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ABSTRACT

Hardware improvement in cold pressor test and Peltier system for measurement of

hemodynamic response to pain by fNIR Spectroscopy

Rutvi Vyas

Advisor: Dr. Kambiz Pourrezaei

Functional Near-Infrared (fNIR) spectroscopy is a relatively new imaging technology
which allows a continuous and non-invasive monitoring of changes in cerebral
hemodynamics and blood oxygenation. A number of studies have reported changes in
the hemodynamic activity in response to experimental pain in human subjects using
several imaging modalities, including fMRI and laser Doppler sonography/flowmetry.
In our lab (CONQUER CollabOrative, Drexel University) f{NIR is employed to study the

changes in hemodynamic responses to acute cold pain.

The hemodynamic response to different levels of pain has been investigated at our lab
by delivering cold noxious stimuli by limb immersion in cold water a.ka. cold pressor
test (CPT) and through ceramic plates (Peltier device) respectively. Two configurations
of ‘far’ and ‘near’ optode spacing were used to investigate both pain-related cortical as
well as systemic hemodynamic changes. However, the existing sensor used for
capturing the fNIR recording needed some further hardware improvement to eliminate
the glitches in smooth experimentation. Moreover, there was a critical need for

developing corresponding adapter circuit for the control circuit used for operating the
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light sources and photo-detectors of the fNIR sensors. Furthermore, optimum
parameters to be used for delivering cold noxious stimuli needed to be investigated for
the existing peltier device setup. This thesis addresses these hardware designs and
development concerns done to achieve better experimentation. Results from tolerance
tests using CPT suggest that the systemic change in the blood flow in response to acute
episodes of cold painful stimuli can be objectively monitored and assessed through the
biological marker measured by fNIR spetroscopy. Results from Peltier study suggest
that noxious cold stimuli evoke a less generalized hemodynamic response when

compared with CPTs, which is yet detectable with fNIR spectroscopy.






CHAPTER 1: INTRODUCTION

Pain is one of the most common reasons for patients to seek medical attention and one of
the most prevalent medical complaints [1]. It is defined by IASP (International
Association for the Study of Pain) as “An unpleasant sensory and emotional experience
associated with actual or potential tissue damage, or described in terms of such damage”
[2]. Despite many people suffering from chronic pain, the field of pain management is
not very advanced, partly due to lack of a reliable tool for objective assessment of pain.
A recent market research states that more than 1.5 billion people worldwide suffer from
chronic pain of varying degrees and about 3-4.5% of the global population suffers from
neuropathic pain [3]. According to American Academy of Pain Management, the
number of chronic pain sufferers outweighs other major health conditions like diabetes,
heart disease and cancer combined. A lot of money, ranging from $560 billion to $635
billion (in 2010 dollars), is spent on healthcare due to pain annually in the United States
[4]. This clearly indicates the need of objective assessment of pain even though pain is
considered subjective. It would be very useful for clinicians to have the ability to

objectively monitor and evaluate pain from a robust biomarker.

Studies have been done to measure hemodynamic response in individuals [5-8].
Previous studies of brain responses to pain stimuli have been done using different
modalities including fMRI (functional Magnetic Resonance Imaging), Laser Doppler

sonography/flowmetry and PET (Positron Emission Tomography) [9-18]. These studies



have shown relations between pain stimulus intensity, patient rating of the pain, and
activations of certain brain areas. All these modalities have been greatly useful in
enhancing our knowledge about the physiological changes in the brain as well studying
the neural circuits. However, each of these techniques has its own shortcomings. fMRI
poses restrictions to the subject as it is sensitive to motion artifacts and exposes them to
loud noise and discomfort. It is very expensive and difficult to establish in a clinical
setup [19]. Single point laser Doppler delivers poor spatial resolution as opposed to
fMRI and is also sensitive to motion artifacts, whereas laser Doppler imaging equipment
has better spatial resolution but poor temporal resolution and is very expensive [20]. On
the other hand, PET requires injection of radioactive material and also has a
claustrophobic setup like fMRI causing discomfort to the subject [19]. These limitations
thus give rise to the need of a feasible, inexpensive, portable, non-invasive and reliable
tool for objective assessment of pain. fNIR spectroscopy has been introduced as a new
neuroimaging technique which enables real-time measurement of hemodynamics and
tissue oxygenation non-invasively [21, 22]. It also permits several benefits like easy
operation with high time resolution and adequate spatial resolution for continuous
recording of [HbO:] and [Hb] changes of brain, non-ionizing radiation imaging, and
compact implementation, long time monitoring and low cost [23]. Thus fNIR
spectroscopy has been employed at our lab as a potential imaging technique for pain

assessment.



In order to study the hemodynamic response to pain in humans, induction of
experimental thermal pain has been used. Two of the major techniques widely used for
inducing experimental cold noxious stimuli have been cold pressor tests and use of a
Peltier thermode. The hemodynamic response to different levels of pain, have been
investigated at our lab by delivering cold noxious stimuli by limb immersion in cold

water (cold pressor test) and through ceramic plates (Peltier device) respectively.

PROBLEM STATEMENT

In order to investigate the response to pain through fNIR spectroscopy, certain problems

in the hardware needed to be resolved within the system:

1) Multi-distance configuration of probes: In the design of fNIR sensors, which consists of
infrared light source and photodetectors to capture the hemodynamic response, a
multi-distance source-detector configuration was used. Two different distances, 1 cm
and 2.8 cm, were employed. The near detector which was positioned too close to the
photodetector, would get saturated, resulting in collection of non-reliable data. Also,
the gain of the detector could not be controlled over the individual channels which
resulted in a change of overall gain for the system instead of a particular channel.

2) Adapter for the control unit: The control box of the fNIR system was developed for a
commercially available fNIR sensor. This sensor consisted of 16 channels which
detected hemodynamic response from 16 different locations while up to 8 channels
were needed in the pain experiments. The custom sensor developed for pain

experiments needed to be used with an already existing acquisition unit. As a result,



3)

4
the control box could not be directly used for taking measurements from the fNIR
system.

Optimization of Parameters: In order to use the existing Peltier set up for delivering
thermal noxious stimuli, there was a need to determine appropriate values of
temperature on the hot as well as the cold side to generate a detectable
hemodynamic response while simultaneously accounting for human safety. This
required estimation of an appropriate balance between two parameters: the
minimum and maximum temperature of the Peltier surface for the delivery of cold
and hot stimulus respectively, and the rate of change of this temperature with

respect to a baseline (adaptation) temperature.

These problems needed to be addressed in order to proceed towards experimentation.

SOLUTIONS

D)

2)

3)

To address the first issue of saturation of near channel, the circuit diagram of the
photodetector was studied and a resistance was added across the detector to reduce
its voltage sensitivity and hence the gain of near channel detector could be adjusted.
A solution to the second problem was to design the right adapter tailored for the
fNIRS sensors used in pain experiments. An adapter circuit was fabricated to deliver
power from the supply source to reach the appropriate LEDs and photo-detectors.

In case of the Peltier setup, various tests were performed including changing the

amount of current supplied to the Peltier device, varying the baseline (adaptation)



temperature as well as the water bath temperature to control the minimum and
maximum safe limit of temperature for delivering noxious stimuli as well to avoid
overheating of the device. This paved a way for determining the optimum

parameters for using the Peltier device to conduct experiments.

The above mentioned solutions played a major role in simplification of the experimental
procedures resulting in better acquisition of the data through the fNIR system. It also
helped in increasing the feasibility of the apparatus and aided in better comprehension
of concepts behind the working of fNIR spectroscopy. Moreover, the process of
optimizing various parameters for use of the Peltier setup, helped in understanding the
characteristics and working of Peltier device at a great depth and hence deciding the
usability of the device as a means to deliver experimental thermal stimuli. Thus, the
improvements and modifications of the hardware and experimental protocol paved the
way towards successful experimentation of using fNIR spectroscopy with cold pressor

tests and Peltier device system.

In a nutshell, the following goals could be defined for this work:

An IRB for performing cold pressor tolerance test was to be obtained. A protocol was to
be developed and an IRB to conduct cold experiments using Peltier device was to be
obtained. One of the goals of this work was also to debug and modify all the necessary
hardware to carry out the cold pressor tests and the cold experiments using Peltier

device. Another aim was to obtain pilot data to demonstrate that both systems and
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protocols are calibrated, validated and are ready for the above IRB approved clinical

trials.

This thesis talks about the hardware development and improvement done in the
apparatus and protocol for using two modalities: CPTs and Peltier device; for inducing
experimental pain in human subjects and monitoring the response through fNIR
spectroscopy. The principle, experimental setup and the results obtained from the pilot
studies done after the improvement have also been discussed to give an insight about

the success of these modifications.



CHAPTER 2: FUNCTIONAL NEAR-INFRARED SPECTROSCOPY -
BASICS AND ITS APPLICATION IN PAIN STUDY

This chapter discourses the basic principle of functional near-infrared spectroscopy and
how this principle has been exploited to be used as an imaging modality for its
application in pain study. During the course of this application for our research, certain
hardware problems were encountered which have been discussed along with the

solutions employed.

21 BACKGROUND

2.1.1 PRINCIPLES

Absorption of light by hemoglobin is strong in the visible range but decreases
significantly in the near infrared range, while its absorption by water increases beyond
wavelength of 900 nm [24-34]. Thus biological tissues are relatively transparent to light
in the near-infrared range between 700-900 nm (Figure 1) [35]. Even though there is a
strong scattering of light by tissue, the radiation can be efficiently transmitted through
skin and soft tissue over long distances, which makes this wavelength range an “optical
window’ for non-invasive assessment of brain tissue [35, 36]. This light then gets
absorbed by the chromophore, hemoglobin. There is a change in the absorption of the
near-infrared light by these chromophores based on the change in their oxygenation
states and this serves as the main principle of fNIR spectroscopy [37]. fNIR spectroscopy

system consists of infrared source and detectors that receive light post-reflection.
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Figure 1: ‘Optical Window’ of biological tissue: Main tissue constituents absorbing in the 700-900 nm
spectral range [38-49]

The photons emitted from the light source that enter the tissue undergo absorption and
scattering and thus get attenuated. They easily pass through most of the tissues but
reflect back from oxy- and deoxy-Hb [19]. fNIR spectroscopy measures this attenuation
of light at different wavelengths in the near-infrared region where the changes in optical
densities are attributed to changes in chromophore concentration in the illuminated
volume on the basis of a modified Beer-Lambert’s Law [50]. These fNIR spectroscopy
measurements are carried out by reflection mode in which the infrared light travels in a
shallow banana-shaped arc with a penetration depth of approximately half the distance

between the source and the detector (Figure 2).



lecm 2cm

Figure 2: Banana-shaped pathway of infrared light in biological tissue

The equation for the modified Beer-Lambert Law is:
1= Gl * e1@mCr* 0.0
G = factor that accounts for the measurement geometry and is assumed constant when
concentration changes
Io = the input’s light intensity

am and @mo2z = the molar extinction coefficients of deoxyhemoglobin and

oxyhemoglobin
Cuv and Crvoz = the concentrations of these chromophores

L = photon path which is a function of absorption and scattering coefficients (#. and )

If the intensity measurement at an initial time is Ib, and at another time is I, the OD
(Optical Density) changes due to variation in Cm and Cmvoz during that period is

calculated as:

AOD = log (Ib/I) = amy Crv + arivoz Crvoz
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By measuring optical density (OD) changes at two wavelengths, the relative change of
Hb and HbO: versus time can be obtained. Change in oxygenation and blood volume or

total hemoglobin can then be calculated as:

Oxygenation = ACmo2 — AChb

Blood Volume = ACnvoz + ACwp

2.1.2 PAIN RESEARCH USING fNIR SPECTROSCOPY

Several researches have been done to study the activity in the brain in response to pain.
Induction of experimental hot and cold pain has been used widely for studying
activation of various parts of brain. Thermal pain-evoked activity has been seen within
the frontal lobe regions like anterior cingulate cortex as well as in secondary
somatosensory, and primary somatosensory cortices during perception of painful heat
stimuli [18]. Similar other studies have shown multiple representations of pain in the
human brain. Casey et al. have studied the forebrain and brain stem structures that are
active during perception of acute heat pain in humans in response to repetitive noxious
thermal stimuli [9]. Coghill et al. have also studied changes in blood flow in the brain
resulting as a response to painful thermal stimuli delivered to the forearm of human
subjects [11]. Severe, localized cold stimulus is also known to elicit highly specific

autonomic activity [51].
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These changes in the brain are associated with changes in the optical properties of the
outermost layer of brain tissue which can be measured by functional optical imaging.
Functional optical imaging is the assessment of physiological changes associated with
brain activity by means of optical methods [35]. Near-infrared spectroscopy can detect
changes in the concentrations of oxy-hemoglobin ([HbOz2]) and deoxy-hemoglobin ([Hb])
in tissue based upon differential absorption at multiple wavelengths [5]. Villringer et al.
have evaluated NIR spectroscopy as a tool for assessment of hemodynamic changes that
occur during stimulation of brain function in human adults [8]. Now, increase in blood
flow towards brain as a response to painful stimuli will lead to an increase in [HbO2]
and a decrease in [Hb] because more oxygenated than deoxygenated blood will fill the
blood vessel. Such regional oxygenation surrounding brain has been measured by
multichannel near-infrared spectroscopy in infants as well as in patients during cardiac
surgeries [52, 53]. Thus fNIR spectroscopy has been employed by our lab for monitoring

changes in hemodynamic response due to experimentally induced cold noxious stimuli.

2.2 HARDWARE DEVELOPMENT

Two main hardware issues were encountered during hardware development:

1) Saturation of near channel of the fNIR sensor

2) Excess channels in the control circuit



12

SATURATION OF NEAR CHANNEL OF THE fNIR SENSOR

In order to capture the hemodynamic response, as the first step in the fNIR system, a
multi-distance configuration was used in the design of the probes, where two different
distances: 1 cm and 2.8 cm, were used between the infrared light source (multi-
wavelength light emitting diode manufactured by Epitex Inc. type L4*730/4*850 - 40Q96-
I) and the photo-detector (OPT-101 manufactured by Burr-Brown Corporation)(Figure
3a and 3b). The LED comes in a STEM TO-5 package at 730 nm and 850 nm wavelengths
with an output power of 5 to 15 mW. The photodetectors come in an 8-pin DIP package.
The main reason to use two different distances between the source and the detectors was
to allow the response to be captured at two different depths. In addition to this, the
silicon used for the base of the probes increased their flexibility and reduced their
weight. However, the near-channel would get saturated because of its close proximity to
the LED source and the gain of the individual detectors could not be controlled. To
avoid saturation, the near detector needed to be taped by leaving a pin-sized hole for
allowing just a small amount of light to pass through (Figure 3c). This tape needed to be
replaced before every trial as the dimensions of the holes were altered as a result of use
and possible dirt accumulation which resulted in loss of productive time and consistent

signal.
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(a) (b) (c)

Figure 3: (a) Multi-distance probes; 1 source 3 detectors with S-D distance of 1cm and 2.8 cm
(b) Multi-distance probes; 1 source 2 detectors with S-D distance of 1cm and 2.8 cm
(c) Probe with a pin-size holed tape around near channel to avoid saturation

This problem could be eliminated if the gain of the near detector can be controlled
individually. This was done by addition of an external resistance across the detector.
This resulted in reduction in voltage sensitivity of the detector and hence decreased the
gain of near channel detector. According to the datasheet for the photo-detector
(Appendix A), an external resistor, Rext, can be connected to set a different voltage
responsivity. A 1 M-ohm internal feedback resistance was provided in the photo-
detector and thus to decrease voltage sensitivity, lower value of resistance, in the order
of 10kOhm in this case, was applied across the detector to record a meaningful fNIR
spectroscopy signal. This allowed individual control over the gain of the detector by

controlling Rexr.
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Figure 4: Changing responsivity of near photodetector with external resistor

EXCESS CHANNELS IN THE CONTROL CIRCUIT

Another obstacle in the path of smooth experimentation was that the control circuit used
for operating the light sources and photo-detectors was designed to power the
commercially available fNIR sensor which consists of 10 detectors and 4 LEDs. Each
source-detector pair corresponds to a channel which in turn is displayed in each
corresponding voxel. In the fNIR sensor shown in figure 6a, there are 4 sources and 10
detectors thus forming a total of 16 channels. These channels are displayed in
corresponding voxels of the COBI Studio software which are shown in Figure 6b.
Conversely, the fNIR sensors used in pain research consisted of 1 source and 3 detectors
each (Figure 3a), resulting in 3 channels for each probe. Two such probes were used in

pain experiments thus requiring 6 voxels corresponding to the 6 channels. Hence, the
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configuration of the custom-made fNIR sensors used in pain research did not fit into the
original design of the COBI Studio software. This resulted in excess channels showing a
response in the COBI Studio software while there was an actual presence of only 6
channels. This gave rise to the need of an adapter for identifying the correct number of

channels and eliminating any excess channels showing up on the software.

(a) (b)

Figure 5: (a) Commercially available fNIR sensor; 4 LEDs and 10 detectors (b) 16 voxels corresponding to
16 channels on the COBI software

In order to avoid this response from unwanted channels, a new adapter was designed as
per the requirements of the number of channels. This adapter consisted of one 40-pin
connector for communication with the control circuit and three 10-pin connectors for
attachment of up to 3 probes. Two probes were to be used for pain experiments and an
extra connector was provided so that a third probe (Figure 3b) could be attached to
incorporate two more channels for future experiments. The connections available from
the commercially available sensor were employed by using the required number of
channels (Figure 6a and Appendix B). As shown in Figure 6b, the connections from the

left-most and the right-most LEDs (LED-1 and LED-4) and their corresponding three
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detectors (D1, D2, D3 and D8, D9, D10) were adapted for two of the new probe
configurations as discussed previously. In addition to this, the connections from the
LED-3 and its corresponding detectors (D5, D6) were adapted for an extra probe
configuration with 1 source and 2 detectors (figure 3b) for future application. This
design allowed appropriate recording of individual channels where voxels 1, 2 and 3
corresponded to channels of probe 1; voxels 14, 15 and 16 corresponded to channels of
probe 2 and voxels 9 and 10 to channels of probe 3. This made the overall use of COBI

software more feasible and appropriate for pain study.

10 Pin Connector LED1 LED2 LED3 LED4

|

D1 D3

mumumm |
mlm | Probe 1

40 Pin Connector Probe 2 Probe 3

(a) (b)
Figure 6: (a) Adapter circuit for 3 probes: 40 pin connector for connection with the control circuit and 10
pin connectors for probe connection (b) Connections adapted from commercially available fNIR sensor

Investing time to tackle the hardware issues helped create reliable and efficient

hardware, which were required to effectively continue with the tolerance tests using



17

cold water. The improved hardware as discussed in this chapter was then employed to

run some successful cold pressor tests which are discussed in detail in the next section.
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CHAPTER 3: COLD PRESSOR TESTS (CPT)
In this chapter, an overview of the use of CPT in the field of pain research has been
discussed. The experimental setup section talks about the apparatus, protocol and
procedure to run the tolerance tests using cold water followed by the results of the
hemodynamic response evoked in the subjects due to the cold water stimulus. Thus the

usability of the hardware, developed as discussed in chapter 2, has been presented.

3.1 LITERATURE REVIEW

Pain threshold and pain tolerance tests are used to find out the level at which pain
begins to be felt and the maximum level of pain that a person is able to tolerate,
respectively. These tests have proved to be very useful in learning about the
physiological and psychological parameters in the human body. One of the techniques
that have been widely used to determine the pain threshold and pain tolerance is the
classic “cold pressor test’; immersion of hand in ice-water. Several studies show that cold
pressor test can be used successfully to evaluate psychological and physiological pain
treatments and cold pressor tests have been used in fields like cardiovascular research
since a long time ago [54]. Stocks et al. have shown a comprehensive overview of the
human physiological responses to acute cold exposure [55]. The basis of their study was
that the responses to cold, and the hazards associated with cold exposure, are
moderated by factors which influence heat production and heat loss, including the
severity and duration of cold stimuli, the magnitude of the metabolic response, and

individual characteristics such as body composition, age, and gender. Furthermore,
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Streff et al. have mentioned that the cold pressor test (CPT) is an empirically validated

test commonly used in research on stress, pain and cardiovascular reactivity [56].

Wolf and Hardy used cold water at different temperatures ranging from -2°C to 15°C to
study pain phenomenon due to local cooling [57]. They held their hand in cold water at
0°C to 15°C for as long as 10 minutes and at -2°C for more than 4 minutes with no
reported adverse effect. Streff et al. had performed the cold pressor test at 3-4°C with a
cut-off predefined at 5 minutes [56]. Moreover, Walsh et al. had also used the
temperature of water to be about 1-2°C [58]. Mitchell et al. performed the test at
temperatures of 1°C, 3°C, 5°C, and 7°C and reported the tolerance limits as up to 150
seconds for 1°C and 3°C and up to 250 seconds for 5°C and 7°C in their population [59].
Based on such preliminary studies, we hypothesized that there is a relation between self-
report of pain by the subjects during the threshold and tolerance tests and the
measurements obtained by the fNIR spectroscopy. To test this hypothesis, we proposed
using cold pressor test for the delivery of cold noxious stimuli. Given the above
mentioned studies, we proposed the cut-off period of hand immersion in cold water as 5

minutes which could be considered as a safe duration for our experiments.
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3.2 EXPERIMENTAL SETUP

3.21 APPARATUS

In order to collect the fNIR spectroscopy data, the continuous wave fNIR spectroscopy
system, developed at Drexel University in our laboratory, was used. As described by
Bahareh et al. it is composed of three sub-systems: (1) Two fNIR sensors with one light
source and three photo-detectors each (2) A control circuit for operating the light sources
and photo detectors (3) A software named COBI Studio developed in our laboratory at
Drexel University for data acquisition and real-time data visualization. Two separation
distances between the infrared light source and the photodetectors were used; 1 cm to
monitor the absorption changes at the superficial layers while 2.8 cm for investigating
deeper layers reaching the brain because the depth of penetration of near infrared light

is half of the separation between source and detector.

