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Description

FIELD OF THE INVENTION

[0001] The presentinvention relates to a pain assess-
ment apparatus and method that allows for the objective
measurement of pain for use in quantitatively grading
pain intensity and sensory detection thresholds (SDTs),
determining responses to analgesics, assessing the ef-
ficacy and dose-response relationships of newly devel-
oped and/or investigational drugs targeted for the man-
agement of pain, providing an objective characterization
of pain conditions, identifying the onset of tolerance
and/or analgesic-induced toxicity from different drugs
and pain interventions, and guiding pain management.
More particularly, the present invention relates to a pain
assessment apparatus and method that uses neuro-se-
lective electrical stimulation in combination with cortical
activity monitoring to provide an objective, qualitative,
and quantitative measure of pain based on hemodynamic
and/or neurophysiological responses to sub-noxious,
neuro-specific electrical stimulation and/or manually ap-
plied noxious stimulation.

BACKGROUND OF THE INVENTION

[0002] Healthcare providers are frequently faced with
the problem of diagnosing and treating patients suffering
from varying levels of pain. The appropriate assessment
of a patient’s pain is a prerequisite to successful diagno-
sis and treatment of the pain. However, healthcare pro-
viders often have difficulty in making such assessments
due to patients’ inability to accurately describe the pain
that they are experiencing. Those difficulties sometimes
result in ineffective, inadequate, and/or excessive treat-
ments.

[0003] In more detail, the experience of pain has at
least two components: 1) a "sensory", or nociceptive,
component, and 2) an "affective”, or emotional, compo-
nent. The sensory component comprises the sensory
modality of nociception experienced within the somato-
sensory system in response to certain stimuli, such as
nerve fibers carrying information regarding the stimuli to
the patient’s brain. The affective component comprises
feelings of unpleasantness and other emotions associ-
ated with the future implications related to pain, such as
annoyance, fear, or distress.

[0004] Traditionally, healthcare providers have used
varying apparatus/methods for subjectively, qualitative-
ly, and/or semi-quantitatively measuring the amount
and/or intensity of pain that a patient is suffering. The
predominant apparatus/methods that have been used
are categorical pain descriptors. For example, Figure 1A
illustrates a verbal pain intensity scale that is used to
measure pain intensity based on adjective descriptors
(e.g., "no pain", "mild pain", "moderate pain", "severe
pain”, "very severe pain", and "worst pain possible"); Fig-
ure 1B illustrates a numerical pain intensity scale that is
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used to measure pain intensity based on a numerical
rating (i.e., O for "no pain" up to 10 for "worst pain possi-
ble"); Figure 1C illustrates a visual analog scale (VAS)
thatis used to measure pain intensity based on a position
along a continuous line between two endpoints (i.e., the
closer to the left end point the closer to "no pain" and the
closer to the right end point the closer to "worst pain pos-
sible"); Figure ID illustrates a Wong-Baker pain intensity
scale that is used to measure pain intensity based on a
face that best represents how the patient is feeling (e.g.,
a face with the largest smile for "no hurt" and a face that
is crying for "hurts worst"); Figure IE illustrates a prema-
ture infant pain profile (PIPP) pain assessment scale that
is used to measure pain based on a score that corre-
sponds to a specific behavioral observation (i.e., a "re-
laxed body posture" corresponds to "no apparent pain"
and "thrashing" corresponds to "severe pain"); and Fig-
ure IF illustrates a crying, requires oxygen, increased vital
signs, expression, and sleepless (CRIES) pain assess-
ment scale that is used to measure pain based on a score
that is totaled from a plurality of different behavioral ob-
servations (i.e., a "normal" breathing corresponds to a
score of 0 and "facial grimacing" corresponds to a score
of 2). As those figures illustrate, categorical pain descrip-
tors can be verbal, numerical, visual, observational, or a
combination thereof.

[0005] The verbal pain intensity scale of Figure 1A, the
numerical pain intensity scale of Figure 1B, and the VAS
of Figure 1C are generally used in assessing pain inten-
sity in cognitive adults. Those apparatus/methods re-
quire a patient to comprehend a physician’s or practition-
er’s questions regarding their pain and to be able to con-
vey, verbally or by otherwise indicating, where they be-
lieve their pain falls on each scale to allow for some di-
agnostic evaluation. The healthcare provider asks the
patient to describe his or her pain using corresponding
categorical descriptors and then marks the appropriate
portion of the scale according to the response.

[0006] Those methods cannot be used in patients who
cannot convey the intensity or location of their pain to a
physician or practitioner (e.g., patient’s unable to com-
prehend their pain or a physician’s queries, "non-verbal"
patients or otherwise verbally or cognitively challenged
patients, patients with developmental disabilities, etc.).
Accordingly, the Wong-Baker pain intensity scale of Fig-
ure ID is used to measure pain intensity in children and
cognitively impaired adults. And the PIPP pain assess-
ment scale of Figure IE and the CRIES pain assessment
scale of Figure IF are generally used to measure pain
intensity in infants and non-verbal patients. Those two
apparatus/methods rely solely on the healthcare provid-
er’s observations.

[0007] Other apparatus/methods for pain assessment
suffer from similar shortcomings. For example, pain tol-
erance threshold (PTT) and pain perception threshold
(PPT) determinations both rely of verbal response from
a patient. Those determinations are subjective and sem-
iquantitative and use electrical stimulation to directly ex-
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cite both large and small diameter sensory nerve fibers.
The PPT determination represents the minimum amount
of a potentially noxious electrical stimulus that can be
perceived, while the PTT determination represents the
maximum amount of noxious electrical stimulus that can
be tolerated when used as a clinical diagnostic tool. Thus,
PTT determinations are notonly dependenton a patient’s
subjective verbal responses, they also require the patient
to experience some amount of aversive stimulus, which
notonly causes the patient undesirable discomfort, it also
elicits the emotional component of pain.

[0008] Similarly, the apparatus/methods available for
diagnosing neuropathic pain require patient self reporting
on the intensity of his or her pain and of its characteristics
(e.g., burning, lancinating, throbbing, etc.). That require-
ment demands a certain level of sophistication and cog-
nitive abilities that is lacking in patients with developmen-
tal delay, who are nonverbal, or who are very young.
Moreover, it requires the patient’s subjective input to ex-
ecute the testing paradigm.

[0009] By virtue of the categorical limitations inherent
in the conventional apparatus/methods illustrated dis-
cussed above, a healthcare provider inevitably encoun-
ters varying descriptions of the same levels of pain in-
tensity from patient to patient, particularly in view of the
highly subjective nature of the emotional component of
pain. Different people can have different pain thresholds,
and those pain thresholds can vary based on outside
influences, such as distractions and mood. Those con-
textual and cognitive factors are partly the result of the
fact that pain most often occurs as part of a traumatic
event, such as injury or disease. For example, a patient’s
nociceptive pain in response to noxious stimulation may
be accompanied by feelings of annoyance, fear, distress,
and/or suffering. Accordingly, patients experiencing the
same level of nociceptive pain may describe that pain
differently, resulting in different diagnoses and treat-
ments. Those problems are exacerbated when the pa-
tient cannot provide a description of their pain and the
healthcare provider must rely solely on his or her own
physical observations of the patient, such as with young
children, infants, neonates, non-verbal patients, and pa-
tients with developmental disabilities.

[0010] The nociceptive component of pain may also
be subjective to specific patients. For example, a patient
may experience an exaggerated reaction to nociceptive
pain if he or she is suffering from hyperalgesia. A patient
may experience an increased sensitivity to nociceptive
pain as part of sickness behavior (i.e., the evolved re-
sponse to illness). And a patient may experience nocic-
eptive pain from stimulus that does not normally provoke
such pain if he or she is suffering from allodynia. Accord-
ingly, some patients may be more sensitive to pain than
others and, therefore, may experience nociceptive pain
out of proportion to physical findings, making it particu-
larly difficult to properly diagnose and treat those pa-
tients.

[0011] In addition to the different subjective compo-
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nents of pain experienced by a patient, a patient may
also inadvertently attempt to sabotage the assessment
of his or her pain. For example, the patient may be un-
willing to communicate the extent of his pain or fear that
he or she will be seen by the healthcare provider as a
bother or drug seeker. Or the patient’s attitude toward
his or her ailment may be depressed and fatalistic, caus-
ing him or her to feel that the pain is inevitable and must
be tolerated. Some healthcare providers may even adopt
an attitude that pain is inevitable and must be tolerated
or allow personal prejudice or bias to interfere with the
independence of their assessment. Thus, there are many
subjective factors - both internal and external to a patient
- that can potentially bias pain assessment, thereby re-
sulting in inaccurate diagnoses and ineffective, inade-
quate, and/or excessive treatments.

[0012] Those subjective factors not only negatively af-
fect the diagnosis and treatment of pain, they also neg-
atively affect clinical trials on the efficacy of drugs used
in the management of pain (i.e., analgesics and other
pain interventions). The main outcome variables in such
clinical trials are pain relief and pain reduction. But be-
cause of the highly interindividual variability of the results
obtained with conventional pain assessment appara-
tus/methods, it is difficult to obtain an objective measure
of pain relief and pain reduction (i.e., efficacy) in clinical
trials or other clinical evaluations. Thus, the results of
those clinical trials are limited in their accuracy and, there-
fore, usefulness.

