possibly due to an oxidative dam-
age to the DNA [8, 26]. Since ozone improved the level of
mitochondrial activity [33], it may be that the increment
in the metabolic function of neurons caused an increase in
the level of oxygen consumption. Therefore, just after the
end of blood reinjection, the oxygen demand could have
increased, thus leading to vascular response to increase the
concentration at a later stage (about 1 h after the end of the
reinfusion).

@ Springer
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This consideration is supported also by the analysis
of the relative power in the LF band of the NIRS signals
(Fig. 3). It can be noticed that a slight (statistically not sig-
nificant, p > 0.05), increase in the LF relative power in the
last three observation windows (compared to the first win-
dow), more evident in the last window of the HHD signals
analysis (Fig. 3b). Being the LF band a fingerprint of the
vasomotor reactivity, this observation supports the hypothe-
sis of increased metabolic demand by the brain cells, which
triggers the cerebral autoregulation.

4.3 Nonlinear NIRS signal analysis

We have coupled a nonlinear analysis of the NIRS sig-
nals structure to the time and time—frequency analysis.
We showed that complexity of the cerebrovascular pat-
tern increased during the therapy (Table 3). Among all the
descriptors used, the most significant are the SampEn of the
first IMF of the HHb signals and the third IMF of the O,Hb
signals, along with the HE of the first IMF of the HHD sig-
nals. These three features explained about 85 % of the total
variance of the data in the three analysis windows of Fig. 4.
The first IMF obtained from EMD characterizes higher fre-
quencies (Fig. 5), whereas the third IMF lower frequencies.
Interestingly, the most important feature for the MANOVA
is the SampEn of the first IMF of the HHb, which reveals a
more complex structure indicating the rapid changes of the
signal. Conversely, for the O,Hb signal, we found that the
structure change of the signal was found in the third IMF.
The third IMF is characterized by lower frequencies and
higher amplitude compared to the first one. This result is
in accordance with the time changes reported by Fig. 2: the
HHD signal did not show major changes during the therapy,
while the O,Hb concentration changed considerably in both
two groups. Therefore, the complexity and entropy-based
analysis can capture subtle and more accurate differences
in the overall cerebrovascular pattern, which are difficult to
observe by time and/or time—frequency analysis alone.

We computed the SampEn and HE also on the raw NIRS
signals. However, we did not find any significant differ-
ence of these descriptors when comparing controls to MS
subjects, and when comparing the signals acquired on the
same subjects in different windows. This may be due to the
fact that the NIRS signals are a combination of low ampli-
tude and low-frequency oscillations and of higher ampli-
tude and higher frequency ones [35]. The computation of
the structural characteristics of all the oscillations together,
as in the raw NIRS signals, provides an “averaged” result,
which is unable to capture the changes occurring during the
therapy and the differences between controls and patients.

It is well known that the complexity of biosignals
is linked to the state and properties of the underlying
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physiological system. In several studies, it is shown how
the entropy of the EEG signal can be used to classify the
sleep stages [2], and identify [4] and predict [27] epileptic
seizures. It is also shown that diabetes mellitus decreased
the complexity of the EMG signals [45] of the subjects
and that physical activity helped to restore more complex
muscular pattern in diabetic subjects [31]. Complexity of
biosignals is usually connected to the unpredictability of
the control mechanisms. In this case, since we are monitor-
ing brain vascular and metabolic conditions, an increased
entropy or decreased HE could be the effect of an increased
level of control by means of cerebral autoregulation. Since
the level of cerebral autoregulation is linked to the func-
tional state of neurons, it can be hypothesized that, after a
major ozone autohemotherapy, there is a boost in the meta-
bolic and functional response of MS patients which brings
the overall cerebrovascular pattern close to that of controls
(Fig. 4). The entropy of the NIRS signals increases in con-
trol subjects. Hence, we can conclude that the ozone auto-
hemotherapy is beneficial to improve the overall cerebro-
vascular pattern of subjects.

Our study shows that changes in the cerebrovascular pat-
tern cannot be properly observed by relying only on time
and/or time—frequency analysis. Major changes in oxygen
or carbon dioxide concentrations in the brain tissues are
clearly linked to blood ozonization and reinfusion. But they
cannot explain which are the positive effects of the therapy
at a functional and molecular level. Therefore, more com-
plex frameworks for data analysis are required. In this
work, we have shown that EMD is an efficient tool for the
analysis of the cerebral NIRS signals. Thus, the principal
innovative contribution of this work is the demonstration
that linear and nonlinear NIRS signal analysis are needed
for the characterization of the cerebrovascular pattern
changes occurring after ozone autohemotherapy. This could
have a direct impact in the numerical characterization of
the cerebrovascular changes of subjects undergoing ozone
therapy and could lead to personalized and more effective
therapies.