The revised fNIR sensors were used to capture the response from the subjects. This
modification of addition of external resistance proved to be advantageous in the
experimentation. The duration of the pre-experimental setup time could be reduced to a
great extent thus improving the quality of the testing. Moreover, the stability and
consistency of the data were also affected positively. The newly fabricated adapter was
used to bridge the second and third sub-systems of the f{NIR spectroscopy system. The

distinct assignment of channels aided in signal processing as well as data analysis.

For the delivery of cold noxious stimuli, constant temperature water bath (RM6 Lauda

Brinkmann) was used and the temperature of this water bath was maintained at 5°C. In
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addition to this, a water bath, with water kept at room temperature (~23 °C), was used

for generating a thermally neutral sensation for pre-stimulus recording.

3.22 PROTOCOL AND PROCEDURE

Two fNIR sensors of the same configuration as previously described were positioned
symmetrically on the left and right sides of a subject’s forehead proximate to the anterior
median line and were secured using a medical band aid and a Velcro strap. Raw optical
intensity measurements were collected at a sampling frequency of 2Hz in a dimly lit
room with an ambient temperature of ~23°C. The effect of background light on fNIR
spectroscopy data was negligible and in fact, since the fNIR spectroscopy measures the
relative changes in Hb and HbO: concentrations with respect to a baseline condition, this
effect was washed out in the calculations. Subjects were seated comfortably in an

armchair, facing away from the experimenter to minimize any distraction (Figure 7).

Figure 7: Setup of cold pressor test during the experiment
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‘Cold pressor tests’” at a temperature of 5°C were performed on the subjects for
measuring their pain threshold and pain tolerance while recording their fNIR
spectroscopy signal in order to compare these parameters with objective measures
acquired through fNIR spectroscopy. Before any pain tolerance experiment, subjects
were instructed to notify the researcher once he/she starts feeling pain after immersion

in cold water and once the pain becomes intolerable for them.

Baseline Hand immersion in Immersion in ice water till Hand immersion in

(30sec) | warm water (~23°C) the time the subject can warm water (~23°C)
(2 min) tolerate (2 min)

Figure 8: Experimental protocol of pain threshold and tolerance test using cold pressor test

Each experiment consisted of a baseline recording at rest followed by the immersion of
the right hand up to the wrist into a bucket of circulating tepid water kept at room
temperature (~23°C) for 2 minutes for adaptation. This was then followed by right-hand
immersion into cold water (0°C-10°C or 32°F-50°F). Subjects were asked to ring the bell
when they felt a pain of 3 on a numerical rating scale from 0 to 10 (NRS-11), where ‘0’
indicates no pain and ‘10" indicates the worst imaginable pain. Upon experiencing an
intolerable pain (10 on the NRS-11), subjects withdrew their hand from the cold water
and immersed it back into the room temperature water for 2 minutes for the
hemodynamic recovery. The constant temperature bath device RM6 LAUDA Brinkmann

was used to cool the water. A block diagram of the protocol is shown in Figure 8. The
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pre-stimulus baseline was used as a reference to calculate changes in Hb and HbO2
concentrations. Subjects received an auditory command from the experimenter when to

switch their hand from the tepid water into the cold water and vice versa.

3.3 RESULTS

Hemodynamic parameters measured by fNIR spectroscopy (oxy-hemoglobin (HbOz),
deoxy-hemoglobin (Hb), and total hemoglobin (THb)) showed that subjects with high
tolerance to pain had HbO: and THb curves with signs of adaptation to pain, observed
by the gradual curve in the cold-water stimulus consistence with their subjective self-
reports. No visible or significant adaptation was observed in those with low tolerance.
Hence the results were extremely significant: the more intense pain is felt by the subject,

the more the concentration of HbO:x.

A typical fNIR spectroscopy signal resulting from this experiment is shown in Figure 9.
The red curve represents oxygenated hemoglobin, the blue curve represents de-
oxygenated hemoglobin and the green curve represents the total hemoglobin
concentration. The black bars are the markers of the experiment. In the figures given
below the first marker indicates the hand-immersion in tepid water, the second marker
indicates hand immersion in cold water, the third one indicates the onset of pain i.e.
when the subject’s self-report of pain becomes 3/10, while the last one indicates the time
when the subject took the hand out of cold water and immersed in tepid water i.e. when
the subject felt intolerable pain of 10/10 or at the end of 5 minutes immersion in cold

water.
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It was observed that the subjects could be categorized into two main groups: ones with
low tolerance to pain and ones with high tolerance to pain. Adaptation was seen in
subjects with high tolerance to pain which could be a result of sensitization of the skin
due to cold stimuli. No visible or significant adaptation was observed in subjects with
low tolerance to pain as they could not hold the hand long enough to possibly reach a
level of sensitization. These observations were found to be consistent with subjective
report of pain. A sample self-report for subject with low and high tolerance each is
shown in Table 1 and Table 2 and their corresponding levels of oxy and deoxy-
hemoglobin concentration as well as total hemoglobin are shown in figure 9 (a and b)
and 10 (a and b) for right forehead and left forehead respectively. It was also observed
that the signals from near and far channels were similar. The results show that the
subject self-report of pain correlated very well with signal. All the data collected from

subject of different ages and sex showed similar results.

Time (s) 0 30

Pain Scale | 3 9

Table 1: Pain Scale (Low Tolerance Subjects)

Time (s) 0 |30 |60 (90 |120 |150 |[180 (210 | 240 | 270 | 300

Pain Scale |3 |5 6 7 9 9 8 8 7 7 7

Table 2: Pain Scale (High Tolerance Subjects)
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The detail analysis of these data sets are not within the scope of this thesis and will be
done by our group in future after enough subjects have been tested. However, these
experiments showed that the total hemoglobin concentration is markedly different
during the presence of cold stimulus as compared to the absence of the stimulus. As the
tonic pain induced by noxious cold water is massively confounded and regulated by
sympathetic activity, it can be concluded that the observed hemodynamic change in
response to the cold water stimulus is mainly dominated by the sympathetic nervous
system. However, stimuli that would evoke a less generalized response might provide a
different insight to understand the contribution of autonomic nervous system in
response to pain. Peltier device has been used for delivery of cold stimuli and it supplies
the stimuli to a small surface area of the skin. Thus, this steered us towards using Peltier

device for delivering cold noxious stimuli.
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CHAPTER 4: PELTIER DEVICE

In order to proceed towards Peltier experiments, the first step was to overhaul an
existing Peltier setup. The experimental section of this chapter discusses the homemade
Peltier setup along with the steps followed to optimize the appropriate parameters for
stimulus delivery, the limitations of the setup, incorporation of a new Peltier device to
overcome these limitations and the protocol and procedure followed to run the
experiments. The results obtained from the hemodynamic response evoked in the

subjects due to cold stimuli from the Peltier device have been presented.

41 PRINCIPLE

Object Being Cooled

Conducting tab
N-type onducting tabs

Heat Flow

— Ceramic
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~a—— ] (Current) + | -
i

Figure 11: Representation of working principle of Peltier device

A Peltier device consists of alternate p-type and n-type semiconductor nodes connected

in series by conducting tabs which are sandwiched between two ceramic substrates.
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Each n-type and p-type node-pair forms a thermoelectric couple and the two pairs of n-
type and p-type nodes as shown in the Figure 11 is termed a "two-couple module". N-
type material is doped so that it will have an excess of electrons and p-type material is
doped so that it will have a deficiency of electrons. The extra electrons in the n-type
material and the "holes" resulting from the deficiency of electrons in the p-type material
are the carriers which move the heat energy through the thermoelectric material. When
DC power supply is connected to this series of alternate p-type and n-type nodes, the
electrical current starts moving back and forth alternately between the top and bottom
substrates through each p-type and n-type node. This series current causes a parallel
flow of heat which is perpendicular to the ceramic substrate. Passage of DC current
through Peltier device establishes a temperature difference across the two ceramic
surfaces of the Peltier device. Once the temperature of one side is pinned down by using
a heat sink and a constant temperature bath, then the temperature of the other side can
be controlled by varying the direction and the magnitude of the DC current. The
temperature difference depends on the magnitude of the input current; the higher the
current, the greater the difference. The property of the Peltier device discussed above
has been exploited in the following way: When high current of the order of 3 Amperes is
applied, one of the ceramic substrates can attain subzero temperature while the other
substrate can get excessively heated. The cold substrate can be used for inducing

experimental cold stimuli.
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42 LITERATURE REVIEW

Peltier device has been successfully used for pain studies. Harrison and Davis have
studied the psychophysical responses to noxious cold stimulation of the skin in normal
human subjects wherein a Peltier stimulator was used to deliver cold stimuli [60]. Defrin
et al. have used a Peltier based thermal stimulator to deliver warm and cold stimuli
which produces a sensation of pricking pain in human subjects [61]. This was done in
order to find out whether the quality of painful thermal sensation (hot or cold) is
determined only by conduction in specific nociceptive channels, or is a result of
integrated activity in both nociceptive and non-nociceptive channels. Also, Becerra et al.
have carried out Functional MRI studies of pain where they have shown that a distinct
Digital Optical Tomography signal over the somatosensory cortex to a noxious heat
stimulus could be distinguished from the signal elicited by innocuous mechanical
stimuli. They had used a Peltier thermode to produce the heat stimuli [62]. Moreover, a
psychophysical study by Christopher deCharms et al. about control over brain
activation and pain learned by using real-time functional MRI was done by using a
Peltier thermode on the subjects’ palm to deliver thermal stimuli [63]. An advantage of
using Peltier device would be that both cold as well as hot stimuli tests can be
performed in the same setup without alteration or delay in experimental factors. In
addition to the prevalent use of Peltier device, it has been widely used as part of
standard routine at many pain clinics including Hahnemann Hospital, Drexel

University. This methodology of delivering stimulus is clinically more convenient as it
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reduces subject discomfort in clinical setup and also provides more control to the

subject.

4.3 EXPERIMENAL SET UP

The Peltier device explained below was originally developed at Drexel University by
Bruno Pecchiura. This device constitutes of one thermo-electric Peltier device, which is
controlled by a computer. It requires electronic circuits to control it, and an efficient

cooling system to keep it cold. General schematic of the device is presented in Figure 12.

command

Pain
experiment
control box

Peltier Device

Power

Supply
up to 5A

Figure 12: General Schematic of the Peltier setup

This setup constitutes of a Peltier device, which works on the principle mentioned
previously. This device dissipates heat to one side and so to avoid the device getting
very hot, we need to cool it efficiently. In order to do this, a water-cooled heatsink, also
known as a waterblock was used. To have a stable temperature, the water injected in the

waterblock was furnished by a constant temperature bath (RM6 LAUDA Brinkmann,
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with cooler, heater and pump). The constant temperature bath enabled precise control of

the water temperature and allowed for a simpler way to have different pain levels.

Temperature results show that if the current through the device is higher than 2.5 amps,
the temperature is rising. This is due to the fact that the Peltier device dissipates a lot of
heat and the water-cooling system cannot dissipate it fast enough when there is too
much current. Therefore, the device has to be controlled on a range between 1A and

2.5A.

To make the experimental process easier, the device had to be controlled through the
computer. In order to do that, an electronic control circuit with a Darlington pair (Figure
13) was created to control the current provided to the Peltier device using specifically
made software. The communication to the computer was made by a FTDI FT232R chip,
which created a serial interface using a USB port. The output was used to control a DAC
(Digital to Analog Converter) using SPI protocol. By using this analog 0 to 5V voltage on
the gate of the power Darlington, the current going through the device was limited. It is

only controllable on a range between 1 and 2.5 A.