[0013] Not only is it difficult to objectively measure the
efficacy of analgesics with conventional pain assessment
apparatus/methods, long-term and/or high dose use of
certain analgesics may exacerbate that difficulty. For ex-
ample, long-term and/or high-dose use of opioids (e.g.
morphine, heroin, hydrocodone, oxycodone, and meth-
adone) may result in a patient developing an increased
sensitivity to noxious stimuli (i.e., opioid-induced hyper-
algesia) and/or evolving a painful response to previously
non-noxious stimuli (i.e., opioid-induced allodynia). How-
ever, those forms of opioid-induced toxicity present a
similar net effect as tolerance to opioids, making them
difficult to distinguish from tolerance in a clinical setting.
And while increasing the dose of an opioid can be an
effective way to overcome tolerance, doing so to com-
pensate for opioid-induced hyperalgesia or allodynia
may paradoxically worsen the patient’s condition by in-
creasing sensitivity to pain while escalating physical de-
pendence. In such cases, the patient may actually benefit
from complete withdrawal of opioid treatment. Therefore,
it is of the utmost importance for healthcare providers to
be able to diagnose, quantify, and distinguish actual pain
from treatment-induced side effects. In addition, it is of a
great deal of importance for healthcare providers to be
able to identify the development of such forms of opioid-
induced toxicity so they can be distinguished from toler-
ance and the appropriate therapy can be instituted.
[0014] As set forth above, there is a need in the art for
an apparatus and method for objectively and quantita-
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tively assessing and characterizing pain in patients - par-
ticularly, in young children, infants, neonates, and non-
verbal patients or otherwise verbally or cognitively chal-
lenged patients, such as patients with developmental dis-
abilities. There is also a need in the art for an apparatus
and method for objectively measuring the effect of cur-
rently used analgesics and other pain interventions, and
to objectively measure the efficacy and dose-response
relationships of newly developed and/or investigational
drugs and interventions targeted for pain management.
Andthereisaneedinthe artforanapparatus and method
for detecting the onset of tolerance and/or analgesic-in-
duced toxicity to such analgesics. Moreover, multiple
lines of evidence suggest that repeated and prolonged
pain exposure in neonates, at a time when it is develop-
mentally unexpected, alters their subsequent pain
processing, long-term development, and behavior.
Therefore, the proper diagnosis, quantification of pain,
and appropriate pain therapy during the neonatal period
is of utmost importance to prevent such alterations in
pain processing pathways after the neonatal period.
[0015] US 2008/249430 A1 relates to a method of de-
tecting pain in a subject, comprising the steps of: gener-
ating brain wave data based on brain wave activity of the
subject; comparing the brain wave data to reference data
to generate resultdata, the reference data corresponding
to at least one of (i) population normative data indicative
of brain wave activity of a first plurality of individuals in
an absence of pain, (ii) population reference data indic-
ative of brain wave activity of a second plurality of indi-
viduals generated in response to pain events inflicted on
the second plurality of individuals, (iii) subjective popu-
lation reference data indicative of brain wave activity of
a third plurality of individuals reporting a sensation of
pain, and (iv) population of reference data indicative of
brain wave activity of a fourth population of individuals
following an intervention which has changed a subjective
report of pain; and determining a presence of pain expe-
rienced by the subject as a function of the result data.
[0016] WO 2006/071891 A2 relates to a method of
evaluating a neurological condition in a subject, the meth-
od comprising: (a) determining a level of activation in a
cortical region of a mammalian subject by performing dif-
fuse optical tomography (DOT) on the subject, wherein
the level of activation is indicative of the neurological con-
dition; and (b) administering a therapeutic intervention to
the subject to maintain or change the level of activation,
thereby managing treatment of the neurological condition
in the subject.

SUMMARY OF THE INVENTION

[0017] The present invention provides an apparatus
and method in accordance with the appended claims.

[0018] The apparatus includes a stimulator configured
to apply electrical stimulation of variable intensity to an
area of a patient’s body, a monitoring device configured
to measure a level of cortical activity in one or more re-
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gions of the patient’s brain, wherein the level of cortical
activity ismeasured at the primary somatosensory cortex
and at the dorsolateral prefrontal cortex, and a micro-
processor connected to the stimulator and the monitoring
device that is configured to correlate the measured level
of cortical activity at the primary somatosensory cortex
with the measured level of cortical activity at the dorso-
lateral prefrontal cortex to determine the relationship be-
tween the emotional component of pain and the nocice-
ptive component of pain; factoring out the emotional com-
ponent of pain from the nociceptive component of pain
to provide an objective measurement of the patient’s no-
ciceptive pain; and correlate the intensity of the electrical
stimulation with the objective measurement of the pa-
tient’s nociceptive pain and to determine, based on the
correlation, an objective representation of pain. In a dis-
closure, the microprocessor is configured to correlate the
intensity of the electrical stimulation with the level of ac-
tivity in the one or more regions of the patient’s brain and
to determine at least one of a measurement of pain in-
tensity, a measurement of a sensory detection threshold
(SDT), a measurement of a drug’s analgesic impact, an
indication of an onset of tolerance to a drug, an indication
of an onset of analgesic-induced hyperalgesia, an indi-
cation of conditions of allodynia, a measurement of dose-
response characteristics of pain management drugs, and
a characterization of a pain condition.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] Aspects of the present invention can be better
understood with reference to the following drawings,
which are part of the specification and represent pre-
ferred embodiments of the present invention. The com-
ponents in the drawings are not necessarily to scale, em-
phasis instead being placed upon illustrating the princi-
ples of the present invention.

Figures 1A-1F are diagrams that illustrate examples
of conventional pain assessment apparatus/meth-
ods;

Figure 2 includes a graph illustrating the nerve-fiber-
diameter distribution of a typical human sensory
nerve and a chart listing neuro-specific electrical
stimulation for those nerve fibers according to a non-
limiting embodiment of the present invention;
Figures 3A and 3B are graphs thatillustrate changes
in total hemoglobin plotted over time that indicate a
response to stimuli as measured with NIRS;

Figure 4A is a graph that illustrates EEG oscillations
plotted over time;

Figure 4B is a graph that illustrates Fisher’s Z values
for the EEG oscillations of Figure 4A plotted over
time that indicate a response to stimuli as measured
with EEG;

Figure 5 is a schematic diagram that illustrates an
algometer according to a non-limiting embodiment
of the present invention;
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Figure 6 is a schematic diagram that illustrates the
neuro-selective stimulator component of an algom-
eter according to a non-limiting embodiment of the
present invention;

Figure 7 is a schematic diagram that illustrates the
cortical activity monitor component of an algometer
according to a non-limiting embodiment of the
present invention;

Figures 8A is drawing that illustrates a single emit-
ter/dual detector NIRS sensor according to a non-
limiting embodiment of the present invention;
Figures 8B is drawing that illustrates a dual emit-
ter/dual detector NIRS sensor according to a non-
limiting embodiment of the present invention;
Figure 9 is a block diagram that illustrates the com-
ponent interface of an algometer according to a non-
limiting embodiment of the present invention;
Figure 10 is a block diagram that illustrates the
graphical user interface component of an algometer
according to a non-limiting embodiment of the
present invention;

Figure 11Ais a drawing thatillustrates an exemplary
graphical display according to a non-limiting embod-
iment of the present invention;

Figure 11B is a drawing that illustrates an another
exemplary graphical display according to another
non-limiting embodiment of the present invention;
Figure 12 is a flow chart illustrating process loops
according to another non-limiting embodiment of the
present invention;

Figure 13 is aflow chartillustrating a control/analysis
loop process according to another non-limiting em-
bodiment of the present invention;

Figure 14 is a flow chart illustrating a stimulation loop
process according to another non-limiting embodi-
ment of the present invention;

Figure 15 is a flow chart illustrating a monitoring loop
process according to another non-limiting embodi-
ment of the present invention;

Figure 16 is a graph that illustrates pain measure-
ments plotted over time during a pain assessment
process performed according to a non-limiting em-
bodiment of the present invention; and

Figure 17 is a graph that illustrates pain measure-
ments plotted over time during another pain assess-
ment process performed according to another non-
limiting embodiment of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EM-
BODIMENTS

[0020] The present invention overcomes the short-
comings of the prior art and provides at least the advan-
tages discussed below by integrating neuro-specific
electrical stimulation with cortical activity monitoring to
obtain an objective, qualitative, and quantitative meas-
urement of pain, sensory detection thresholds (SDTs),
the analgesic effects of drugs and other pain interven-
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tions, the pharmacodynamic impact of analgesics and
other pain interventions, the efficacy and dose-response
relationships of novel investigational drugs and other in-
terventions targeted for the management of pain, and the
onset of tolerance and/or analgesic-induced toxicity from
different drugs and paint interventions. The present in-
vention also provides for the objective characterization
of different pain conditions (e.g., neuropathic pain, hy-
peralgesia, allodynia, etc.). In more detail, neuro-specific
electrical stimulation is applied to a patient incrementally
until it causes activation of specific sensory nerve fibers
(i.e., until a threshold action potential is generated at the
targeted nerve fiber), but without inciting the emotional
component of pain. In other words, sensory nerve fibers
are activated up to the point where sensation is detected
without overt pain and without any bodily harm. And be-
cause the patient will not incur overt pain, cortical activity
monitoring technology is used to measure the level of
nociception experienced by the patient. The present in-
vention integrates those technologies to provide a direct
correlation of the measured level of nociception experi-
enced by the patient with the type of neuro-specific elec-
trical stimulation being applied to provide an objective,
qualitative, and quantitative measurement of the pa-
tient’s response to that stimulation.

[0021] The patient's measured response to the neuro-
specific electrical stimulation is used to determine that
patient's SDT and to provide a diagnostic characteriza-
tion of the patient’s stimulus response (e.g., neuropathic
pain, hyperalgesia, allodynia, etc.). That measured re-
sponse is also used to determine the analgesic impact
of different drugs and pain interventions on the patient’s
SDT, depending on the type of neuro-specific electrical
stimulation that is applied. And by repeating those meas-
urements overtime, the presentinvention can also detect
the onset of tolerance and/or analgesic-induced toxicity
from different drugs. Accordingly, the present invention
not only provides an apparatus and method for objec-
tively and quantitatively assessing pain in patients, it also
provides an apparatus and method for objectively meas-
uring the analgesic effect drugs and other pain interven-
tions, measuring the efficacy and dose-response rela-
tionships of novel investigational drugs and other inter-
ventions targeted for the management of pain, and ob-
jectively characterizing pain conditions.

[0022] Those and other advantages provided by the
present invention can be better understood from the de-
scription of the preferred embodiments below and in the
accompanying drawings. In describing the preferred em-
bodiments, specific terminology is resorted to for the sake
of clarity. However, the present invention is not intended
to be limited to the specific terminology so selected, and
itis to be understood that each specific term includes all
technical equivalents that operate in a similar manner to
accomplish a similar purpose. For example, the terms
"Ap fiber", "Ad fiber", and "C fiber" are used not only to
refer specifically to the primary nerve fibers in human
skin, they are also used to refer more generally to the
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corresponding nerve fibersin muscles, joints, and viscera
(e.g., Group I, lll, and IV nerve fibers).

A. Neuro-specific Electrical Stimulation

[0023] The somatosensory system comprises recep-
tors and processing centers that produce sensory mo-
dalities such as touch, temperature, body position, and
pain. Sensory receptors are nerve endings that cover the
skin and epithelia, skeletal muscles, bones and joints,
and viscera of the human body. Those sensory receptors
are innervated by different types of nerve fibers and ini-
tiate sensory transduction in response to stimuli by cre-
ating graded potentials or action potentials in the same
cell or in an adjacent cell. Those nerve fibers can be
classified based on such characteristics as axonal con-
duction velocity, refractory period, fiber size, and mylena-
tion.