4.4 Study limitations and further perspectives

A limitation of this study is the number of enrolled sub-
jects, which is scarce. However, being the protocol focused
on the assessment of long-term effects of ozone therapy, it
is difficult to find MS patients that can hold the NIRS mon-
itoring for about 3 h. NIRS requires continuous monitor-
ing. It is not possible to interrupt the monitoring, detach the
probes, and then apply them once again. This will cause a
change in the optical coupling that introducing random var-
iability in the signals. In our previous experience, we noted
that about 50 % of the MS subjects could not complete
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the monitoring due to pain, physiological needs, or exces-
sive stress. Another limitation is that the NIRS equipment
we used did not measure the concentration changes of the
cytochrome-c-oxidase. To the best of our knowledge, the
only reliable biomarker of brain metabolism which can be
non-invasively monitored is by NIRS signals. Nevertheless,
we believe that our results documented an improvement
in the cerebral pattern of the subjects, which also corre-
lated with the subjective sensation of patients and clinical
observations. Finally, the two groups are not exactly age-
matched. We compared the cerebrovascular pattern of MS
patients to a group of controls that was older. Actually, this
was a specific choice aimed at balancing the level of oxida-
tive stress (with consequent reduction of the cytochrome-
c-oxidase activity), which is typical of healthy brain cells
during aging [13]. It would not have been proper to dem-
onstrate a difference in the cerebral pattern of MS patients
compared to healthy subjects of same age, since, in that
case, the original level of cerebral oxidative stress would be
very different. Elderly people show a progressive increase
in the cerebral oxidative stress, which is physiological.
Therefore, we believe that the O; therapy is actually acting
on this overt oxidative stress induced by MS, and by rebal-
ancing it for a relatively long period (over 3 h monitoring),
we can document an increase in the O,Hb consumption
(indicating a metabolic boost).

Hence, further studies comparing age-matched groups
could be useful to better analyze the cerebrovascular recov-
ery caused by ozone therapy on MS sufferers.

5 Conclusions

In this study, we have analyzed the changes in the cerebro-
vascular pattern of MS patients and normal subjects after
a major ozone autohemotherapy. We have observed an
increase in the complexity of the cerebrovascular pattern
caused due to an increase in the metabolism. The changes
in brain metabolism and oxygenation are monitored by
a NIRS system. We have shown that time analysis of the
NIRS signals is not able to explain the complex effects of
ozone therapy. Hence, we have proposed nonlinear and
structural features to assess the functional cerebrovascular
changes using NIRS signals.

Acknowledgments Part of the study was founded by the Scientific
Society of Oxygen Ozone Therapy (SIOOT).

References

1. Acharya UR, Faust O, Kannathal N et al (2005) Non-linear anal-
ysis of EEG signals at various sleep stages. Comput Methods
Programs Biomed 80:37-45. doi:10.1016/j.cmpb.2005.06.011

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Acharya UR, Chua EC-P, Chua KC et al (2010) Analy-
sis and automatic identification of sleep stages using higher
order spectra. Int J Neural Syst 20:509-521. doi:10.1142/
S0129065710002589

Acharya UR, Molinari F, Sree SV et al (2012) Automated diag-
nosis of epileptic EEG using entropies. Biomed Signal Process
Control 7:401-408. doi:10.1016/j.bspc.2011.07.007

Acharya UR, Sree SV, Ang PCA et al (2012) Application
of non-linear and wavelet based features for the automated
identification of epileptic EEG signals. Int J Neural Syst
22:1250002. doi:10.1142/S0129065712500025

Arnold S (2012) The power of life-cytochrome ¢ oxidase takes
center stage in metabolic control, cell signalling and survival.
Mitochondrion 12:46-56. doi:10.1016/j.mito.2011.05.003

Barry DT (1992) Fast calculation of the Choi—Williams time—
frequency distribution. IEEE Trans Signal Process 40:450-455.
doi:10.1109/78.124957

Bocci V, Zanardi I, Travagli V (2011) Ozone: a new therapeu-
tic agent in vascular diseases. Am J Cardiovasc Drugs 11:73-82.
doi:10.2165/11539890-000000000-00000

