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Summary
Magnetic Resonance Imaging (MRI) and Near Infrared Spectroscopy (NIRS) are two major in vivo non
invasive methodologies more and more applied in research. The first more than the second is largely used
also in clinical domain. Both techniques are more or less related to the effectiveness of oxygen levels and/or
functionality in blood and this can be exploited to monitor the influence of various factors and conditions
upon the living tissue, in particular the brain.
Here the complementarity of these two methodologies is challenged via comparison of the effect of cocaine
treatment upon NIRS as well as MRI parameters monitored in vivo in rat brain.
The aim of the study is to further support recent data obtained with our early introduced NIRS prototype to
monitor hematic changes in CNS showing that NIRS is allowing evaluating rat blood brain barrier penetration
of exogenous agents and demonstrating parallel alteration of brain metabolism following alcohol intake in
rodents and man. Positive evidence will further confirm the utility of such prototype for real time translational
rodent-man in vivo non invasive studies.
The parallel MRI-NIRS data monitored confirm previous results obtained with these two non invasive
methodologies and further support NIRS as a valuable tool for non invasive in vivo real time analysis of brain
metabolism AND of drug treatments in the CNS.
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Introduction
NIRS
In 1977, Franz Jöbsis first introduced near infrared spectroscopy (NIRS) for the in vivo monitoring of
tissue oxygenation [1]. The technique is based on the
principle that near-infrared light easily passes through
biological tissues and is mainly absorbed by few tissue
chromophores such as as hemoglobin water and lipid [24]. Importantly, the absorption spectra of near-infrared
light differ for the oxygenating-deoxygenating states of
hemoglobin (HbO2 vs. Hb, respectively) so that the two
compounds can be directly monitored. The sum of Hb +
HbO2 is considered = blood volume i.e. HbT [5,6]. Then
NIRS has been rapidly improved at the level of theory
and instrumentation for accurate qualitative and quantitative in vivo NIRS analysis [7-11].

Today, thanks to its penetration depth and high temporal resolution and biochemical specificity NIRS is becoming a widely used research non-invasive instrument
to measure tissue oxygen (O2) status and can be applied
to biomedical research and clinical environments to
measure oxygenation in a variety of tissues including
muscle, brain and connective tissue. More recently it has
been used in the clinical setting to assess circulatory and
metabolic abnormalities. Continuous-wave spectrome*Corresponding author: Francesco Crespi, Biology Department, GSK Verona, Italy
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ters are the most commonly used devices, which provide
semi-quantitative changes in oxygenated and deoxygenated hemoglobin also in small blood vessels (arterioles,
capillaries and venues) [12-14].

MRI
Functional Magnetic Resonance Imaging (fMRI) is
a non invasive methodology. It is using radio frequency
pulses in a strong static magnetic field and is mainly based
upon changes in blood flow and delivery of oxygen following neuronal activation i.e. by nicotine [15-17]. fMRI has
been extensively used to study the functional organization
of the human brain in healthy and disease states [18].
Furthermore, fMRI is used to map spatial-temporal
patterns of brain activity induced by pharmacological
agents. The extension of this approach so called pharmacological MRI (phMRI) to animal models is a translational tool to bridge clinical and pre-clinical research
[19]. It has provided a reliable device to resolve brain
circuits and mechanism-specific functional changes produced by selective intervention in different neurotransmitter systems in vivo [20].
In the context of brain mapping approaches, as well
as to confirm NIRS signals, simultaneous recording of
cerebral blood oxygenation changes during human brain
activation were performed using fMRI and NIRS [21,22].
These parallel NIRS and fMRI studies have shown good
correlation between fMRI changes and NIRS measures. In
particular, a linear correlation between the normalized
MRI BOLD signal and the normalized deoxygenated hemoglobin (Hb-NIRS) was reported in the rat brain during
modulation of inhaled oxygen concentration [23,24].
Similarly, in experiments using variation in inspired
oxygen, quantitative agreement was observed between
the changes in deoxyhemoglobin values derived from
NIRS and the changes predicted with blood-oxygen-level-dependent (BOLD) MRI [25] as well as a high temporal correlation between the BOLD signal and Hb-NIRS
in the motor cortex of human brain [26,27] or between
the MRI BOLD signal and oxygenated hemoglobin
(HbO2-NIRS) during functional human brain activation
in subjects performing simple motor tasks [28]. Thus, it
appears that these two non invasive methods are mainly
analysing similar or complementary tissue marker{s}. In
order to support such observation, in the present work
the association of these two techniques have been attempted to analyse the influence of cocaine treatment
upon the MRI BOLD signal as well as the NIRS parameters within the rat brain.

