US 20140236042A1

a9y United States
a2y Patent Application Publication

(10) Pub. No.: US 2014/0236042 A1

Parker et al. 43) Pub. Date: Aug. 21, 2014
(54) METHOD AND APPARATUS FOR AGIN 1/05 (2006.01)
MEASUREMENT OF NEURAL RESPONSE A61B 5/00 (2006.01)
(75) Inventors: John Louis Parker, Artarmon (AU); (52) US.CL
Dean Michael Karantonis, Artarmon CPC ....ccvue A61B 5/04001 (2013.01); A61B 5/40
(AU) (2013.01); A6IN 1/0456 (2013.01); A6IN 1/05
(73)  Assi Saluda Medical Pty. Ltd., Art (2013.01)
ssignee: Saluda Medical Pty. Ltd., Artarmon,
NSW (AU) USPC ottt 600/554
(21) Appl. No.: 14/117,145
57 ABSTRACT
(22) PCT Filed: May 11, 2012
(86) PCT No.: PCT/AU12/00512
A method for estimating conduction velocity of a neural
§371 (C)(l)’. response. Measurements of the neural response are obtained
(2), (4) Date: ~ Now. 12, 2013 from at least two electrodes which are at distinct locations
Publication Classification along a neural pathway. A delay between the time of arrival of
the neural response at each respective electrode is determined
(51) Int.CL from the measurements. From the delay, and from knowledge
A6IB 5/04 (2006.01) of electrode spacing, a conduction velocity of the neural
AGIN 1/04 (2006.01) response is estimated.
400
r'd
422
) /
410 H )
410 $ & —— - a ---3




Patent Application Publication  Aug. 21, 2014 Sheet 1 of 2 US 2014/0236042 A1

Ascending Responses

«10° I=8mA, PW = 40ps
! — E16
--------- E15
< 05 . E14
2 —_—  E13
o Or
(=]
©
= 05f
(]
>
A+
15
0
Time (ms)
Descending Responses
«10° I=8mA, PW = 40us
1 T T E5
......... Es
- Or . E7
= —— EB
&
g7 I
©
> of .
Figure 1b
_3 Il Il Il Il
0 0.5 1 1.5 2 25

Time (ms)

B Figure 2b

PZHY

e Ourvsnt Lvel

o D ¥ Fibwe Diarnstay E
.f‘f hy i
g e :
ﬁy’&x A4 3 g L3 fw -
& 3
Fibre Diamstay —
i 1 Tt Lo
Figure 2¢ Figure 2d

Figure 2e



Patent Application Publication  Aug. 21, 2014 Sheet 2 of 2 US 2014/0236042 A1

140 T e

20 b

N

Velooiny {m frec )

0 u wlow w o ow
Fiber diameter {u}

Figure 3

N
—
<
cl |
..{
I
I
I
[
>
I
I
I
®!
| S




US 2014/0236042 Al

METHOD AND APPARATUS FOR
MEASUREMENT OF NEURAL RESPONSE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of Australian
Provisional Patent Application No. 2011901822 filed 13 May
2011, Australian Provisional Patent Application No.
2011901817 filed 13 May 2011 and Australian Provisional
Patent Application No. 2011901824 filed 13 May 2011, each
of which are incorporated herein by reference.

TECHNICAL FIELD

[0002] The present invention relates to measurement of a
neural response to a stimulus, and in particular relates to
measurement of a compound action potential by using one or
more electrodes implanted proximal to the neural pathway.

BACKGROUND OF THE INVENTION

[0003] There are a range of situations in which it is desir-
able to measure a compound action potential (CAP). For
example, neuromodulation is used to treat a variety of disor-
ders including chronic pain, Parkinson’s disease, and
migraine. A neuromodulation system applies an electrical
pulse to tissue in order to generate a therapeutic effect. When
used to relieve chronic pain, the electrical pulse is applied to
the dorsal column (DC) of the spinal cord. Such a system
typically comprises an implanted electrical pulse generator,
and a power source such as a battery that may be rechargeable
by transcutaneous inductive transfer. An electrode array is
connected to the pulse generator, and is positioned in the
dorsal epidural space above the dorsal column. An electrical
pulse applied to the dorsal column by an electrode causes the
depolarisation of neurons, and generation of propagating
action potentials. The fibres being stimulated in this way
inhibit the transmission of pain from that segment in the
spinal cord to the brain. To sustain the pain relief effects,
stimuli are applied substantially continuously, for example at
100 Hz.