Broadwater L, Pandit A, Clements R et al (2011) Analysis of
the mitochondrial proteome in multiple sclerosis cortex. Bio-
chim Biophys Acta Mol Basis Dis 1812:630-641. doi:10.1016/j.
bbadis.2011.01.012

Canova D, Roatta S, Bosone D, Micieli G (2011) Inconsistent
detection of changes in cerebral blood volume by near infrared
spectroscopy in standard clinical tests. J Appl Physiol 110:1646—
1655. doi:10.1152/japplphysiol.00003.2011

Chen H, Xing B, Liu X et al (2008) Ozone oxidative precon-
ditioning inhibits inflammation and apoptosis in a rat model of
renal ischemia/reperfusion injury. Eur J Pharmacol 581:306—
314. doi:10.1016/j.ejphar.2007.11.050

Clavo B, Pérez JL, Lopez L et al (2004) Ozone therapy for tumor
oxygenation: a pilot study. Evidence-based Complement Altern
Med 1:93-98. doi:10.1093/ecam/neh009

Dake MD (2012) Chronic cerebrospinal venous insufficiency
and multiple sclerosis: history and background. Tech Vasc Interv
Radiol 15:94-100. doi:10.1053/j.tvir.2012.02.002

Das KC, Muniyappa H (2013) Age-dependent mitochon-
drial energy dynamics in the mice heart: role of superox-
ide dismutase-2. Exp Gerontol 48:947-959. doi:10.1016/j.
exger.2013.06.002

Di Filippo C, Marfella R, Capodanno P et al (2008) Acute oxy-
gen-ozone administration to rats protects the heart from ischemia
reperfusion infarct. Inflamm Res 57:445-449. doi:10.1007/
s00011-008-7237-0

el Ouardighi A, el Akadi A, Aboutajdine D (2007) Feature selec-
tion on supervised classification using Wilks lambda statistic. In:
2007 international symposium on computational intelligence and
intelligent informatics. IEEE, pp 51-55

Elwell CE, Cope M, Edwards AD et al (1994) Quantification of
adult cerebral hemodynamics by near-infrared spectroscopy. J
Appl Physiol 77:2753-2760

Faust O, Acharya UR, Molinari F et al (2012) Linear and non-
linear analysis of cardiac health in diabetic subjects. Biomed Sig-
nal Process Control 7:295-302. doi:10.1016/j.bspc.2011.06.002
Geng S, Zhou W, Yuan Q et al (2013) EEG non-linear feature
extraction using correlation dimension and Hurst exponent. Neu-
rol Res. doi:10.1179/1743132811Y.0000000041

He C, Ma X (2015) Distal fallopian tube recanalization using
ozone treatment: a clinical study in two hundred tubal obstruc-
tion Chinese patients. Int J Clin Exp Med 8:2958-2961

Huang NE, Shen Z, Long S et al (1998) The empirical mode
decomposition and the Hilbert spectrum for nonlinear and non-
stationary time series analysis. Proc R Soc Lond Ser A Math
Phys Eng Sci 454:903-995. doi:10.1098/rspa.1998.0193

@ Springer


http://dx.doi.org/10.1016/j.cmpb.2005.06.011
http://dx.doi.org/10.1142/S0129065710002589
http://dx.doi.org/10.1142/S0129065710002589
http://dx.doi.org/10.1016/j.bspc.2011.07.007
http://dx.doi.org/10.1142/S0129065712500025
http://dx.doi.org/10.1016/j.mito.2011.05.003
http://dx.doi.org/10.1109/78.124957
http://dx.doi.org/10.2165/11539890-000000000-00000
http://dx.doi.org/10.1016/j.bbadis.2011.01.012
http://dx.doi.org/10.1016/j.bbadis.2011.01.012
http://dx.doi.org/10.1152/japplphysiol.00003.2011
http://dx.doi.org/10.1016/j.ejphar.2007.11.050
http://dx.doi.org/10.1093/ecam/neh009
http://dx.doi.org/10.1053/j.tvir.2012.02.002
http://dx.doi.org/10.1016/j.exger.2013.06.002
http://dx.doi.org/10.1016/j.exger.2013.06.002
http://dx.doi.org/10.1007/s00011-008-7237-0
http://dx.doi.org/10.1007/s00011-008-7237-0
http://dx.doi.org/10.1016/j.bspc.2011.06.002
http://dx.doi.org/10.1179/1743132811Y.0000000041
http://dx.doi.org/10.1098/rspa.1998.0193