Material and Methods
Adult male rats (230-250 g) were supplied by
Charles-River (Italy) and were kept in temperature- and
Crespi et al. J Neurodegener Disord 2018, 2(1):39-47

humidity-controlled rooms (22 °C, 50%, respectively)
with lights on from 07.00 h to 19.00 h with water and
food available ad labium. All procedures concerning experimentation, transportation and care of the animals
were carried out in accordance with the Italian law (Legislative Decree no.116, 27 January 1992), which acknowledges the European Directive 86/609/EEC, and were fully compliant on the care and use of laboratory animal
and codes of practice. Furthermore, all efforts were made
to minimize the number of animals used and their suffering.

NIRS
Nine adult male CD rats have been anaesthetised following the animal preparation requested for fMRI studies as described [29].
Briefly 3% halothane in a 30%-70% O2-N2 gas mixture was used for anaesthesia and rats were tracheotomised and artificially ventilated with a mechanical respirator. Animal paralysis was achieved by D-tubocurarine
(0.25 mg/kg/h in femoral artery). Each rat was then positioned in a stereotaxic holder and the NIRS optic probes
were positioned upon the sagittal line as described earlier
[30].
The NIRS apparatus used is fully described [30]. Briefly, it integrates six continuous-wave laser diode sources
emitting in the near-infrared spectral region and a lownoise detection system based on an avalanche photodiode. The optical probe is based on a compact, reliable,
and low-cost fiber based system with four quantitative
measuring points.
Using this system, the non-invasive in vivo NIRS
analysis of HbO2, Hb and HbT levels within the whole
brain (CNS) was performed in anaesthetized rats as already described [30,31]. In addition, in order to evaluate the effect on the NIRS measurements of the contrast
agent used in typical fMRI experiment, the concentration
changes of HbO2, Hb and HbT levels were monitored in
a group of four rats during the administration per os of
exogenous oxygen (O2) during 1 min as described earlier
[31,32] and this before and after the injection of the contrast agent Injections were made after a dilution in 100
ml of glucose isotonic (5%, see below). At the end of each
experiment, the position of the NIRS optical fibers was
verified versus bregma.

MRI
Another group of rats (n = 9) anaesthetised and prepared as described above (see NIRS) were individually
positioned in a stereotaxic holder shaped and prepared
for fMRI analysis as described [29]. To sensitize the signal
intensity to changes in rCBV component of the hemodynamic response, rats were treated with a 2.67 mg/kg dose
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of the blood pool contrast agent ‘‘Endorem’’ (Guerbet,
France) diluted in 100 ml of glucose isotonic 5%. Then
fMRI data were acquired as previously described [29,33]
i.e. using a Bruker Biospec 4.7T system, a 72-mm birdcage resonator for radiofrequency transmit and a Bruker
‘‘rat brain’’ quadrature receive coil secured to the animal
holder above the head (Bruker Biospin, Ettlingen, Germany). In particular, MRI acquisition of changes in the
relative cerebral blood volume (rCBV) component of the
hemodynamic response in the striatum and thalamus
brain regions were performed as described [29,34].

Treatments for “NIRS and MRI rats”
Following a 5 min period of control/control measurements, “NIRS and MRI rats” (n = 9 each group) were

HbO2

treated with saline (NaCl 0.9% 1.4 ml i.v. in the femoral
vein at a rate of 1 ml/min) and approximately 30 min
later recordings were stopped. Then a second control
period of 5 min was performed before the injection of
cocaine (0.5 mg/kg) and measurements continued approximately other 30 min. The dose of cocaine used here
has been established as providing a widespread central
rCBV response, uncorrelated to transient blood pressure
changes [34,35].