EXTERNAL
POWER SOURCE

|

FN232R DAC POWER

8| ysp ) TLV5625 mmmmdl DRiVER 7

INTERFACE

(a)
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(b)

Figure 13: (a) Block diagram representation of control circuit (b) Electronic schematic of control circuit

A program named Automatic Markers For Cobi (AMFC) served as the user interface for
controlling the communication of the Peltier device with the computer as well as the
amount of current delivered to the device. As shown in the figure below, the
communication can be made by marking one or more of the boxes while multiple
timings can be mentioned in the boxes shown to the left. The communication will be
activated during the time duration where the box is marked, when the Peltier surface
would get hot or cold as per the connection. The rate of this change in temperature can
be controlled through the six steps of the stimulus intensity option provided in the
software where the first corresponds to the least intensity and the last one to the

maximum intensity.

43.1 OPTIMIZATION OF PARAMETERS

A controlled surface of the Peltier device is critical for experimentation as it is the part of

the system exposed to the human subject. According to the system setup, there were two
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important factors to be controlled: the minimum and maximum temperature of the
exposed surface of the Peltier and the rate of change of the thermal stimulus. Absence of
current to the Peltier device would serve as the baseline (adaptation) temperature and
this would be maintained through the constant temperature water bath connected to
Peltier via the tubing. When the Peltier device communicates with the computer (for
marked duration on AMFC), current is supplied to the Peltier device depending on the
intensity selected. This determines the rate of change of temperature of the Peltier

surface.

A balance of these two parameters would determine the feasibility of the device for use
in human experimentation. In order to optimize the timing of the cold and hot stimuli as
well as the temperature of the exposed Peltier surface, various trials were carried out.
The temperature of water bath was varied in a range of 20-35 °C and the temperature of
the Peltier surface was found to be consistent with an error of about 1 °C. In order to
have a baseline (adaptation) temperature worth inducing a thermally neutral sensation
in human skin, a trial window of 25-30 °C was defined to be the baseline (adaptation)
temperature. Following the superposition principle, the stimulus intensity was now
varied from intensity of step 1 to step 6 to find an optimum rate of change of
temperature and to maintain the Peltier surface at the desired temperature for delivering
hot as well as cold stimuli. The amount of current flowing through the Peltier device
was measured for each of the stimulus intensities provided by the software and the

average readings are shown in Table 3.
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Stimulus Intensity 1 2 3 4 5 6

Current (A) 0.8 1.198 1.594 2.02 2.55 2.54

Table 3: Average current through Peltier device for each stimulus intensity provided by AMFC

It was observed that for the Peltier device, a stimulus intensity of 5 on AMFC was
optimum to achieve the desired rate of change of temperature for generation of cold
stimuli at about 0°C while a stimulus intensity of 1 was enough to achieve desired
ramping for generation of hot stimuli of about 49°C. Multiple trials were conducted to
generate cold stimuli by keeping baseline temperature (temperature of the constant
temperature water bath) and amount of current delivered to the Peltier constant. Figure
14a represents a sample plot of rate of temperature change of the Peltier surface,

averaged over six trials, with baseline (adaptation) temperature of about 30°C.

35 Temperature Gradient for Cold Stimulus
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It was found that it took about 30 seconds for the Peltier to reach the desired
temperature of about 0 °C which is cooling rate of about 1 °C/s. Several equivalent trials
were conducted to generate heat stimuli. Figure 14b represents a similar plot for heat
stimuli, with baseline (adaptation) temperature of about 30°C. It was found that it took
about 25 seconds for the Peltier to reach the desired temperature of about 50 °C which is

heating rate of about 0.8°C/s.

Temperature Gradient for Hot Stimulus
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Figure 14: Plot of averaged readings for rate of temperature change of Peltier surface for delivery
of (a) cold stimuli; (b) hot stimuli

4.3.2 LIMITATIONS IN THE SETUP

Although optimization of parameters of the Peltier device paved a way for conducting
trials on human skin surface, it was less feasible to conduct actual experiments as the
setup, as a whole, posed certain limitations. According to the specifications of the Peltier

device it draws up to 6A current while the temperature difference between the two
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surfaces that it can handle is +65°C. The risks from the high current could be avoided by
covering it with an insulated surface and avoiding the exposure. However, as mentioned
above, the current through the Peltier could be controlled only in 6 steps and thus the
baseline temperature had to be set in such a way that it is feasible for thermally neutral
sensation for human skin. Also, the current supplied to the Peltier should not allow the
temperature difference between its two surfaces to exceed 65 °C. As shown in figure 14
the time it takes to reach the desired temperature from the baseline (adaptation)
temperature is about 30 seconds. This means that the current through the Peltier device
should be such that the rate of change of temperature should not go beyond 2 °C/s in

order to hold the temperature at the desired value. Another limitation of the homemade

Figure 15: Setup of Peltier device with subject’s hand placed on Peltier surface
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Peltier setup was that the current supplied to the Peltier device could be controlled in
fixed amount of steps. Six stimulus intensities being provided by the AMFC software,
the current can be delivered only in fixed amounts corresponding to these six intensities
as mentioned in section 4.3.1. In order to gain more control over the temperature of the
Peltier surface, more amounts of current delivery would be required. The above
mentioned factors like restricted temperature difference between two surfaces of Peltier,
limitations of setting the baseline (adaptation) temperature and fixed current intensities,
resulted in providing less room to the experimenter to control the parameters for better
experimentation. Also, the experiment has to make sure that the temperature of the
Peltier surface or the duration of the stimuli or a combination of both stays in the safety
limit for human subjects. In addition to this, as per the current setup, if the subjects feel
any discomfort they can let the experimenter know who will be able stop the stimulus
immediately and return the temperature of the Peltier surface to baseline (adaptation)
temperature. The subject himself/herself has very little control over the device which can
be considered as one of its limitations. Consequently, the limitations gave rise to need of

an alternative device.

4.3.3 INCORPORATION OF NEW DEVICE

Optimization of parameters provided an in-depth knowledge of the principle as well as
functioning of Peltier device. However, the limitations prevented a strong, reliable and
consistent hemodynamic response as well as data collection. This led to an incorporation

of a new FDA approved and commercially available device TSA-II Neuroanalyser
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manufactured by Medoc Inc. A working knowledge of the Peltier setup led to efficient

use of the new device.

Figure 16: (a) Medoc TSA-Il Neuroanalyser (b) Peltier thermode

The system for this Peltier device could be considered similar but more sophisticated as
compared to the home-made setup discussed earlier. It consists of a device (Figure 16a)
with an inbuilt constant temperature waterbath to maintain the temperature of the
Peltier surface, a Peltier thermode (Figure 16b) that can be placed on the subject and a
software to control the functioning of the device and the parameters for the experiment
including the type of stimuli, type of test, duration of the stimuli, etcetera. This device
being computerized, the thermode could be controlled through its communication with
a computer where its software is installed. Some of the limitations of the actual setup
could be overcome through this device. The Peltier thermode contains 2 temperature
sensors and its surface in contact with skin is aluminum coated thus making

temperature measurement more accurate. Moreover, the current supplied to the
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thermode could be varied at greater precision thus allowing a more controlled and wide
range of rate of temperature change. This consequently allows more flexibility in setting
the parameters like the baseline (adaptation) temperature, the rate of temperature
change, the inter-stimulus interval, the destination temperature and the number of
stimuli to be delivered. The safety of humans is accounted for in the Medoc Peltier
device as it stops and returns the temperature of the thermode to adaptation
temperature in cases when the temperature of the thermode or the duration of stimulus

or a combination of both goes beyond the safety limit for humans.

The device has inbuilt functions to carry out various tests by delivering hold or cold
stimuli. For example, it can measure sensory thresholds such as the sensation of warmth,
cold, heat-induced pain and cold induced pain as well as suprathresholds to allow for
quantitative assessment of pain. Thus it provides for a more comprehensive test. One of
the methods for this is the method of limits where the stimuli increase in intensity and
the subject hits the stop button to stop the stimuli to determine the threshold of thermal
sensation or the threshold of thermal pain. Other constant stimuli methods, where
stimuli of predetermined intensity are delivered, include method of levels, staircase
method and suprathreshold method. The suprathreshold method has been incorporated
in our experiments for the delivery of cold painful stimuli. In this method, the subject is
exposed to a sequence of stimuli whose intensity surpasses the pain threshold of an

individual and the data is then used to extract stimuli-response relationship. Thus,
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before appropriate modifications will be made to the home-made Peltier setup, Medoc

Peltier device can be used for the delivery of a similar sequence of cold painful stimuli.

434 PROTOCOL AND PROCEDURE

For providing the cold stimuli for inducing experimental cold pain, a Peltier device,

which works on the principle mentioned above, was used.

A pilot study was conducted, wherein ten right-handed healthy individuals (5 males
and 5 females) were recruited from amongst the members of Conquer Collaborative Lab
with no history of psychological or neurological disorder or any ongoing medication. All
the participants were verbally informed about the details of the experiment including
the experimental procedure, the kind of stimulus that will be applied to them, the
duration of the experiment as well as the main objective of the study and verbal consent
was obtained from them before the experiment. They were seated comfortably during

the experiment facing away from the experimenter to avoid any distractions.

Two similarly configured fNIRS probes as mentioned previously were secured
comfortably on the left and right forehead of the subject using a Velcro strap. The
thermode of the Peltier device was attached firmly to the volar surface of the right
forearm of the subjects which would supply the cold stimuli to a patch of subjects” skin
in contact with the thermode surface (Figure 17). In addition to this, a temperature
sensor was attached to the skin along with the thermode, to get an idea of actual skin

temperature during the experiment. The power to the LEDs and photodetectors was
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supplied through a connector circuit. Raw data from the subjects” forehead was collected

at a sampling frequency of 2 Hz.

Figure 17: Peltier thermode attached to the subject’s hand

After setting up the system, the software of the device was used to control the stimuli.
The option ‘Perform a test” was selected from the main screen and the subject details
were added through the option of adding patients. Then after, the test method
‘Suprathreshold” was selected from the available options, which was followed by
selection of ‘right forearm medial” as the body site where the thermode was to be placed.
This was then followed by attaching the thermode to the subject’s forearm and then

running the test.

The experiment began with a 120-second rest state at a baseline (adaptation) surface
temperature of 27 °C followed by a decrease block of 7-15s (depending on individual
skin and body temperature) where the temperature of the thermode surface reduced
upto 32 °F (0 °C). The thermode was held at this temperature of 32°F (0 °C) for 30

seconds. This was then followed by an increase block wherein the temperature of the
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thermode increased back to baseline (adaptation) temperature. This was followed by a
wait time of 15 seconds. Markers were placed each time when the stimulus returned to
27 °C. Thus the trial window of [15s wait time (baseline temperature of 27 °C) - ~7-15s
fall time (temperature falls to 0 °C) - 30s stimulus (at 0 °C) - ~10s rise to baseline (increase
to 27 °C)] was repeated 8 times. A post-stimulus baseline of 120s was recorded similar to
the initial pre-stimulus baseline. This whole segment of 8 stimuli was repeated 3 times

resulting in total of 24 stimuli (Figure 18).