Med Biol Eng Comput

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Hurst HE (1951) Long-term storage capacity of reservoirs. Trans
Amer Soc Civil Eng 116:770-808

Kannathal N, Acharya UR, Lim CM, Sadasivan PK (2005) Char-
acterization of EEG—A comparative study. Comput Methods
Programs Biomed 80:17-23. doi:10.1016/j.cmpb.2005.06.005
Kumar U, Kumar V, Kapur JN (1986) Normal-
ized measures of entropy. Int J Gen Syst 12:55-69.
doi:10.1080/03081078608934927

Liboni W, Molinari F, Allais G et al (2007) Why do we need
NIRS in migraine? Neurol Sci 28(Suppl 2):S222-S224.
doi:10.1007/s10072-007-0782-4

Lintas G, Molinari F, Simonetti V et al (2013) Time and time-
frequency analysis of near-infrared signals for the assessment of
ozone autohemotherapy long-term effects in multiple sclerosis.
Conf Proc Annu Int Conf IEEE Eng Med Biol Soc 2013:6171-
6174. doi:10.1109/EMBC.2013.6610962

Lu F, Selak M, O’Connor J et al (2000) Oxidative damage to
mitochondrial DNA and activity of mitochondrial enzymes in
chronic active lesions of multiple sclerosis. J Neurol Sci 177:95—
103. doi:10.1016/S0022-510X(00)00343-9

Martis RJ, Acharya UR, Tan JH et al (2013) Application of
intrinsic time-scale decomposition (ITD) to EEG signals for
automated seizure prediction. Int J Neural Syst 23:1350023.
doi:10.1142/S0129065713500238

Molinari F, Liboni W, Grippi G, Negri E (2006) Relationship
between oxygen supply and cerebral blood flow assessed by
transcranial Doppler and near-infrared spectroscopy in healthy
subjects during breath-holding. J Neuroeng Rehabil 3:16.
doi:10.1186/1743-0003-3-16

Molinari F, Knaflitz M, Bonato P, Actis MV (2006) Electrical
manifestations of muscle fatigue during concentric and eccen-
tric isokinetic knee flexion-extension movements. IEEE Trans
Biomed Eng 53:1309-1316

Molinari F, Rosati S, Liboni W et al (2010) Time-frequency
characterization of cerebral hemodynamics of migraine suffer-
ers as assessed by NIRS signals. EURASIP J Adv Signal Process
2010:459213. doi:10.1155/2010/459213

Molinari F, Acharya UR, Martis RJ et al (2013) Entropy
analysis of muscular near-infrared spectroscopy (NIRS) sig-
nals during exercise programme of type 2 diabetic patients:
quantitative assessment of muscle metabolic pattern. Com-
put Methods Programs Biomed 112:518-528. doi:10.1016/j.
cmpb.2013.08.018

Molinari F, Joy Martis R, Acharya UR et al (2015) Empiri-
cal mode decomposition analysis of near-infrared spectroscopy
muscular signals to assess the effect of physical activity in type
2 diabetic patients. Comput Biol Med 59:1-9. doi:10.1016/j.
compbiomed.2015.01.011

Molinari F, Simonetti V, Franzini M et al (2014) Ozone auto-
hemotherapy induces long-term cerebral metabolic changes
in multiple sclerosis patients. Int J Immunopathol Pharmacol
27:379-389

Morovic S, Zamboni P (2012) CCSVI is associated with mul-
tiple sclerosis. Neurol Res 34:770-779. doi:10.1179/17431328
12Y.0000000035

Obrig H, Neufang M, Wenzel R et al (2000) Spontaneous low
frequency oscillations of cerebral hemodynamics and metabo-
lism in human adults. Neuroimage 12:623-639. doi:10.1006/
nimg.2000.0657

Pincus SM (2001) Assessing serial irregularity and its implica-
tions for health. Ann N'Y Acad Sci 954:245-267

Pincus SM, Goldberger AL (1994) Physiological time-
series analysis: What does regularity quantify? Am J Physiol
266:H1643-H1656

Re L, Martinez-Sanchez G, Bordicchia M et al (2014) Is ozone
pre-conditioning effect linked to Nrf2/EpRE activation pathway

Springer

39.

40.

41.

42.

43.

44,

45.