[0004] While the clinical effect of spinal cord stimulation
(SCS) is well established, the precise mechanisms involved
are poorly understood. The DC is the target of the electrical
stimulation, as it contains the afferent Ap fibres of interest. Af
fibres mediate sensations of touch, vibration and pressure
from the skin. The prevailing view is that SCS stimulates only
a small number of Ap fibres in the DC. The pain relief mecha-
nisms of SCS are thought to include evoked antidromic activ-
ity of AP fibres having an inhibitory effect, and evoked ortho-
dromic activity of AP fibres playing a role in pain
suppression. It is also thought that SCS recruits Af nerve
fibres primarily in the DC, with antidromic propagation of the
evoked response from the DC into the dorsal horn thought to
synapse to wide dynamic range neurons in an inhibitory man-
ner.

[0005] Neuromodulation may also be used to stimulate
efferent fibres, for example to induce motor functions. In
general, the electrical stimulus generated in a neuromodula-
tion system triggers a neural action potential which then has
either an inhibitory or excitatory effect. Inhibitory effects can
be used to modulate an undesired process such as the trans-
mission of pain, or to cause a desired effect such as the
contraction of a muscle.
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[0006] The action potentials generated among a large num-
ber of fibres sum to form a compound action potential (CAP).
The CAP is the sum of responses from a large number of
single fibre action potentials. The CAP recorded is the result
of'a large number of different fibres depolarising. The propa-
gation velocity is determined largely by the fibre diameter and
for large myelinated fibres as found in the dorsal root entry
zone (DREZ) and nearby dorsal column the velocity can be
over 60 ms~'. The CAP generated from the firing of a group
of similar fibres is measured as a positive peak potential P1,
then a negative peak N1, followed by a second positive peak
P2. This is caused by the region of activation passing the
recording electrode as the action potentials propagate along
the individual fibres.

[0007] To better understand the effects of neuromodulation
and/or other neural stimuli, it is desirable to record a CAP
resulting from the stimulus. However, this can be a difficult
task as an observed CAP signal will typically have a maxi-
mum amplitude in the range of microvolts, whereas a stimu-
lus applied to evoke the CAP is typically several volts. To
resolve a 10 1V spinal cord potential (SCP) with 1 puV reso-
Iution in the presence of an input 5V stimulus, for example,
requires an amplifier with a dynamic range of 134 dB, which
is impractical in implant systems.

[0008] CAP recordings are sometimes made during surgi-
cal procedures on the spinal cord, to provide an indication of
any potential neurological damage being caused by the pro-
cedure. Typically, a site below (caudally of) the area being
operated on is stimulated and recordings are made above
(rostrally of) the site. A diminishing response, or a change in
response, indicates a change in the neurological condition of
the spinal cord and may indicate lasting damage. For example
such monitoring is often performed during scoliosis surgery
(straightening a curvature of the spine) to ensure that the
decompression doesn’t damage the spinal cord. Somatosen-
sory potentials are also used for spinal cord monitoring dur-
ing surgery. These are recorded on the scalp of the patient and
are evoked from stimulation of a peripheral nerve, usually one
of the tibial nerve, median nerve or ulnar nerve. Somatosen-
sory potentials can also be measured in response to stimula-
tion of the spinal cord. The monitoring techniques employed
in surgery are “long range” techniques, in that the stimulation
site and the recording site are a large distance apart, and are
thus less sensitive at least due to attenuation.

