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1
I N T R O D U C T I O N

Spinal cord stimulation (SCS) has been used as a treatment for chronic

neuropathic pain for over 40 years. An electrode array is placed in the epidu-

ral space of the spine, and stimulation pulses are delivered continuously

to the array by an implanted stimulator. Signi � cant pain reduction can

be achieved in this way, even though the underlying mechanisms are not

yet clearly understood [58], and several different systems are likely to be

involved [168]. Unlike simpler therapies such as opioid medications, SCS

does not cause systemic side effects, but it does cause perceptual side effects

as a result of sensitivity to the patient’s posture [164]. Improvement of the

therapy since its introduction has been limited by the nature of the available

data: the nerve � bres targeted by SCS cannot be accessed for direct measure-

ment in humans due to their location deep within the spinal canal. Animal

models have been used to study the origins of neuropathic pain [228], [230],

[243] and the effects of SCS [53], [79], [124], [125], [147], [260], although the

use of animal models for such a complex perceptual phenomenon renders

translation of experimental results dif � cult [24], [154]. Computer models of

SCS have also been used to study the results of stimulation [50], [91]. These

models predict which nerves will be recruited by a given stimulus. As the

neural recruitment cannot be measured in human subjects, these models

cannot be validated directly.

1



A number of indirect methods have been used to probe the mechanisms

of SCS in human patients. Quantitative methods for measuring percep-

tual information are available, including the Visual Analog Scale (VAS) for

pain levels [105], the use of Von Frey � laments for mechanical hypersen-

sitivity [53], [148], and Quantitative Sensory Testing (QST) for measuring

perceptual changes during stimulation [194], [235]. These have been used to

determine the effectiveness of SCS in treating chronic pain [117], [210], and

permit some investigation into the physiological effects of stimulation [188].

Physical measurements are also possible. While direct probing of individ-

ual spinal neurons is impractical, the ensemble behaviour of the spinal cord

and peripheral nerve trunks can be measured by electrodes placed outside

them. This is the evoked compound action potential (ECAP). Recordings

of responses to stimulation have been made by stimulating in the cord

and recording from peripheral nerves, and vice versa [8], [82], [132], [192],

[209]. A small number of experiments have performed both stimulation

and recording using spinal electrodes, placed several spinal segments apart

due to technical limitations [208], [232]. Recent developments have enabled

both stimulation and recording functions to be performed on a single elec-

trode array, of the type used in SCS [176]. The use of this evoked response

telemetry (ERT) allows the ensemble response of the nerves of the spinal

cord to be measured during therapeutic SCS, without the implantation of

additional electrodes. This lowers the bar for making electrophysiological

measurements in SCS patients to something that could be performed on a

routine basis; it also offers a source of real-time data that can be used to

compensate for patients’ changing postures, reducing the side effect pro � le of

SCS [178]. A feedback control technique is currently in closed trials for this

purpose [183], which adjusts the stimulus current to maintain a constant

recording amplitude.

SCS is a new and challenging environment for evoked response measure-

ment. Stimulation and recording are dif � cult due to the distance between

the electrode array and the target tissue. This distance varies from pa-

tient to patient as well as from posture to posture [84], [89], and at several

millimetres is much greater than the distances involved in other evoked

response measurement targets such as nerve cuff recordings and cochlear

implants [190]. This increased distance increases the ratio between the
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required stimulus intensity and the amplitude of the resulting evoked re-

sponses; in SCS, this ratio can exceed one million [177]. This is problematic

because of the stimulation artefact: signals appear in the recording which

are caused by the stimulus rather than of neural origin. The high stimulus-

response ratio in SCS can result in a high artefact-response ratio, obscuring

the desired neural responses partially or completely. The recently developed

techniques are able to mitigate the artefact to the extent that recording is

feasible in most patients, and signal processing applied to the recordings in

order to extract measurements during therapeutic SCS [180]. In order to

achieve clinical relevance, it must be possible to perform ERT recording and

meaningfully interpret the results in a wide range of patients. This requires

improvements to the chain from recording through signal processing and,

ultimately, interpretation.

