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ABSTRACT

DEVELOPMENT OF AN OPTICAL SPECTROSCOPIC METHOD
TO DETECT NEUROHEMODYNAMIC CHANGES

INDUCED BY PAIN IN RATS

Sweta Narvenkar, M.S.

The University of Texas at Arlington, 2009

Supervising Professor: Hanli Liu

In my optical spectroscopy study, multi-channel, thin optical preligsshort source-
detector separation have been implemented, calibrated, and lasgdwéth a multi-channel
spectrometer as a quantitative technique to observe changessaular hemoglobin
concentration and hemoglobin oxygen saturation as well as lightraugtof tissues. Each of
the four needle probes used in my study consists of two bifdriibers; one fiber is connected
to a halogen light source and the other fiber to a CCD-arrastrepeeter having a spectral
window from 450 nm to 900 nm. Each fiber is 100 micron in diameter. éatilzed the four
probes individually and simultaneously, a source multiplexer and a-chaltinel spectrometer
were used during the measurement. For quantification of tissueojagysal parameters, each

probe needed to be calibrated to remove the instrumentation effects.



The laboratory experiments using liquid tissue phantoms were deddoccalibrate the probes
and to validate the algorithm that was developed to quantify omyge [HbO] and

deoxygenated [Hb] hemoglobin concentrations and scattering ceefficiThese calibrated
probes were then applied for the pain study in rats. Two probesplegred on the spinal cord
and two on the primary somatosensory (S1) region of the rat leh, on the ipsilateral and
contralateral sides of the rat. While the paw of the ras wimulated using electrical
stimulations, hemodynamic responses were acquired at theot@tiohs on the rat. The results
showed a significant increase in [HbO] and a decrease in [Hb] at tteepasilside of the spinal

cord and contrlateral side of the S1 region of the brain, caus#telslectrical stimulation at

the paw. My study demonstrates that multi-channel reflectgrerescopy is a useful tool to

study pain mechanism at different central nervous sites using animalkmodel
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CHAPTER 1
INTRODUCTION

1.1 NIRS Background

Hemoglobin oxygenations of muscles [1-3], brain [4, 5] and animal 81f8¢0F] have
been investigated by the use of optical spectroscopy with vesitslenear infrared light. When
light passes through the tissues, it can be absorbed oradaited then reflected back to the
detector. The light that is reflected carries a lah@drmation about the underlying tissue. The
broader the source-detector separation, the deeper the ligittgies. By separating the effects
of absorption and scattering of light in tissues, it is posdiblcalculate concentration of the
chromophores and scattering coefficients. The propagation of ligidsmetis complex: the
photons do not travel along a straight path in tissue as they ddearamedium; instead, they
bounce off or are scattered due to many boundaries of tissue sulisBu€his phenomenon of
light scattering causes random propagation of photons in tissheton8 passing through
tissues usually form a “banana” pattern (Fig. 1), the optidhiway in the tissues; hence the

measurement is most sensitive to objects found in that volume.

Source Detector

Tissue

Figure 1.1 The optical pathway in tissues



Coefficient of absorption can be described as the prohabiita photon for being
absorbed in the tissue, over a given distance. The absorption ewefiia, is the average
number of absorption events per distance and is usually given iofubitm = crt. Tissues
contain chromophores such as oxy-hemoglobin and deoxy-hemoglobin, which pgssess
values that depend on the chromophore's concentration [32].

Light scattering is the process of elastic scattering @fioton traveling in a medium. In
this process the photon is not destroyed by absorption; only itstidireof propagation is
changed in each step. The scattering coefficie)tjs the average number of scattering events
per light travel distance in a medium. It is usually givemnit of 1/cm. As scattering events
redirect the photon paths randomly, the process causes blur and reduees [2#2]tr

Near Infrared Spectroscopy (NIRS) is one of the simpbdtniques used to study
physiological, homodynamic changes and properties of biological tidsgés that is incident
on tissues undergoes multiple scattering and absorption. Optigghgnean be done either in
the transmission or reflectance mode. A few millimetersentimeters away from the source, a
detector can detect light that are scattered in the fisguieh could give useful information
about the underlying tissue. Attenuation of light in the visible reé0-650 nm) is strong in
tissues, as compared to the attenuation in the near infrared (7000Gegion. This
attenuation is due to oxygenated hemoglobin (HbO) and deoxygenated digim@gb), tissue
chromophores, concentration of which can be calculated by studyingvéraitions in the
visible wavelength region [33].

A regular optical spectroscopic system is a relatiiredxpensive, simple in design and
construction and is readily suited for the determination 0cdnd |’ over large, continuous
ranges of wavelengths compared to other techniques. Thetaefle system used in this study

is a real time monitoring system that is built with a dizend white light source and a
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broadband data acquisition spectrometer that is accomplishedheithse of a CCD array.
Using this system, the acquisition time is significantly reduesd permits rapid data
acquisition [33].

Optical needle probes with very small source-detector separ&idwaesalso been used
previously by our group and other groups to differentiate between deep brain stiju€leesl
monitor oxygenation levels in animal tumors [7, 11]. Previously padrstudies have been
restricted to the determination of relative concentrations isfu¢ chromophores, oxy-
hemoglobin and deoxy-hemoglobin, or require reflectance or traasogt measured at
multiple source detector separations for calculation of abseclut@mophore concentrations.
Development of a short-separation fiber optic system to duamty-hemoglobin and deoxy-
hemoglobin concentrations with a single source detector sipavabuld result in significant
simplification of instrumentation hardware.

1.2 Pain Study Background

1.2.1 Perception of Pain

Pain is an unpleasant sensory and emotional experience asbowititeactual or
potential tissue damage [34]. Even though pain is mediated by nesystesn, distinction
between pain and the neural mechanisms of nociception — the respauieal or perceived
tissue damage- is critical both experimentally and clinic@lbrtain tissues are equipped with
specialized receptors, known as nociceptors, which are actiiatedoxious insults to
peripheral tissues. Nociception will not necessarily lead to the exgerof pain [34].
1.2.2 Classification of Pain

Pain can be classified as temporal or physiological. When palassified by time, it
can be acute or chronic. A second classification of pain isig@bgical, which includes

nociceptive pain, which can be divided into somatic and visceral types of Be85].3
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Acute pain has a short duration, whereas chronic pain may senpwgdter treatment is
completed. Acute pain has an identifiable pathology, whereamichpain has a possibly
unclear pathology [33-35]. Chronic pain often occurs in the abséraggoing illness or after
healing is completed. A fundamental difference between the awtitehaonic pain is that acute
pain is persistent only during illness and disappears once th&silkheured, but chronic pain is
persistent even after the illness is cured.

Pain can also be classified into two broad classes, nociceatisteneuropathic.
Nociceptive pain results from direct activation of nocicepiardhe skin or soft tissue in
response to tissue injuries and usually arises from accompamfiagimation. Neuropathic
pain is a result of direct injury to nerves in the peripheral or centnabue system.

1.2.3 Nociceptors

The neurons called as nociceptors respond only to extreme presstemperature.
This means they sense only painful stimuli.