[0009] Neural damage, degeneration or change can affect
neural behaviour in a number of ways, such as by changing
the number of fibres recruited by a given stimulus, the type of
fibres recruited, and/or propagation characteristics of the
action potential along a fibre once activated. Techniques
which merely monitor the presence/absence, or the strength,
of a detected neural signal may thus overlook important
changes in other characteristics of the neural response.

[0010] Any discussion of documents, acts, materials,
devices, articles or the like which has been included in the
present specification is solely for the purpose of providing a
context for the present invention. It is not to be taken as an
admission that any or all of these matters form part ofthe prior
art base or were common general knowledge in the field
relevant to the present invention as it existed before the pri-
ority date of each claim of this application.

[0011] Throughout this specification the word “comprise”,
or variations such as “comprises” or “comprising”, will be
understood to imply the inclusion of a stated element, integer
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or step, or group of elements, integers or steps, but not the
exclusion of any other element, integer or step, or group of
elements, integers or steps.

SUMMARY OF THE INVENTION

[0012] According to a first aspect the present invention
provides a method for estimating conduction velocity of a
neural response, the method comprising:

[0013] obtaining measurements of the neural response
from at least two electrodes which are at distinct loca-
tions along a neural pathway;

[0014] determining a delay between the time of arrival of
the neural response at each respective electrode; and

[0015] estimating from the delay, and from knowledge of
electrode spacing, a conduction velocity of the neural
response.

[0016] According to a second aspect the present invention
provides a device for estimating conduction velocity of a
neural response, the device comprising:

[0017] atleast two electrodes which are configured to be
positioned at distinct locations along a neural pathway;
and

[0018] a control unit configured to obtain measurements

of the neural response from each electrode, the control
unit further configured to determine a delay between the
time of arrival of the neural response at each respective
electrode, and the control unit further configured to esti-
mate from the delay, and from knowledge of electrode
spacing, a conduction velocity of the neural response.
[0019] The device may be configured for permanent
implantation and ongoing operation while implanted. Alter-
natively the device may be configured for intra-operative use
only.
[0020] Some embodiments of the invention may further
provide for estimating from the conduction velocity of the
neural response, or from changes in the conduction velocity
of'the neural response as detected from one measurement to a
next measurement, an approximate proportion of fibre classes
recruited to produce the neural response. For example, in such
embodiments, a high conduction velocity may be taken as
being indicative of recruitment of large fibres such as AP
fibres. Similarly, an increased conduction velocity from one
measurement to a next measurement may be taken as being
indicative of increased recruitment of large fibres such as A
fibres. Such embodiments may be particularly useful in feed-
back control of an applied stimulus in order to preferentially
recruit AP fibres to achieve beneficial therapeutic effects
while minimizing recruitment of smaller fiber classes to avoid
adverse side effects.
[0021] Insomeembodiments of the invention, a measure of
conduction velocity may be obtained both caudally of the
stimulus site and rostrally of the stimulus site. In such
embodiments, the measurements may be used as input to a
feedback controller designed to effect differential control of
fibre classes recruited in an evoked ascending volley as com-
pared to fibre classes recruited in an evoked descending vol-
ley.
[0022] Insomeembodiments of the invention, a measure of
conduction velocity may reveal changes in stimulus efficacy,
as for example may arise as a result of implant migration away
from the ideal location, postural changes of the patient or
changes in tissue properties over time. In such embodiments,
the measurement(s) of conduction velocity may be used for
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feedback control of an applied stimulus in order to adjust
device operation for such changes.

[0023] According to a third aspect, the present invention
provides a method for diagnosing a disease which affects
neural conduction velocity, the method comprising:

[0024] repeatedly measuring a neural conduction veloc-
ity over time, using the method of the first aspect; and

[0025] determining from said measurements whether
any changes in neural conduction velocity have occurred
which are indicative of the disease.

[0026] In some embodiments of the third aspect of the
invention, the disease may be diabetes mellitus. Diabetes
mellitus reversibly slows the neural conduction velocity in
patients having insufficient metabolic control, so that detec-
tion of reductions in neural conduction velocity may assist in
diagnosing the onset, state or progression of diabetes melli-
tus, and may for example trigger revision of a treatment
schedule.