Pre-Stimulus Post-5timulus
Baseline Baseline

Walttlme

Rise to basellne

Falltuu C temperature
__ Cold Stimulus / 3
" ~ X3

1205 155 13175 0s nu:n 120s
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Figure 18: Block diagram of protocol for Peltier experiments

Subjects were verbally asked by the experimenter to rate their pain on a numerical rating
scale of 0-10 (NRS-11), where ‘0" indicates no pain and ‘10" indicates the worst
imaginable pain. Throughout the experiment the room was dimly lit in order to avoid
the effect of background light on the data being collected. The ambient temperature was

maintained at ~23°C.
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Figure 19: Setup of a Peltier experiment

The decision of selecting specific values for various parameters was aimed towards
collecting valuable data while taking subject into consideration. A pre and post stimulus
baseline of 2 minutes allowed better feature extraction while the wait time of 15 seconds
gave enough time to the skin for adaptation and in getting back to baseline (adaptation)
temperature. Duration of 30 seconds was chosen for delivery of the cold stimulus to
generate enough hemodynamic response and avoid sensitization of the subjects” skin.
As the SNR (Signal to Noise Ratio) in fNIR studies is very low, the stimulus was
delivered 24 times in order to obtain a reliable data by averaging the signals from all
trials. Dividing these 24 trials of stimulus delivery into 3 parts with 8 stimuli in each
part, was aimed at avoiding subject boredom while simultaneously adding reliability to

the results.
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4.4 RESULTS

Hemodynamic parameters measured by fNIR spectroscopy in response to cold stimuli
through Peltier device showed that a detectable response can be generated through
repeated cold stimuli over a small surface of skin. The plots shown below represent an
average response of oxy and deoxy-hemoglobin from right and left forehead averaged
from a total of 24 stimuli. The average pain rating as reported by subjects from these
trials was 4.8 on the NRS-11 scale. In the plots, the first marker represents the start of a
stimulus. The second marker shows the time at which the temperature of the probe
reaches 0°C and the third marker shows the time at which the temperature of the Peltier

thermode starts to return to the baseline (adaptation) temperature.
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Figure 20: Averaged Response of oxy and deoxy hemoglobin concentration for 10 subjects from
(a) Right forehead and (b) left forehead; Peltier stimulus

A drop in the deoxy hemoglobin concentration is seen during the presence of cold
stimuli while a clear rise in the oxy-hemoglobin concentration is seen during the same
period. It can be seen from the plots that after the second marker i.e. when the
temperature of the Peltier thermode has reached 0°C a noticeable change in

concentrations of oxy and deoxy-hemoglobin is measured.

These results indicate that successful experiments could be carried out and biologically
useful data could thus be extracted by using Peltier device. This was made possible by
the comprehensive knowledge of the working of Peltier device gained in the process of

hardware improvement of the homemade Peltier, optimization of parameters and the
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protocol as well as hardware development for the fNIR spectroscopy system. However,
the detail analysis of these data sets are not within the scope of this thesis and will be
done by our group in future after enough subjects have been tested. With further
modifications and refinement in the homemade Peltier setup, it has a potential use in
pain research with fNIR spectroscopy. The conclusions from the study as well as some

suggestions for future research have been discussed in the next section.
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CHAPTER 5: CONCLUSIONS

In summary, the experimental setup, protocol as well as the procedure was efficaciously
prepared such that successful clinical trials can take place and the results of the pilot
studies indicate that the goals mentioned initially have been achieved. The present
research work aimed at developing the hardware, overcoming the flaws in the system
set up as well as to optimize various parameters for experiments so as to improve the
quality of experimentation. This included troubles in signal acquisition using the home-
made fNIR sensors from the near channels, development of an adapter circuit for
operation of the correct channels from the control circuit used to operate the infrared
light source and photodetectors, optimization of parameters of the home made Peltier
device for safe human experimentation as well as optimizing the protocol for acquiring
detectable hemodynamic response from Medoc Peltier device. Successful pilot tests to
measure hemodynamic response using fNIR spectroscopy were carried out using cold
pressor tests as well as cold stimuli through Peltier device and hemodynamic changes
could be seen during both types of cold painful stimuli. It was seen that in the cold
pressor tests, the fNIR spectroscopy results of the hemodynamic response correlated
well with the subjective reports of pain. A similarity between the signals from the far
and near channels of the fNIR sensors was also observed. As a result of trial and error
method of changing the baseline (adaptation) temperature and the amount of current
supplied to the Peltier element, an optimum range of parameters were efficaciously

defined and with some refinements, it can be used for conducting experiments.
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Moreover, taking various factors like better feature extraction, data reliability as well as
comfort and interest of subject, into consideration, an optimum protocol for Peltier
experiments using Medoc Peltier was developed. The fNIR spectroscopy results of
hemodynamic response using Peltier device for delivery of cold stimuli showed a
possibility of less generalized hemodynamic response. These results show that fNIR
spectroscopy is a promising technology for monitoring hemodynamic response to acute
pain at different depths and is also a potential technology to investigate the underlying

mechanisms leading to cold allodynia in chronic pain patients.

5.1 SUGGESTIONS FOR FUTURE

In order to take a step forward towards exploring the further use of {NIR technology to
understand the hemodynamic response to pain, certain refinements would be needed in
the current experimentation. The current fNIR sensor design has been a tradeoff
between flexibility and light weight versus higher number of channels for more accurate
data. A newer probe configuration with more channels with multiple source-detector
distances would allow a more precise hemodynamic response along with data
acquisition from multiple sites in the brain and skin. The current subject pool size could
be considered reasonable to show the usability of the hardware development; however,
to improve the reliability of the results and to gain more in-depth knowledge of the
hemodynamic response, collection of data from a larger sample size is necessary. In
addition to this, to assess the contribution of the cortex and superficial tissues in the

measured signal, advanced signal processing techniques are essential.
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As the experiments with delivery of cold stimuli through the Peltier device are in the
developing stage at our lab, it gives rise to the need of some further modifications in the
experimentation. In order to use the existing homemade Peltier setup for conducting
experiments, more refinements should be made with the goal of increasing control over
the stimuli and subject safety and comfort. Advanced hardware which would allow
more control over the flow of current in the Peltier device would provide more control
over the delivery of cold stimulus for the experimenter. A temperature sensor could be
embedded in the surface of the Peltier in contact with the subject’s skin to improve the
accuracy of the measured temperature. An alarm system which would stop the Peltier
device in case of the Peltier surface temperature or the duration of stimulus or both,
crossing the safety limit for human subjects, would aid in better experimentation. Also, a
press button, which can be pressed by the subject if they feel any discomfort, can be

added in the system to provide more control to the subject.

The Peltier experiments done so far were beneficial in understanding the presence of
hemodynamic response to repeated cold stimuli. Further exploration can be conducted
by incorporating painful heat stimuli in addition to the painful cold stimuli as well as by
comparing the responses obtained from the delivery of both kinds of thermal noxious
stimuli. Furthermore, conducting similar experiments in patients suffering from cold
allodynia might prove useful in understanding the mechanism that lead to the condition
in chronic pain patients by comparing the hemodynamic changes in these patients with

those in normal subjects.
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SPECIFICATIONS

56

At T, = +25°C, Vg = +2.7V to +36V, A = 650nm, internal 1MQ feedback resistor, and R, = 10kQ, unless otherwise noted.
OPT101P
PARAMETER CONDITIONS MIN TYP MAX UNITS
RESPONSIVITY
Photodiode Current 650nm 0.45 AW
Voltage Output 650nm 0.45 V/ipwW
vs Temperature 100 ppm/°C
Unit to Unit Variation 650nm +5 %
Nonlinearity® FS Output = 24V +0.01 % of FS
Photodiode Area (0.090 x 0.090in) 0.008 in2
(2.29 x 2.29mm) 5.2 mm2
DARK ERRORS, RTO®
Offset Voltage, Output +5 +7.5 +10 mV
vs Temperature +10 uv/°c
vs Power Supply Vg = +2.7V to +36V 10 100 uvIiv
Voltage Noise, Dark, fg = 0.1Hz to 20kHz Vg = +15V, Vpp3 = —15V 300 uvrms
TRANSIMPEDANCE GAIN
Resistor 1 MQ
Tolerance, P 0.5 +2 %
w +0.5 %
vs Temperature +50 ppm/°C
FREQUENCY RESPONSE
Bandwidth Vout = 10Vp-p 14 kHz
Rise Fall Time, 10% to 90% Vour = 10V Step 28 us
Settling Time, 0.05% Vour = 10V Step 160 Hs
0.1% 80 us
1% 70 us
Overload Recovery 100%, Return to Linear Operation 50 us
OUTPUT
Voltage Output, High (Vg) - 1.3 (Vg) — 1.15 v
Capacitive Load, Stable Operation 10 nF
Short-Circuit Current Vg = 36V 15 mA
POWER SUPPLY
Operating Voltage Range +2.7 +36 \
Quiescent Current Dark, Vps = OV 120 240 HA
R, = ®, Vour = 10V 220 UA
TEMPERATURE RANGE
Specification 0 +70 °C
Operating 0 +70 °C
Storage -25 +85 °C
Thermal Resistance, ;5 100 °C/IW
NOTES: (1) Deviation in percent of full scale from best-fit straight line. (2) Referred to Output. Includes all error sources.
Ta = +25°C, Vg = +2.7V to +36V unless otherwise noted.
Photodiode of OPT101P
PARAMETER CONDITIONS MIN TYP MAX UNITS
Photodiode Area (0.090 x 0.090in) 0.008 in2
(2.29 x 2.29mm) 5.2 mm?2
Current Responsivity 650nm 0.45 AW
650nm 865 UA/W/cm?
Dark Current Vpiope = 7.5mV 25 pA
vs Temperature Doubles every 7°C
Capacitance 1200 pF
? Texas OPT101
2 INSTRUMENTS
www.ti.com SBBS002A
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OP AMP SPECIFICATIONS

At T, = +25°C, Vg = +2.7V to +36V, A = 650nm, internal 1MQ feedback resistor, and R, = 10kQ, unless otherwise noted. 57
OPT101 Op Amp®
PARAMETER CONDITIONS MIN TYP MAX UNITS
INPUT
Offset Voltage +0.5 mvV
vs Temperature +2.5 uv/°c
vs Power Supply 10 uviv
Input Bias Current (=) Input 165 pA
vs Temperature (=) Input Doubles every 10°C
Input Impedance
Differential 400 || 5 MQ || pF
Common-Mode 250 || 35 GQ || pF
Common-Mode Input Voltage Range Linear Operation 0to [(Vs) —1] \%
Common-Mode Rejection 90 dB
OPEN-LOOP GAIN
Open-loop Voltage Gain 90 dB
FREQUENCY RESPONSE
Gain-Bandwidth Product® 2 MHz
Slew Rate 1 Vips
Settling Time 1% 5.8 us
0.1% 7.7 us
0.05% 8.0 us
OUTPUT
Voltage Output, High (Vg)-1.3 (Vg) — 1.15 \%
Short-Circuit Current Vg = +36V 15 mA
POWER SUPPLY
Operating Voltage Range +2.7 +36 \%
Quiescent Current Dark, Vpyz = 0V 120 240 HA
R_ = o, Vgur = 10V 220 HA

NOTES: (1) Op amp specifications provided for information and comparison only. (2) Stable gains = 10V/V.

OPT101
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PACKAGE/ORDERING INFORMATION®

SPECIFIED
PACKAGE TEMPERATURE PACKAGE ORDERING TRANSPORT
PRODUCT PACKAGE-LEAD DESIGNATOR RANGE MARKING NUMBER MEDIA, QUANTITY
OPT101P DIP-8 NTC —25°C to +85°C OPT101 OPT101P Rail, 50
OPT101P-J DIP-8, Surface Mount@ DTL —25°C to +85°C OPT101 OPT101P-J Rail, 50

NOTES: (1) For the most current package and ordering information, see the Package Option Addendum at the end of this data sheet. (2) 8-pin DIP with J-formed

leads for surface mounting.

PIN CONFIGURATIONS

Top View DIP

-In| 2 == 7 |NC
1@ 1

NOTE: (1) Photodiode location.

ABSOLUTE MAXIMUM RATINGS®

Supply Voltage (Vg to “Common” or pin 3) .......ccoccevvviiviininnne 0 to +36V

Output Short-Circuit (to ground) ..........ccceeverieeriieeneenieeneeennn Continuous

Operating Temperature ............. —25°C to +85°C

Storage Temperature ..... —25°C to +85°C

JUNCLION TEMPETALUIE ...ttt +85°C

Lead Temperature (Soldering, 10S) .....ccccceevueereeiieeeieenieeneesneeaes +300°C
(Vapor-Phase Soldering Not Recommended)

NOTE: (1) Stresses above these ratings may cause permanent damage.
Exposure to absolute maximum conditions for extended periods may degrade
device reliability. These are stress ratings only, and functional operation of the
device at these or any other conditions beyond those specified is not implied.

ELECTROSTATIC
DISCHARGE SENSITIVITY

This integrated circuit can be damaged by ESD. Texas
Instruments recommendsthat all integrated circuitsbe handled
with appropriate precautions. Failure to observe proper han-
dling and ingtallation procedures can cause damage.

ESD damage can range from subtle performance degradation
to complete device failure. Precision integrated circuits may
be more susceptible to damage because very small parametric
changes could cause the device not to meet its published
specifications.

MOISTURE SENSITIVITY
AND SOLDERING

Clear plastic does not contain the structural -enhancing fillers
used in black plastic molding compound. As a result, clear
plastic is more sensitive to environmental stress than black
plastic. Thiscan causedifficultiesif deviceshave been stored
in high humidity prior to soldering. The rapid heating during
soldering can stress wire bonds and cause failures. Prior to
soldering, itisrecommended that plastic devicesbebaked-out
at +85°C for 24 hours.

Thefire-retardant fillersused in black plastic are not compat-
ible with clear molding compound. The OPT101 plastic
packages cannot meet flammability test, UL-94.

i
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TYPICAL PERFORMANCE CURVES

At Tp = +25°C, Vg = +2.7V to +36V, A = 650nm, internal 1IMQ feedback resistor, and R = 10kQ, unless otherwise noted. 59
NORMALIZED SPECTRAL RESPONSIVITY VOLTAGE RESPONSIVITY vs RADIANT POWER
1.0 10
= \ \ Y 7 7 7
3 09 I—= Ultraviolet—= & é f=§ 5 ,/ Infrared - - 7
5 U o 5e & oo 7 7
S os ya e lo A // P %
VARRIPER\ B ) e
o ~ — —7
% 0.6 // 650nm \ \ > = ,\/@Q A
= /1
£ 05 (0.454W) S o1l el O Al [T L
5 04 \\ 5 & S
g 0.3 \\ E e N4 A = 650nm
& / \ © o1 3/ A4 0
] = = Q«
0.2 77
£ 7 \ Z
2 0.1 / 7 I V
0 e 0.001 LA
200 300 400 500 600 700 800 900 1000 1100 0.01 01 1 10 100 1k

Wavelength
avelength (nm) Radiant Power (W)

VOLTAGE RESPONSIVITY vs IRRADIANCE VOLTAGE RESPONSIVITY vs FREQUENCY
10 Zd 77 10 SEEE| !
‘I 2 T 1F T
~ A = R; = 10MQ
2 P P ~
— 1 @Q’ 4 4 4 / ’;“ 1 o~ u\
S 8 7
@ A A V4 S =
g WO " < Ry = IMQ —
% 0.1 /, //,»@ /l M / ? o1 F | I N |
2 & @ ' Ry = 100kQ, Ceyr = 33pF ]
= 7 QKA i c F » Cexr p
2 v pain \90 4 S % mmmaE ]
3 - A o g RIS 4 il
o / v ~—{
0.01 d d /(00\5 T 001 = Rg = 50kQ, Cpyr = 56pF N
<2~‘</ A =650nm
7
I Al
,ﬂ
0.001 0.001
0.001 0.01 0.1 1 10 100 100 1k 10k 100k
Irradiance (W/m2) Frequency (Hz)
RESPONSE vs INCIDENT ANGLE 8 DARK Vg vs TEMPERATURE
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—
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5 N ® 76 e
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TYPICAL PERFORMANCE CURVES (Cont.)

At T, = +25°C, Vg = +2.7V to +36V, A = 650nm, internal 1MQ feedback resistor, and R, = 10kQ, unless otherwise noted.

300
275
250
225
200
175
150
125
100

75

50

Quiescent Current (LA)

20
18
16
14
12
10

Short Circuit Current (mA)

o N b~ O

1000

100

10

Noise Voltage (uVrms)

0.1

QUIESCENT CURRENT vs TEMPERATURE

QUIESCENT CURRENT vs (Vo ur — Vena)

300 : ‘ ‘
Vs =36V N\ / Vs =15V
Vg =15V, V V =15V 250 : —
s~ » Yout — = 1 —~ — I —
— "7 i g ——————
— — = 200 (p— A\
ol —— 5 Vg=2.7V
Vs =5V, Vour — Vens = 5V 3
s ouT PIN3 8 150
<
8
VS =+15V, VO T— VPIN =0V $ 100
— &
4 50
Vs = +5V, Vour = Vping = OV
| | | 0
0 10 20 30 40 50 60 70 0 5 10 15 20 25 30 35 40
Temperature (°C) Vour = Vems (V)
SHORT CIRCUIT CURRENT vs Vg - (Igias-Toark) VS TEMPERATURE
o0 |
1o f—— T~
— 3pF
— 120 || [tonclonmd [—|1M|—]Q \
—| <100 [—— — Lw
g 100 s
X 80 —— \
B3 60 —|
v 4 ! 5 \
£ 40 A7 \
T 20 b——
0 \
| opTio \
20 —— L
_40 | - | | |
0 5 10 15 20 25 30 35 40 0 10 20 30 40 50 60 70
Vs (V) Temperature (°C)
OUTPUT NOISE VOLTAGE vs NOISE EFFECTIVE POWER vs
MEASUREMENT BANDWIDTH, Vg = +15, Vo1 — Vpng = 15V o MEASUREMENT BANDWIDTH, Vg = +15, Vo1 = Vpng =0
Rq = 10MQ 4 -
p P g 10 R = 100k || 33pK
= - g = ERER
2 PPETEE 1] S -
4 p =T 109 =R, = 50k -
Vap ez — E = R = 50K || 56pFas— Rak
=R = 50kQ || 56pF 5 ===
= Rp P 3] -
(] _ L A THe—_R = 1IMQ
8 100 L - oL
@ f
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§ 10-1t gé———— // £ =
10712 =
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TYPICAL PERFORMANCE CURVES (Cont.)

At Ty = +25°C, Vg = +2.7V to +36V, A = 650nm, internal 1MQ feedback resistor, and R, = 10kQ, unless otherwise noted. 61

SMALL SIGNAL RESPONSE LARGE SIGNAL RESPONSE

SMALL SIGNAL RESPONSE (C_opp = 10,000 pF) SMALL SIGNAL RESPONSE (C_oap = 10,000 pF)
(Pin 3 = 0V) (Pin 3 = -15V)

i
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APPLICATIONS INFORMATION

Figure 1 shows the basic connections required to operate the
OPT101. Applications with high-impedance power supplies
may require decoupling capacitors located close to the
device pins as shown. Output is 7.5mV dc with no light and
increases with increasing illumination.

Photodiode current, |, is proportional to the radiant power, or
flux, (in watts) fdling on the photodiode. At a wavelength of
650nm (visible red) the photodiode Responsivity, R, is
approximately 0.45A/W. Responsivity at other wavelengths is
shown in the typica performance curve “Responsivity vs
Wavelength.”

=+2.7 to +36V

¥ 01 to 0.1pF
o) |__I
2

I | 1.3pF

4

5

O

Dark output = 7.5mV
Positive going output
with increased light

OPT101

Common

source to sink currents up to approximately 100pA. The
benefits of this current sink are shown in the typical
performance curves “Small Signa Response (C oap =
10,000pF)" which compare operation with pin 3 grounded
and connected to —15V.

Due to the architecture of this output stage current sink, there
isadight increasein operating current when thereis avoltage
between pin 3 and the output. Depending on the magnitude of
this voltage, the quiescent current will increase by
approximately 100pA as shown in the typical performance
curve "Quiescent Current vs (Vour— Vang)'

VS
O 0.01to 0.1pF
N L ——
| |.3PF
I 4
1imMQ
| |.8pF
I
B 5
O
A +
OPT101
8
L 3. 0.01to 0.1pF
Common
—V =-1Vto (VS 36V)

FIGURE 1. Basic Circuit Connections.

The typical performance curve “Output Voltage vs Radiant
Power” shows the response throughout a wide range of
radiant power. The response curve “Output Voltage vs
Irradiance” is based on the photodiode area of 5.2mm?2.

The OPT101’s voltage output is the product of the photodiode
current times the feedback resstor, (IpRg), plus a pedestal
voltage, Vg, of approximately 7.5mV introduced for single
supply operation. Theinternal feedback resistor islaser trimmed
to IMQ. Using thisresistor, the output voltage responsivity, Ry,
is approximately 0.45V/uW a 650nm wavelength. Figure 1
shows the basic circuit connections for the OPT101 operating
with asingle power supply and using theinternal 1M Q feedback
resstor for a response of 0.45V/UW a 650nm. Pin 3 is
connected to common in this configuration.

CAPACITIVE LOADING

The OPT101 is capable of driving load capacitances of 10nF
without instability. However, dynamic performance with
capacitive loads can be improved by applying a negative
bias voltage to Pin 3 (shown in Figure 2). This negative
power supply voltage alows the output to go negative in
response to the reactive effect of a capacitive load. An
internal JFET connected between pin 5 (output) and pin 3
allowsthe output to sink current. This current sink capability
can aso be useful when driving the capacitive inputs of
some analog-to-digital converters which require the signal

{’ TEXAS

8 INSTRUMENTS
www.ti.com

FIGURE 2. Bipolar Power Supply Circuit Connections.

NOISE PERFORMANCE

Noise performance of the OPT101 is determined by the op
amp characteristics, feedback components and photodiode
capacitance. The typical performance curve “Output Noise
Voltage vs Measurement Bandwidth” shows how the noise
varies with R and measured bandwidth (0.1Hz to the
indicated frequency), when the output voltage minus the
voltage on pin 3 is greater than approximately 50mV. Below
thislevel, the output stage is powered down, and the effective
bandwidth is decreased. This reduces the noise to
approximately 1/3 the nominal noise value of 300pVrms, or
100pVrms. This enables alow level signal to be resolved.

Noise can be reduced by filtering the output with a cutoff
frequency equal to the signa bandwidth. This will improve
signal-to-noise ratio. Also, output noise increasesin proportion
to the square root of the feedback resistance, while responsivity
increaseslinearly with feedback resistance. Best signal-to-noise
ratio is achieved with large feedback resistance. This comes
with the trade-off of decreased bandwidth.

The noise performance of the photodetector is sometimes
characterized by Noise Effective Power (NEP). This is the
radiant power that would produce an output signal equal to the
noise level. NEP has the units of radiant power (watts), or
Watts/VHz to convey spectral information about the noise.
The typical performance curve “Noise Effective Power” vs
Measurement Bandwidth" illustrates the NEPfor the OPT101.

OPT101

SBBS002A
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DARK ERRORS

The dark errorsin the specification table include all sources.
The dominant source of dark output voltageisthe* pedestal”
voltage applied to the non-inverting input of the op amp.
This voltage is introduced to provide linear operation in the
absence of light falling on the photodiode. Photodiode dark
current is approximately 2.5pA and contributes virtually no
offset error at room temperature. The bias current of the op
amp's summing junction (— input) is approximately 165pA.
The dark current will be subtracted from the amplifier's bias
current, and this residual current will flow through the
feedback resistor creating an offset. The effects of temperature
on this difference current can be seen in the typica
performance curve “(Igias — Ipark) VS Temperature.” The
dark output voltage can be trimmed to zero with the optional
circuit shownin Figure 3. A low impedance offset driver (op
amp) should be used to drive pin 8 because this node has
signal-dependent currents.

VS
®)
2 1
| 1.3pF
I 4
1MQ
| |.8PF
I
- 5
OV,
A U pas
just R,
A 7T @ for Vo= OV
with no light.
OPT101
8 3J>
Common -V
+15V
1/2 REF200
100pA
-15Vv =15V

FIGURE 3. Dark Error (Offset) Adjustment Circuit.

CHANGING RESPONSIVITY

An external resistor, Rgxt, Can be connected to set adifferent
voltage responsivity. To increase the responsivity, thisresistor
can be placed in serieswith the internal IMQ (Figure 4a), or
the external resistor can replace the internal resistor by not
connecting pin 4 (Figure 4b). The second configuration also
allows the circuit gain to be reduced below 108V/A by using
external resistors of less than IMQ.

Figure 4 includes tables showing the responsivity and
bandwidth. For values of Rg less than IMQ, an external
capacitor, Cgxt should be connected in paralel with Re.

This capacitor eliminates gain peaking and prevents
instability. The value of Cgyt can be determined from the
tablein Figure4. Valuesof R, other than shownin tHe3al e
can be interpolated.

VS
@)
2 1T
| 1.3PF
I 4
1imMQ
RE)(T CE>(T
| |.8RF
| I
B 5
O
_._ +
OPT101
8 3
(a)-Series Rexr
Rext Cexr DC Gain Bandwidth
(MQ) (pF) (x108V/A) (kHz)
1 50 2 8
2 25 3 6
5 10 6 25
10 5 11 1.3
50 — 51 0.33
CE>(T
||
I
RE)(T
VS
2 lT
| 1.3PF
I 4
1MQ O
| |.8RF
I
- 5
O
A +
A /k't @
OPT101
8 3
(b)-External Feedback
Rext Cexr DC Gain Bandwidth
(MQ) (pF) (x108V/A) (kHz)
0.050 56 0.05 58
0.1® 33 0.1 44
1 — 1 23
2 — 2 9.4
5 — 5 3.6
10 — 10 1.8
50 — 50 0.34
Note: (1) May require 1kQ in series with pin 5 when driving
large capacitances.

FIGURE 4. Changing Responsivity with External Resistor.

i
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Applications using afeedback resistor significantly larger than
the internd IMQ resistor may require special consideration.
Input bias current of the op amp and dark current of the
photodiode increase significantly at higher temperatures. This
increase combined with the higher gain (Rg > IMQ) can cause
the op amp output to be driven to ground at high temperatures.
Such applications may require apositive bias voltage applied to
pin 8 to ensure that the op amp output remains in the linear
operating region when the photodiode is not exposed to light.
Alternatively, adual power supply can beused. The output may
be negative when sensing dark conditions.

LIGHT SOURCE POSITIONING

The OPT101 is tested with a light source that uniformly
illuminates the full area of the integrated circuit, including
the op amp. Although IC amplifiers are light-sensitive to
some degree, the OPT101 op amp circuitry is designed to
minimize this effect. Sensitive junctions are shielded with
metal, and the photodiode areaisvery largerelative to the op
amp input circuitry.

If your light source is focused to a small area, be sure that it
is properly aimed to fal on the photodiode. A narrowly
focused beam falling on only the photodiode will provide
improved settling times compared to a source that uniformly
illuminatesthe full area of the die. If anarrowly focused light
source were to miss the photodiode area and fall only on the
op amp circuitry, the OPT101 would not perform properly.
Thelarge 0.09" x 0.09" (2.29mm x 2.29mm) photodiode area
allows easy positioning of narrowly focused light sources.
The photodiode area is easily visible, as it appears very dark
compared to the surrounding active circuitry.

The incident angle of the light source dso effects the apparent
sengitivity in uniform irradiance. For small incident angles, the
loss in senditivity is Smply due to the smaller effective light
gathering area of the photodiode (proportional to the cosine of
the angle). At a greater incident angle, light is diffracted and
scattered by the package. These effects are shown in the typical
performance curve “Responsivity vs Incident Angle.”

DYNAMIC RESPONSE

Using the internal IMQ resistor, the dynamic response of 64

the photodiode/op amp combination can be modeled as a
simple R « C circuit with a —3dB cutoff frequency of
approximately 14kHz. The R and C values are IMQ and
11pF respectively. By using external resistors, with lessthan
3pF parasitic capacitance, the frequency response can be
improved. An external IMQ resistor used in the configuration
shown in Figure 4b will create a 23kHz bandwidth with the
same 10%V/A dc transimpedance gain. Thisyieldsarisetime
of approximately 15us (10% to 90%). Dynamic response is
not limited by op amp slew rate. Thisis demonstrated by the
dynamic response oscill oscope photographs showing virtually
identical large-signal and small-signal response.

Dynamic response will vary with feedback resistor value as
shown in the typical performance curve “Responsivity vs
Frequency.” Rise time (10% to 90%) will vary according to
the —3dB bandwidth produced by a given feedback resistor
value:

where;
t, is the rise time (10% to 90%)
fc is the —3dB bandwidth

LINEARITY PERFORMANCE

The photodiode is operated in the photoconductive mode so
the current output of the photodiode is very linear with
radiant power throughout awide range. Nonlinearity remains
bel ow approximately 0.05% up to 100pA photodiode current.
The photodiode can produce output currents of 1mA or
greater with high radiant power, but nonlinearity increases
to several percent in this region.

Thisvery linear performance at high radiant power assumes
that the full photodiode areais uniformly illuminated. If the
light source is focused to a small area of the photodiode,
nonlinearity will occur at lower radiant power.

0
2 1
_l 0.01to | | 3pF
T 0.1uF I 4
Mo +2.710
VAV +36V
| o
|
(¢
- ))
> D OV,
) ouT

OPT101

(¢
)

8 13

FIGURE 5. Three-Wire Remote Light Measurement.
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@) T +15V
2 1 65
3pF
|
1IMQ
[l 8pF
1 +15V
- Vo1 Difference Output
5 1
A L
)\ _z e Rg Vour = Vga— Vo) [1+ = ]
G
8
OPT101
L3 I3
O +15V
2 I
3pF
| | +15V .
I 4 Log of Ratio Measurement
imMQ (Absorbance)
—W— :
II 8pF 100kQ
|
- 5 100kQ LOG100 7 O Vour = Klogyg (Voa/Vor)
1 ) M
A MA @ 9 1nF
|l 3
OPT101 M
O
JT— 8 J_— 3 -15V
FIGURE 6. Differential Light Measurement.
+15V
72 {1
3pF
3.3nF
| |
I L 1MQ 2
+15V 8pF
+15v |2
Tz 10kQ 5 7 N
- 270Q
100kQ OPAG627
iov LED e 5
’ +
REF102 |- AP L A
IN4148 @
|4 -15V
— OPT101
- 11kQ 0.03uF
" T8 T3
— /Glass Microscope Slide
Approximately
) 92% light
> available for application.
LED |

OPT101
FIGURE 7. LED Output Regulation Circuit.
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TEXAS
OPT101 INSTRUMENTS 11
SBBS002A www.ti.com


Rutvi Vyas
Typewritten Text
     65


i3 Texas PACKAGE OPTION ADDENDUM
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PACKAGING INFORMATION

Orderable Device status @  Package Package Pins Package Eco Plan ® Lead/Ball Finish MSL Peak Temp ©
Type Drawing Qty
OPT101P ACTIVE PDIP NTC 8 50 Green(RoHS & CUNIPDAU N/ A for Pkg Type
no Sb/Br)
OPT101P-J ACTIVE SOP DTL 8 50 Green(RoHS & CU NIPDAU Level-4-250C-72 HR
no Sh/Br)
OPT101P-JG4 ACTIVE SOP DTL 8 50 Green (RoHS & CU NIPDAU Level-4-250C-72 HR
no Sh/Br)
OPT101PG4 ACTIVE PDIP NTC 8 50 Green (RoHS & CUNIPDAU N/ A for Pkg Type
no Sh/Br)

® The marketing status values are defined as follows:

ACTIVE: Product device recommended for new designs.

LIFEBUY: Tl has announced that the device will be discontinued, and a lifetime-buy period is in effect.

NRND: Not recommended for new designs. Device is in production to support existing customers, but Tl does not recommend using this part in
a new design.

PREVIEW: Device has been announced but is not in production. Samples may or may not be available.

OBSOLETE: Tl has discontinued the production of the device.

@ Eco Plan - The planned eco-friendly classification: Pb-Free (RoHS), Pb-Free (RoHS Exempt), or Green (RoHS & no Sb/Br) - please check
http://www.ti.com/productcontent for the latest availability information and additional product content details.

TBD: The Pb-Free/Green conversion plan has not been defined.

Pb-Free (RoHS): TlI's terms "Lead-Free" or "Pb-Free" mean semiconductor products that are compatible with the current RoHS requirements
for all 6 substances, including the requirement that lead not exceed 0.1% by weight in homogeneous materials. Where designed to be soldered
at high temperatures, Tl Pb-Free products are suitable for use in specified lead-free processes.

Pb-Free (RoHS Exempt): This component has a RoHS exemption for either 1) lead-based flip-chip solder bumps used between the die and
package, or 2) lead-based die adhesive used between the die and leadframe. The component is otherwise considered Pb-Free (RoHS
compatible) as defined above.