[0024] Turning to the drawings, Figure 2 includes a
graph illustrating the nerve-fiber-diameter distribution of
a typical human sensory nerve and a chart listing corre-
sponding nerve fiber characteristics. A typical human
sensory nerve comprises primary afferent fibers bundled
together. The primary fibers in human skin include large-
diameter (e.g., 5-12 um) myelinated A-beta (AB) fibers,
medium-diameter (i.e., 2-5 um) myelinated A-delta (Ad)
fibers, and small-diameter (i.e., 0.2-1.5 pum) unmyelinat-
ed C fibers. The primary fibers in human muscles are
subdivided into analogous groups of myelinated axons -
Group Il fibers, which are analogous to A fibers; Group
Il fibers, which are analogous to A$ fibers; and Group
IV fibers, which are analogous to C fibers. And the pri-
mary fibers in joints include Groups Il, Ill, and IV fibers
as well as Group | fibers, the latter of which do not have
analogous skin fibers but are similar to Ao muscle fibers.
Each of those major fiber types has its own characteristic
neurophysiological profile, sensory function, depolariza-
tion characteristics and sensation evoked by electrical
stimulation, and conduction block susceptibility.

[0025] For example, Ap fibers are linked with various
cutaneous mechanoreceptors and a small number of vis-
ceral mechanoreceptors, and Group | and Il fibers are
linked with muscle mechanoreceptors and joint mech-
anoreceptors. AB and Group | and Il fibers are considered
"low threshold" fibers because they detect non-noxious
stimuli to the skin (e.g., skin indentation, skin and hair
movement, vibration of the skin and hair, etc.), muscles
(e.g., changes in muscle length, muscle tension, muscle
contraction, vibration of the muscle, etc.), and joints (e.g.,
distension of the joint, contraction of the joint, vibration
of the joint, etc.). AR and Group Il fibers have a quick
conduction velocity (e.g., 30-75 m/s and 24-71 m/s, re-
spectively), with Group | fibers having an even quicker
conduction velocity (e.g., 72-120 m/s). AB and Group Il
fibers typically conduct impulses that signal the percep-
tion of touch, pressure, and/or vibration. Conduction of
such signals is most susceptible to blockage by applying
compression to the affected area.
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[0026] A5, C,and Group llland IV fibers are linked with
mechanoreceptors, thermoreceptors, and polymodal no-
ciceptors. They are considered "high threshold" fibers
because they detect a higher intensity of stimulation (i.e.,
noxious stimulation) than AB and Group | and Il fibers
(i.e., non-noxious stimulation). They detect noxious stim-
ulation to the skin (e.g., intense pressure, severe tem-
peratures, damage to skin tissue, etc.), muscles (e.g.,
intense pressure, ischemia, damage to muscle tissue,
etc.), andjoints (e.g., extreme bending, innocuous move-
ment, probing of the joint, etc.). Some of those fibers do
not differentiate noxious from non-noxious stimuli, while
others respond only to painfully intense stimuli.

[0027] AS and Group lll fibers have an intermediate
conduction velocity (e.g., 12-30 m/s and 6-23 m/s, re-
spectively), while C and Group IV fibers have a slow con-
duction velocity (e.g., 0.3-1.5 m/s and < 2.5 m/s, respec-
tively). Part of the difference in conduction velocity be-
tween Ad and Group lll fibers and C and Group IV fibers
is attributed to the fact that A5 and Group Il fibers are
myelinated (i.e., they are thinly sheathed in myelin, which
is an electrically insulating material), while C and Group
IV fibers are not. Accordingly, stimulation of A5 and Group
Il fibers elicits an early, rapid pain that is sharp in nature,
while stimulation of C and Group 1V fibers elicits a later,
prolonged pain that is dull and achy in nature. In other
words, Ad and Group lll fibers typically conduct impulses
that signal the initial perception of pain from extreme
pressure, severe temperature, and/or injury, while C and
Group IV fibers conduct impulses that signal a prolonged
aching experience following the initial perception of pain.
Conduction of signals by As and Group lll fibers is most
susceptible to blockage by depriving the affected area of
adequate oxygen supply, and conduction of signals by
C and Group |V fibers is most susceptible to blockage
by anesthetizing the affected area.

[0028] Returning to Figure 2, unmyelinated C fibers
are the most prevalent fibers in a typical human sensory
nerve (~ 80%), with As and A fibers being equally less
prevalent with one another (~ 10% each). The small-di-
ameter C fibers have the longest refractory period, with
the larger diameter A and A fibers having shorter re-
fractory periods. The differences in those refractory pe-
riods are presumably a direct result of the quantity of ion
channels available per surface area of each fiber. Smaller
diameters also yield higher charge thresholds and re-
quire a longer duration of stimulus depolarization to gen-
erate an action potential at the fiber. For example, in the
absence of pharmacologic interventions or pathologic
conditions, a range of sine waves from 0.01 -2.0 mA can
be applied to a C fibers at a frequency of 5 Hz to generate
action potentials at those fibers; a range of sine waves
from 0.03 to 2.2 mA can be applied to AS fibers at a
frequency of 250 Hz to generate action potentials at those
fibers; and a range of sine waves from 0.22 to 6.0 mA
can be applied to A fibers at a frequency of 2,000 Hz to
generate action potentials at those fibers. A sine wave
is preferably used because of that waveform’s frequency-
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dependent rate of depolarization.

[0029] Because smaller diameters yield longer refrac-
tory periods, that sine wave stimulus can be applied for
different periods of time so as only to affect a specific
nerve fiber. For example, the A fibers can respond to a
short duration (e.g, ~ 0.25 ms) of sine wave stimulation
applied at a frequency of 2,000 Hz while the smaller-
diameter fibers (i.e., A3 and C fibers) require a signifi-
cantly longer period (e.g., ~ 100 ms for a C fiber) of sine
wave stimulation to respond. And the Ap fibers will re-
polarize more quickly than the frequencies (e.g., 5 Hz
and 250 Hz) used to generate an action potential in the
smaller-diameter fibers (i.e., AS and C fibers) can depo-
larize the AB fibers. In other words, smaller-diameter fib-
ers do not achieve their threshold action potentials over
shorter durations, and larger-diameter fibers do not
achieve their threshold action potentials atlower frequen-
cies. Together those factors allow selective responses
to be separately evoked from AB, A3, and C fibers using
different frequencies (Hz), intensities (mA), and dura-
tions (ms) of electrical stimulation. Accordingly, that type
of targeted electrical stimulation is hereinafter referred
to as "neuro-specific" electrical stimulation and the de-
vice that allows a user to select between those targets
is hereinafter referred to as "neuro-selective" stimulator.
[0030] Animportantadvantage of using electrical stim-
ulation to assess pain and target specific sensory nerve
fibers rather than traditional injury-producing stimulation
(e.g., thermal, chemical, and mechanical stimuli) is that
such electrical stimulation bypasses the peripheral noci-
ceptors and stimulates the targeted nerve fiber directly.
As a result, receptor-dependent processes such as ac-
commodation (i.e., intensification of stimulus needed to
elicit the same response) and habituation (i.e., reduced
or inhibited responsiveness during repeated stimulation)
do not occur. Thus, use of electrical stimulation not only
allows the characterization of the nociceptive pathways
carried by the individual sensory nerve types, it also al-
lows for repeated testing of nerve specific fibers without
inducing injury.

[0031] In addition, the present invention utilizes elec-
trical stimulation below that considered or perceived as
painful or noxious to patients to determine their respec-
tive SDTs. Such "sub-noxious" neuro-specific stimulation
is applied by generating electrical stimulation with an in-
tensity thatis large enough to achieve the targeted nerve
fiber’s threshold action potential but small enough that
the patient does not consciously perceive a feeling of
pain in response to that electrical stimulation. According-
ly, sub-noxious electrical stimulation applied at neuro-
specific frequencies (e.g., 5 Hz and 250 Hz) can thereby
be used to achieve threshold action potentials for As and
C fibers, separately, without the patient actually perceiv-
ing pain.

B. Cortical Activity Monitoring

[0032] In addition to the receptors and nerve fibers dis-

10

15

20

25

30

35

40

45

50

55

cussed above, the somatosensory system further com-
prises the anterior cingulate cortex (Brodmann Areas 24,
32, & 33), the primary somatosensory cortex (Brodmann
Areas 3, 1, & 2), the secondary somatosensory cortex
(Brodmann Area 5), the insular cortex (Brodmann Areas
13 & 14), the dorsolateral prefrontal cortex (Brodmann
Areas 9 & 46), and the parietal cortex (Brodmann Area
7). Each of those cortical regions of the brain plays a
different role within the somatosensory system. For ex-
ample, the primary somatosensory cortex (Sl) processes
intensity information for tactile and nociceptive stimuli,
and the dorsolateral prefrontal cortex (DLPFC) encodes
attentional and emotional information for tactile and no-
ciceptive stimuli. Accordingly, those cortical regions of
the brain can be monitored to measure a patient’s re-
sponse to such stimuli. Such monitoring techniques in-
clude near infrared spectroscopy (NIRS) and electroen-
cephalography (EEG).

[0033] NIRS is a an optical emission and absorption
technique that assesses hemodynamic changes in the
cortical regions of a patient’s by estimating cerebral ox-
ygenation using infrared light to penetrate living tissue
and measuring the amount of infrared light absorbed by
tissue chromophores, such as hemoglobin (i.e., oxyhe-
moglobin [O,Hb], deoxyhemoglobin [HHb], and total he-
moglobin [HbT = O,Hb + HHb]) and cytochrome aa3 (i.e.,
oxidized cytochrome aa3). Increased oxygenation rep-
resents an increase in regional blood flow, which, in the
brain, has been demonstrated to correlate to increases
in cortical activity. Light in the near-infrared spectrum
(i.e., light with a wavelength of 700-1000 nm) is able to
penetrate tissue far enough to illuminate cortical regions
of the brain, such as the primary somatosensory cortex
and the dorsolateral prefrontal cortex. Oxyhemoglobin,
deoxyhemoglobin, and oxidized cytochrome aa3 each
have different absorption spectra in the near-infrared
spectrum, just as they do in the visible spectrum. Accord-
ingly, NIRS can be used to measure the concentration
hemoglobin and oxidized cytochrome aa3 in those cor-
tical regions as well as the hemoglobin-oxygen saturation
(i.e., StO, = O,Hb/tHb) and cytochrome aa3 redox status
(i.e., reduction in oxidized cytochrome aa3) in those cor-
tical regions.