[0027] In some embodiments of the third aspect of the
invention, the disease may be central sensitization. Central
sensitization tends to reduce the neural conduction velocity,
so that detection of reductions in neural conduction velocity
may assist in diagnosing the onset, state or progression of
central sensitization. In such embodiments, a conduction
velocity map of the spinal cord may be obtained by progres-
sively applying stimuli using each of a plurality of electrodes
of'an implanted electrode array, and using spaced apart mea-
surement electrodes to obtain a measure of the conduction
velocity resulting from each stimulus site. Mapping conduc-
tion velocity against location then will give an indication of
the location(s) at which central sensitization has occurred.
Such a map may then be used to optimize the location of
therapeutic stimuli, either through a manual fitting of the
device or through an automated feedback procedure carried
out by an implanted control unit.

[0028] According to a fourth aspect the present invention
provides a method for characterizing incremental recruitment
effected by a larger intensity neural stimulus compared to a
smaller intensity neural stimulus, the method comprising:

[0029] obtaining a first measurement of a first neural
response evoked by a first neural stimulus;

[0030] obtaining a second measurement of a second neu-
ral response evoked by a second neural stimulus, the
second neural stimulus having different stimulus param-
eters and a different neural recruitment effect as com-
pared to the first stimulus;

[0031] subtracting the first measurement and second
measurement to yield a difference measurement; and

[0032] assessing the difference measurement to deter-
mine the nature of the differential recruitment effected
by the first stimulus as compared to the second stimulus.

[0033] Inaccordance with the fourth aspect, subtracting the
CAP responses from two different stimuli will yield the
response from the additional fibres recruited by the additional
current increment. This method thus provides a way to look at
subsets of the fibres recruited, and look at their properties,
which can then be used for a feedback or control signal, or for
a diagnostic purpose as described elsewhere herein.

[0034] In some embodiments of the fourth aspect the
recruitment effected by the first and second stimuli may differ
by a margin which is a fraction of a range of interest, and the
method may further comprise repeatedly obtaining the dif-
ference measurement for varying values of stimulus param-
eters throughout the range of interest, to thus gain a finer
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resolution determination of the incremental recruitment
obtained at multiple points throughout the range of interest.
The range of interest may be a therapeutic range, for example
between a recruitment threshold and a maximum comfort
threshold.

[0035] Some preferred embodiments of the invention may
perform the method of the fourth aspect on each of two sense
electrodes which are spaced apart along the neural pathway,
in order to estimate the conduction velocity of the first and/or
second neural response in accordance with the method of the
first aspect of the invention. Such embodiments, combing the
first and fourth aspects of the invention, may be particularly
beneficial in allowing determination of both the conduction
velocity and the contribution of the incrementally recruited
fibres.

[0036] According to another aspect the present invention
provides a computer program product comprising computer
program code means to make a computer execute a procedure
for estimating conduction velocity of a neural response, the
computer program product comprising computer program
code means for carrying out the method of the first aspect or
fourth aspect.

[0037] The neural response may be a spinal cord response,
or other human nerve response, or a neural response of a
non-human subject.

[0038] The conduction velocity may be determined from
the delay between measurements obtained from two elec-
trodes, or from more than two electrodes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0039] An example of the invention will now be described
with reference to the accompanying drawings, in which:
[0040] FIG. 1 illustrates compound action potentials mea-
sured from a sheep spinal cord using spaced apart measure-
ment electrodes, both in the ascending/rostral direction (FIG.
1a) and descending/caudal direction (FIG. 15);

[0041] FIG. 2 is a schematic diagram illustrating the rela-
tionships between the measured evoked response and the
fibre properties, in which FIG. 2q illustrates the compound
action potential measured on two spaced apart electrodes,
FIG. 2b illustrates variation of peak amplitude (P2-N1) with
applied stimulus current, FIG. 2¢ illustrates the relation
between fibre diameter and conduction velocity, FIG. 2d
illustrates the inverse relationship between the threshold cur-
rent and fibre diameter, and FIG. 2e is a plot of inter-electrode
delay L1 vs. stimulus current level;