These nociceptive neurons have a high threshold and are comgdgratower in
conduction as to the other peripheral axons. Peripheral nerve axombviged into the
following, A, B and C fibers, according to their conduction velocitye myelinated fibers are
A and B fibers, while the C fibers is not myelinated:, Ap, Ay, and A classes are the
subdivisions of A fibers in descending order of their conductioncityl Ap fibers carry
ordinary sensory, while pain sensation is carried byaAd C fibers [33-35]. The Afibers
conduct signals relatively slow, at the speed of 5-30 m/s inmadsn whereas C fibers conduct
at only 0.5-2 m/s. At this rate, pain from an injury to the lolirab would take one to three
seconds to reach the brain [33-35]. Theflers conduct pain caused by extreme pressure and
temperature such as the one from activation of mechonosensitoieeptors as well as the

thermo sensitive nociceptors. This pain is perceived as stmargocalized. The C fibers in
4



contrast cause a diffuse, burning sensation that tends to betgrarsC fibers can be activated
by numerous stimuli including pressure, temperature and chemetedsed by damaged cells
in their vicinity [33-35]. When there is an injury, there iisattivation of the nociceptors in the
damaged region. Pain is perceived as a result of théb&rs. Even after the stimulation is
withdrawn, there is a continuous pain sensation. This is carridaebg fiber (see Fig. 1.2). If
the injured region is again exposed to the painful stimulationsven lesser than before
stimulation, there exists an increased perceived pain semsdthat phenomenon is called
hyperalgesiaor enhanced pain sensation in the injured area. Apparently theepaptors now

have lower thresholds as a result of the injury, and thusgypainful responses to stimuli they
would ordinarily ignore. Hyperalgesia involves an amplificatidntlee pain signal. This

amplification can occur in the periphery or in the spinal corith twoth locations. This may be
caused by proinflammatory molecules released at the sitguo§. The presumed function of

this phenomenon is to prevent re-injury of the region while it is tgeali

- primary afferent dorsal root .
periphery neurons ganglion spinal cord

non-noxious
mechanical stimulus

/ AB fiber
)

noxious
mechanical stimulus

% Al fiber

noxious heat
and chemical stimuli

to higher
centers

dorsal roo
projection

C fiber neurons

gray matter —

/ white matter

Figure 1.2 The pathway of different pain stimulation to the spinal cord [38]



1.2.4 Conduction of nociception

The organization of the pain conducting pathways is different thatof the ordinary
somatosensory pathways. There are some differences betweemttbetpa somatic sensory
system that detects ordinary stimuli and the part that detatteme, and therefore painful,
stimuli. The primary pain neurons, the nociceptors, form thair $iynapses on other neurons in
the dorsal horn of the spinal cord. Cell bodies of the pain receptopns are located within
dorsal root ganglia whose receptive endings are located in tiphgry. They are called the
dorsal horn of the spinal cord, which make synapses on neurompsdjeat to the thalamus and
then to the somatic sensory cortex. After axons synapsessgiitiad cord, it goes up the spinal
cord on the contralateral side from the original nociceptive neufmeselaxons pass through
the medulla and project directly to the thalamus where thake synapses on neurons that

project in turn to the somatic sensory cortex.

— experience of pain

brain

spinal cord

pain message from
peripheral nerve

Figure 1.3 The conduction of pain from the periphery to the CNS [39]



As discussed earlier, nociceptive afferent fibers termimetialy in the dorsal horn of
the spinal cord. The dorsal horn can be divided into six dadsesed on the cytological
features. Distinct functions are conveyed by different clas$egrimary afferent neurons
terminating in the dorsal horn at the spinal cord. Hence, theaecigse correlation between
functional and anatomical organization of the dorsal horn.

The Gate Control Theorexplains that pathways that descend from the brain to the
dorsal horn of the spinal cord are capable of blocking #restnission of pain information in
the spinal cord, and thus preventing the pain sensation from reaching the brain.

Most of these neurons in the marginal layer respond exclugivelgxious stimulation
and project to higher brain centers. Nociceptive inforomais carried from the spinal cord to
brain through five major ascending pathways: spinothalamic, suticular,
spinomesencephalic, cervicothalamic and spinohypothlamic tracts LJA8jest nerve in the
body, thesciatic nervebegins from nerve roots in the lumbar part of the spinal autdeatends
through the buttock area to send nerve endings down to the legsscifiic nerve carries
signals to the spinal cord from the lower periphery. Hence, amylation in the lower limbs

will carry the pain signal from the sciatic nerve up to the spinal cord.



CHAPTER 2
INSTRUMENTATION
2.1 Introduction

This chapter describes the design and development of a staselybspadband, optical
spectroscopic system to evaluate the changes in chromophore tcatmes) that is,
oxygenated and deoxygenated hemoglobin concentration and reduced scattericigraseffi

Optical spectroscopy has been used earlier to monitor hemoglobient@tions and
their changes in biological tissues, which was basically elaive form. It was also used by
our group to characterize cancer and normal tissues based offéiende in the oxygenated
and deoxygenated hemoglobin in blood, which may lead to new infornthaoms related to
“patho-physiologic processes of tissues such as angiogenesis andahyj33fi Optical
spectroscopic methods utilize a minimum of two wavelengths,abnge and one below the
wavelength at which oxygenated hemoglobin and deoxygenated hemoglobin hasmthe

molar absorptivity, 750nm and 830nm, as shown in figure 2.1.

1

= Cxy-Hemoglobin
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‘e 087 Water I
2
5
‘o 0.6
=
L
o
)
c 04
1]
B
o
5 0.2+

800 700 800 200 1000

Wavelength (nm)

Figure 2.1 The absorption spectra of oxygenated and deoxygenated hemoglobin and water
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The design, construction and operation of a steady state, broadbandsspeatro
system is described in section 2.2. Each of the four chawfielse multiplexer transmits
broadband NIR light at 350-1000 nm. The multiplexer has one input fromgtitesburce
which is then given to different channels of the multiplexer ana time in an alternating
pattern. The spectra from a tissue phantom made up of bloochialipid or from animal
tissue are obtained one at a time from each of the fourtdetwannels of the multichannel
spectrometer, which are co-located with the source channels (opticakpr33]

2.2 Instrumentation

The basic function of this optical system is to measure th@letenspectrum over the
wavelength range of 450-1000 nm from four fibers detecting thectedl light from the tissue
phantom, to which four corresponding fibers delivered light. Faliviolual, bifurcated optical
fiber needle probes have formed the four light delivery fibedsthe four detecting fibers. The
system uses a time-sharing detection scheme such thdigkaatelivery fiber is illuminated in
sequence, one at a time, and reflected light is captured loggpective detecting fiber and sent
to one of the channels of an 8-channel spectrometer, one at a time.

The system consists of four major components:

1) One broadband CW light source,

2) Optical multiplexer to multiplex the light from one light source ifttur channels,

3) 8-channel CCD array spectrometer to detect the ligrectetl from the surface of

the sample, and

4) Four optical fiber bundles with bifurcated fibers for each.

Light is transmitted from the light source to the optical mplgker, which multiplexes
the light source into four light channels. Then, light from each of the four chanaelsliavered

in sequence, one at a time, to the surface of a tissue phantbemanimal tissue, by one of the
9



light transmitting optical fibers; then, the reflected lightollected by the respective detection
fiber and sent to the respective channel of the CCD multichannel speeiromet
2.2.1 Light source

The broadband optical system uses a fiber-optic light sourdamiglation
Technologies, Inc. Model 3900 DC regulated, Light Feedback Fibec Qpfint source), as
shown in figure 2.2. It is a self-contained unit: it has a builtigulation and power factor
correction, 24-V dc supply with a 150-W, broadband, quartz—tungstegemalamp, emitting
light in the region of 350-2500 nm. Light from the light source isr@ed through an optical

fiber (lllumination Technologies, 3mm core diameter, SMA) to the aptiwltiplexer [33, 40].

Figure 2.2 The light source

2.2.2 Optical multiplexer

The Fiber Optic Multiplexer (Avantes Inc. FOM-VIS-NIR (20@00 nm), 1 x 16
channels, for 1-mm fiber core) is an instrument that can opticallple 1 input channel from
the light source into 16 different output channels. The maooksl of the multiplexer are a
precisely controlled stepper motor and a rotator block. MallfDL-UV collimating lenses are
used to couple the optical path. This multiplexer is controlleautir a software, that comes
with it and uses RS-232 protocol to interface with the computer.softevare enables full

control of the switching order, switching time and delay timke Tevice has a working
10



wavelength range of 350-2000 nm with a 1-mm diameter for theddre. There is a switching
delay of 60msecs between adjacent positions [33]. | used fiamnels of the multiplexer for
both, tissue phantom as well as animal study. Figure 2.3 shewsuhiplexer used for my

study.