46.

in vivo? A preliminary result. Eur J Pharmacol 742:158-162.
doi:10.1016/j.ejphar.2014.08.029

Richman JS, Moorman JR (2000) Physiological time-series
analysis using approximate entropy and sample entropy. Am J
Physiol Heart Circ Physiol 278:H2039-H2049

Sagai M, Bocci V (2011) Mechanisms of action involved in
ozone therapy: Is healing induced via a mild oxidative stress?
Med Gas Res 1:29. doi:10.1186/2045-9912-1-29

Shah P, Shyam AK, Shah S (2011) Adjuvant combined ozone
therapy for extensive wound over tibia. Indian J Orthop 45:376—
379. doi:10.4103/0019-5413.80332

Sharma R, Pachori R, Acharya U (2015) Application of entropy
measures on intrinsic mode functions for the automated identifi-
cation of focal electroencephalogram signals. Entropy 17:669—
691. doi:10.3390/e17020669

Shieh MZ, Tsai SC (2010) Decoding frequency permuta-
tion arrays under Chebyshev distance. IEEE Trans Inf Theory
56:5730-5737. doi:10.1109/TIT.2010.2069253

Thakor NV, Tong S (2004) Advances in quantitative electroen-
cephalogram analysis methods. Annu Rev Biomed Eng 6:453—
495. doi:10.1146/annurev.bioeng.5.040202.121601

Watanabe K, Miyamoto T, Tanaka Y et al (2012) Type 2 dia-
betes mellitus patients manifest characteristic spatial EMG
potential distribution pattern during sustained isometric con-
traction. Diabetes Res Clin Pract 97:468-473. doi:10.1016/j.
diabres.2012.03.004

Zaky S, Kamel SE, Hassan MS et al (2011) Preliminary results
of ozone therapy as a possible treatment for patients with chronic
hepatitis C. J Altern Complement Med 17:259-263. doi:10.1089/
acm.2010.0016

Filippo Molinari PhD, DEng
is Associate Professor in Bio-
medical Engineering on faculty
of the Department of Electron-
ics and Telecommunications of
the Politecnico di Torino,
Torino, Italy. His main research
interests include medical imag-
ing, ultrasound technologies,
and non-invasive assessment of
cerebral functions and autoregu-
lation. Prof. Molinari is on the
Editorial Board of several Jour-
nals in the field of bioengineer-
ing. Complete profile available
at: https://scholar.google.it/citati

ons?user=ttbUYiQAAAAJ&hl=it.

Daniele Rimini is a PhD stu-
dent in “Bioengineering and
Medical Surgical Sciences” at
the Politecnico di Torino,
Torino, Italy. His research
focuses on functional assess-
ment of the central nervous sys-
tems by wusing optical and
acoustic methods. He is an
expert in biomedical signal pro-
cessing and NIRS technology.


http://dx.doi.org/10.1016/j.cmpb.2005.06.005
http://dx.doi.org/10.1080/03081078608934927
http://dx.doi.org/10.1007/s10072-007-0782-4
http://dx.doi.org/10.1109/EMBC.2013.6610962
http://dx.doi.org/10.1016/S0022-510X(00)00343-9
http://dx.doi.org/10.1142/S0129065713500238
http://dx.doi.org/10.1186/1743-0003-3-16
http://dx.doi.org/10.1155/2010/459213
http://dx.doi.org/10.1016/j.cmpb.2013.08.018
http://dx.doi.org/10.1016/j.cmpb.2013.08.018
http://dx.doi.org/10.1016/j.compbiomed.2015.01.011
http://dx.doi.org/10.1016/j.compbiomed.2015.01.011
http://dx.doi.org/10.1179/1743132812Y.0000000035
http://dx.doi.org/10.1179/1743132812Y.0000000035
http://dx.doi.org/10.1006/nimg.2000.0657
http://dx.doi.org/10.1006/nimg.2000.0657
http://dx.doi.org/10.1016/j.ejphar.2014.08.029
http://dx.doi.org/10.1186/2045-9912-1-29
http://dx.doi.org/10.4103/0019-5413.80332
http://dx.doi.org/10.3390/e17020669
http://dx.doi.org/10.1109/TIT.2010.2069253
http://dx.doi.org/10.1146/annurev.bioeng.5.040202.121601
http://dx.doi.org/10.1016/j.diabres.2012.03.004
http://dx.doi.org/10.1016/j.diabres.2012.03.004
http://dx.doi.org/10.1089/acm.2010.0016
http://dx.doi.org/10.1089/acm.2010.0016
https://scholar.google.it/citations?user=ttbUYiQAAAAJ&hl=it
https://scholar.google.it/citations?user=ttbUYiQAAAAJ&hl=it

Med Biol Eng Comput

William Liboni MD,
received the Italian Laurea in
Medicine in 1969 from the Uni-
versita degli Studi di Torino and
then specialized in radiology
and nuclear medicine in 1975
and 1993, respectively. He is the
President of the ONLUS Funda-
tion “Un passo insieme”. His
main research interests focus on
the functional assessment of
neurologically impaired sub-
jects, on the non-invasive moni-
toring of chronic pathologies,
and on the development of
advanced diagnostic techniques

in the neurology field.