[0042] FIG. 3 further illustrates the relation between fibre
diameter and conduction velocity; and

[0043] FIG. 4 illustrates an implantable device suitable for
implementing the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0044] FIG.1 illustrates measured compound action poten-
tials in the sheep spinal cord, both in the ascending/rostral
direction (FIG. 1a) and descending/caudal direction (FIG.
15). According to current theory the fibres responsible for
inhibition of pain in therapeutic SCS are the Af fibres in the
dorsal horn. Stimulation of these fibres produces an orthodro-
mic (ascending) volley of discharges, and also an antidromic
descending volley. In FIG. 14, a single ascending compound
action potential (CAP) is measured as it passes 4 measure-
ment electrodes (E13 through E16) which are spaced apart

Aug. 21,2014

along the neural pathway, increasingly distant from the stimu-
lus. In FIG. 15, a single descending CAP is measured as it
passes 4 measurement electrodes (ES through E8) which are
spaced apart along the neural pathway, increasingly distant
from the stimulus.

[0045] As can be seen in FIG. 1, in both the orthodromic
and antidromic directions, the further away the measurement
electrode is from the stimulus site, the greater is the delay of
the CAP waveform measured by that electrode and the
smaller is the peak amplitude of the measured CAP.

[0046] The present invention recognises that a great deal
can be understood about the nature and properties of the fibres
being recruited by electrical stimulation, by obtaining at least
two measurements of a single CAP, from two spaced apart
measurement electrodes along the neural pathway. FIG. 2a
illustrates the compound action potential measured on two
electrodes which are spaced apart alongside a neural pathway
and separated from each other by some known distance, this
distance typically being defined by the physical layout of the
electrode array and therefore accurately known. The differ-
ence in peak position, L1, is due to the propagation delay of
the discharge (CAP). L1 is thus a measure of the time it takes
for the action potential to travel the known distance between
the electrodes. .1 may be measured from any suitable feature
or group of features in the CAP measurements, such as the
time between the respective P1 peaks, the time between the
N1 peaks, the time between the P2 peaks, the time between
the P1-to-N1 zero crossing, or the like.

[0047] The peak amplitude (P2-N1) varies with the applied
current in the stimulus pulse, as illustrated in FIG. 25 for each
of the two electrodes used to obtain the measurements for
FIG. 2a. The amplitude of the response is zero until a critical
threshold value (T1) is reached. The threshold is related to the
fibre diameter, with smaller fibres being more difficult to
recruit and requiring more current to recruit, as illustrated in
FIG. 2d (in which a negative stimulus current is in use). In
FIG. 25 the amplitude-stimulus curves for the two electrodes
have the same threshold T1, but differing amplitudes above
T1 due to attenuation of the neural response between the two
electrodes. The fibre diameter is also related to the conduction
velocity as shown in FIG. 2¢, and FIG. 3. The present inven-
tion recognises that low stimulus currents can only recruit
large fibres, which have high conduction velocities, so that
plotting 1 against the stimulus current level as shown in FI1G.
2e, gives an indication of the spread of fibre diameters which
are being recruited. In particular, in FIG. 2e, it can be seen that
with a low stimulus current which is only just above the
threshold T1, L1 is small and thus indicates that high conduc-
tion velocity fibres are primarily being recruited. As the
stimulus current increases, L1 increases, indicating that
smaller fibres having slower conduction velocity are increas-
ingly recruited.

[0048] FIG. 3 illustrates conduction velocity of a nerve
fibre as a function of nerve diameter. The conduction velocity
of'a fibre is related to the diameter of the fibre. Larger myeli-
nated fibres conduct faster, thought to be because the nodes of
Ranvier are further apart.

[0049] The data collected by measuring the evoked
response in the sheep spine (FIG. 1) allows the determination
of the conduction velocity from the N1 peak position in the
travelling wave. A conduction velocity at 60 ms™" corre-
sponds to a fibre diameter of 10 um.