Figure 2.3 The multiplexer

2.2.3 Spectrometer

Light from the light source is transmitted through an optichérfito the optical
multiplexer. The light transmitting fiber of the bifurcated ogtifibers delivers light from the
optical multiplexer output channels to the surface of the sammdethe reflected light is then
collected by the detector fiber of the bifurcated opticaerfibThe collected light is then
delivered to one of the channels of the 8-channel CCD arrayremeter (Ocean Optics Inc,
Florida, S2000 Spectrometer (350-1050 nm), and 200-um slit width). dime sets of
bifurcated fibers transmit light and collect reflecteghtifrom the sample. As discussed in the
spectrometer manual, light entering the spectrometer througintrance slit falls on a mirror

that collimates the light. The collimated light strikediffraction grating mounted on a rotating
11



table. The light reflects from the grating, satisfying tleaditions for interference. The light
diffracted from the grating strikes a second mirror andef®cused on an exit slit. A
photomultiplier tube, sensitive to the intensity of light, is mountedthe exit slit of the
spectrometer [41]. The detector measures the intensity ofifigident on it while the grating is

rotated as shown in figure 2.4.

Figure 2.4 The principle of operation of the spectrometer

The S2000 is a spectrometer based on fiber optic coupling and tateg@mputer
design. The detector in the S2000 is a CCD (charge-coupled devagrapable of measuring
the intensity of light over a wide range of grating angles [41].

The detector used for the S2000 is a charge transfer d&/@ie) (that has a fixed well
depth, capacitor associated with each photo detector, pixel [41iheAstegration time clock
goes HIGH, charge transfer, reset and readout initiation bé&tjjnThe charge in the detector
wells is transferred to a shift register for serial tranagethe integration time clock goes HIGH.
This process is how the array is read. The photo detectts are recharged to their full
potential with the reset function. This allows continuous intemraof the light energy during
the integration time, while the data is read out through serial sbifiters. Once the integration
period is over, the process is repeated. The detector is cmusisaturated and shows the

maximum output level, when a well is fully depleted by leaktigough the back-biased photo

12



detector. The CCD is a depletion device and hence the outpat Ednversely proportional to

the input photons [41].

2.2.4 Optical fibers

Optical fibers in this NIRS system are bifurcated fibereyrare also called the optical
needle probes, because of their small source detector sepatae fiber of each set of the
bifurcated fiber, acts as a light transmitting fiber, whtites other fiber acts as a reflected light
detecting fiber. The light transmitting fiber is connectedone of the 16 channels of the
multiplexer, while the detecting fiber is connected to the ohahe 8 channels of the
multichannel spectrometer. It is desired that the light, boghttansmitted and the reflected,
from the bifurcated fiber, have minimum attenuation in fiberasto achieve a highest feasible
SNR. The core diameter of the optical fibers was 190 The separation between source and
the detector fibers for each probe was about o
2.2.5 Data Acquisition

An optical fiber brings light from the CW light source to the inpuithe multiplexer.
The multiplexer then multiplexes this light one at a time ioheaf the 16 channels. In my
study, a Labview program is used for data acquisition. This @nogs used to acquire data
from four channels of the multiplexer and to deliver the sigmathdé 8-channel spectrometer.
As channel-1 of the multiplexer is activated, the source fibeeedle probe 1 shines light on
the sample. The reflected light is collected by the detector fiber of neetle p. This reflected
light is given to channel-1 of the 8-channel spectrometeetsttwred. Once channel-1 of the
spectrometer is read, the multiplexer activates the rextrel, channel-2. The same steps of
measurement are repeated for the multiplexer cycles throufjbess to complete one set of

measurement. Spectral acquisition times are of the ordkb slecond per channel, resulting in

13



a total acquisition time of 2 seconds for one set of 4 measuatsenAll spectra measured from
the four needle probe fibers sequentially are stored in thiogesomputer through the

spectrometer for off-line data analysis.
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CHAPTER 3

REFLECATANCE MODEL

The major chromospheres that absorb light in biological tisateexygenated and
deoxygenated hemoglobin (HbO and Hb respectively) with distinctabgipectra in the visible
and the NIR wavelength ranges.

Short source-detector separation in the optical needle probgsnudes study cannot
be modeled with the diffusion approximation. Such small sourcetdetseparations in the
order of 100um-1mm violate fundamental assumptions of the diffusion appraximas the
separations are in the same order of mean free path of ph8nsAn increase of absorption
coefficients as a result of hemoglobin absorption in thébleisregion also makes the
magnitudes of absorption and scattering coefficients compatédee, the diffusion model of
photon transport is not valid when short source-detector separatonsed as well as when
visible light is employed. Many approaches have been suggesqedntify optical reflectance
at short source-detector separations [9, 12, 14].

In this chapter, a broadband, steady-state, spectroscopidaefeaneasurements at
single short source-detector separation are used to quantdgnaphore concentrations and
reduced scattering coefficients of the tissues under study, usiefleatance model. This
method has been used in our earlier study for the classificatigrosthite cancer, based on the
concentrations of oxy-hemoglobin and deoxy-hemoglobin and light scatigsinagneters as

main measures of classifications [36].
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This approach uses the light reflectance measured froreatigle with a very short
source-detector separation; the analytical model was repbytedonios and Dimou. The
original curving-fitting program was developed by Dr. Dheerem¢hahyap, a former group
member. It uses the ant colony optimization algorithm to quantify otmati®ons of oxy-
hemoglobin and deoxy-hemoglobin. To further improve the accuracy of tthednend to find
an appropriate set of the optical needle probes for my stuthvd to validate the analytical
model by calibrating the system parameters through a seafegigorous phantom
measurements. Once the phantom analyses are known to be positive, this metbddads the
pain study.

3.1 Reflectance Model for short source-detector needle probes

Optical needles probes with short source-detector separat® used in my study.
Zonios and Dimou presented a model to quantify and relate thelomftectance measured
with optical probes having short source-detector separations torethéced scattering
coefficients and absorption coefficients of the medium [12he $emi-empirical model by
Zonios and Dimou is shown in Equation (3.1) as follows [12]:

1
k, ,1 +k, ﬂ?‘(/l)

R, (1) =

where R,(1) is the optical reflectance measured by the optical prolse grticular
measurement wavelengthk; andk, are parameters depending on geometrical characteristics
of the optical probeus'(1) is the reduced scattering coefficient, angl) is the absorption
coefficient at wavelength

For a probe to be used in any particular studyk;iemndk, values need to be calibrated

experimentally using tissue phantoms. khandk; values are specific to a particular probe and
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detection system. Absorption coefficients are functions of deoxiggnaemoglobin
concentratiorjHb] , oxygenated hemoglobin concentrat[btbhO], melanin concentratiorGe,
and water fraction, as described in Equations (3.2) and (3.3).

The spectral dependencepgf ) for blood-perfused tissues can be written as

() =[HBOLe |y (2) +[Hble y (4) + 2 o %H 0 +[Cpalene () .

where) is the wavelength in nanomete’rcs*,bo (1) , Enp (1) , and €0 (4) are extinction
coefficients of HbO, Hb and water, respectively. The spectraémtience ofis (1) can be

approximately written as

. a2 1-4. |
A)=11- 0 min A
/uS( ) ds}é lmax _ﬂmm /uS( mln)

, (3.3)

where the maximum and minimum wavelengths were originalctal aslm;=850
nm and/in~=500 nm, respectivelyds represents the effective scatterer size,drid a constant
and equals 0.0625m. Equation (3.3) describes a linear dependence of reduced isgatter
coefficients on the wavelength. It can be seen that it issomahle approximation of the Mie
theory for spherical scatterers, as given by Flock €tl@). As observed from the above
equation, the maximum and minimumhave been considered in accordance with the visible
and the near infrared window of the light spectrum.