Results
Evaluation of the effect of the fMRI contrast agent
upon NIRS parameters
Pure O2 supply per os during 1 min is rapidly and
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Figure 1: Shows the three NIRS parameters recorded in two rats receiving exogenous oxygen (arrow) during 1 min (between
120 and 180 sec) before (LEFT) and after treatment with the contrast agent (RIGHT). Similar data were recorded in further 2
rats (not shown). Pure O2 supply is rapidly and significantly increasing HbO2 levels from steady state baseline (considered as
zero) up to approximately 12-14 μmoles/L and significantly decreasing Hb to a similar negative extent. This effect is reversible
as soon as the influx of O2 is stopped. Following the return of the NIRS parameters to steady state levels the injection of
the contrast agent is performed. Then approximately 2 min later pure O2 was again supplied per os. Note the absence of
significant changes of the NIRS parameters following the injection of the contrast agent in the blood of the rat. Note as well
that the contrast agent doesn’t interfere with the measurement of the NIRS hemodynamics.
Crespi et al. J Neurodegener Disord 2018, 2(1):39-47
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importantly increasing HbO2 levels from steady state
baseline considered as zero up to approximately 12-14
μmoles/L and significantly decreasing Hb to a similar
negative extent (see Figure 1 left). This effect is reversible
as soon as the influx of O2 is stopped. Once the NIRS
values recorded returned to steady state baseline, the injection of the contrast agent is performed. This was followed by any significant changes of the NIRS parameters
and 2 min later pure O2 is again supplied per os during 1
min. Again a similar increase of HbO2 levels from steady
state baseline considered as zero up to approximately 1214 μmoles/L and a decrease of Hb values to a similar negative extent is monitored (see Figure 1 right).

by no significant changes in rCBV while acute intravenous cocaine infusion increased significantly rCBV contrast signal in the analyzed regions of rat brain. In particular, it was observed that the time course of response
of rCBV was similar in both regions studied, reaching
maximum activation of approximately 116% of control
values within 5-10 min. The duration of response was
also similar; rCBV returned to baseline within 25-30 min
(see Figure 2 and Figure 3).

Evaluation of the effect of the cocaine

NIRS: Similarly, vehicle treatment was followed by
fluctuation of the NIRS-HbT parameter analogous to those
monitored in control/control experiments (i.e. no treatment performed). Again, acute intravenous cocaine infusion increased significantly HbT values within 4-5 min.

MRI: For each animal, the average values of rCBV
were calculated during the 5 min pre-drug baseline and
after drug infusion; the percentage change in rCBV was
then calculated. Data analysis were performed as described by Marota, et al. [34]. Acute saline was followed

Note in Figure 3 that the positive change of the fMRI
as well as NRIS parameters here monitored was similar
within the same period of time, i.e. approximately 114%
HbT and 116% rCBV 5 min after cocaine treatment. Although S.E.M. values were relatively large, statistical anal-

□ STRIATUM
■

THALAMUS

sec
Figure 2: Typical Time-Course of response of rCBV (top) or HbT (bottom) after 0.5 mg/kg cocaine infusion performed at time
0 min and relative to a 5 min baseline obtained immediately before cocaine infusion.
Crespi et al. J Neurodegener Disord 2018, 2(1):39-47

• Page 42 •

SCHOLARLY PAGES

Citation: Crespi F, Formenti F, Congestri F (2018) Near Infrared Spectroscopy alike Magnetic Resonance
Imaging: Complementary Data in Rat Brain after Cocaine Treatment. J Neurodegener Disord 2(1):39-47

ysis indicated these changes as significant (see below).
In contrast to fMRI data that remained constantly
over control values, in the successive 25 min the NIRSHbT parameter decreased significantly (see Figure 2 and
Figure 3).

Data analysis
MRI data analysis were performed as described by
Marota, et al., [34] i.e. after image registration, rCBV as a
function of time was calculated for each image and data
were then subjected to a paired t-test across the number
of animals comparing pre-drug versus post-drug rCBV
within each animal. In particular, acute intravenous cocaine infusion increased significantly rCBV contrast signal in the analyzed regions of rat brain (*p, 0.0005 thalamus; p, 0.0007 striatum).