[0050] The present invention recognises that in the super-
ficial dorsal horn, only a small proportion of fibres (perhaps
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0.5%) are greater than 10.7 um in diameter, and that the
beneficial therapeutic effect of spinal cord stimulation (SCS)
is thought to be generated primarily by fibres of this diameter.
Moreover, adverse side effects of SCS can arise if recruitment
of non-Af fibre types occurs, so that selectivity of recruit-
ment of fibre type is advantageous in maximising beneficial
effects while minimising adverse side effects. That is, the
efficacy of spinal cord stimulation for the relief of chronic
pain is related to the Af fibre recruitment, which the present
invention recognises can be measured by considering the
conduction velocity of the evoked response.

[0051] The compound action potential measurements can
thus be used to adjust the stimulation parameters and improve
efficiency in a number of ways, including: 1) Maximising
recruitment of specific fibre classes by adjustment of stimulus
parameters, 2) Differential control of the ascending/descend-
ing volleys and associated blocking of these volleys, 3) Auto-
matic variation of stimulation parameters to adjust for
changes in use or environment, and 4) Detection of pathology
within the underlying stimulated tissue.

[0052] Measurement of parameters such as those shown in
FIG. 2, and knowledge of their relationships, can be used for
a number of further beneficial purposes as described below.
The measurements themselves or parameters extracted from
measurements represent properties of the neuronal popula-
tions. For instance the peak to peak amplitude measured
between the largest negative peak N1 and largest positive
peak P2 is proportional to the level of recruitment of the nerve
fibres.

[0053] In some embodiments of the invention the evoked
CAP measurements may be made at very short distances from
the stimulation site(s). Such embodiments may be effected by
use of the neural response measurement techniques set out in
the Australian provisional patent application No.
2011901817 in the name of National ICT Australia Ltd
entitled “Method and apparatus for measurement of neural
response” from which the present application claims priority.
The present invention recognises that using a suitable mea-
surement technique to obtain a CAP measurement from very
close to the stimulation site offers additional benefits to past
“long range” approaches, and may have utility as described
below during surgery to monitor local areas of the spine.
[0054] Additionally or alternatively, the neural response
measurement may be conducted in accordance with any suit-
able CAP measurement technique, for example the tech-
niques set out in Daly (US 2007/0225767), the content of
which is incorporated herein by reference. Additionally or
alternatively, the neural response measurement may be con-
ducted in accordance with the techniques set out in Nygard
(U.S. Pat. No. 5,785,651), the content of which is incorpo-
rated herein by reference. Additionally or alternatively, the
neural response measurement may be conducted in accor-
dance with the techniques set out in King (U.S. Pat. No.
5,913,882), the content of which is incorporated herein by
reference.

[0055] Local compound action potentials recorded with an
electrode array placed in the epidural space in the spinal cord
display a fast response occurring within 1.5 ms, from large
diameter fibres (~10 um). This response can be recorded on
electrodes adjacent to the stimulating site. A number of basic
fibre properties can be determined from the measurement of
the compound action potentials. There are a number of neu-
rological conditions and non-neurological conditions which
can affect the parameters determined by the conduction
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velocity measurements and so the measurement techniques of
the present invention can serve as a useful diagnostic indica-
tor. The evoked response provides a measure of the properties
of'the nerve being depolarised. The conduction velocity, fibre
diameter and distribution of fibre diameters of the nerve can
be determined by measurement of the evoked response.
[0056] The method of the present invention may further be
used to monitor the effect of a delivered compound, where the
compound affects the neural conduction velocity. The admin-
istration of compounds (drugs or other chemical therapeutics)
to effect a change in the nervous system is common for
treatment of a wide number of diseases and disorders. Anaes-
thetics of various types are administered to the spinal cord for
the relief of pain. Perhaps the most common form is admin-
istration of anesthetics in the epidural space for pain relief
during child birth. Treatment efficacy may be determined
intra-operatively, for example by using a catheter comprising
atube for administration of a drug into the epidural space, and
an electrode array. Electrical stimulation can be delivered
directly to the spinal cord and the effect of the administered
drug can be directly measured in real time.