[0034] As Figures 3A and 3B illustrate, those meas-
urements can be used to monitor hemodynamic respons-
es to a specific stimuli in the cortical regions of a patient’s
brain. Figure 3A includes data obtained from a 5-week
old preterm neonate (i.e., postmenstrual age of 30
weeks) using a sampling frequency of 6 Hz (i.e., 6 meas-
urements were taken per second), and Figure 3B in-
cludes data obtained from a 5-week old preterm neonate
(i.e., postmenstrual age of 34 weeks) using a sampling
frequency of 2 Hz (i.e., 2 measurements were taken per
second). In those figures, changes in total hemoglobin
are plotted over time using NIRS measurements taken
at the primary somatosensory cortex. Stimulation was
applied to the patients at twenty seconds (20 s), causing
a significant increase in total hemoglobin measured at
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the contralateral primary somatosensory cortex just mo-
ments later. Because that increased tissue oxygenation
represents an increase in regional blood flow in the con-
tralateral primary somatosensory cortex (i.e., anincrease
in activity in the contralateral primary somatosensory cor-
tex), Figures 3A and 3B demonstrate the effectiveness
of NIRS in measuring a patient’s response to specific
stimuli, particularly in neonates and infants.

[0035] NIRS is particularly suited for measuring pain
in neonates and infants because, as discussed above,
the true experience of pain includes an emotional com-
ponent. And neonates and infants quickly adapt their be-
havioral response to painful stimuli, rendering conven-
tional pain assessment apparatus/methods ineffective.
Thus, NIRS is particularly suited for measuring pain in
neonates and infants because it is able to separate the
emotional component of pain from the nociceptive com-
ponent, such as via a comparison of hemodynamic
changes measured at the primary somatosensory cortex
(nociceptive) and the dorsolateral prefrontal cortex (emo-
tional).

[0036] EEG is a biopotential measurement technique
that assesses brain activity by placing electrodes on the
skin of a patient’s skull and measuring the intensity and
pattern of excitatory and inhibitory potentials generated
by the brain. The EEG signal is often divided into different
frequency bands: Delta (< 4 Hz), Theta (4-8 Hz), Alpha
(8-12 Hz), Beta (13-30 Hz); and Gamma (> 30 Hz). Ac-
tivation of a cortical area is characterized by a decrease
in the amplitude of EEG oscillations in the Alpha band
and an increase in the amplitude of EEG oscillations in
the Gamma band. Accordingly, EEG can be used to
measure neural and hemodynamic activity in different
cortical regions of the brain, such as the primary soma-
tosensory cortex and the dorsolateral prefrontal cortex.
[0037] As Figures 4A and 4B illustrate, those meas-
urements can also be used to monitor cortical responses
to different stimuli. Figures 4A and 4B include data ob-
tained from a 19-30 year-old patient using EEG meas-
urements taken at the C, scalp location in the 38-72 Hz
frequency range of the Gamma band. Figure 4A plots
the EEG oscillations over time, and Figure 4B plots the
Fisher's Z values (i.e., Z,, = 0.51n[(1 + r,, )/(1 - rp)l) of
those EEG oscillations over time. Correlation analyses
were used to statistically estimate the covariance of the
EEG oscillations in subsets of EEG sweeps and the re-
sulting correlation coefficients (i.e., r,,,) were converted
into Fisher's Z values to provide a normalized measure
of oscillation responses during the time interval of anal-
ysis. A more detailed description of that normalization
method is provided in Maltseva, I., et al., "Alpha oscilla-
tions as an indicator of dynamic memory operations -
anticipation of omitted stimuli”, Int. J. Psychophysiology,
vol. 36(3), 185-197 (2000), the contents of which are
hereby incorporated by reference in their entirety as if
fully set forth herein.

[0038] In Figures 4A and 4B, stimulation was applied
to the patient at three hundred seventy-five milliseconds
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(375 ms), causing a significant increase in Z values for
the EEG oscillations measured near the primary soma-
tosensory cortex at approximately the same time. Be-
cause those increased Z vales represent activation of
the primary somatosensory cortex (i.e., an increase in
activity in the primary somatosensory cortex), Figures 4A
and 4B also demonstrate the effectiveness of EEG in
measuring a patient’s response to certain stimuli, partic-
ularly in neonates and infants. EEG is particularly suited
for measuring pain in neonates and infants for reasons
similar to those discussed above with respect to NIRS.
It is also particularly suited for measuring pain in ne-
onates and infants because their brains, due to their im-
mature nature, only express a few well-defined set of
patterns, making those patterns easier to recognize with
EEG.

[0039] Although the foregoing examples describe tak-
ing NIRS and EEG measurements at or near the primary
somatosensory cortex, those measurements may alter-
natively or additionally be taken in other cortical regions,
such as the dorsolateral prefrontal cortex and occipital
cortex. As discussed above, the primary somatosensory
cortex processes intensity information for tactile and no-
ciceptive stimuli, and the dorsolateral prefrontal cortex
encodes attentional and emotional information for tactile
and nociceptive stimuli. In other words, activity in the pri-
mary somatosensory cortex is more closely associated
with the nociceptive component of pain and activity the
dorsolateral prefrontal cortex is more closely associated
with the emotional component of pain. Activity in the dor-
solateral prefrontal cortex is also associated with anal-
gesia, both placebo and analgesic induced. And activity
in the occipital cortex generally does not mirror pain-re-
lated activity in the primary somatosensory cortex and
the dorsolateral prefrontal cortex. Accordingly, measure-
ments at the occipital cortex can be used as a control for
measurements at the primary somatosensory cortex
and/or the dorsolateral prefrontal cortex. Moreover, NIRS
and/or EEG measurements can be taken at both the pri-
mary somatosensory cortex and the dorsolateral prefron-
tal cortex to help distinguish between the nociceptive and
emotional components of pain and/or between drug-in-
duced and emotion-induced analgesia. Either NIRS or
EEG can be used at both locations, NIRS may be used
at one location and EEG used at another location, or both
EEG and NIRS can be used at both locations. The latter
configuration can be used to obtain duplicate and, there-
fore, more reliable measurements.

C. Algometer

[0040] The present invention utilizes a novel combina-
tion of neuro-specific electrical stimulation and cortical
activity monitoring, wherein the neuro-specific electrical
stimulation is directly correlated to the monitored cortical
activity in real time to provide an objective measurement
of pain intensity and analgesia. It uses those measure-
ments to provide an objective quantification of pain (e.g.,



15 EP 2 552 302 B1 16

a pain score, an SDT value, etc.), to provide an objective
measurement of the effect of currently used analgesics
and other pain interventions, to provide an objective
measurement of the efficacy and dose-response rela-
tionships of newly developed and/or investigational
drugs and other interventions targeted for the manage-
ment of pain, to identify the onset of tolerance and/or
analgesic-induced toxicity, and to provide an objective
characterization of pain (e.g., nociceptive pain, neuro-
pathic pain, hyperalgesia, allodynia, etc.). That function-
ality is provided by a single device, hereinafter referred
to as a "human algometer", or just "algometer".

[0041] Figure 5 illustrates an example of a human al-
gometer 500 according to a non-limiting embodiment of
the present invention. That algometer 500 includes a
neuro-selective stimulator 502, a cortical activity monitor
504, a component interface 506, and a graphical user
interface 508. The neuro-selective stimulator 502 is con-
figured to apply neuro-specific stimulation to specific
nerve fibers (e.g., AB, Ag, and C fibers) using specific
voltages and currents applied at neuro-specific frequen-
cies (i.e., 2000, 250, and 5 Hz). The cortical activity mon-
itor 504 is configured to monitor cortical activity based
on hemodynamic and/or neurophysiological responses
to the neuro-specific electrical stimulation generated by
the neuro-selective stimulator 502 and/or to other forms
of stimulation. The componentinterface 506 is configured
to control both the neuro-selective stimulator 502 and the
cortical activity monitor 504, to integrate the functionality
of those two components 502 and 504, and to store the
data obtained with those two components 502 and 504.
And the graphical user interface 508 is configured to re-
ceive and transmit data that is input by a user to control
the neuro-selective stimulator 502 and the cortical activity
monitor 504 and to analyze and display the data that is
measured, sampled, and stored with those three com-
ponents 502, 504, and 506.

[0042] Although the algometer 500 illustrated in Figure
5 is described primarily in terms of NIRS, EEG can be
used instead of or in addition to NIRS without departing
from the spirit of the present invention. Moreover, other
suitable forms of cortical activity monitoring (e.g., func-
tional Magnetic Resonance Imaging (fMRI), near infrared
imaging (NIRI), etc.) can be used instead of or in addition
to NIRS and/or EEG without departing from the spirit of
the present invention. But because the equipment re-
quired to perform NIRS and EEG is generally less cum-
bersome than that utilized for other forms of cortical ac-
tivity monitoring, and due at least to the features of NIRS
and EEG discussed above, the algometer 500 of the
present invention preferably utilizes NIRS and/or EEG.

i. Neuro-selective Stimulator 502

[0043] AsFigure 6illustrates, the neuro-selective stim-
ulator 502 includes a low-voltage circuit 600 and a high-
voltage circuit 602. The low-voltage circuit 600 and the
high-voltage circuit 602 are both connected to a micro-
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processor 900 (Figure 9) in the component interface 506.
The low-voltage circuit 600 includes a sine wave gener-
ator circuit 604, a digital potentiometer circuit 606, and a
DC cancellation circuit 608. And the high-voltage circuit
602 includes a precision non-inverting operational am-
plifier (op-amp) 610, a first current mirror 612, a second
current mirror 614, afirst high voltage current source 616,
a second high voltage current source 618, and electrode
inputs/outputs 620. The low-voltage circuit 600 gener-
ates a pure AC sine wave signal that is converted to a
current-based signal by the high-voltage circuit 602.
[0044] In more detail, the microprocessor 900 is con-
nected to the sine wave generator circuit 604, which in-
cludes a low-power Direct Digital Synthesis (DDS) pro-
grammable waveform generator integrated circuit (IC).
The microprocessor 900 sends commands ("Frequency
Select" in Figure 6) to the sine wave generator circuit 604
for generating different signal frequencies (e.g., 5, 250,
and 2000 Hz) that correspond to the stimulus required
to activate different nerve fibers (e.g., C, A3, and A fib-
ers). The microprocessor 900 also sends a crystal refer-
enced 1 mega-Hertz (MHz) clocking signal to the sine
wave generator circuit 604, which the sine wave gener-
ator circuit 604 uses to generate the requisite sine wave
signals with a frequency accuracy of =10 milli-Hertz
(mHz).