NIRS data analysis

rCBV

*

Row data were subjected to ANOVA, with comparison between “control” (vehicle) and “treatment” values
performed using the Tukey test. Then, the results were
presented as % of control values, mean ± S.E.M, *p < 0.05.

Discussion
Near infrared spectroscopy (NIRS) is becoming a
widely used research instrument that supply a non-invasive, non-ionizing way to measure hemoglobin levels
and oxygen saturation in the living tissue. NIRS has been
initiated since about four decades [1], since then, it has
been greatly improved [10,11].
NIRS has been applied to measure oxygenation in a
variety of tissues including muscle, brain and connective
tissue, and more recently it has been used in the clinical
setting to assess circulatory and metabolic abnormalities
(for a review see ref. [14]).

*

HbT

*

*
*

Figure 3: Top: Response after vehicle (white square) or cocaine infusion (0.5 mg/kg i.v., gray square) in striatum measured
with fMRI. Data are presented as means ± SEM for percentage increase in rCBV (n = 9) relative to a 5 min baseline (control)
obtained immediately before cocaine i.v. infusion performed at time zero. Very similar results were obtained in thalamus (not
shown).
Bottom: Response after vehicle (white square) or cocaine infusion (0.5 mg/kg i.v., gray square) measured in the whole rat brain
with NIRS. Data are presented as means ± SEM for percentage increase in HbT (n = 9) relative to a 5 min baseline (control)
obtained immediately before cocaine i.v. infusion performed at time zero.
Crespi et al. J Neurodegener Disord 2018, 2(1):39-47
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In particular, in the last two decades, the main steps
in the human NIRS studies have focused upon its application in emotional and social field in the attempt of understanding of the functioning human brain in response
to emotional stimuli and social contexts [36].

In the present experiments, the two methodologies
used, i.e. MRI and NIRS both are showing that there is a
gradient in time to reach maximum activation of the respective parameters analyzed of approximately 4-5 min
following treatment with cocaine.

Continuous-wave spectrometers are the most commonly used devices, which provide semi-quantitative
changes in oxygenated and deoxygenated hemoglobin
in small blood vessels (arterioles, capillaries and venules
[12-14]. In the purpose to analyse such changes in the
CNS of small animals we have developed a NIRS prototype that integrates six continuous-wave laser diode
sources emitting in the near-infrared spectral region and
a low-noise detection system based on an avalanche photo-diode. The optical probe is based on a compact, reliable, and low-cost fiber based system with four quantitative measuring points, allowing in vivo non invasive, real
time monitoring of levels of Hb, HbO2 and then HbT in
the CNS of anaesthetized rats so that analysis of brain
vascular and metabolic activities in real time can be performed in the CNS of rodents [30]. Indeed, HbO2 and
Hb are chromophores also present in brain tissue and are
markers of the degree of brain tissue oxygenation, thus
they are indicative of the state of vascular activity and the
state of the oxygen saturation, thus providing an index of
brain tissue metabolism [31,32].

More precisely, in the MRI analysis the duration of
the rCBV response was similar in both brain regions analyzed, i.e. striatum and thalamus, then rCBV returned
to baseline within 30 min without falling below the predrug baseline level. Acute intravenous cocaine challenge
under anaesthetic conditions is known to produce a robust MRI response [34,42]. Accordingly, the rCBV time
courses we observed were consistent with those presented in the literature using the same technique [34] and
with regional cerebral blood flow (rCBF) changes measured by autoradiography [43]. These data are in accord
with results observed in rodents by blood oxygenation
level-dependent (BOLD) and CBF MRI [44] as well as
in man where acute intravenous cocaine administration
also resulted in similar blood oxygenation level-dependent (BOLD) MRI response profiles within a 10 min post
challenge time window [45].