[0057] Alternative embodiments may be suitable for full
implantation within the body of a subject and in such embodi-
ments the evoked potential monitoring of the present inven-
tion could be used for ongoing administration of an active
compound to produce a therapeutic benefit over time. In such
embodiments the implanted system could be integrated with
an implantable pump to control the administration of the
compound.

[0058] Any factor which may affect the properties of the
compound action potential could be subject to monitoring by
the evoked response system described. For instance the con-
duction velocity of nerves is slowed reversibly in patients
with diabetic mellitus where there is insufficient metabolic
control.

[0059] The properties of the stimulated neural population
may indicate an underlying pathology or the development of
an underlying pathology. The detection of the pathology may
be used as a control signal for the regulation of the release of
adrug. One such pathology is the development of neuropathic
pain via central sensitisation, and accordingly some embodi-
ments of the invention may provide for identification of the
onset, progression, or state of central sensitization, using an
in-situ device in accordance with the present invention.

[0060] Central sensitisation is a well-accepted theory for
development of chronic neuropathic pain. It relies on the
nociceptive neurons in the dorsal horn becoming hyper-sen-
sitised due to tissue damage or inflammation. Central sensi-
tisation provides an explanation for allodynia (which is pain
produced from what in normal circumstances would be non-
noxious stimuli) due to expansion of the receptive fields. The
properties of the dorsal horn neurons have been studied in
animal models of central sensitisation. There is however no
direct evidence of central sensitisation from measurements of
dorsal horn properties in humans. In animal models the prop-
erties of all the fibres change (as recorded by patch clamp
experiments). Reductions in the conduction velocity have
been observed in fibres of the segments of the dorsal horn
which display characteristic properties of the central sensi-
tised state. One study recorded the electrical activity (in the
form of individual neuronal spikes) in the dorsal horns of rats
elicited from mechanical stimulation. Activity recorded in a
control group was compared to the activity recorded in rats
with induced central sensitisation. This sensitised state was
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induced using the spared nerve injury model of neuropathic
pain. The spontaneous activity resulting from a stimulus was
different in the central sensitised state. There was an increase
in higher frequency components and an increase in the after
discharge rate. Central sensitisation is the result of the
increase in synaptic efficiency and the reduction of inhibition
of the pathways within the spinal cord for the transmission of
painful stimuli. This leads to an amplification of pain and
results in the experience of pain from other inputs such as the
low threshold mechanical sensory inputs which would not
normally produce pain inputs.

[0061] The method of the present invention provides a
method for determining the properties of the neurons which
are being stimulated and during normal spinal cord stimula-
tion the target neurons are the AP fibres. The properties of
these fibres have been reported in both normal and central
sensitised model and distinct differences have been noted.
Distinct changes in conduction velocity of A fibres in the
centrally sensitised state have been reported. The shift in
conduction velocity was of the order of 25% which is clearly
detectable via CAP measurements in humans.

[0062] The procedure involves determining the conduction
velocity in a portion of the spinal cord where it is apparently
normal, and comparing that measure with conduction veloci-
ties measured over areas which correspond (according to
dermatomes maps) where the central sensitisation should
appear. The conduction velocity distribution could be
obtained over the entire electrode array by measuring the
conduction velocity (both orthodromically and antidromi-
cally) from stimulation on each bipolar pair in turn. In addi-
tion to conduction velocity other properties of the responding
fibres could be used as markers of pathological change.