3.2 Forward Calculation

Forward calculation is basically calculationkgfandk, specific for a probe. Thig and
k, are calculated from phantom experiments. These phantomsoackibtralipid phantoms to

replicate tissue. The phantom experiments are explained in detalgionss.4.
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3.2.1 Calculation of absorption and reduced scattering coefficients

Absorption coefficients at all wavelengths in the visible aiid tdinge were calculated
from the measured blood hemoglobin concentrations and published bémogktinction
coefficients [37]. The extinction coefficients for HbO and He abtained from Scott Prahl’s
compilation. During the calibration process the absorptioffficmats (u,) are obtained from
the ISS Oximeter at 730 nm and 850 nm. To calculate the Hb and étim@ntration inuM

from the values ofi, the following equations were used:

HbO, = ((lvla756k 8Hb830)'( Hagad" 8Hb750)) / (SHboz 756" €Hb830 - EHbO2 830" 8Hb750)*1000; (3-4)

Hb = -((Ma7s6 €Hbo2 830-( Massd €Hbo2 750)/ ( Erbo2 758 €Hbe30 - EHbO2 838 EHb750*1000;

After obtaining the Hb and HbO concentrations, the rangg,dbr the respective
wavelengths was found. The equation used to calculate the rapgeas:

Ha (&) = [HOO * € ooz (A) + [HO] * € wo (1) (3.5)

Thus using the above set of equations the entire range of tpecties p, were
calculated for the different blood concentrations.

For calculatingqus’, two models were used. The first model used for the calounlatf
us is Mie theory model published by Staveren efT&le equation for calculating’ for 10% of

Intralipid solution is:

is = (2.54 x 18 (W4 [em!] (3.6)
g=1.1-(0.58 x 1&)*(1) (3.7)
bs' = ps(1-9) (3.8)
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Thus, using the above equations, the reduced scattering coeffi@ppriximated. For
calculating theps range for respective calibration, intralipid concentratiencalculated as
follows:

We assume x% concentration of intralipid and have

us (750nm) = A
us (830nm) =B

A & B are obtained from the ISS Oximeter during the experimexiibration
procedure. Then, using equations 3.6, 3.7 andu3.8alues at wavelengths 750 nm and 830
nm can be calculated as7sonmandus szonm NOW that we know thgg' values for x% intralipid

as well as at 10% intralipid, dividing the two values,waild get scaling factors C and D as

shown below.

C= AL 7500m
A

D= AL g300m
B

To calculate thes' (A) for x% intralipid, the average of the two scaling fact@snd
D, is calculated. Thems (L) values for 10% intralipid are divided by the scaling. Thescan
obtain theus' (1) at x% intralipid solution.

The second model used far calculation is the linear model. This is a relatively
simpler model as compared to the Mie theory modelyEdi.) at x% intralipid concentration,
theps at two wavelengths, 750 nm and 830 nm, have been obtained from the ISS oximeter.

us (750nm) = A

us (830nm) =B
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Using scatter plots, A and B are then plotted against wagthle The slope and
intercept are calculated using a linear fit. THgA) for x% intralipid can be determined using a
linear curve fitting, as given in equation 3.9.

us (A) =intercept + (slope)x (3.9)
3.2.2 Determination of;kandk,
The parameters d; andk, in Equation (3.1) are determined using the least squares

approach by using Moore-Penrose pseudo inverse. Equation (3.1) can be rewritten as

#5(A)
R,(1)

= kl + kz/“la(ﬁ“)
: (3.10)

Equation (3.10) is valid for every wavelength in the spectrummRhe explanations

given earlier and equation (3.10), we knew(}), us (A) and R.

g (A)

After plotting R, (4)

versusyy (1), we get a linear line where its slopekjsand the
intercept isk;.

3.3 Inverse calculations

The inverse calculation deals with determination of tissue chromepfidbO] and
[Hb]) concentrations and scattering coefficients from measem&smof diffuse reflectance on
the tissue surface. The andk, values were calculated experimentally, with a blood intralipid
phantom as explained earlier in this chapter. The algorithmlatdsua set of values for oxy-
hemoglobin and deoxy-hemoglobin concentrations and scattering caidrom the given
solution space that best fit the measurement of spefitiade reflectance using least squares

analysis. It can be expressed as follows:

2

Zz - i [Rp (ﬂq )(measured _ Rp (ﬂq )(predicte@]
i=1
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(j’i )(measurec) Rp (ﬂﬂ )(predictecb

where M is the number of Wavelengthsl?p and are the
reflectance values measured by the thin optical probe andatattiy using the prediction of
hemoglobin concentrations and scattering coefficients selectedtiie optimization algorithm
at wavelength;.

3.4 Phantom Studies

3.4.1 Experimental setup for tissue phantoms

Tissue phantoms were prepared using intralipid (Baxter It=akt Corporation,
Deerfield, IL) and hemoglobin from horse blood (Hemostat Inc, Samci@, CA). The blood
and intralipid were diluted with Phosphor Buffer Saline (PBS8lution. PBS was used to
maintain the blood pH at ~7 in the blood intralipid phantom. An intchlgzilution is a very
good choice for a tissue phantom as it closely resemblegtiiestiattering properties of tissue
with an estimated (cosine of mean scattering angle) > 0.9 and a mean partel®fsd.5um
[17].

A rectangular plastic container with dimensions of 10 cm xn8xcl4 cm (height x
width x length) as shown in Figure 3.1 was used to hold thimgeisitralipid solution. The
probes were inserted from the top into the solution during tresumement, so there was no
intralipid-container or intralipid-air interface for the probEhe thin probe tip was faced
vertically down towards the bottom of the container, 2-3 cravibghe solution surface, and 4-5
cm away from the walls of the container. Integration timespafctral acquisition were so
adjusted to prevent saturation of the CCD detector. The lowdsgration time for
measurement was chosen to ensure that measured intensreegreager than 500 counts [8].
ISS Oximeter (ISS Inc, Champaign, IL) and the thin optical filzebe [8, 15] were used for

simultaneous measurements the blood intralipid phantom. The ISS t@xgnes us a measure
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of reduced scattering coefficients and HbO and Hb concentratian® avavelengths, 750nm
and 830nm. Optical reflectance in the visible and NIR waveleragther was measured using

our optical probe [9].

Multi-channel
Spectrometer

Multiplexer

Light Source

=

| DAQ | \OOOOOOO Q I
—

S Needle Probe

ISS Oximeter
Probe

Stand and
Holder

ISS Oximeter

Blood-Intralipid
Phantom

Figure 3.1 Schematic diagram of phantom, illustrating positions of the Itleindrobe and ISS
Oximeter probe. The thin probe tip was facing vertically down, 2-3 cm belosothtion
surface, and 4-5 cm away from the walls of the container. The probe posit®f
oximeter is also shown.

The Intralipid stock solution was 20% by volume, and the dilutedlilpitasolutions
ranged in concentration from 0.5%-2.0%, depending on the reduced scatteeifigient
desired. In general, the reduced scattering coefficigtit$ound in tissues vary between 5 and
25 cm®; however, larger values qofs' have been reported in brain tissues [34, 35]. The

reflectance measurements from the optical probes wereatatibusing the reflectance from the

same optical probe on a standard reflectance white sample (W&dn Optics, Dunedin, FL,
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USA). This standard sample has a reflectance of almost 100% hiowdutye wavelength range
(350-1100nm) [36].