Green (RoHS & no Sb/Br): Tl defines "Green" to mean Pb-Free (RoHS compatible), and free of Bromine (Br) and Antimony (Sbh) based flame
retardants (Br or Sb do not exceed 0.1% by weight in homogeneous material)

® MsSL, Peak Temp. -- The Moisture Sensitivity Level rating according to the JEDEC industry standard classifications, and peak solder
temperature.

Important Information and Disclaimer:The information provided on this page represents TI's knowledge and belief as of the date that it is
provided. Tl bases its knowledge and belief on information provided by third parties, and makes no representation or warranty as to the
accuracy of such information. Efforts are underway to better integrate information from third parties. Tl has taken and continues to take
reasonable steps to provide representative and accurate information but may not have conducted destructive testing or chemical analysis on
incoming materials and chemicals. Tl and Tl suppliers consider certain information to be proprietary, and thus CAS numbers and other limited
information may not be available for release.

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by TI
to Customer on an annual basis.

Addendum-Page 1
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MECHANICAL DATA-

0.390 (9,91) 7N
0.360 (9,14)
8 5 Photodiode /i\
P
| | 0.275 (6,99)
e 0.238 (6,05) Vi
' AN
Index 1 4 Polished
Area Surface
0.021 (0,53) —
0.011 (0,28)
0.120 (3,05)
5 5°_g 5 P 0.100 (2,54)
A 0.050 (1,27) P 0.135 (3,43) 0.325 (8,26)
0.040 (1,02) ﬂ 0.120 (3,05) 0.300 (7,62)
| | *
=T T= =T 1= 0.255 (6,48)
MAX
Base Plane — 717‘ ¢ ‘
0.370 (9,40
A 0.005 (0,13) MIN | | t 0.060 (1,52) 0.570 (9,40) >ﬂ R 0.012
1/2 Lead 4 PL 0.040 (1,02) 0.350 (8,89) REF
0.045 (1,14) J L_ 0.415 (10,54)
&m 4 PL —P 0.100 (2,54 MAX
0.022 (0,56)
0.014 (0,36)
[€]0.010 (0.25)®[ ]
4202637/C 11/03
NOTES:  A. All linear dimensions are in inches (millimeters). G. For automatic insertion, any raised irreqularity on the
B. This drawing is subject to change without notice. top surface (step, mesa, etc.) shall be symmetrical
Dimensions do not include mold flash or protrusions about the lateral and longitudinal package centerlines.
Mold flash or protrusions shall not exceed 0.010 (0,25). A Center of photodiode must be within 0.010 (0,25) of
ZDX Maximum dimensions do not include dambar center of photodiode area.
protrusions. Dambar protrusions shall not exceed
0.010 (0,25).
E. Distance between leads including dambar protrusions
to be 0.005 (0,13) minumum.
F. A visual index feature must be located within the
cross—hatched area.
i
‘U TEXAS
INSTRUMENTS
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MPDI059 — APRIL 2001

PLASTIC DUAL-IN-LINE

NTC (R-PDIP-T8)

0.390 (9,91)
0.360 (9,14) PhotodiodeA
Area
8 5 /
M
| f
r 0.275 (6,99)
g 0.238 (6,05)
X
IR OA
Index
Area 1 4 Polished
Surface
0.120 (3,05) A
" 0.100 (2,54) 0.325 (8,26)
5.5°-8.5° ~0.135(3,43) 0.300 (7,62)
AN00T00T8) ) o 0.120 (3,05) /A
0.045 (1,14) — 0.165 (4,19) MAX
[ ——/ 4
Base Plane Tr1or1or
— == i |
Seating Plane—|-
4 | |
| |
0.005 (0,13) MIN vl - ‘ 0.160 (4,06) A
1/2 Lead —P L -
i 0.115 (2.92) 0.300 (7,63)
, 0.015 (0,38)
ﬁ 00451143 _ | | ' — 0.015(0,38) MIN  0.060(1,52) 0.008 (0,20)
PO se—— AX : ’
0.030 (0,762) A
4PL —» 0.100 (2,54) A 0.430 (10,92)
0.022 (0,56) MAX A
_ “—
0.014 (0,36)
[410.010 (0,25) WIC |
4202487/A 03/01

NOTES: A. Alllinear dimensions are in inches (millimeters).

B. This drawing is subject to change

without notice.

Distance between leads including dambar protrusions
to be 0.005 (0,13) minumum.

Dimensions are measured with the package J. Avisual index feature must be located within the
seated in JEDEC seating plane gauge GS-3. cross-hatched area. o )
K. For automatic insertion, any raised irregularity on the

Dimensions do not include mold flash or protrusions.
Mold flash or protrusions shall not exceed 0.010 (0,25).
Dimensions measured with the leads constrained to be

perpendicular to Datum C.

Dimensions are measured at the lead tips with the

leads unconstrained.

G. Pointed or rounded lead tips are preferred to ease

insertion.

A Maximum dimensions do not include dambar

protrusions. Dambar protrusions
0.010 (0,25).

shall not exceed

top surface (step, mesa, etc.) shall be symmetrical
about the lateral and longitudinal package centerlines.
Center of photodiode must be within 0.010 (0,25) of
center of photodiode area

{’? TEXAS

INSTRUMENTS

POST OFFICE BOX 655303 ® DALLAS, TEXAS 75265
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, modifications, enhancements, improvements,
and other changes to its products and services at any time and to discontinue any product or service without notice. Customers should
obtain the latest relevant information before placing orders and should verify that such information is current and complete. All products are
sold subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its hardware products to the specifications applicable at the time of sale in accordance with TI's standard
warranty. Testing and other quality control techniques are used to the extent Tl deems necessary to support this warranty. Except where
mandated by government requirements, testing of all parameters of each product is not necessarily performed.

Tl assumes no liability for applications assistance or customer product design. Customers are responsible for their products and
applications using TI components. To minimize the risks associated with customer products and applications, customers should provide
adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any TI patent right, copyright, mask work right,
or other Tl intellectual property right relating to any combination, machine, or process in which Tl products or services are used. Information
published by TI regarding third-party products or services does not constitute a license from TI to use such products or services or a
warranty or endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual
property of the third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration and is accompanied
by all associated warranties, conditions, limitations, and notices. Reproduction of this information with alteration is an unfair and deceptive
business practice. Tl is not responsible or liable for such altered documentation. Information of third parties may be subject to additional
restrictions.

Resale of Tl products or services with statements different from or beyond the parameters stated by Tl for that product or service voids all
express and any implied warranties for the associated TI product or service and is an unfair and deceptive business practice. Tl is not
responsible or liable for any such statements.

Tl products are not authorized for use in safety-critical applications (such as life support) where a failure of the Tl product would reasonably
be expected to cause severe personal injury or death, unless officers of the parties have executed an agreement specifically governing
such use. Buyers represent that they have all necessary expertise in the safety and regulatory ramifications of their applications, and
acknowledge and agree that they are solely responsible for all legal, regulatory and safety-related requirements concerning their products
and any use of Tl products in such safety-critical applications, notwithstanding any applications-related information or support that may be
provided by TI. Further, Buyers must fully indemnify Tl and its representatives against any damages arising out of the use of Tl products in
such safety-critical applications.

Tl products are neither designed nor intended for use in military/aerospace applications or environments unless the Tl products are
specifically designated by Tl as military-grade or "enhanced plastic." Only products designated by Tl as military-grade meet military
specifications. Buyers acknowledge and agree that any such use of Tl products which Tl has not designated as military-grade is solely at
the Buyer's risk, and that they are solely responsible for compliance with all legal and regulatory requirements in connection with such use.

Tl products are neither designed nor intended for use in automotive applications or environments unless the specific Tl products are
designated by Tl as compliant with ISO/TS 16949 requirements. Buyers acknowledge and agree that, if they use any non-designated
products in automotive applications, TI will not be responsible for any failure to meet such requirements.

Following are URLs where you can obtain information on other Texas Instruments products and application solutions:

Products Applications

Amplifiers pmplifier.ti.com Audio [vww.1r.com/audid

Data Converters Automotive [vww Tr.com/automofiv
DLP® Products [vww .dIp.comn] Broadband [pww i.com/broadband
DSP Fspicom Digital Control [pww ir-com/digitalcontrol
Clocks and Timers [yww Ti.com/cloc Medical [pww Ti.com/medical
Interface [nferfacedico Military [pww ir-com/military
Logic [oaicTiconi Optical Networking [xww Ti.com/opficalnetwor
Power Mgmt powerfr.com Security vww Tr.com/securt
Microcontrollers nicrocontroller.fi.conj Telephony lvww.tr.com/telephony
RFID [wWwiiirfid-co Video & Imaging [pww i-com/vided

RF/IF and ZigBee® Solutions | {r.com/prl Wireless [vww fi.com/wirelesy

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2009, Texas Instruments Incorporated


http://amplifier.ti.com
http://www.ti.com/audio
http://dataconverter.ti.com
http://www.ti.com/automotive
http://www.dlp.com
http://www.ti.com/broadband
http://dsp.ti.com
http://www.ti.com/digitalcontrol
http://www.ti.com/clocks
http://www.ti.com/medical
http://interface.ti.com
http://www.ti.com/military
http://logic.ti.com
http://www.ti.com/opticalnetwork
http://power.ti.com
http://www.ti.com/security
http://microcontroller.ti.com
http://www.ti.com/telephony
http://www.ti-rfid.com
http://www.ti.com/video
http://www.ti.com/lprf
http://www.ti.com/wireless
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APPENDIX - B: CIRCUIT CONNECTIONS FOR ADAPTER CIRCUIT

Connector on PCB

Pin No. Description
1 Det. 1 Probe (A)
2 Det. 3 Pin No. Description Pin No. on PCB Notes
3 (+5V) 1 LED PWR 15
4 (+5V) 2 LED 730 7 LED1 730
5 LED 805 3 LED 850 8 LED1 850
6 LED2 850 4 (+5V) 3
7 LED1 850 5 GND 11
8 LED1 730 6 Det. 1 1 Det. 1
9 LED2 730 7 Det. 2 13 Det. 2
10 LED 805 8 Det. 3 3 Det. 3
11 GND
12 GND Probe (B)
13 Det. 2 Pin No. Description Pin No. on PCB Notes
14 Det. 4 1 LED PWR 30
15 +V (LED PWR) 2 LED 730 34 LED4 730
16 +V (LED PWR) 3 LED 850 35 LED4 850
17 Det (out) 4 (+5V) 25
18 (+5V) 5 GND 12
19 Det (out) 6 Det. 1 28 Det. 8
20 Det (out) 7 Det. 2 40 Det. 9
21 Det (out) 8 Det. 3 27 Det. 10
22 Det (out)
23 GND Probe (C)
24 Det (out) Pin No. Description | Pin No. on PCB Notes
25 (+5V) 1 LED PWR 31
26 GND 2 LED 730 33 LED3 730
27 Det 10 3 LED 850 36 LED3 850
28 Det 8 4 (+5V) 18
29 Det 6 5 GND 23
30 +V (LED PWR) 6 Det. 1 38 Det. 5
31 +V (LED PWR) 7 Det. 2 29 Det. 6
32 LED 805
33 LED3 730
34 LED4 730
35 LED4 850
36 LED3 850
37 LED 805
38 Det 5
39 Det 7
40 Det 9
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