[0063] A spinal cord map obtained in such a way might also
be used to provide an accurate indication of stimulation sites
for trial in the stimulation procedure. A significant number of
patients undergoing back surgery will later develop chronic
pain conditions. The potential exists, particularly with back
surgery, to place a spinal cord stimulator at the time of the
original surgery. The device has the capability to monitor the
response of the spinal cord to electrical stimulation and detect
the onset of central sensitisation. In effect the device equipped
with ERT recording can be used to detect the onset of the
neuropathic pain condition. Through appropriate algorithms
the device would start to stimulate and provide the inhibitory
input which would prevent the further progression of the
neuropathic condition. A further improvement would be to
include the functionality of the SCS within a spinal ortho-
paedic implant so that no additional implant structures are
required. FIG. 4 illustrates an implantable device 400 which
may exploit the present invention. Device 400 comprises an
implanted control unit 410, which controls application of
neural stimuli, and controls a measurement process for
obtaining a measurement of a neural response evoked by the
stimuli. Device 400 further comprises an electrode array 420
consisting of a three by eight array of electrodes 422 which
may be selectively used as either the stimulus electrode or
sense electrode, or both.

[0064] It will be appreciated by persons skilled in the art
that numerous variations and/or modifications may be made
to the invention as shown in the specific embodiments without
departing from the spirit or scope of the invention as broadly
described. The present embodiments are, therefore, to be
considered in all respects as illustrative and not restrictive.
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1. A method for estimating conduction velocity of a neural
response, the method comprising:

obtaining measurements of the neural response from at

least two electrodes which are at distinct locations along
a neural pathway;
determining a delay between the time of arrival of the
neural response at each respective electrode; and
estimating from the delay, and from knowledge of elec-
trode spacing, a conduction velocity of the neural
response.

2. The method of claim 1 further comprising estimating,
from the conduction velocity of the neural response, a pro-
portion of fibre classes recruited to produce the neural
response.

3. The method of claim 1 further comprising estimating,
from changes in the conduction velocity of the neural
response as detected from one measurement to a next mea-
surement, a proportion of fibre classes recruited to produce
the neural response.

4. The method of claim 2 further comprising using the
estimated proportion of fibre classes recruited as an input to
feedback control of an applied stimulus, in order to control
the stimulus so as to preferentially recruit one or more desired
fibre classes.

5. The method of claim 1, wherein the measurements ofthe
neural response are obtained from locations both caudally of
the stimulus site and rostrally of the stimulus site.

6. The method of claim 5 wherein a caudal conduction
velocity and a rostral conduction velocity are each estimated
from the measurements, and wherein the estimates are used as
input to feedback control of the applied stimulus in order to
effect differential control of fibre classes recruited in an
evoked ascending volley as compared to fibre classes
recruited in an evoked descending volley.

7. The method of claim 1 wherein the estimate of conduc-
tion velocity is used for feedback control of an applied stimu-
lus in order to maintain stimulus efficacy during postural
changes.

8. The method of claim 1 wherein the measurements of the
neural response are obtained from at least three electrodes for
each estimate of conduction velocity.

9. A device for estimating conduction velocity of a neural
response, the device comprising:

at least two electrodes which are configured to be posi-

tioned at distinct locations along a neural pathway; and

a control unit configured to obtain measurements of the

neural response from each electrode, the control unit
further configured to determine a delay between the time
of arrival of the neural response at each respective elec-
trode, and the control unit further configured to estimate
from the delay, and from knowledge of electrode spac-
ing, a conduction velocity of the neural response.

10. The device of claim 9, wherein the device is configured
for permanent implantation.

11. A method of claim 1 further comprising repeatedly
measuring a neural conduction velocity over time and deter-
mining from said measurements whether changes in neural
conduction velocity have occurred for diagnosing at least one
disease which affects neural conduction velocity.

12. The method of claim 11 wherein the disease is diabetes
mellitus, and wherein detection of a reduction in neural con-
duction velocity is used to trigger revision of a treatment
schedule.
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13. The method of claim 11 wherein the disease is central
sensitization, the method further comprising obtaining a con-
duction velocity map of the spinal cord by progressively
applying stimuli using each of a plurality of electrodes of an
implanted electrode array, using spaced apart measurement
electrodes to obtain a measure of the conduction velocity
resulting from each stimulus site, and then mapping conduc-
tion velocity against location to indicate the location(s) at
which central sensitization has occurred.

#* #* #* #* #*

Aug. 21,2014