Two phantom experiments were conducted. In one phantom experiment|ab&anet
spectra were taken at different Intralipid concentratams different blood concentrations (as
listed in Table 3.1) from one of the probes. Each set of @atsexample, at one particular
intralipid and blood concentration, gave us reflectance spedteapsT (A) andp, (LX) were
calculated from equations (3.5) and (3.8), based on whiamodel was used (Linear or Mie
theory). us' values at wavelengths of 750 nm and 830 nm and HbO and Hb concentragiens

obtained from the ISS Oximeter.

Table 3.1 The different blood and intralipid concentrations used in t@gh study, as well
as the kand k for each condition.

K1 K2
20uM Blood 1%intralipid | 17.08 | 2.2
250M Blood 1%intralipid | 1719 | 2.27
30uM Blood 1%irtralipid | 1721 | 2.49
35uM Blood 1%intralipid | 1739 | 2.50

20uM Blood_1.5%intralipid | 1563 | 2.11

25uM Blood_15%intralipid | 1566 | 2.2

30uM Blood_15%intralipid | 1572 | 2.15

35uM Blood_1.5%intralipid | 1598 | 2.6
20uM Blood 2%intralipid | 1507 | 2.11
250M Blood 2%intralipid | 1487 | 2.63
30uM Blood 2%irtralipid | 1488 | 2.27
35uM Blood 2%intrelipid | 1517 | 2.64

Awerage 1599 2.9
Stdev 0.97 0.2
Percentage Stdev 6.08 9.74
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Once all the parameters of the equation (3.10) are calculatedsYRprsus thai, (1),
was plotted. A linear line was fit for the data dadandk, were the intercept and the slope,
respectively, as shown in Figure 3.2. Theandk, values from the different set of data were

averaged to get one value, which would be specific to the probe, for fsitidezs.

y = 2.4886x + 17.205

10 T T T T
0 1 2  pa 3 4 5

Figure 3.2 The scatter plot for (Rig) versusyu, (1), kyandk; and are the intercept and
the slope, respectively

Another set of phantom studies were performed to validate fleetemce model at
different blood oxygenation. In this experiment, one intralipid and bloodeotration, diluted
with PBS, was used. This concentration was kept the same througkoakperiment. ISS
oximeter and the optical probe were used to simultaneously medsurblaod-intralipid
phantom. 4-5grams of yeast were added in the phantom of a tatatlevof 3000 ml. After 10-
15mins, the yeast started consuming oxygen in the hemoglobin. Contimmbgsmultaneous
measurements were taken from both the ISS oximeter and optids. prhe optical probe

measured the reflectance from the phantom, whereas the 1ISS@xprevided the values of
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HbO, Hb, HbT, andls. As the yeast kept consuming oxygen from the hemoglobin in blood, the
blood oxygen level decreased and data was collected at certainolagehation levels. After

the lowest blood oxygenation was seen, oxygen gas was pumped into thempetixygen

was pumped, the blood oxygenation level increased. Data wastedl& certain increasing
blood oxygenation levels. The'(A), ua(r), and light scattering are calculated as discussed
earlier.

3.5 Beer-Lambert’s Law

Another method for quantitative data analysis is used to meedats/e changes in
HbO and Hb concentrations using Beer-Lambert’'s law. This method is d@stempared to the
fitting method discussed earlier, but it gives us only thdivelzhanges in both HbO and Hb
concentration. Beer Lambert’'s law expresses light absorption fasction of hemoglobin
concentration as given [20] [21].
OD= Log(l/l) =ecL (3.12)
where OD is the optical density, is the light intensity of incident light, I is the light
intensity of transmitted light, is the extinction coefficient of hemoglobimis the concentration
of hemoglobin, andl is the length of light path through solution.
Blood hemoglobin concentratiorg, can be expressed as a combination of oxy-
hemoglobin and deoxy-hemoglobin. As shown in the equation given below [20] [21],
OD= {ew" [Hb] + &m0z [HDOJ} L, (3.13)
where OD {) is the optical density or absorbance at wavelehgth,(1) andespoA\)
are the extinction coefficients at wavelengthfor molar concentrations of deoxygenated

hemoglobin ([Hb]) and oxygenated hemoglobin ([HRrespectively.
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By employing two wavelengths, 500 nm and 600 nm, and measuring the light
reflectance at the two specific wavelengths, using Equation)(&ath of [HbQ] and [Hb] can

be solved, as given below, since we already know the valuesfy andeppoA)).

. AQODA_ . AQDA
[HbO2] = Hb __Hb
L (e ,Le /{‘ - € ‘e /{ )
Hb HbO, Hb HbO,
AODA . AODA.
:.HE}QE LU LHE}G; L
[Hb] = T 7 ) ] P 7Y
I A Ao _ s Al
- L\vllb IL'.IJF_’.'.{’..-'-] hllb “IJ.II:'.O) 1;
c 0D . A,0DA
A[HbO2]= _“Hb "7 T CHp T
e AZE 1 _ € /{'le /{'2)
Hb HbO, Hb "HbO,

)-2 /l; - e A'l ‘:'{2

AHbl=  °HDO, 20D HbO. 10D
Ao, A . A, A

L (aHb HbO, Hb °HbO, )

whereAOD" represents a change in optical density at the specific eraytdl, A, and
equals log (A/A1). Ag and A correspond to light intensities measured under the baseline and
transient conditions.

The data obtained during the yeast measurements, as explained ®eamlte used to
validate the method using Beer-Lambert's law. In this caseblibed oxygen level before
adding yeast was considered as the baseline. The periodraftaddition of the yeast was
considered the transient period. Hence the output of this data wbaolv the change in oxy-

hemoglobin and deoxy-hemoglobin with respect to the baseline, as shown in Figure 3.3
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To understand the effects of change in scattering medium oradberacy of
determination in HbO and Hb, another experiment was performed. In thisneepg the blood
concentration was kept constant at 30uM and the intralipid otratien was increased from
1% to 5%. Here, reflectance data at 1% intralipid concentratienconsidered as the baseline;
all other concentrations of intralipid were considered in thesient conditions and hence the
change in absorbance was shown with respect to the baselinevas ishFigure 3.4. This
figure shows that the change in oxy-hemoglobin is almost rédrereas the change in deoxy-
hemoglobin is dependent on the change in scattering. Hence, usingddamert's law, it is
difficult to differentiate the effects between the actudlarge in deoxy-hemoglobin
concentration and the change in scattering. But, this relatgétaod can provide us with a fast

and relatively accurate means to quantify changes in oxy-hemoglobin tratices.

Concentration Changes
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T
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Datapoints
Figure 3.3 The change in [HbO] and [Hb] during yeast measurements and pumgxygeri
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Figure 3.4 The effect of increasing intralipid concentration on the chartge [HbO] and [Hb]
keeping blood concentration constant.

3.6 Look -Ahead Distance (LAD)

When | first started using the optical spectroscopic systeraxplained in Chapter 2,
for pain study in rats, | used an optical needle probe witbuece-detector separation of 700
pm. The animal pain study and its protocols are to be exglandetails in Chapter 4. This
study was planned to monitor the hemodynamic changes over the spthalvhich is exposed
through laminectomy, and also the changes at the brain due to peripheralti&iimulWhen the
700um optical probes were used to measure signals on the spidahoosignal changes were
detected. This led to the quantification of the Look aheadraistof the probe. The look ahead
distance (LAD) basically is the largest or farthestattise at which the target sample is “seen”

or “detected” by the optical needle probe above it.
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A phantom experiment was carried out to measure the LAD of the pliokhis
phantom study, two probes were used: one with source-detector sepafafi00 pm and the
other with 100um [25]. A plastic capillary of 3 mm diamet@&veared with a black tape, was
used as a sample, possibly resembling the spinal cord. The phaatomasde from intralipid
solution mixed with PBS and 3@M blood, and the intralipid concentration was 2% of the total
solution of 3000ml. The probes were held orthogonal to the horizontad,dd a distance of
1mm from each other. This probe set up was held with the he@lgpadbe holder. A black thin
plate covered a large area of the rectangular container anthelé horizontally by a vernier
height gage, which had the precision of 0.2 mm vertical moreriiée experimental diagram
is shown in Figure 3.5. This black plate was kept below tlwedptical probes under testing.
This set up was immersed in the phantom solution. The horizontd pliate was then moved
in an interval of 1 mm from right below the probe tips to 25 mmeéhe tips while the data
were collected at each depth.

The data was analyzed empirically; the slope of the tafiee curve from 700 nm to
850 nm was calculated [25]. These slopes were plottedsighe increasing distance between
the probes and the black plate, as shown in Figure 3.6. Itridfreee Figure 3.6 that the LAD
for the probe with source-detector separation of 100 um iseket® mm to 5 mm, and that of
the 700-um source-detector separation is between 7 mm to Fhisnshows that the probe
with 700-um source-detector separation would detect signals fssaes that are 7 mm to 9
mm deep. This explains why we did not obtain good results in thereanimal study since
those 700-um probes detected the signal changes from a deepewdissne than those on the
spinal cord, which is approximately 3 mm in diameter. More rately, the signal changes due
to peripheral stimulations seen by the 700-um source-detegpparagion probe are averaged

over the entire 7-mm deep volume, not only specific from the Ispaméd. Hence, shifting to the
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100-um source-detector separation probes was advised, as the LADnwato®d mm, optimal

for the detection of signals from the spinal cord only.

700um optical
probe

Probe holder

Vernier Height

100um optical
Gage

probe

al
/1N Black body
’—¢T-

Figure 3.5 The schematic diagram of the experimental set up to detdhaiLAD of the
probes of 700um and 100um source-detector separation. The above set up is immaersed in
intralipid phantom
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Figure 3.6 The experimental results of normalized slope versus theadidbetween the probes
and the black capillary.
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CHAPTER 4

PAIN STUDY

4.1 Introduction

Noxious peripheral stimulations cause changes in peripherallation.

Previously, performed investigations to characterize peripbkrad flow changes, due to pain
stimulations, have been to quantify relative changes with cespahe baseline. In this study,
changes in peripheral circulation as a result of electstaiulations are quantified with
spectral alterations in optical signals. The quantificatioasnat limited to change in relative
units, rather elicit changes in oxygen saturations, increase oéwoatgyl and total hemoglobin
concentrations. Optical reflectance signals were measuredtaneously on the brain and the
spinal cord, while the hind paw of the anesthetized rat was stisulelectrically. The
temporal evolutions of signal changes during and after theulstilons were monitored by a
multi-channel spectrometer. The mathematical model [12] and MddBeer Lambert’s Law,
explained in Chapter 3, were used for this study; the result sigmificant increases in
oxygenated hemoglobin concentrations induced by the noxious stimulatioetricale
stimulations, were detected in the ipsilateral side of piveatcord and the contralateral side of
the S1 region of the brain.

4.2 Animal preparation and experimental protocols

The animal preparation and animal measurement wereccayi®r. Yuanbo
Peng'’s student, Mr. Ji Wei He, from the Department of PsychaotyT Arlington. My major
responsibility for this research project was to setup itlstrument, assure good contacts

between the probes and animals, acquire data continuously during a&nddelitzering
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stimulations, perform data analysis, and interpret the datavdratobtained under the electrical
stimulation of 10 V.

Adult male Sprague Dawley rats were initially anestleetiwith pentobarbital (50 mg/
kg, i.p.). Laminectomy was performed on the rat to expose thoraciaatmi regions of the
spinal cord for proper placements of the optical probes on the spirthl The scalp over the
somatosensory region in the brain was also removed for bettempbnt and contact of optical
probes on the brain. The Somatosensory region was identifiedtbheingt brain atlas. Mineral
oil was used to prevent the drying of the exposed surface. A catfetgrlaced into the jugular
vein for continuous administration of anesthesia. Musculaturalysés was achieved by an
intravenous placing of an injection of 1 ml pancuronium delivered minute. Controlled
ventilation was administered through a tracheal cannula followaaheostomy. Continuous
anesthesia was accomplished by administering intravenousanjeétpentobarbital of 5mg/ml
at a rate of 0.02 ml per minute. The end tidal,@@s maintained at around 30 mmHg. The
animal’s body temperature was maintained at 878/ a feedback controlled electric heating
blanket. The experimental setup and arrangements of optical prolibe fiudy are shown in
Figure 4.1. Rat was held in a stereotaxic frame to prevenemment during recording. Four
calibrated optical probes were used for the study of pain stiowlan the hind paw. Two
probes were placed on the spinal cord, on both sides, and two onithia ltihe somatosensory
region, on both sides. The probes were held in a stable position witlelthef probe holders
attached to the stereotaxic frame. The probes were pla@egdrtically straight position, in a
way that, it just touches the tissue under study. Care was glch that the probes do not put
pressure on the tissue, which would disturb the absorption and scpparnameters of the

tissue. Adequate support was provided to facilitate placements oftical probes and a stable
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system was achieved. Any artifacts due to movements of thespnaye minimized due to the
stable system.

A ball electrode was used to locate the lumbar region of thmalspord, to achieve
better signals for the optical needle probes during stinoa&{i24]. The ball electrode was first
placed on the spinal cord region, prior to the actual placemétite @ptical probes; another
electrode was pinned in the fore paw. Gentle stimulations usingsh bere given on the hind
paw of the rat. The ball electrode catches the action pd&matia a system converts these
signals into sound signals. The ball electrode was moved bgespinal cord to achieve the
largest response signal. This region was considered the |luadian of the spinal cord. The
area was visually marked and the ball electrode was ean@ptical needle probes were then

placed in the marked area. Data acquisition system was as explainetibim 3.

Figure 4.1 The experimental set up and the probe placement on the brain ancbsginal

4.2.1 Baseline measurements
After completing all preliminary animal preparations, baselimeasurements of
reflectance spectra were made for two minutes. The measurenegatsnade only after the eye

blink and tail pinch responses of the rat were eliminatecasM@ments were made with a
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sampling time of 2 second. All measurements were made in damusdings to eliminate
ambient light contamination. To eliminate any contribution of antlight, dark signals were
measured and subtracted in post data analysis. Vital signs na@riored throughout the
experiment. The data acquisition system, simultaneously, measuaeakt daur locations of the
probe placement.
4.2.2 Stimulations

After two minutes of baseline measurements, electrical siiftons were given on the
plantar surface of the hind paw. Electrical stimulation patéatecluded delivering electrical
stimulations to the plantar paw of the same hind limb. Tleet&tal stimulations were with a
graded intensity from 5V to 15V stimulations, in a conseeuincrement of 5V, at a
frequency of 10 Hz and pulse-width of 1 ms duration. The stimulatiens given for 10 s. The
inter-stimulus interval (ISI) was about two minutes. Five blsikulations were performed, at
each electrical intensity. As the rat was paralyzed, wasetaken to ensure that there was no
movement of optical probes at any location.

All procedures used in this study were approved by the Anima¢ @ad Use
Committee of UTA and followed guidelines for treatment of atsénaf the International
Association for the Study of Pain.