[0045] The sine wave generator circuit 604 and the mi-
croprocessor 900 are both connected to the digital po-
tentiometer circuit 606. The sine wave generator circuit
604 sends the sine wave it generates to the digital po-
tentiometer circuit 606. And the microprocessor 900
sends commands ("Intensity Select" in Figure 6) to the
digital potentiometer circuit 606 that correspond to differ-
entsignal amplitudes, which are used by a voltage divider
at the digital potentiometer circuit 606 to apply different
signal amplitudes to the sine waves generated by the
sine wave generator circuit 604. Those signal amplitudes
are precisely controlled by the microprocessor 900 so
they can be used by the high-voltage circuit 602 to gen-
erate currents with different intensities (e.g., 0.5, 0.85,
and 2.3 mA) that correspond to the stimulus required to
activate different nerve fibers (e.g., C, A3, and A fibers).
The maximum intensity generated by the high-voltage
circuit 602 is set such that only sub-noxious stimulus is
applied to a patient (i.e., an intensity large enough to
achieve the targeted nerve fiber’s threshold action po-
tential but small enough that the patient does not con-
sciously perceive a feeling of pain).

[0046] The digital potentiometer circuit 606 is connect-
ed to the DC cancellation circuit 608 and sends the sig-
nals generated with the input from the microprocessor
900 and the sine wave generator circuit 604 to the DC
cancellation circuit 608. The DC cancellation circuit 608
removes the DC components from those signals, thereby
producing a pure AC signal with the desired frequency
and amplitude. The resulting voltage-based signal is then
sent to the high-voltage circuit 602 for conversion into to
a current-based signal.
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[0047] The DC cancellation circuit 608 of the low-volt-
age circuit 600 is connected to the non-inverting input of
the non-inverting op-amp 610 of the high-voltage circuit
602. A precision gain resistor Rg,;, is connected to the
inverting input of the non-inverting op-amp 610 through
a resistor-capacitor combination Rg/C4. The DC cancel-
lation circuit 608 sends the voltage-based sine wave sig-
nal generated with the inputfrom the digital potentiometer
circuit 606 to the non-inverting op-amp 610 while the gain
resistor Rg,i, is used to control the gain of the high-volt-
age circuit 602. The non-inverting op-amp 610 preferably
has input bias currents of less than a few pico-amperes
(pA), and the gain resistor Rg,;, preferably has a resist-
ance of approximately 10 ohms.

[0048] The non-inverting op-amp 610 is connected to
the first transistors Q, and Q7 of the first and second
current mirrors 612 and 614, respectively. And the sec-
ond transistors Q, and Qg of the first and second current
mirrors 612 and 614 are connected to the gain resistor
Rgain @nd the non-inverting input of the non-inverting op-
amp 610 through resistors R and Rs, respectively. The
first and second transistors Q, and Q, of the first current
mirror 612 are NPN transistors, and the first and second
transistors Q; and Qg of the second current mirror 614
are PNP transistors.

[0049] The second transistors Q and Qg of the first
and second current mirrors 612 and 614 are connected
to the first transistors Qg and Q, of the first and second
high voltage current sources 616 and 618, respectively,
and outputs of the first and second current mirrors 612
and 614 are sent to the first and second high voltage
current sources 616 and 618, respectively. High voltage
sources +H, (e.g., +400 V) and -H, (e.g., -400 V) are
connected to the second transistors Q4 and Qg of the first
and second high voltage current sources 616 and 618
through resistors R, and Ry, respectively. And the third
transistors Qg and Qg of the firstand second high voltage
current sources 616 and 618 are connected to the elec-
trode inputs/outputs 620 through a resistor Rg and a pair
of resistor-capacitor combinations R;/C, and Rg/Cj in
series. The first, second, and third transistors Qg, Qy,
and Qg of the first high voltage current source 616 are
PNP transistors, and the first, second, and third transis-
tors Qg, Qg, and Qg of the second high voltage current
source 618 are NPN transistors. Together, the compo-
nents of the high-voltage circuit 602 operate as a voltage-
to-current converter capable of generating current stimuli
with intensities of 10 mA and greater.

[0050] The electrode inputs/outputs 620 of the high-
voltage circuit 602 are connected to a current measuring
resistor Rsense and to the microprocessor 900. The out-
puts of the first and second current mirrors 612 and 614
are combined and sent to the electrode inputs/outputs
620 via the pair of resistor-capacitor combinations R,/C,
and Rg/C5 to provide further DC cancellation and to com-
pensation for changes in a patient’s skin impedance. And
the resulting current that is applied to a patient is meas-
ured through the measuring resistor Rgg e @and sentback
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to the microprocessor 900 for fine adjustment ("Feed-
back" in Figure 6). For example, the microprocessor 900
will automatically reduce the intensity of the current if it
is measured to be higher than the current required to
target the desired nerve fiber and/or higher than the
threshold current for producing sub-noxious stimulation.
In that way, the low-voltage circuit 600 provides precise
control of the frequency and amplitude of the desired
signal, and the high-voltage circuit 602 provides precise
voltage-to-current conversion.

[0051] The electrode inputs/outputs 620 are connect-
ed to electrodes 510 through corresponding electrode
cables 512. See, e.g., Figure 5. The electrodes 510 pro-
vide a consistent, distortion free interface between the
neuro-selective stimulator 502 and a patient’s skin. The
electrodes 510 are preferably gold plated and paired to-
gether using a flexible spreader to standardize the dis-
tance between them. The electrodes are also preferably
cupped to accommodate electrode gel for maintaining a
consistent output current density for reliable, repeatable
results. The electrode cables 512 are lightweight lead
wires that are terminated with spring loaded molded por-
tions configured to resiliently hold the electrodes 510.
The electrodes 510 and electrode cables 512 may be
reusable or disposable and designed for single-use only.
The algometer 500 is configured to operate using com-
mercially available electrodes 510 and electrode cables
512, which helps reduce the manufacturing and opera-
tional costs of the algometer 500.

ii. Cortical Activity Monitor 504

[0052] As Figure 7 illustrates, the cortical activity mon-
itor 504 includes a first current driver circuit 700, a second
current driver circuit 702, a first photo-detector circuit
704, a second photo-detector circuit 706, an analog mul-
tiplexer 708, and a high-resolution 16-bit analog-to-digital
converter (ADC) 710. Like the low-voltage circuit 600 and
the high-voltage circuit 602 of the neuro-selective stim-
ulator 502, the different subcomponents 700-710 of the
cortical activity monitor 504 are connected to the micro-
processor 900. Thefirstcurrentdriver circuit 700 includes
a first precision non-inverting op-amp 712, a red light
emitter 714, and a transistor Q44; the second current driv-
er circuit 702 includes a second precision non-inverting
op-amp 716, an IR light-emitter 718, and a transistor Q45;
the first photo-detector circuit 704 includes a first photo-
detector diode 720, a first trans-impedance op-amp 722,
afirstlow-passfilter (LPF) 724, and a first voltage follower
op-amp 726; and the second photo-detector circuit 706
includes a second photo-detector diode 728, a second
trans-impedance op-amp 730, a second LPF 732, and a
second voltage follower op-amp 734. Red light and IR
light are emitted from the red and IR light emitters 714
and 718 and the reflected light is detected by the firstand
second photo-detector diodes 720 and 728, respectively.
[0053] In more detail, the microprocessor 900 (Figure
9) of the component interface 506 is connected to the
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non-inverting input of the first non-inverting op-amp 712
and the non-inverting input of the second non-inverting
op-amp 716 through resistors R43 and Ry4, respectively.
The microprocessor 900 generates the requisite current
excitation level for the red and IR light emitters 718 by
selecting those resistors Ry3 and Ry, to receive current
("Red Select" and "IR Select" in Figure 7, respectively)
in an alternating manner. The resulting voltage drops
across those resistors Ry3 and R4, are converted into
currents by the first and second current driver circuits
700 and 702, and those currents cause the red light emit-
ter 714 and IR light emitter 718 to emit red light and IR
light, respectively, in an alternating manner. The micro-
processor 900 controls the rate of emission and the delay
between the red light emitter 714 and IR light emitter 718
as required to measure hemodynamic changes in the
cortical regions of a patient’s brain. For example, light
emissions may be repeated at a rate of 125 Hz with a
duty cycle of 25% for each light emitter 714 and 718.
[0054] The microprocessor 900 is also connected to
the multiplexer 708, which is connected to outputs of the
first and second current driver circuits 700 and 702
through resistors R4 and Ry,, respectively. The micro-
processor 900 is also connected to the multiplexor 708
through the ADC 710. The multiplexer 708 receives the
outputs of the first and second current driver circuits 700
and 702 ("Red Input Current" and "IR Input Current" in
Figure 7, respectively), samples those outputs, and for-
wards them to the ADC 710. The ADC 710 converts the
analog current outputs from the first and second current
driver circuits 700 and 702 into digital signals and sends
those signals to the microprocessor 900, where they are
analyzed and temporarily stored. For example, the mi-
croprocessor 900 will determine the length, frequency,
and intensity of each signal, identify those signals as sep-
arate stimulus cycles, and temporarily store that data on
RAM before sending it to the graphical user interface 508
for further processing. Those digital signals representthe
input currents to the red and IR light emitters 714 and
718, which correspond to the amount of red and IR light
emitted by the red and IR light emitters 714 and 718,
respectively.

[0055] The outputs of the first and second photo-de-
tector circuits 704 and 706 are also connected to the
multiplexer 708. As the red and IR light that is emitted by
the red and IR light emitters 714 and 718 propagates
subcutaneously in a patient’s skull, it is differentially ab-
sorbed at one end of the path of propagation by skin,
brain tissues, and hemoglobin and cytochrome aa3 in
the cerebral vasculature of the patient’s brain. At the other
end of the path of propagation, the red and IR light that
is not absorbed by genetic material is received by the
first and second photo-detector diodes 720 and 728.
Each of the first and second photo-detector diodes 720
and 728 converts the received light into an electrical sig-
nal by generating a current that is proportional to the
amountoflightthatitreceives (i.e., the amount of photons
itabsorbs). That currentis received by the corresponding
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trans-impedance op-amp 722 or 730 and transformed
into a voltage. Because that current can be very small
with a very small signal to noise ratio, the firstand second
trans-impedance op-amps 722 and 730 each preferably
have extremely large inputimpedance with input currents
in the pico-ampere (pA) range, which provides very pre-
cise amplification.

[0056] The output voltages of the first and second
trans-impedance op-amps 722 and 730 are sent through
the first and second LPFs 724 and 732, respectively, so
as to further remove noise from those output voltages.
The order of the first and second LPFs 724 and 732 and
the position of their poles are selected to remove noise
while maintaining the integrity of the resulting signal at
the cortical activity monitor's 504 operating frequency
(e.g., 125 Hz). The output voltages then pass through
the first and second voltage follower op-amps 726 and
734 to eliminate loading effects. The multiplexer 708 re-
ceives the resulting output voltages ("Red Output Volt-
age" and "IR Output Voltage" in Figure 7, respectively),
samples them, and forwards them to the ADC 710.
[0057] The ADC 710 converts the analog voltage out-
puts from the first and second photo-detector circuits 704
and 706 into digital signals and sends those signals to
the microprocessor 900, where they are analyzed and
temporarily stored. For example, the microprocessor will
collect fifty data points from each photo-detector circuit
704 and 706, average those data points, and temporarily
store them in RAM before sending them to the graphical
user interface 508 for further processing. Those digital
signals represent the amount of current generated at the
first and second photo-detector diodes 720 and 728,
which correspond to the amount of red and IR light re-
ceived by the first and second photo-detector diodes 720
and 728, respectively. And by comparing the amount of
red and IR light received by first and second photo-de-
tector diodes 720 and 728 with the amount of red and IR
light emitted by the red and IR light emitters 714 and 718,
the microprocessor 1000 (Figure 10) of the graphical user
interface 508 is able to measure the amount of hemody-
namic change that occurs over time in the cortical regions
of a patient’s brain.

[0058] The red light emitter 714, the IR light emitter
718, the first photo-detector diode 720, and the first pho-
to-detector diode 728 are provided as part of a single
NIRS sensor 514 that is connected to the algometer 500
through a corresponding sensor cable 516. See, e.g.,
Figure 5. The NIRS sensor 514 is configured to couple
to a patient’s skin tissue adjacent to a cortical region of
the patient’s brain so that red and IR light can be propa-
gated into those cortical regions by the red and IR light
emitters 714 and 718 and so that the reflected red and
IR light can be received by the first and second photo-
detector diodes 720 and 728, respectively. The red light
emitter 714 is configured to emit red light with a wave-
length that corresponds to the absorption spectra of de-
oxyhemoglobin (i.e., 730-775 nm); the IR light emitter
718 is configured to emit IR light with a wavelength that
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corresponds to the absorption spectra of deoxyhemo-
globin (e.g., 850-900 nm); the first photo-detector diode
720is configured to generate a current thatis proportional
to the amount of light it receives in the red light wave-
length spectrum (i.e., 600-750 nm); and the second pho-
to-detector diode 728 is configured to generate a current
that is proportional to the amount of light it receives in
the IR light spectrum (i.e., 750-1000 nm). In the alterna-
tive, one or both of the first and second photo-detector
diodes 720 and 728 may be configured to generate a
current based on the amount of light they receive in both
of those wavelength spectrums (i.e., 600-1000 nm).
[0059] Thered lightemitter 714 and the IR light emitter
718 may include separate semiconductor diode ele-
ments, or dies, that emit light at different wavelengths
within their respective wavelength spectrums. For exam-
ple, the IR light emitter 718 may include one die that emits
light at wavelengths centered around 910 nm and anoth-
er that emits light at wavelengths centered around 810
nm. Similarly, a single light-emitting diode (LED) may in-
clude both the red light emitter 714 and the IR light emitter
718 as well as their respective dies. For example, a single
LED may include a die for the red light emitter 714 that
emits light at wavelengths centered around 730 nm and
an IR lightemitter 718 according to the previous example.
When more than two dies are provided to generate light
at more than two wavelengths in that manner, one or
more additional driver circuits 700 or 702 will be provided
in the cortical activity monitor 504 to generate the re-
quired excitation currents to cause the extra die or dies
to emit that light.

[0060] Regardless of the number of different wave-
lengths of light the red light emitter 714 and the IR light
emitter 718 are configured to generate, the red light emit-
ter 714 and the IR light emitter 718 and their respective
dies are preferably provided in a single LED. And the first
and second photo-detector diodes 720 and 728 are pref-
erably configured to generate a current based on the
amount of light they receive in both of the red and IR
wavelength spectrums (i.e., 600-1000 nm). In that way,
both the LED and the first and second photo-detector
diodes 720 and 728 can be used interchangeable to gen-
erate and receive light at all of the available wavelengths,
which provides greater flexibility when configuring the
NIRS sensor 514.

[0061] Figure 8Aillustrates an exemplary NIRS sensor
514 that includes a single LED 800 with includes both
the red light emitter 714 and the IR light emitter 718 pro-
vided therein, as well as their respective dies. Because
the mean penetration depth of photons is proportional to
the distance between the emitting source and the receiv-
ing detector, the LED 800 is preferably placed a shorter
distance A to the first photo-detector diode 720 than the
distance B to the second photo-detector diode 728,
wherein the second photo-detector diode 728 is prefer-
ably larger than the first photo-detector diode 720 to com-
pensate for that larger distance B. That configuration cre-
ates two different propagation paths with two different
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path lengths - a short path from the red and IR light emit-
ters 714 and 718 to the first photo-detector diode 720
and a longer path from the red and IR light emitters 714
and 718 to the second photo-detector diode 728. The
shorter path measures hemodynamic changes within the
skin, muscle, and bone of a patient’s head while the long-
er path measures those hemodynamic changes as well
as hemodynamic changes in the cortical regions of the
patient’s brain. And the measurement (M,) taken with
the first photo-detector diode 720 via the short path can
then be subtracted from the measurement (Mg) taken
with the second photo-detector diode 728 via the long
path to isolate the measurement (M iicq)) at the cortical
region of the patient’s brain (i.e., Mg - Mp = Mcogical)-
[0062] Unfortunately, any variation in the skin, muscle,
and/or bone between the locations at which the first and
second photo-detector diodes 720 and 728 are placed
can introduce error into those measurements. Accord-
ingly, the NIRS sensor 514 preferably includes a second
LED 802 that also includes both a red light emitter 714
and an IR light emitter 718 as well as their respective
dies. As Figure 8B illustrates, that configuration allows
two pair of propagation paths with different path lengths
to be created, wherein the first LED 800 is placed a short-
er distance A to the first photo-detector diode 720 than
the distance B to the second photo-detector diode 728
and the second LED 802 is placed a shorter distance A’
to the second photo-detector diode 728 than the distance
B’ to the first photo-detector diode 720. Because both
the first and second photo-detector diodes 720 and 728
absorb photons from both a short and long path, they are
both preferably large enough to operate effectively for
both of those path lengths.

[0063] The measurement(M,)taken with the first pho-
to-detector diode 720 via the shorter path to the first LED
800 is subtracted from the measurement (Mg) taken with
the second photo-detector diode 728 via the longer path
to the first LED 800 and the measurement (M,’) taken
with the second photo-detector diode 728 via the shorter
path to the second LED 802 is subtracted from the meas-
urement (Mg') taken with the first photo-detector diode
720 via the longer path to the second LED 802 to isolate
the measurement (Mcgiical) at the cortical region of the
patient’s brain (i.e., (Mg - Mp) + (Mg’ - Mga') = Mcortical)-
In that way, the dual emitter/dual detector configuration
of Figure 8B accounts for variations in the skin, muscle,
and/or bone between the locations at which the first and
second photo-detector diodes 720 and 728 are placed.
And, as described in U.S. Patent No. 7,865,223 to Bern-
reuter, the spacing between the first and second LEDs
800 and 802 and the first and second photo-detector di-
odes 720 and 728 can be modified or changed as re-
quired to optimize measurements at different tissue
depths. Moreover, as also described in that patent, the
additional measurements provided by that dual-emit-
ter/dual detector configuration can be taken alternately
at three different wavelengths to further remove surface
effects. The disclosure of that patent is hereby incorpo-
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rated by reference in its entirety as if fully set forth herein.
[0064] Regardless of the configuration of the NIRS
sensors 514, they may be reusable or disposable and
designed for single-use only. The sensor cables 516 may
be provided separately from or integrated with the NIRS
sensors 514 and may be reusable or disposable. For
example, the NIRS sensors 514 of Figures 8A and 8B
may be disposable with reusable sensor cables 516, dis-
posable with integrated disposable sensor cables 516,
or reusable with integrated reusable sensor cables 516.
The algometer 500 is configured to operate using com-
mercially available NIRS sensors 514 and sensor cables
516, which helps reduce the manufacturing and opera-
tional costs of the algometer 500.

[0065] Although only one NIRS sensor 514 is dis-
cussed in detail above, the algometer 500 is configured
to utilize multiple NIRS sensors 514 at different locations
onapatient’s head as required to measure hemodynamic
changes at different cortical regions (e.g., the occipital
cortex, the primary somatosensory cortex, the secondary
somatosensory cortex, the insular cortex, the dorsolater-
al prefrontal cortex, the parietal cortex, etc.) on different
patients (e.g., adults, children, infants, neonates, lab an-
imals, etc.). And although only two current driver circuits
700 and 702 and two photo-detector circuits 704 and 706
are discussed in detail above, the algometer 500 includes
a corresponding number of current driver circuits 700 and
702 and photo-detector circuits 704 and 706 to the
number of NIRS sensors 514 and dies in their respective
LEDs 800 and 802. In Figure 5, for example, six NIRS
sensors 514 are provided that each have two LEDs 800
and 802 with three dies. Accordingly, the cortical activity
monitor 504 in Figure 5 has thirty-six current driver cir-
cuits (6 NIRS sensors x 2 LEDs/NIRS sensor x 3
dies/LED x 1 current driver circuit/die = 36 current driver
circuits) and twelve photo-detector circuits (6 NIRS sen-
sors x 2 photo-detector circuits/NIRS sensor = 12 photo-
detector circuits).

iii. Component Interface 506

[0066] As Figure 9illustrates, the component interface
506 includes the microprocessor 900 that is shared by
the neuro-selective stimulator 502 and the cortical activity
monitor 504. As discussed above, the microprocessor
controls the neuro-selective stimulator 502 and the cor-
tical activity monitor 504 and integrates the functionality
of those components 502 and 504. The component in-
terface 506 also includes memory 902, a peripheral in-
terface adapter (PIA) 904, and a power bus 906. The
memory 902 stores the software that is executed by the
microprocessor 900 and the data that is generated with
the neuro-selective stimulator 502 and the cortical activity
monitor 504; the PIA 904 provides a connection via which
the microprocessor 900 can electronically communicate
with external devices; and the power bus 906 provides
a common source of power for operating the microproc-
essor 900, the neuro-selective stimulator 502, and the
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cortical activity monitor 504.

[0067] In more detail, the memory 902 includes read-
only memory (ROM) and random-access memory
(RAM). ROM is a non-volatile memory chip where the
essential systeminstructions (i.e., basic input/output sys-
tem (BIOS) instructions) are permanently stored. Those
instructions control the operations and interactions of the
neuro-selective stimulator 502 and the cortical activity
monitor 504. And RAM is a volatile memory chip where
portions of those instructions are temporarily stored be-
fore they are carried out by the microprocessor 900. The
microprocessor 900 may also temporarily store other da-
taonthe RAM, such as the data generated with the neuro-
selective stimulator 502 and the cortical activity monitor
504. Such data can be temporarily stored on the RAM,
for example, prior to sending it to the graphical user in-
terface 508 for further processing.

[0068] The PIA 904 is a specialized interface chip that
provides parallel in/out interfacing capability for the mi-
croprocessor 900, thereby allowing the algometer 500 to
be connected to peripherals, such as printers or monitors.
It may also allow the algometer 500 to be connected to
a hospital’s central monitoring system. When the graph-
ical user interface 508 is provided as a separate comput-
ing device from the algometer 500 (e.g., a personal com-
puter, laptop computer, tablet computer, etc.), the PIA
904 will provide interfacing capability with that device.
Accordingly, the memory 902 will include the requisite
instructions stored on the ROM for facilitating one or more
of those types of interfaces. And the algometer 500 will
include an appropriate connection port for connecting to
such external devices (e.g., an RS-232 connection, an
RJ45 connection, a universal serial bus (USB) connec-
tion, a coaxial cable connection, etc.).

[0069] Although not illustrated, the component inter-
face 506 includes a set of specialized signal generating
chips that are controlled by the microprocessor 900. For
example, the componentinterface 506 may include a dig-
ital-to-analog converter (DAC) for converting digital sig-
nals into voltage or current as required to perform various
tasks, such as generating the requisite current excitation
level to cause the red light emitter 714 and IR light emitter
718 to emitred light and IR light, respectively. Those chip
sets serve to alleviate the microprocessor 900 from the
burden of digital signal generation, thereby freeing the
microprocessor 900 to perform signal processing of the
data generated with the neuro-selective stimulator 502
and the cortical activity monitor 504. Moreover, they can
be used to perform tasks that would otherwise be per-
formed by complex circuits in the algometer, such the
firstand second currentdriver circuits 700 and 702, there-
by allowing the size and complexity of the algometer 500
to be significantly reduced.

iv. Graphical User Interface

[0070] As Figure 10 illustrates, the graphical user in-
terface 508 includes its own microprocessor 1000 and
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its own memory 1002. It also includes a user input device
1004, and a display device 1006. The microprocessor
1000 controls the overall operation of the algometer 500;
the memory 1002 stores data and software used to by
the microprocessor 1000 to control the overall operation
ofthe algometer 100; the input device 1004 receives input
from a user to set the parameters for performing different
tests with different patients; and the display device 1006
displays the data input into and generated by the various
components 502-508 of the algometer 500. Those sub-
components 1000-1006 of the graphical user interface
508 work together to coordinate and automate stimula-
tion algorithms and response detection at a patient’s so-
matosensory cortex and other cortical regions of the pa-
tient’s brain, and to perform data capture, storage, and
processing.

[0071] In more detail, the microprocessor 1000 com-
municates with the memory 1002, input device 1004, and
display device 1006 of the graphical user interface 508
and the microprocessor of the component interface 506
as required to generate, gather, and analyze pain data.
The microprocessor 1000 receives input from a user via
the input device 1004 and selects which algorithms to
perform from the software stored on the memory 1002.
For example, a user can utilize the input device 1004
(e.g., akeyboard, a touchscreen, a mouse, etc.) to select
the type of analysis that the algometer 500 will perform
(e.g., determining SDTs, determining a pain score, mon-
itoring the effects of an analgesic, etc.) and the param-
eters that will define any variables that will affect that
analysis (e.g., patientage, type of NIRS sensor 514 being
used, location of NIRS sensors 514, type of electrodes
510 being used, location of electrodes 510, type of EEG
electrode 1100 being used, location of EEG electrodes
1100, etc.). The microprocessor 1000 will then initiate
the selected type of analysis by sending a command to
the microprocessor 900 of the component interface 506,
which will then generate the appropriate electrical stim-
ulation with the neuro-selective stimulator 502 and gen-
erate the appropriate light emissions with the cortical ac-
tivity monitor 504.

[0072] As the microprocessor 900 of the component
interface 506 identifies the separate stimulus cycles gen-
erated by the neuro-selective stimulator 502 and aver-
ages the data points collected by the cortical activity mon-
itor 504, it will temporarily store that data on its RAM and
periodically send that data back to the microprocessor
1000 of the graphical user interface 508 in packets for
further processing and extended storage. Those packets
of data will identify the frequency and intensity of the elec-
trical stimulation applied by the electrodes 510, the cur-
rent levels at which red and IR light are emitted by the
red and IR light emitters 714 and 718, and the currents
detected by the photo-detector diodes 720 and 728. And
the microprocessor 900 of the component interface 506
will send those packets of data to the microprocessor
1000 of the graphical user interface 508 after each of a
series of concurrent loops of electrical stimulation and
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NIRS and/or EEG are performed. The microprocessor
1000 of the graphical userinterface 508 will then analyze
that data using its own processing loop based on the type
of analysis selected and the parameters input via the
input device 1004. Those loops are described in more
detail below with respect to the algometer software.
[0073] The microprocessor 1000 dynamically displays
the results of that analysis at the display device 1006 in
a relevant numerical (e.g., a recorded SDT value, a cal-
culated pain score, etc.), verbal (e.g., a written outcome,
a written warning, etc.), and/or graphical (e.g., a plot of
pain response, a pain scale graph, etc.) format. The mi-
croprocessor 1000 may also dynamically display the val-
ues of the electrical stimulation applied with the neuro-
selective stimulator 502 (e.g., frequency, intensity, cycle
time, etc.) and/or the values of hemodynamic and/or neu-
rophysiological changes measured with the cortical ac-
tivity monitor 504 (e.g., threshold oxygenation and/or
electrical activity values, somatosensory oxygenation
and/or electrical activity values, change in oxygenation
and/or electrical activity values, etc.) in a similar manner.
In that way, a user (e.g., a qualified healthcare provider)
can monitor a patient’s physiological response to the
electrical stimulation in a meaningful numerical, verbal,
and/or graphical format, which allows that user to make
accurate clinical decisions regarding pain and pain man-
agement. In fact, the algometer 500 may even be con-
nected to other medical devices (e.g., a drug-dispensing
system) and programmed to control those medical de-
vices based on the patient’s physiological response (e.g.,
decreasing or increasing dosing from the drug-dispens-
ing machine).

[0074] The microprocessor 1000 stores the data re-
ceived from the neuro-selective stimulator 502 and the
cortical activity monitor 504 (via the microprocessor 900
of the component interface 506) and the results of the
analysis in the memory 1002 of the graphical user inter-
face 508. That data (e.g., stimulus frequency and inten-
sity, hemodynamic and/or neurophysiological change,
pain scores, SDT values, etc.) is associated with the spe-
cific patient on whom the analysis was performed, codi-
fied, and stored in a secure manner for later retrieval or
communication into an electronic health record (EHR)
system and/or for subsequent review. That data is asso-
ciated with a specific patient based on the data inputinto
the graphical userinterface 508 via the input device 1004,
which can include the patient’'s name and/or identifying
information. And that data can be communicated to an
EHR system wirelessly via a wireless interface, using a
connection made via the PIA 904 of the component in-
terface 506, using a connection made via a PIA (not
shown) in the graphical user interface 508, or using a
portable storage medium (e.g., a rewritable disk, a flash
drive, etc.).

[0075] The graphical userinterface 508 includes a sep-
arate microprocessor 1000 from the componentinterface
506 to further alleviate the burden of complex processing
at the microprocessor 900 of the component interface
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506, thereby freeing that microprocessor 900 to primarily
function for processing the data generated with the neu-
ro-selective stimulator 502 and the cortical activity mon-
itor 504. Moreover, it allows the graphical user interface
508 to be provided as a separate computing device (e.g.,
a personal computer, a laptop computer, a tablet com-
puter, etc.) from the neuro-selective stimulator 502, the
cortical activity monitor 504, and the componentinterface
506. In that configuration, the graphical user interface
508 could be connected to the neuro-selective stimulator
502, the cortical activity monitor 504, and the component
interface 506 via the PIA 904 of the component interface
506, thereby allowing the algometer 500 to operate with
any of a wide variety of different computing devices serv-
ing as the graphical user interface 508.

[0076] Similarly, any of the different components of the
algometer 500 (i.e., neuro-selective stimulator 502, the
cortical activity monitor 504, the component interface
506, and the graphical user interface 508), or subcom-
ponents thereof (e.g., current driver circuits 700 and 702,
photo-detector circuits 704 and 706, memory 1002, input
device 1004, display device 1006, etc.), may also be pro-
vided as separate, stand-alone devices. Moreover, any
of those components 502-508, or subcomponents 600,
602, 700-710, 902-906, and 1002-1006, can be in wire-
less data communication with each other via a wireless
interface. For example, the current driver circuits 700 and
702, the photo-detector circuits 704 and 706, a wireless
communicator, and an independent power source may
be provided in or near an NIRS sensor 514 so that the
NIRS sensor 514 can operate independently of and in
wireless data communication with the other subcompo-
nents 708 and 710 of the cortical activity monitor 504,
thereby eliminating the need for sensor cables 516 be-
tween the algometer 500 and the NIRS sensors 514.
Such wireless communications can occur via any suita-
ble wireless technology (e.g., Wi-Fi, BLUETOOTH brand
wireless technology, radio frequency (RF), etc.).

[0077] Because the microprocessor 1000 of the graph-
ical user interface 508 performs more complex process-
ing than the microprocessor 900 of the component inter-
face 506, such as generating dynamic displays at the
graphical user interface and executing the various proc-
ess loops defined by the algometer software, it is prefer-
ably faster than the microprocessor 900 of the compo-
nentinterface 506 (e.g., >2.8 GHz). Italso and preferably
has at least 4 MB of cache memory and at least 4 GB of
RAM to support fast processing. And because the mem-
ory 1002 of the graphical user interface stores data for a
plurality of patients over different time frames, it prefer-
ably includes at least 100 GB of solid state data storage.
Providing the memory 1002 as a solid state storage de-
vice increases process and storage cycles and reduces
the chances of hard drive failure, as experienced with
conventional spinning platen type hard drives
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D. Algometer Software

[0078] The integrated components 502-506 of the al-
gometer 500 can be used to (1) objectively quantify pain
and the response to noxious and sub-noxious stimuli, (2)
determine SDTs and/or pain scores in response to such
stimuli and other clinically relevant stimuli, (3) monitor
the analgesic effects of drugs and other pain interven-
tions and the efficacy and dose-response relationships
of newly developed and/or investigational drugs targeted
for the management of pain, (4) determine the onset of
tolerance to analgesic and other interventions, and (5)
provide a diagnostic characterization of pain, all of which
guide the overall management of pain in a patient. That
functionality is controlled by the software stored on the
memory 1002 of the graphical user interface 508. And
the microprocessor 1000 executes the instructions on
that software to perform the various tasks required to
provide that functionality.

[0079] Inmore detail, the software includes stimulation
algorithms that automate and coordinate simultaneous
and self-consistent control of the sub-noxious electrical
stimulation applied with the neuro-selective stimulator
502 and the hemodynamic and/or biopotential measure-
ments performed with the cortical activity monitor 504.
Which of those algorithms are executed by the micro-
processor 1000 is determined by the data input by a user
at the input device 1004 of the algometer 500. A user
can not only select from among the four functions listed
above, he or she can also choose such things as the
nerve fiber that will be targeted (e.g., AB, Ag, or C fibers),
the length of time stimulation will be applied (e.g., 1 sec-
ond, 10 seconds, 15 seconds, or 20 seconds, etc.), the
location of the electrodes 510 (e.g., left arm, left leg, left
foot, etc.), the location of the NIRS sensors 514 and/or
EEG electrodes 1100 (e.g., the occipital cortex, the pri-
mary somatosensory cortex, the dorsolateral prefrontal
cortex, etc.), the location of the patient’s pain (e.g., left
arm, leftleg, left foot, etc.), the developmental stage (e.g.,
neonate, child, adult, etc.) and/or age of the patient (e.g.,
30 weeks postmenstrual, 2-5 years, > 65 years, etc.),
weight of the patient (e.g., X pounds, 100-125 pounds,
125-150 pounds, etc.), sex of the patient (e.g., male or
female), any pertinent physical/medical condition of the
patient (e.g., hyperalgesia, opioid addiction, heart con-
dition, etc.), and/or any current or intended therapeutic
intervention (e.g., opioids, alpha-2 agonists, etc.).
[0080] Each of those selections can play a factor in
how the neuro-selective stimulator 502 needs to apply
neuro-specific electrical stimulation (i.e., the frequency
and/or intensity of electrical stimulation may need to be
adjusted slightly for certain patients) and how the cortical
activity monitor 504 measures hemodynamic and/or neu-
rophysiological responses (i.e., the location and/or type
of NIRS sensors 514 and/or the wavelength of light may
need to be different for certain patients, and/or the loca-
tion and/or type of EEG electrodes 1100 and/or the fre-
quency of electrical activity measured may need to be
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different for certain patients). And the algometer software
includes algorithms that are configured to make the ap-
propriate adjustments based on those various selections.
For example, the distance between NIRS sensors 514
is determined by age, which determines, in part, the dif-
ferential pathlength factor (DPF) and the algorithm used
to measure hemodynamic changes at a given wave-
length.

[0081] Some ofthose selections might resultin instruc-
tions for the user being displayed on the display device
1006 of the algometer 500. For example, a user can se-
lect to monitor the effects of an opioid on an adult patient,
which will result in the display device 1006 displaying
instructions for placing the electrodes 510 on an extrem-
ity that is not the source of the patient’s pain (e.g., seg-
ment C7), placing the NIRS sensors 514 on the occipital
cortex and somatosensory cortex of the patient (e.g., be-
tween T3 and T, between C; and P5, between P and
04, and between P, and O,), and/or placing EEG elec-
trodes 1100 on the occipital cortex and somatosensory
cortex of the patient (e.g.,a P53, P,, P4, 04,and O,). Those
instructions can include a graphical display to better
guide the user in placing the electrodes 510, NIRS sen-
sors 514, and/or EEG electrodes 1100, such as the
graphical displays illustrated in Figures 11A and 11B.
And those selections will result in a current with a fre-
quency of 5 Hz and an intensity of 0.50-0.80 mA chosen
as the appropriate current to apply to that patient. That
frequency and intensity are specific to C fibers, which are
modulated by opioids. After the user has placed the elec-
trodes 510, NIRS sensors 514, and/or EEG electrodes
1100 as instructed, he or she can instruct the algometer
500 to begin applying that neuro-specific electrical stim-
ulation with the electrodes 510 and monitoring hemody-
namic and/or neurophysiological responses with the
NIRS sensors 514 and/or EEG electrodes 1100.

[0082] While neuro-specific electrical stimulation is be-
ing applied with the electrodes 510 and hemodynamic
and/or neurophysiological responses are being moni-
tored with the NIRS sensors 514 and/or EEG electrodes
1100, the microprocessor 1000 in the graphical user in-
terface 508 will begin analyzing the data as it is received
from the microprocessor 900 in the component interface
506. Those concurrent tasks are performed based on
three separate process loops defined by the algometer
software - a control/analysis loop, a stimulation loop, and
a monitoring loop. The embedded structure of those
loops is described hereinafter, starting from the outer-
most loop and then followed by the inner loops.

i. Control/Analysis Loop

[0083] As Figure 12 illustrates, the outer-most loop is
the control/analysis loop, the middle loop is the stimula-
tion loop, and the inner-most loop is the monitoring loop.
The control/analysis loop controls the microprocessor
1000 of the graphical user interface 508 and calls the
inner loops directly or indirectly to initialize and coordi-
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nate the actions of the neuro-selective stimulator 502 and
the cortical activity monitor 504, to gather data generated
by those components, and to deactivate those compo-
nents after the desired data is obtained. The control/anal-
ysis loop also analyzes that data in real time as it is being
generated by the neuro-selective stimulator 502 and the
cortical activity monitor 504 and instructs the display de-
vice 1006 to display portions of that data as itis generated
and analyzed.

[0084] The following sequence listdescribes an exem-
plary control/analysis loop process performed by the
graphical user interface 508:

1. Initialize (boot) the algometer’s 500 components
502-508, perform internal system diagnostics,
log/report system status, and initiate user graphical
user interface 508 (unless system errors indicate a
device malfunction requiring attention);

2. Initialize graphical user interface 508 for receiving
user input via the input device 1004 for selecting the
desired function and setting patient-specific param-
eters;

3. Provide instructions to user for placing electrodes
510, NIRS sensors 514, and/or EEG electrodes 1100
based on input received via the input device 1004;

4. Provide power to the neuro-selective stimulator
502, the cortical activity monitor 504, and component
interface 506 via the power bus 906 and instruct the
microprocessor 900 of the component interface 506
to place them in ready and wait mode:

a. Initialize low-voltage circuit 600 and high volt-
age circuit 602 of the neuro-selective stimulator
502,

b. Initialize current driver circuits 700 and 702,
photo-detector circuits 704 and 706, multiplexor
708, and ADC 710 of cortical activity monitor
504, and

c. Initialize timers in microprocessor 900, mem-
ory 902, and PIA 904 of the component interface
506;

5. Select algorithm based on user input and use it to
select cycle time and neuro-specific frequency and
intensity of electrical stimulation and to select pa-
rameters of oximetry based on user input;

6. Receive instructions from user to begin applying
neuro-specific electrical stimulation with the elec-
trodes 510 and monitoring hemodynamic and/or
neurophysiological responses with the NIRS sen-
sors 514 and/or EEG electrodes 1100;
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7. Instruct the microprocessor 900 of the component
interface 506 to begin monitoring hemodynamic
and/or neurophysiological changes with the cortical
activity monitor 504:

a. Initiate measuring loop to collect baseline
measurement of cortical activity without neuro-
specific electrical stimulation being applied (see
discussion of monitoring loop provided below),
and

b. Send the data collected by the microproces-
sor 900 of the component interface 506 (NIRS
and/or EEG data only) to the microprocessor
1000 of the graphical user interface 508 for fur-
ther processing in the analysis/control loop;

8. Quantify collected data and store as a baseline
value for the patient in the memory 1002;

9. Instruct the microprocessor 900 of the component
interface 506 to begin applying neuro-specific elec-
trical stimulation to the patient with the neuro-selec-
tive stimulator 502:

a. Initiate stimulation loop to apply electrical
stimulation with a neuro-specific frequency and
intensity for a predetermined cycle time (see dis-
cussion of stimulation loop provided below),

b. Start timing length of time electrical stimula-
tion is applied with clock timer at the microproc-
essor 1000 of the graphical user interface 508,

c. Ifthe datareceived by the microprocessor 900
at the component interface 506 indicates that
the neuro-specific electrical stimulation is being
applied with an intensity above a sub-noxious
level, instruct the microprocessor 900 of the
componentinterface 506 to stop applying neuro-
specific electrical stimulation to the patient with
the neuro-selective stimulator 502, else instruct
the microprocessor 900 of the component inter-
face 506 to stop applying neuro-specific electri-
cal stimulation to the patient with the neuro-se-
lective stimulator 502 after the clocking timer in-
dicates that a predetermine amount of time has
elapsed since the electrical stimulation began,

d. Start timing length of time electrical stimula-
tion is NOT applied with clock timer at the mi-
croprocessor 1000 of the graphical user inter-
face 508,

e. After a predetermine amount of time has
passed since the electrical stimulation stopped,
repeat steps a-d for a predetermined number of
stimulation cycles before instructing the micro-
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processor 900 of the component interface 506
to stop applying neuro-specific electrical stimu-
lation to the patient with the neuro-selective
stimulator 502, and

f. Send the data collected by the microprocessor
900 of the component interface 506 (NIRS
and/or EEG data plus stimulation data) to the
microprocessor 1000 of the graphical user inter-
face 508 for further processing in the analy-
sis/control loop, and

10. Quantify collected data, compare to baseline val-
ue, and store as a neuro-specific hemodynamic
and/or neurophysiological response for the patient
in t