Feedback control of neurostimulation requires recordings to be made,

measurements to be taken, and for some change to stimulation made as

a result. This work aims to use model-based approaches to improve, un-

derstand, and apply ERT to improve patient outcomes in SCS. To this end,

three questions are examined:

1. Do models of corrupting signals enable better ECAP measurement?

2. Does a model of SCS explain observed ECAP features?

3. Can a model-based approach improve clinical SCS?

This work begins by addressing a primary corruptor of ECAP record-

ings, the stimulation artefact. Using understanding gained from an existing

model of artefact in SCS ERT [204], a new stimulation scheme was designed

which reduces the artefact at its source. This enables higher-resolution mea-

surement of evoked potentials, improving subsequent electrophysiological

experiments.

A model of SCS ERT is developed which simulates ECAP waveforms as

a function of stimulation. This is based on prior work in SCS modelling, but

is the � rst SCS model to consider the evoked response of the spinal cord.

This allows it to be validated directly against measured data from a human

patient. This ECAP model explains the origins of the major features of the

evoked responses.
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The new model is then used to explore the effects of cord movement

within the spinal canal. The performance of existing control methods are

measured: traditional open-loop stimulation, and the constant-amplitude

feedback method currently under trial. Insight from the model’s behaviour

is then used to derive a new feedback algorithm with improved performance.

1.1 Chronic Pain

Neuropathic pain refers to pain which appears in the absence of a noxious

stimulus or acute injury, instead originating within the nervous system. Neu-

ropathic pain can be caused by disease or traumatic damage to nerves, and

can persist for many years as a chronic condition [22]. Symptoms can include

spontaneous painful sensations, as well as pain from normally innocuous

stimuli such as gentle touching or temperature changes (allodynia). The

perception of normal nociceptive pain can also be intensi � ed (hyperalgesia).

Chronic pain is treated using a variety of methods. First-line thera-

pies include over-the-counter pain medications, cognitive and behavioural

therapies, exercise, and massage [236]. When these fail, the second line of

treatment is provided by chemical means: opioid painkillers or targeted

neural blocks via injection [2]. These are much more dif � cult to manage,

and introduce the potential for systemic side effects; opioid painkillers intro-

duce the potential for addiction, and injection blocks must be renewed on a

regular basis.

The last line of treatment involves surgical interventions. Surgical re-

moval of nerves (neurotomy) is used for a range of pain types [28], [32],

[121]; this is an irreversible operation, and can lead to new neuropathic pain

through deafferentiation [74], [220]. Implantable drug pumps can be used to

deliver anaesthetics directly to the intrathecal (subarachnoid) space [114].

This can yield pain relief where systemic opioids do not, and reduces the

required doses and the potential for overdosing. Implanted pumps need to

be regularly re � lled using a needle through the skin, and they are equipped

with catheters which cross the blood-brain barrier into the cerebrospinal

� uid. This provides a potential route for serious infection [67].

Spinal cord stimulation is currently used as a last-line treatment for
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chronic pain. An electrode array is placed in the epidural space proximal

to the dorsal columns (DCs) of the spinal cord, which predominantly carry

sensory information from the periphery to the brain. The electrode array is

sited to try and stimulate the spinal nerves that innervate the painful area

of the patient’s body. Stimulation is then delivered at a constant amplitude

and pulse repetition rate. This results in paraesthesiae, sensations often

described as pricking or tingling, perceived on the body area in question.

SCS is preferable to anaesthetics and neurotomy in that it has no sys-

temic side effects, although it still has the costs and risks associated with

an active implantable device. As with other treatments, the degree of pain

reduction varies widely between patients [11]. SCS also exhibits a signi � -

cant sensitivity to patient posture: movement of the cord within the spinal

canal changes the distance between the stimulating electrodes and the dor-

sal columns, causing the neural recruitment obtained by a � xed stimulus

intensity to change. If the stimulus intensity is too weak for the distance,

the patient will receive no pain relief; too strong, and they may experience

painful sensations or muscle activation. The natural position of the cord is

different depending on the patient’s posture, and movements such as walk-

ing or coughing can cause it to move rapidly [179]. This constantly changing

geometric relationship makes consistent pain relief dif � cult with current

technology; patients must either constantly adjust their stimulator, settle

for insuf � cient stimulation, or even avoid certain postures entirely [84]. One

SCS device manufacturer uses an accelerometer in the implanted electronics

package to detect postural changes [202]; this information is used to ad-

just the stimulus intensity. However, the accelerometry data is not a direct

measure of cord-electrode distance.

Until recently, research on SCS has been hampered by a lack of detailed

information on the effects of stimulation; the primary source of data avail-

able to researchers is perceptual data reported by patients. In order to bring

a data-driven approach to device design, models of SCS have been developed

to try and predict the effects of stimulation on spinal nerves [50], [91], [122].

These models share a common structure: an electrical-geometric model of

the spine and its tissues, coupled with neural models of the nerve � bres in

the relevant parts of the cord. These models are based on bringing together

a great many pieces of prior research: electrophysiology, anatomy, and his-
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tological examinations of the nerve � bre populations of the cord. They are

used to simulate models of various nerve � bres; their input is a stimulus

waveform, and their output a determination of which of the modelled � bres

are activated as a result. This is a limitation: their output - determining

precisely which nerve � bres are activated - cannot be measured in a human,

and so they cannot be validated directly against human data.

Successful SCS therapy can result in substantial improvements in pa-

tient quality of life, without systemic side effects. In order to elevate SCS

to a second-line therapy, the postural sensitivity must be reduced, and suc-

cess rates improved; further elucidation of the therapeutic mechanisms is

required to understand how to proceed.

1.2 Evoked Response Telemetry

In 2010, researchers at NICTA Implant Systems demonstrated the

recording of evoked neural responses on a single array during SCS [177].

Evoked response telemetry allows the electrical activity of nerves to be

observed immediately after each stimulus pulse. Each recording is an ECAP,

a combination of signals from the action potential travelling along each

activated nerve � bre.

ERT gives an immediate measure of the effects of a particular stimulus,

rather than through the more distant peripheral or perceptual pathways.

This provides a new data source for examining the physiology of chronic

pain and the mechanisms of SCS. ERT can also be used to compensate

for postural variation directly: in a technique presently being trialled, a

feedback control system is applied to adjust the stimulus continuously, with

the aim of keeping the recorded ECAP amplitude constant.

The distance between the spinal cord and the electrodes means that the

stimulus pulses that must be applied are on the order of several volts in

amplitude, while the recorded responses are typically on the order of tens

of microvolts [176]. This leads to the major challenge of ERT: the stimulus

artefact. The artefact is a signal caused purely by the stimulus pulse. The

stimulus drives physical systems out of equilibrium, most notably at the

electrochemical electrode-tissue interface and in the ERT ampli � ers. This
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results in a decaying voltage observed on the recording as these reequilibri-

ate. This is problematic because it is time-correlated with the stimulating

signal and changes with the stimulus intensity. The correlation means that

unlike external noise sources, it cannot be removed by averaging. Both the

ECAP and artefact change with current, making it dif � cult to de � nitively

separate the two signal components. This is particularly problematic for

feedback control.

Ideally, the neural recruitment of SCS would be � xed: exactly the same

nerve � bres would be stimulated on every pulse. ERT feedback techniques

currently being trialled use the ECAP amplitude as a proxy for recruitment.

However, the ECAP recorded for a given level of recruitment will vary with

the movement of the cord, so constant-amplitude stimulation will not deliver

constant recruitment. At present, no method is known for estimating the

actual recruitment.

1.3 Approach

This work aims to address the key issues impeding therapeutic SCS:

the stimulus artefact, the interpretation of recordings, and the control of

recruitment. Improving these will result in broader applicability of SCS

therapy to chronic pain patients.

A novel stimulation scheme was developed in order to address the stim-

ulation artefact at its source. The scheme, known as virtual ground, is

designed to hold parts of the stimulator-patient system in near-equilibrium

during the stimulus, reducing the amplitude of the resulting artefact. This

technique has facilitated the collection of high-resolution ECAPs in scores

of patients. Virtual ground is designed to be suitable for implementation

in implanted devices, and it is general enough to be used in non-SCS neu-

romodulation applications. The artefact suppression of virtual ground also

assists in experiments with feedback, which have been conducted by the

Implant Systems group. These have shown promise, and the technology is

being developed into a commercially available therapeutic device.

A model of SCS ERT was developed to shed light on how recordings relate

to neural behaviour. This is structured similarly to existing SCS models,
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but was extended with additional mechanisms to simulate the recording

process. The model’s behaviour was compared with high-resolution ECAP

recordings, resulting in the � rst quantitatively validated model of SCS. This

novel model provides explanations for many of the salient features of ECAP

recordings in human patients, and provides insight into which neuronal

elements are activated during therapeutic stimulation.

This model was then used to examine the effects of postural changes on

SCS, by varying the cord-electrode distance in the model. This demonstrated

the extreme variations in recruitment seen with traditional open-loop re-

cruitment. Constant-amplitude feedback control was simulated, showing

improvements over open-loop control but overcompensating for changes. Ex-

amination of the model’s behaviour led to the derivation of a new control law

which takes into account the distance-related effects on recording amplitude,

which in simulations results in further improvement in recruitment control

over the constant-amplitude method.

1.4 Document Structure

Chapter 2 describes the background to the problem. Overviews of clin-

ical SCS and the dorsal columns of the spine are provided. The methods

used to record spinal ECAPs are described, including example recordings.

Existing literature on neural recording and SCS modelling are reviewed.

Chapter 3 documents the development of virtual ground, a new stimu-

lation technique. The mechanisms of artefact generation are discussed with

reference to an existing model of artefact in SCS, and the virtual ground

technique is derived. Test results are presented.

Chapter 4 describes a model of evoked potentials in SCS at the single

nerve � bre level. The structure of the model as a combination of volumetric

and neural models is discussed, as well as its implementation. This model is

then subject to validation of its volumetric and neural components.

Chapter 5 combines multiple single- � bre models to model the ensemble

behaviour of the dorsal columns under stimulation. Performance issues

relating to the large number of � bres involved are addressed. Resulting

ECAPs are compared with a dataset recorded in a human patient.
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Chapter 6 considers the effects of varying spinal cord position on the

results of spinal cord stimulation. A novel method for controlling neural

recruitment in the face of cord movement is introduced and its performance

measured using the SCS model.
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This chapter provides a tour of the necessary background material for

this work. A brief introduction to the techniques and anatomy of SCS is

provided for the unfamiliar reader.

The recent development of SCS evoked response telemetry is then dis-

cussed. SCS ERT provides a new ability to record compound action potentials

evoked by therapeutic stimulation; this has been used to make scores of

recordings in patients to date, forming a large corpus of data. This corpus is

largely unpublished, so the major � ndings and common characteristics are

shown and discussed, along with some example recordings. The potential

therapeutic application of ERT is also discussed, covering the use of feedback

to compensate for postural variation.

The stimulus artefact remains one of the limiting factors on the quality

of ERT recordings. The origins of artefact and methods used to reduce it are

both considered.

Finally, the underlying mechanisms of SCS for chronic pain remain

poorly understood. Attempts have been made to understand these by using

models of the stimulation process and its effect on spinal nerve � bres; a

history of these efforts and their results is given.
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2.1 SCS

The origins of SCS can be traced to the gate theory of Melzack and Wall

in 1965 [144]. The theory describes a gating mechanism in the substan-

tia gelatinosa of the spinal cord, responsible for the transmission of pain

sensations. Large-diameter sensory � bres were believed to close this gate,

while small-diameter � bres act to open it, resulting in pain. This is shown

in Figure 2.1.

Figure removed from public copy
due to copyright restrictions

Figure 2.1: Melzack and Wall’s gate theory of pain. L and S represent large
and small � bre inputs, respectively. SG represents cells in the substantia
gelatinosa, acting to inhibit central pain transmission cells T . Reproduced
from [144].

This theory led to experiments in closing the gate. Early experiments

were performed by Wall and Sweet [242], who stimulated nerve bundles

supplying the painful areas - electrical stimulation favours the recruitment

of large � bres. Using transdermal electrical nerve stimulation (TENS) and

implanted electrodes in eight pain patients, they achieved substantial pain

relief during stimulation. Shealy et al. [206], later in 1967, then used epidu-

ral spinal cord stimulation for the � rst time, again with excellent results;

epidural electrode arrays are now the standard method of spinal cord stim-

ulation, which has continued relatively unchanged over the intervening

years.

SCS is now used for complex regional pain syndrome (CRPS) [21] and

failed back surgery syndrome (FBSS) [18]. It is also being used for is-

chaemic pain conditions, including refractory angina pectoris [104], crit-
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ical limb ischaemia [102], and peripheral arterial disease [231]. Further

research is exploring the potential uses of SCS in treating painful diabetic

neuropathy [136], [186], phantom limb pain [134], [237], cancer pain [66],

headache [258], and visceral pain [106]. Despite its popularity and effec-

tiveness in treating a range of conditions, our understanding of the exact

mechanisms by which SCS interacts with the nervous system is still very

limited.

SCS treatment involves the implantation of an electronics package re-

ferred to as an implantable pulse generator (IPG). The IPG typically contains

a power source, telemetry electronics, and one or more stimulus pulse gener-

ators. The IPG is then connected to one or more electrode leads, which are

placed in the patient’s epidural space.

The electrodes must be placed to stimulate nerves coming from the

patient’s painful region. The nerve roots at each spinal level innervate

a distinct region of the body, known as a dermatome; these are shown

schematically in Figure 2.2. The level of initial electrode insertion is decided

by the dermatome or dermatomes on which the patient feels the pain. The

lateral placement may be on the midline, or laterally offset ipsilateral to

the pain location. After the initial insertion, the electrode position must be

re� ned. This procedure involves delivering stimulus pulses to electrodes on

the lead, which causes paraesthesiae in the patient - sensations commonly

described as tingling, pricking or buzzing. The stimulus con � guration and

lead position are revised in order to ensure that the area of paraesthesia

covers the painful area of the body. Surgeons may use multiple leads to

achieve the necessary coverage. Paraesthesia coverage appears to be a

necessary condition for pain relief [116], [157], [242], although it is not a

suf� cient condition; some patients experience paraesthesia without pain

relief [163].
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(a) Branching and exit
levels of the spinal
roots

(b) Dermatome distribution over skin

Figure 2.2: The spinal cord branches into roots at various levels, each of which innervates a particular region of the body
known as a dermatome. The dermatomes shown here are approximate; there is substantial overlap between dermatomes.
Images ©Janet Fong, 2009 ( http://www.aic.cuhk.edu.hk/web8/Dermatomes.htm )

13



The stimulator is programmed with one or more stimulus programmes,

determined by the device manufacturer’s representative at the time of im-

plantation. Required stimulating currents vary widely between patients,

postures and lead placements [40]. The range of parameters typically em-

ployed in SCS is shown in Table 2.1. It is not clear whether these differences

are purely due to differences in physical characteristics, such as spinal ge-

ometry and lead placement within the spinal canal, or whether there are

neurological differences as well. Neurological differences may be due to dif-

ferent populations of nerve � bres in the cord, which naturally vary between

patients [64]. The types, diameters, and paths of � bres also vary within

spinal segments and along the length of the cord [54], [129], [161].

Parameter Minimum Maximum

Current 0 .5 mA 30 mA
Pulse width 40 µs 800 µs

Pulse frequency 10 Hz 100 Hz

Table 2.1: Typical window of parameter values used in clinical SCS [193],
[205].

An individual patient will have a relatively small range of stimulus

intensities between the paraesthesia threshold (PT), where the stimulus � rst

becomes perceptible to the patient, and the discomfort threshold (DT), where

the stimulus becomes unbearable. The mean ratio of DT:PT is approximately

1.4 with traditional SCS systems [16], [103], depending on lead placement.

Overstimulation or electrode misplacement can result in uncomfortably

strong paraesthesia, or even motor effects such as twitching.

The onset of paraesthesiae is commonly associated with that of pain

relief, but in some cases therapeutic effects have been noted with subthresh-

old stimuli [23]. Recent research into high-frequency stimulation, with a

repetition rate of 500Hz or higher, has suggested that paraesthesia-free pain

relief may be feasible [55], [56], [239].
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Figure removed from public copy
due to copyright restrictions

Figure 2.3: Examples of epidural cylindrical (left) and paddle (right) leads.
Manufactured by Boston Scienti � c.

There are two broad classes of SCS leads: cylindrical and paddle leads;

an example of each type is shown in Figure 2.3. Cylindrical leads have

multiple cylindrical electrodes, on a � exible polymer lead. These typically

have between 4 and 8 contacts. Their small diameter ( 1.2 mm typical) allows

them to be inserted using a Tuohy needle, rendering the procedure no more

invasive than an epidural anaesthetic. Paddle leads have � at contact sur-

faces, exposed on one surface of a strip. These may be in a line, or arranged

in multiple columns; a lead may have as few as 4 or as many as 16 elec-

trodes. Paddle electrodes have much larger cross-sections than cylindrical

electrodes. Traditionally, this meant they could only be placed with an inva-

sive laminectomy procedure, although a percutaneous introducer for paddle

leads has been invented [57]. Paddle leads improve power consumption over

cylindrical electrodes due to their insulated back sides [165]. Some have

multicolumn arrays of electrodes, which permit adjustment of the lateral

position of the stimulation without revising the electrode position [167].
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Figure 2.4: Fluoroscopic image of an implanted octopolar SCS lead.

In clinical use, patients are often trialled on SCS before proceeding to

a permanent implant. In the trial, a percutaneous lead is inserted. This

is then connected to an external trial stimulator system, which is worn by

the patient for the duration of the trial. If successful treatment is achieved,

the trial lead is removed, and a new lead and implant are installed. A

� uoroscopic image of an implanted percutaneous lead is shown in Figure

2.4.

The epidural leads are a frequent cause of problems in SCS. The electrode

position is critical to therapeutic success; lateral displacement in particular

can cause unintended stimulation of lateral spinal structures [14]. Leads of-

16



ten migrate after their initial placement [20], [174], [216], though migration

effects can sometimes be addressed by reprogramming the stimulator [205].

Leads are also prone to breakage as a result of repeated � exure [85], [143].

A more fundamental problem is that SCS is sensitive to the patient’s

posture. The leads are located in the epidural space, near the surface of the

dura. The target tissue, however, is part of the white matter of the spinal

cord itself, which � oats freely in the cerebrospinal � uid. As patients change

posture, the cord can move by several millimetres transversely [89] as well as

axially [111]. This change in distance results in changes to the sensitivity to

stimulation [40], [84], [172], which in turn result in posture-dependent side

effects. A program that provides good pain relief in one posture may result

in painful overstimulation in another, or instead a lack of stimulation. This

can prevent patients from receiving therapy whilst walking, and coughing

can become extremely painful.

One manufacturer has attempted to address this problem by introducing

an accelerometer into their implant [201]. This is used to attempt to discrim-

inate between different postures, and select a suitable stimulation program

accordingly. This method requires that the accelerometer be calibrated to

the natural postures of the patient, and is not a measure of cord position.

Trials showed that the accelerometer-driven stimulation control reduced

the number of manual stimulation adjustments made by patients during

the trial period by 40% [202]. More direct methods of position measurement

have been considered, using transducers placed on the epidural array. An

ultrasonic technique was investigated [61], but never commercialised. More

recently, an optical approach using near-infrared light has been tested in a

cadaver [257]. This work required the injection of saline into the intrathe-

cal space to obtain suitable optical behaviour. The results indicate that

dynamic motion induces movements that cannot be accurately modelled

from acceleration measurements at a remote implant site.

2.2 Dorsal Columns

Spinal cord stimulation is believed to target A � axons in the dorsal

columns of the spinal cord; these columns are also known as the posterior
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Figure 2.5: Cross-section of a cervical vertebra showing the cord within
the spinal canal. The cord proper is composed of the grey and white matter,
which are surrounded by cerebrospinal � uid (CSF). The � uid is enclosed
by the meninges, including the dura mater; these in turn are surrounded
by fatty tissue in the epidural region of the vertebral canal. