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Analysis of Near-infrared Raman Spectroscopy as a
New Technique for a Transcutaneous Non-invasive
Diagnosis of Blood Components
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Abstract. Near-infrared Raman spectroscopy can be a new technique for physical evaluations, allowing
the measurement of lactic acid concentrations, in blood or muscles, during the physical activity in a
transcutaneous non-invasive way. Lactic acid accumulation in the human body is one of the factors that leads
to fatigue and therefore it should be continually monitored during physical training. Our proposal is to use
Raman spectroscopy to monitor the lactic acid present in an athlete without interrupting his exercise for
sample collection. The experimental set-up for Raman spectroscopy comprised a near infrared laser at 830 nm,
a Kaiser /1.8 spectrometer and a liquid nitrogen cooled CCD detector. The radiation from the exciting laser
is blocked in the collecting system by Kaiser holographic filters. A personal computer controls the entire
system, saving and processing the Raman spectra. Experiments were undertaken to verify the presence of
lactic acid in the Raman spectra of solutions of lactic acid in human serum and in blood from a Wistar rat.
After these two experiments, another was developed in vivo in a Wistar rat, injecting intraperitoneally 1 ml of
a 0.12 mol/l lactic acid aqueous solution. An optical fibre catheter touching the skin of the rat groin, over the
ileac vein collected the Raman signal. The presence of lactic acid was detected inside a live organism, in a
transcutaneous non-invasive way. The minimum lactic acid concentration that the equipment can detect was
also studied. An experiment was undertaken for that purpose, in which the laser illuminated directly a quartz
cuvette containing solutions with decreasing lactic acid concentrations up to values near to the physiological
level in the human body. The results indicated that the technique can be suitable for the physical evaluation
of athletes.
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INTRODUCTION ing the metabolite concentrations in blood and
muscles. For instance, the lactic acid concen-
tration is an excellent indicator of the ener-
getic system of the athlete during physical
exercise [2-7]. The level of lactic acid in the
muscles of the body is strongly increased dur-

ing intense activity [2,5], becoming a valuable

Over the last years, the use of lasers in the
biomedical field have been widely dissemi-
nated. In particular, their use in the sportive
area could become a powerful tool for predict-
ing concentration rates of metabolites in an

athlete. Knowledge of the metabolite concen-
trations in an athlete helps to take decisions
about the training that is needed [1,2]. A well-
oriented training allows the adjustment of the
biological functions of the human body so as to
reduce the spending of the energy reserves,
and allowing physical activity to take place for
a longer time.

The physical conditions of an athlete under
physical activity can be determined by measur-
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source of chemical energy that is later con-
sumed by the body [4,7,8]. Lactic acid 1is
produced continuously in the human body,
not only during intense exercise. Its level in
blood when the body is at rest is low, around
10~ ?mol/l of blood, reaching 22 x 10~ ® mol/l
during high intensity exercise [3,5]. The mus-
cular lactic acid concentration at rest is
a little higher than in blood, around
2.5 %10 ®*mol/kg of muscular mass. The co-
ordination loss and chances of injury in an
athlete increase when the muscular lactic acid
level is high; it is important, therefore, to
monitor lactic acid level during physical
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activity [2,9-13]. The accumulation of lactic
acid 1s actually evaluated by measuring its
concentration in an athlete’s blood. After an
exhausting activity, blood samples are col-
lected from the athlete’s ear and analysed by
electro-enzymatic methods [1,5]. This pro-
cedure is painful, costly and can also cause
blood contamination [2].

The development and characterisation of a
method for determining the concentration of
metabolites in blood in a non-invasive way is
very important in the field of clinical analysis,
as well as for evaluation of an athlete’s con-
ditioning. In this work, a new methodology is
studied for evaluating the lactic acid concen-
tration in blood and muscles, using the near-
infrared Raman spectroscopy technique for
transcutaneous diagnosis. In this technique, a
low power laser beam is sent through the
skin and the Raman radiation emitted by the
metabolites in the blood is collected exter-
nally, without the need to extract samples for
analysis. In this way, the determination of the
lactic acid level in an athlete can be made in
loco, without interrupting physical activity.
The physical condition of an athlete can be
evaluated at regular intervals when such a
sensitive, non-invasive method is used. There
is also less risk of contamination. The fact that
there is no need to store and preserve material
for analysis, will result in faster, cheaper and
more reliable tests.

Near-infrared Raman Spectra of Lactic Acid

Spectroscopy, by emission or absorption, is a
reliable and precise method for the chemical
analysis of materials, since every chemical
compound has its own characteristic spectrum
[14-17]. The near-infrared Raman spectroscopy
technique was chosen to monitor the lactic
acid. The near-infrared choice was due to the
deeper penetration in biological tissues and
lower fluorescence emission. In the Raman
effect, a specific optical frequency radiation
(energy) is absorbed by the molecule under
study and re-emitted at a lower frequency
(energy). The energy difference between the
absorbed and emitted photons corresponds to a
vibrational transition of the molecule (Stokes
radiation) [14,15,18]. The emission lines in the
Raman effect are sharp and spectroscopically
well resolved, being characteristics of the
emitting material. Therefore, Raman spec-
troscopy is a powerful tool for identification of

analytes [19]. Infrared absorption spectroscopy
can also be used for such identification; mean-
while, the broad bands always present in the
infrared spectra make it difficult to make a
precise identification of analytes. The useful-
ness of infrared absorption spectroscopy is
even less when 1s used to detect the presence of
metabolites in blood because of the strong
infrared light absorption of the water present
in the blood [17,20]. The Raman spectrum of
lactic acid has several sharp, well-resolved
lines, within the spectral range of our system,
that covers up to 1500 cm ~'. In all, there are
eight spectral lines in the frequency range of
interest: 730, 830, 866, 920, 1046, 1084, 1131 and
1457 cm ~ . Those Raman lines correspond to
different vibrational modes of the lactic acid
molecule; for instance, the strongest peak at
830cm ', with a FWHM (Full Width at
Half Maximum) linewidth of 25 cm !, is due
to the strong stretching mode between a
carbon atom and the carboxylic acid group
(C-COOR) [18].

The highly distinct spectrum of lactic acid
allows Raman spectroscopy to be used to detect
its presence in a biological medium, even when
other metabolites are also present. For col-
lecting the Raman signal from a sample it is
necessary to use sensitive, low-noise optical
detectors, such as liquid nitrogen cooled CCD
detectors. Band-pass filters should also be
used in order to reduce back-scattering laser
radiation, due to the reflection onto the sample
surface or diffused inside the sample bulk.
Typically, Raman signal is four orders of mag-
nitude lower than the fluorescence of the
sample, so spectra should be processed to elimi-
nate the fluorescence contribution. For low
Raman signals the spectrum should also be
filtered using digital low pass frequency filters.

The use of near-infrared Raman spec-
troscopy to detect the presence of metabolites
in blood in vitro and to measure their concen-
tration has been intensively studied in recent
years. Several metabolites are being investi-
gated, such as glucose, urea, cholesterol, lactic
acid and triglyceride, and many others [18-25].
So far, efforts are focused on the study of
glucose content in blood, because of the huge
number of diabetic patients for whom the
monitoring of glucose is essential. Also, work
has been done on the detection of cholesterol,
but, to a lesser degree. On the other hand, only
a few papers can be found in the literature
concerning the detection and measurement of
lactic acid concentrations [19,21,22,24].



MATERIALS AND METHODS

The lactic acid (C3HgO3) used in our exper-
iments was an aqueous solution at 86%, corre-
sponding to a lactic acid concentration of
11 mol/l, from Sigma Chemical Co. (bL-Lactic
acid, containing approximately the same con-
centration of D and L isomers.) Lactic acid
solutions with different concentrations were
prepared from this concentrated solution and
used for in vitro experiments with Wistar
rat blood and human serum, and for the
transcutaneous in vivo experiment in rat. The
human serum was obtained by centrifugation
of human whole blood. The serum was stored
under refrigeration to avoid degradation. The
rat blood was extracted from a male Wistar
rat, 300 g weight and about 3 months old, and
heparin was added, to avoid blood coagulation
before obtaining the Raman spectra. For the
transcutaneous in vivo experiment the lactic
acid solution was injected intraperitoneally
into the Wistar rat.

Optical system

Two near infrared laser sources for the sample
excitation were used, depending on the exper-
iments that were carried out. For one set of
experiments the sample was illuminated
directly by the laser beam and the Raman
radiation from the sample was collected and
coupled into the spectrometer entrance slit by
a set of lenses. The laser used in this case was
a Ti:Saphire (Spectra Physics 3900S Model)
pumped by a 6 W Argon laser (Spectra Physics
2017 Model), tuned at 830 nm. In the other set
of experiments, an optical fibre bundle was
used for exciting the sample and collecting the
Raman signal. The laser source for this set-up
was a diode laser operating at 830 nm (SDL
8630 Model).

The optical detection system was com-
posed of a high coupling spectrometer (Kaiser
Optical Systems, Inc. f/1.81) and a liquid nitro-
gen cooled CCD, ‘Deep Depletion’ detector
(Princeton Instruments EEv with 1024 x 256
pixels). The aperture of the entrance slit fixed
at 200 um gives a spectrometer resolution of
the order of 10 cm ~!. The detection system is
controlled by a personal computer that saves
and processes the Raman spectra. The inten-
sity of the excitation laser is strongly reduced
in the collecting system by using a set of
holographic notch filters from Kaiser Optical
Systems, Inc.
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The optical detection system, spectrometer
and CCD detector, were calibrated using as a
reference an organic compound, the indene
CyHg, with a well-established Raman spectrum,
presenting many sharp and well-resolved lines
that cover the whole range of interest (700—
1500 cm ') [26]. The contribution of the
sample fluorescence to the Raman spectra was
eliminated by subtracting a third-order poly-
nomium fitting from the gross spectrum. For
those spectra that present low intensity
Raman peaks a filtering process was applied
with a digital low pass frequency filter (scien-
tific software Sigma-plot from Jandel Inc,
USA).

For the experiments that employ fibre col-
lecting optics an optical fibre cable devel-
oped by our Biomedical Instrumentation
Laboratory (IP&D-UNIVAP) was used. This
fibre bundle is composed by seven optical
fibres with one central fibre for sample exci-
tation, and the other six around the central
one for signal collection. The seven fibres have
a numerical aperture of 0.22 and a 200 um core
diameter. The fibres are placed inside Teflon
tubing for flexibility and protection. The proxi-
mal end of the fibre bundle was configured in a
linear array for coupling the radiation into the
spectrometer slit entrance. A detailed descrip-
tion of that optical fibre catheter can be found
elsewhere [27].

In order to compare spectra obtained under
different experimental conditions, like differ-
ent power of the excitation laser or signal
acquisition times, all spectra were normalised
by measuring peak intensities in counts/d;
that means, the CCD count readings were
divided by the laser energy. Typical values
for excitation laser power and acquisition
times were 100 mW and 20 s, respectively. The
behaviour of the peak at 830cm ! was
observed for all experiments, since this is
the strongest peak of the lactic acid Raman
spectrum.

RESULTS

Figure 1 shows the Raman spectrum of a lactic
acid aqueous solution at 86%, in the spectral
range 700-1500 cm ~ !, the eight Raman peaks
present in this region are well distinguished.
This Raman spectrum was obtained using a
quartz cuvette containing the liquid sample
and as excitation source the TI:Saphire laser
tuned to 830 nm.
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Fig. 1. Raman spectrum of lactic acid showing the eight

Raman peaks present in the spectral range from 700 to
1500 cm™2.
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Fig. 2. Raman spectra of lactic acid in human serum, for the
concentrations: (a) 1.92 mol/l, (b) 0.22 mol/l.

Raman spectra of lactic acid were obtained
in human serum and in whole blood from a
Wistar rat. The characteristic Raman peaks of
this metabolite are clearly observed in those
spectra, even when other metabolites are also
present in the sample. The Raman emission
from the sample was collected through a lens
optical system, using the same geometry for
both experiments. Spectra were taken with
100 mW laser power and 20 s acquisition time.
To 1ml of human serum in a quartz cuvette
was added lactic acid to give solutions with
concentrations from 0.22 to 1.92 mol/l. Raman
spectra were taken for each concentration.
Figure 2(a) and 2(b) show Raman spectra cor-
responding to the concentrations of 1.92 and
0.22 mol/l, respectively. It can be seen that for
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Fig. 3. Raman spectra of an aqueous solution of lactic acid
at 1.05 mol/l, with rat blood added. Spectra correspond to
blood amounts of (a) 20 pl, (b) 80 pl.

the highest concentration spectrum the lactic
acid peak at 830 cm ~ ! strongly dominates over
the Raman spectrum of the other metabolites
present in human serum. Other peaks of
the lactic acid can be also easily observed.
The peak intensity at 830cm ' decreases
when the lactic acid concentration is reduced.
Peaks at 830 and 1457 cm ' are still observ-
able at the lowest concentration of 0.22 mol/l
(Fig. 2(b)).

In the other experiment, 1 ml of a 1.05 mol/l
aqueous solution of lactic acid was used. To
this solution was added successively 20 ul of
blood from a Wistar rat and the corresponding
Raman spectra were obtained, the evolution
of the intensity of the 830cm ' peak was
observed. For blood quantities above 80 ul
the blood in the solution coagulated and the
intensity of the Raman peak was consequently
strongly reduced. The spectra of the lactic acid
solution with 20 and 80 ul of blood are shown
in Fig. 3(a) and (b), respectively. The peak
intensity is reduced when blood is added to the
solution, due to the strong absorption and
scattering in the blood. A reduction of the
peak intensity by a factor of 2.3 (from 350 to
150 counts/J) was seen when the blood in
the solution increased from 20 to 80 ul; but, it
was still clearly observed at the highest blood
concentration.
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Fig. 4. Transcutaneous Raman spectra of lactic acid in a
Wistar rat. Spectra correspond to times (a) before injecting
the solution, (b) 30 s after the injection.

Following the two in vitro experiments in
biological media (human serum and rat blood),
an in vivo experiment, using a live Wistar rat
was carried out. In this experiment 1 ml of a
lactic acid aqueous solution at 0.12 mol/l, was
injected intraperitoneally. The radiation of
the exciting laser was introduced into the rat
transcutaneously, using an optical fibre cable
touching slightly the skin of the rat groin,
above its ileac vein. The Raman signal gener-
ated inside the animal was also collected
transcutaneously by the collecting fibres of the
same optical fibre cable. The rat was anesthe-
tised with Zoletil 50 (Virbac), to prevent ani-
mal movements that could alter the position of
the optical cable. An optical fibre probe was
chosen rather than an optical lenses system
because of its flexibility for excitation and
signal collection when such area of the animal
is studied. Evolution of the acid lactic content
in the animal’s bloodstream was studied by
taking Raman spectra at regular 30s time
intervals after injecting the solution.

The Raman spectra in Fig. 4(a) and (b) cor-
respond to two different times: before injecting
the lactic acid solution and 30 s later, respect-
ively. The intensity of the Raman peak at
830 cm ! increases with the elapsed time,
reaches a maximum value after 30s and
decreases again later on, presenting slight
intensity fluctuations in time. These fluctu-
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Fig. 5. Raman spectra for an aqueous lactic acid solution,
using laser direct illumination of the sample cuvette;
concentrations (a) 0.58 mol/l, (b) 0.0011 mol/l.

ations may be due to temporal variations of the
lactic acid concentration in the rat blood-
stream. This experiment indicated the possi-
bility of detecting the presence of lactic acid
in a live organism, in a transcutaneous non-
invasive way and it also suggested that it
could be used to monitor variations of the
lactic acid content in the bloodstream.

In the next experiment the minimum concen-
tration of lactic acid that the system can detect
was determined. The system sensitivity deter-
mines the capability of the method to measure
the lactic acid concentration in the blood of
a live organism at rest, as well as during a
physical exercise. Two different set-ups were
used for studying the samples. In the first the
laser beam stroke directly the cuvette contain-
ing the lactic acid solution and its con-
centration was reduced from 0.58 mol/l until
the minimum at which the peak could still be
observed was reached. Figure 5(a) and (b)
shows the Raman spectra for 0.58 mol/l and
1.1 x 10 ®mol/l concentrations, respectively.
The spectrum for distilled water in the quartz
cell was taken as the reference spectrum
and was subtracted from all the other spectra.
It 1s still possible to observe the peak at
830 cm ~ ! for the lactic acid concentration of
1.1 x 10 3 mol/l, with a signal to noise ratio
close to one. This concentration can be con-
sidered to be the minimum that can be detected
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by our set-up. This limit is of the same order as
the endogenous lactic acid blood content in
the human body. However, during physical
exercises the lactic acid concentration can
increase by a factor of 20.

In the second set-up a piece of a biological
tissue was placed between the laser beam and
the sample cuvette and an optical fibre bundle
was used to excite and collect the Raman
signal from the sample. The biological tissue
was a piece of skin from the groin area of a
Wistar rat. The idea of inserting the tissue was
to determine how the Raman signal is affected
when it is collected through a biological tis-
sue. This skin layer should introduce at least
two important effects. First, the Raman radi-
ation emitted by the sample is scattered and
absorbed when passed though the tissue; there-
fore, the intensity of the signal collected by the
optical cable is reduced. Secondly, the diffuse
reflectivity of the skin increases the back scat-
tering of the laser radiation. That back radi-
ation is undesirable since it is also collected
by the optical fibre bundle and can saturate
the CCD detector. The fibre optical cable was
positioned to form an angle with respect to the
cuvette face in order to reduce the captured
back radiation.

Measurements for the second set-up, i.e.
using an optical fibre bundle and a piece of
tissue, started with the lactic acid solution at
86% and then the concentration was reduced
to search for the minimum for which the
Raman peak can still be observed. Raman
spectra were taken for each concentration.
The spectra obtained for this configuration are
shown in Fig. 6. Figure 6(a) shows the Raman
spectrum corresponding to the distilled water,
without lactic acid. In this spectrum there is
an intense and broad peak around 800 cm %,
due to the Raman radiation emitted by the
silica of the optical fibres. This undesirable
peak partially overlaps the peak of the lactic
acid at 830 cm ~ '. Figure 6(b) shows the Raman
spectrum for the 86% lactic acid solution and
in Fig. 6(c) the spectrum corresponding to
2.2 x 10 ~ 2 mol/l, that seems to be the detection
limit in this configuration. The base spectrum
shown in Fig. 6(a) was subtracted from the
spectra in Fig. 6(b) and (c).

Correlation Between Raman Intensity and

Lactic Acid Concentration

Several lactic acid concentrations were
studied for the above set-up, which includes
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Fig. 7. Correlation between Raman peak intensities at
830 cm™* and lactic acid concentrations.

cuvette containing the sample, biological tis-
sue in front of the cuvette and optical fibre
cable. For each concentration the intensity of
the main Raman peak at 830cm ' was
measured. The peak height was determined
from a base line traced in the graph, elim-
inating the contribution of the silica broad
line at 800 cm ~ '. Figure 7 shows a plot of peak

intensities versus lactic acid concentrations.
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The plot starts at the concentration corre-
sponding to the lactic acid aqueous solution
at 86% spanning up to the minimum con-
centration for which 1is still possible to
measure the peak height, approximately 5.5 x
10 ?mol/l. At the lower concentration of
2.2% 10 ?mol/l it is possible to identify the
peak, but no reliable measurement can be
made. Figure 7 shows the correlation between
the information given by the Raman spec-
troscopy and the lactic acid concentration.
The experimental error for the peak intensity
measurements can be estimated to be 10% for
the highest concentrations, increasing up to
20% for the lowest ones. A plot with a two-axis
logarithmic scale was chosen for an easier
visualisation of the data, since lactic acid
concentrations and Raman peak intensities
varied by more than two orders of magnitude.
It was found that the slope of the fitting curve
1s equal to one within the experimental errors,
which means that the correlation should be
linear.

CONCLUSIONS

The sequence of experiments we carried out
shows the following.

The in vivo experiment shows that the near
infrared Raman spectroscopy allows lactic
acid to be identified in a live organism,
through a transcutaneous non-invasive tech-
nique, that uses an optical fibre probe for
Raman signal collection. Other experiments
are being carried out in order to determine the
minimum limit for detection in vivo of lactic
acid.

It is possible through Raman spectroscopy to
detect the presence of lactic acid in aqueous
solutions at low concentrations. It is also poss-
ible when it is dissolved in human serum or in
blood from a rat, even in the presence of many
other metabolites that emit Raman radiation.
In the experiment without the use of the
optical fibre bundle it was possible to detect
lactic acid at concentrations as low as
1.1 x 10 ®mol/l. This value is of the same
order as the endogenous physiological level in
the human body. During an intense physical
exercise the lactic acid concentration can be
much higher, reaching 2.2x10 ?mol/l in
blood. So, the results obtained show that this
technique has great potential for a trans-
cutaneous and non-invasive diagnosis of lactic
acid in athletes.
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When biological tissue was placed in front
of the cuvette containing the lactic acid solu-
tion at 86% we observed an intensity reduc-
tion of the collected Raman signal by a factor
of two. This reduction is due to the absorp-
tion and strong light scattering in the bio-
logical tissue. Due to the diffuse reflectance
in the rat skin some of the laser light reach-
ing the sample is back scattered and captured
by the collecting optical system. Therefore,
this effect also increases the minimum limit
that the system can detect. By comparing the
obtained results we verified that the use of an
optical fibre bundle, that also generates un-
desirable Raman radiation and a biological
tissue that absorbs and scatters radiation,
raises the detectable minimum from 1.1 X
1073 to 22x10 %mol/l. In summary, the
tissue insertion increases the minimum by a
factor of 2 and the introduction of the optical
fibres by a factor of 100.

The use of an optical cable to excite and
collect the Raman signal of the sample intro-
duces an important contribution from the SiO,
Raman emission of the optical fibres. One of
the strongest Raman peaks in the optical fibre
spectrum is localised in the 800 cm ~ ! region,
covering the Raman signal from samples with
very low concentrations of lactic acid. There-
fore, in order to improve the sensitivity of the
method it will be necessary to use optical fibre
cables with dielectric filters on the end face of
the fibres. These dielectric filters are basically
a laser band pass for the excitation fibre and a
rejecting laser frequency filter for the collect-
ing fibres. The detection limit of lactic acid is
expected to decrease drastically using those
filters.

We can conclude from the analysis of our
results that this technique is very promising
for monitoring metabolites in the blood. The
detecting limits can be optimised by improv-
ing the optical guide system and the laser
excitation energy, increasing the signal to
noise ratio. Procedures that certainly will
reduce the detection limit are: improving in
the signals processing; better noise filtering;
and a statistical spectral treatment.
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