U. Rajendra Acharya PhD,
DEng is a senior faculty mem-
ber at Ngee Ann Polytechnic,
Singapore. He is also (1)
Adjunct Professor in University
of Malaya, Malaysia, (2)
Adjunct faculty in Singapore
Institute of Technology-Univer-
sity of Glasgow, Singapore and
(3) Associate faculty in SIM
University,  Singapore.  He
received his Ph.D. from
National Institute of Technology
Karnataka (Surathkal, India)
and DEng from Chiba Univer-
sity (Japan). His major aca-
demic interests are in Biomedical Signal Processing, Bio-imaging,
Data mining, Visualization and Biophysics for better healthcare
design, delivery and therapy. Please visit https://scholar.google.com.
sg/citations?user=8FjY99sAAAAJ&hl=en for more details.

Marianno Franzini MD, is
the President of the “Scientific
Society of Oxygen Ozone Ther-
apy” (SIOOT). He is also
appointed contract Professor at
the Universita degli Studi di
Pavia, Department of Internal
Medicine and Medical Therapy,
Pavia, Italy. He has been nomi-
nated as expert in oxygen/ozone
therapy by the Italian Health
Ministry.

Sergio Pandolfi MD, is a neurosurgeon affiliated to the “Scientific
Society of Oxygen Ozone Therapy”. He is contract Professor for the
Master in Oxygen/Ozone Therapy at the Universita degli Studi di
Pavia, Pavia, Italy.

Giovanni Ricevuti MD, is Full Professor of Internal Medicine at
the Universita degli Studi di Pavia, Department of Internal Medicine
and Medical Therapy, Pavia, Italy. He is the Chief of Geriatric Clinic
of the University of Pavia, ASP Pavia, IDR S. Margherita, in Pavia.

Francesco Vaiano MD, is an emergency surgeon. He is the Vice-
President of the “Scientific Society of Oxygen Ozone Therapy”, and
contract Professor for the Master in Oxygen/Ozone Therapy at the
Universita degli Studi di Pavia, Pavia, Italy.

Luigi Valdenassi MD, PhD,
is specialized in toxicology. He
is member of the advisory board
of the “Scientific Society of
Oxygen Ozone Therapy”; con-
tract professor at University of
Pavia, Department of Internal
Medicine and Medical Ther-
apy; and contract professor in
the specialization school of
Emergency Medicine of the
University of Pavia, Italy.

Vincenzo Simonetti MD, is a
general surgeon and president of
the ONLUS “KAOS” Funda-
tion. He is expert in oxygen/
ozone therapy and member of
the advisory board of the “Sci-
entific  Society of Oxygen
Ozone Therapy”. He is contract
professor in several institutions.

@ Springer


https://scholar.google.com.sg/citations?user=8FjY99sAAAAJ&hl=en
https://scholar.google.com.sg/citations?user=8FjY99sAAAAJ&hl=en

	Cerebrovascular pattern improved by ozone autohemotherapy: an entropy-based study on multiple sclerosis patients
	Abstract 
	1 Introduction
	2 Materials and methods
	2.1 Ozone autohemotherapy
	2.2 Time–frequency analysis
	2.3 Instantaneous Shannon entropy
	2.4 Empirical mode decomposition (EMD)
	2.5 Sample Entropy (SampEn)
	2.6 Hurst exponent (HE)
	2.7 Patients demographics
	2.8 Statistical analysis

	3 Results
	3.1 Time changes in brain oxygenation
	3.2 Frequency changes in NIRS signals
	3.3 Signals’ entropy and HE changes

	4 Discussion
	4.1 Ozone therapeutic effects
	4.2 Characterization of the cerebral effects of ozone therapy
	4.3 Nonlinear NIRS signal analysis
	4.4 Study limitations and further perspectives

	5 Conclusions
	Acknowledgments 
	References