4.3 Data Analysis

Once the data was collected on both, the ipsilateral and leteted side, at the brain
and spinal cord, during and after stimulating the rat pawg#te was then processed using the
reflectance model explained in details in Chapter 3. In ogystl analyzed the data taken only
from 10V electrical stimulations in order to demonstrate théulmsss of the method. More
complete and thorough analysis can be found in Mr. Ji Wei Haisefulissertation. Equation

3.10 shows a mathematical relation between reflecté€g, coefficient of absorptiorny,, and
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reduced coefficient of scatterings’. In this equationk; andk, are parameters depending on
geometrical characteristics of the optical probe and were determinexdneaptally using tissue
like blood-intralipid phantoms as explained in Chapter 3. The skt afidk, for the optical
probes used in this study have been tabulated in Table 4. R,én equation 3.10 was the
measured reflectance from the spinal cord and breinO[, [Hb] and Hbrq,] and scattering
parameters can be determined from equation 3.10kaféerdk, were fully calibrated.

Table 4.1 Thé; and k values used in the pain study

Probe k1 k2
& 19.57944 | 2.369189
e 14,1786 | 1.941544

#4 1o.8612 | 2.467233
#5 15.98625 | 2.3443833

The values of HbQ], [Hb] and Hbry] and ps' were then plotted against time.
Detrending of data was carried out wherever necessary. Aglehblocked design for each of
the stimulations, the block average needs to be analyzed.OTeectnds of baseline data, 10
seconds of stimulation period and 40 seconds of the recovery tineegnmiped together for
each of the stimulations, on all ratslbO], [Hb] and Hbrqs] and ps’ during the baseline were
subtracted from the entire 50 seconds data (10 seconds of stimudail 40 seconds of
recovery time). Hence, | quantified the changedib@], [Hb] and Hbrq,] and ps’ during and
after stimulation.

To analyze the blocked design, | preformed one way ANOVA on e#adhe five
blocks, for all stimulations, for each rat. This was perfatrive MATLAB, to compare the
means of each of the five blocks of data, where each blockcarasdered an independent

sample containing mutually independent observations. It evaltredsypothesis that the five
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blocks, all have the same mean against the alternativehihan¢éans are not all the same.
Another command ‘multcompare’ was used to perform a multiple casopatest; it returned a
matrix of pair-wise comparison results between each of Wieebfocks. Each row of this matrix
represented one test, and there contained one row for eacdmqmigst the five blocks. The
entries in the row indicated the means of the two blocks beingamaah, the estimated
difference in means, and a confidence interval for the difterelf the confidence interval did
not contain zero, the pair was considered significantly diffexedtvice versa. The block that

was significantly different from others was removed for furthealysis, as shown in Figure

4.2.
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Figure 4.2 The use of one way ANOVA in analyzing block design
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Figure 4.2 shows the change iHHO] at the contralateral side of the brain due to
electrical stimulations on the paw. It can be seen and alsstistlly proved that block 5 was
different from the other blocks. The probable reason for sekifegence in the blocks with the
same stimulations could be due to the change in physiology afatheaused by repeated
stimulation on the same region. This set of data was then blamlaged over the remaining
blocks for each of the stimulations.

The block averages for changes iHbD], [Hb] and ps' for the 10 V electrical
stimulations are shown in section 4.4. For further analysigedf she changes itHpO], [Hb]
andps were significant over all rats performed the mixed design ANOVA analysis.

In this type of analysis, using the mixed model, there were tauapgr One group was
within subject variability and second was between subjiability. Within subject, | had two
groups, one during baseline and one during and after stimulatiomg thee mixed model
ANOVA, | checked if there was significant change kb{J], [Hb] and ps' during and after
stimulation as compared from the baseline, over all rats. This model woeeld g-value which
would tell if there was significant difference. This pu@las over all rats to show if there was

any significant difference between the two groups.

4.4 Result and Discussion

4.4.1 Spinal cord

Data was analyzed as explained in section 4.3. Change in [HbO] bha/§id analyzed
separately. Figure 4.3 shows the change in [HbO] at tHatgrsil side of the spinal cord due to
10 V, 10 Hz electrical stimulations with 1ms pulse width loe paw. They are block averaged
temporal profiles for 10 rats. Figure 4.4 shows the change ingHhk spinal cord, induced by

the same 10 V electrical stimulations.
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It is seen that there was an increase in [HbO] and a deciregHb] from the baseline,
during and after stimulations. Neuronal activity leads to diffeiphysiological events, which
may result in local increase in blood flow, increase in blood volang also an increase in
metabolic rate of vascular oxygen, all of which are terméthasremodynamic response’ [28].
Our experimental results may well demonstrate an obviousi@dterin hemodynamic response

caused by electrical stimulatiospecifically, it is seen that all ten rats showed sigaift

changes in [HbO] due to electrical stimulation of 10V, 10Hz and 1ms pulse width.
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Figure 4.3 An increase in [HbO] at the ipsilateral side of the spindldxee to electrical
stimulation of 10V, 10Hz, 1ms pulse width
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Also, all ten-rat data were statistically analyzed dbanges in [HbO] and [Hb] at the
ipsilateral side of the spinal cord. The results of thessitzs are shown in Table 4.2. The p-
value is fora of 5%.

Table 4.2 The statistical results for the ipsilateral side o$piveal cord in response to electrical
stimulation on the paw.

10V Electrical | P-value (n=10)
[HbO] 0.0008

[HD] 0.0026

4.4.2 Brain

From past studies, it is seen that mechanical stimulatiometdshow large changes in
[HbO] and [Hb] in somatosensory cortex of the brain [29]. The smseasory cortexs
composed of only a few numbers of nociceptive specific neuamusthese are interspersed
with non-nociceptive neurons. Henitegzan be suggested that pure nociceptive stimuli, such as
mechanical stimulation, may cause little or no S1 actiwaith imaging studies [29]. Since the
organization of the nociceptive and non-nociceptive neurons is ixgnthe optical probe
would pick up signals which are averaged over the entire regiprobé location and will not
contain information specifically from the nocicpetive neurons incthiréex.This may explain
the reason for no changes in [HbO] and [Hb] in the S1 regienaunechanical stimulations,
based on the observation through my experiments.

On the other hand, afectrical stimulus indiscriminately activates all loocateptors,
both nociceptive and non-nociceptive, and therefore rasudtstivation of S1 neurons. This is

confirmed by our results, as given in Fig. 4.5.
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Figure 4.6 A decrease in [Hb] at the contralateral side of the brainrgg&h from the
baseline due to electrical stimulation of 10V, 10Hz, 1ms pulse width

The results for the statistical analysis over 5 ratsesponse to the 10 V, 10 Hz
electrical stimulations on S1 region are shown in Table 48.H-value is computed forof

5%.
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Table 4.3 The statistical results on the contralateral sideeddrain in response to
electrical stimulation (10 V) on the paw.

10V Electrical | P-value (n=5)
[HbO] 0.0356
[Hb] 0.1056

4.4.3 Comparison between Spinal cord and Brain

As seen in my results, the hymodynamic responses to 10-V eédtiinulations are
different at the spinal cord from that of the brain. The annghdi$ of increase in [HbO] on the
spinal cord are much larger as compared to that at the braionh five rats showed a change
in [HbO], only those rats are compared for their responses apihal cord. Table 4.4 shows
the maximum amplitude at the spinal cord and the brain, in resporitbe 10-V electrical
stimulation at the paw. As seen from 4.4, there are hugatieas of increase in amplitude for
[HbO] changes in different rats. This data when plotted orCapbt, did not show a 45 degree
line passing through zero. This means, that the data was noallyodistributed. To make it
normal distributed data, logarithm of this data set was tak&s.iJ again plotted on Q-Q plots,
which showed a 45 degree line passing through zero. Students T-4dbiewgerformed on the
logarithmic values of the data.

Table 4.4 The maximum amplitude of changes in [HbO] at the spinal cottieand

brain, in response to 10-V electrical stimulation at the paw. The p-wadu@5, shows that they
are statistically different.