Furthermore, the results obtained following pure
O2 supply are in agreement with data gathered in related studies performed with the association NIRS-BOLD
MRI [23], with pharmacological experiments using MRI
to scrutiny central vascular activities [37] and with previous NIRS work showing changes in tissue oxygen saturation (StO2) from approximately 70% in the normal
conditions i.e. with 21% of O2 in the inspired air, to approximately 85-90% when pure oxygen is provided [8].
Accordingly, the present data show an increase of approximately 12-14 μmoles/L from steady state baseline
when pure O2 is supplied. These results reinforce the relevance of NIRS for measuring turnover of endogenous
oxygen that is directly related to neuronal functions coupled with blood flow [38]. In particular they sustain the
capability of the NIRS prototype used here on the direct
non invasive detection of HbO2 and Hb in rat brain as
introduced earlier [30-32]. The normal ligand-receptor
interaction triggers neuronal activity which is linked to
an increase in metabolism (metabolic coupling) [39].
This in turns leads to an increase in the local concentration of deoxygenated blood and cerebral blood volume
(neurovascular coupling) [40]. What is measured are the
changes in hemodynamic (i.e. concentration of oxygenated and deoxygenated blood), that are directly related to
the metabolism itself [41].
Crespi et al. J Neurodegener Disord 2018, 2(1):39-47

Parallel analysis of MRI and NIRS data
The NIRS measurements also show a similar response
of the HbT (total blood volume) parameter within the initial 5-10 min after cocaine treatment. In the successive 20
min the NIRS parameters returned to control values and
decreased significantly within 25 min post treatment while
MRI data remained constantly over control values. This
difference could be related to the mentioned vasoconstriction efficacy of cocaine [37,42,44,46] and may result in a
decreased total blood volume that NIRS could detect. Indeed, the NIRS method monitors mainly at the level of the
large vessels (12, 13, and 14) in front of a more selected
monitoring at the level of capillary done by MRI [47].
An additional/alternative explanation could be related
to the difference in the regions monitored by the two methods: i.e. striatum and thalamus with MRI, a larger brain
area by NIRS as proposed in Figure 4. Indeed, MRI data
obtained in striatum and thalamus may not mirror MRI
data obtained in the whole brain, accordingly earlier studies using Dynamic Susceptibility Contrast Magnetic Resonance Imaging (DSC-MRI) detected significant decrease of
relative cerebral blood volume (rCBV) in the human brain
10 min after a dosage of 0.4 mg/kg cocaine, decrease that is
indicative of cerebral vasoconstriction [37,44].
In previous work cocaine was given sub-cute (s.c.) to
rat prepared for NIRS analysis as described here but under different (urethane) anaesthesia. After 10 min from
cocaine treatment similar variation of NIRS parameters to
that presented here were obtained [31]. This support the
concept of “pharmacological NIRS” (phNIRS) applica• Page 44 •
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Figure 4: Theoretical brain areas monitored with the NIRS prototype in the rat brain: Computer simulation of photon paths
based on photon migration theory [51].

tions as indeed the effect of cocaine treatment on NIRS parameters is comparable in different conditions: i.e. under
isofluorane or urethane anaesthesia, therefore suggesting
that the two types of anaesthesia used are compatible with
the methodology. Accordingly, similar data have been observed when utilizing two different routes of cocaine administration: i.e. i.v. or s.c., thus confirming the influence
of acute cocaine on metabolic activity of the brain and the
feasibility of such analysis with non invasive NIRS.
In conclusion, the goal of the study to further support
recent data obtained with our early introduced NIRS
prototype to monitor real time non invasive hematic
changes in CNS has been achieved. Indeed, the present
parallel MRI-NIRS study confirm previous data obtained with these two non invasive methodologies [48]
and further support the feasibility of the NIRS approach
performed with the presented NIRS prototype. This evidence together with the recent observation that NIRS is
allowing evaluating blood brain barrier penetration of
exogenous agents [49] and is demonstrating parallel alteration of brain metabolism following alcohol intake in
rodents and man [50] further support NIRS as a valuable
tool for non invasive in vivo real time analysis of brain
metabolism AND of drug treatments in the CNS.
Crespi et al. J Neurodegener Disord 2018, 2(1):39-47
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