Subject |Spinal cord| Erain
Rat 2 5.2344 0.395392
Rat 3 9.38328 1.6795
Rat 5 6.25132 2.7073
Rat 7 75.7186 | 12.4676
Fat 8 14,2142 | 6.06235

P-value 0.0038
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It is clear from my experimental data that there are diffees in hemodynamic
responses between the spinal cord and brain. It is reportednthe i spinal cord, the
neurotransmitter substance P, a vasodilator, is releasgdbgnC-fiber but not by A-fiber
activation [30]. This contributes to an increase in local blftmd and blood volume. In the
brain, the contribution of substance P to vasodilation is mir{ididl Hence, it is expected that
a relatively greater increase in [HbO], as shown in Table 4.4, apthal cord may result from
the released neurotransmitter substance P by C-fiber.

Furthermore, the rats that were analyzed for 10-V elecsteaulation all had different
amplitude of increase in [HbO], in responses on the brain dagsveh the spinal cord. For easy
comparison, | normalized the individual responses of the rats avdg®d them together.
Figure 4.7 shows the normalized changes in [HbO], with the standarcoémean plotted, for
both the spinal cord and brain, due to 10-V electrical stinomat the paw. Notice that the
brain responses were taken contralaterally and the spinal esmbnses were taken
ipsilaterally.
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Figure 4.7 The normalized change in [HbO], at the spinal cord and brain, due tel@éfxical
stimulation at the paw
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It is interestingly seen that the time-to-peak valuengér (almost double) in the spinal
cord response as compared to that in the brain [42]. In pendhe action potentials that fire,
due to the pain stimulations, and reach the brain from the spirthpathway should be within
few milliseconds. A possible explanation for Fig. 4.7 is as falounder the 10-V electrical
stimulation, the neuro-hemodynamic response should be seen irraihe Heading to an
increase in [HbO]. The brain then sends motor reflex signals,themkgh the same pathway,
to the paw. Hence, the [HbO] signals on the spinal cord contnlastt due to the reflex signal,
lengthening the response time.

To further analyze this difference between the respoises bn the spinal cord and
the brain due to the same electrical stimulations, | statisticallpaed the time-to-peak values
for both the spinal cord and the brain. Figure 4.8 shows the diffiemento-peak values in the
two respective cases. It is seen that the [HbO] chamegeh lits peak earlier at the S1 region of
the brain as compared to the spinal cord, almost about dhef lihé time taken on the spinal

cord.
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Figure 4.8 The time-to-peak values in [HbO] changes, at the spinalrubitexS1 region in the
brain due to 10V electrical stimulation.
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Also, to analyze the time spread of the [HbQO] changes atpihalsord and the S1
region of the brain, | calculated the Full width half maxirR&VHM). Figure 4.9 shows the
different time spread of the [HbO] changes in these two réspecases due to electrical
stimulation of 10V. The time spread on the spinal cord is alBtistes more than that on the

brain.

10 V Electrical stimulation

® Brain(N=5

m Spinal Cord
(n=10

Figure 4.9 The time spread of the [HbO] changes, at the spinal cord and tigio8irr¢he
brain due to 10V electrical stimulation.

4.4.4 Hemodynamic changes using Modified Beer Lambert’s Law

Using the reflectance model, it is seen from the previocttoss of this chapter, | have
obtained the absolute hemodynamic changes. However, the datssprpdakes time, roughly
around 2 minutes per spectrum, due to curve fitting procedures. This weald more than
several hours of data processing for each of the probesfarsedery rat and impossible for
real-time monitoring with this method. Hence, a faster meaneshiea relative hemodynamic
changes was highly desirable and explored, as mentioned edalieely, the faster approach is

based on the modified Beer-Lambert’s Law, as explained in details ineCi3apt
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From the phantom experiments, using the modified Beer-Lambest'stlés seen that
changes in [Hb] are influenced by scattering, but [HbO] changesakely due to changes in
the absorption. Knowing this, | have analyzed the [HbO] changée afpinal cord due to the
10-V electrical stimulations at the paw, to compare the trendghégthbsolute [HbO] changes.
Figure 4.10 shows the relative [HbO] changes from the baselitlee apsilateral side of the
spinal cord, due to electrical stimulations of 10V at the himd. pdter analyzing the blocks, |
block averaged the hemodynamic responses over 5 blocks, as showgnra £11. Similar
trends of changes in [HbO] are clearly seen between Fig. 4.1liggrl 3= This unambiguously
validates the relative method using the modified Beer-Larslddaw and offers a more efficient

way for real-time data analysis.
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Figure 4.10 The relative [HbO] changes for each of the five blocks, fof,Rathe ipsilateral
side of the spinal cord, due to electrical stimulation of 10V at tie fhéaw.
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Figure 4.11 The relative average [HbO] changes, for Rat 7, at thedpdilside of the spinal
cord, due to electrical stimulation of 10V at the hind paw.
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CHAPTER 5

CONCLUSION AND FUTURE SCOPE

From the phantom studies, we see that the analytical reftectamodel gives us the
absolute measures of the hemodynamic changes, while the midsifez-Lambert’s law gives
us relative measures in oxy-hemoglobin changes. The reflectaadel is a slow processing
method, however, as compared to the modified Beer-Lambert’'s [Jdwe. relative change in
[Hb], as determined using the modified Beer-Lambert's law,aatfy influenced by scattering
and thus could not be quantified in a faster means, whileveslelianges in [HbO] are reliable
when using modified Beer-Lambert’s law.

Both of the methods show a means of successfully calculating heamagychanges.
To demonstrate these two methods on real measurements and kottehe@lidity on live
tissues, | performed pain studies in rats by placing 4 thin filyes on the spinal cord and the
brain of the animals and recording the optical signals simedtasly during and after electrical
stimulations. As seen in the results section of the previcsteh significant changes in [HbO]
during and after electrical stimulations of 10 V given on thenahpaw are observed at the
ipsilateral side of the spinal cord and the contralateral side ofire (&1 region).

Only in a few rats, | could see significant hemodynamic chaingd® S1 region of the
brain due to the electrical stimulation. The reason that | haveompletely succeeded in all
the brain measurements could be due to the difficulty inindathe probe accurately at S1
region. For future improvement, a better imaging or mapping tool waeilsurely helpful to

guide the optical probe placement at the exact location of S1 somatosegsony r
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This study also presents an interesting observation: tResteckear differences in oxy-
hemoglobin concentration changes between the responses at thesiraaid the brain due to
the same stimulations. Such differences in [HbO] include amplitiiche-to-peak values, and
time spread of the measured hemodynamic signals: the resportbeshrain are faster and
more prompt with a narrower spread, while the signals on the spinal cord tyerealaplitudes
with a longer time to reach the peak and a broader spreadxpla@ation for this observation
is very preliminary. Further studies are planned using multieéxlle probes on the S1 region
of the brain and on various locations at the spinal cord wlighge sample size to confirm my
finding and understand possible underlying mechanism.

My study demonstrates the usefulness and feasibility to usepteal reflectance
spectroscopy and multiple thin fiber-optic probes for investigadhemodynamic responses to
pain stimulations, such as mechanical, electrical, and chesiigallations, at multiple sites
along the central nervous system. Overall, through this studynclude that this simple optical
method can be utilized as a real-time monitoring tool to clemaetand quantify temporal
changes in blood circulation and concentration during peripheral paiuolations; it can be
also useful in understanding different pain mechanisms and ifguamntperipheral blood

volume changes in response to pain.
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APPENDIX A

PHOSPHATE BUFFERED SALINE
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Phosphate Buffered Saline (PBS)

10X PBS (0.1M PBS, pH 7.2):

Na2HPO4 (anhydrous) 109¢g
NaH2PO4 (anhydrous) 3.2¢9
NACI ---m-mmmmmmmm oo 90g
Distilled water -------------------m-emmn-- 100enl

Mix to dissolve and adjust pH to 7.2

Store this solution at room temperature. Dilute 1:10 with
distilled water before use and adjust pH if necessary
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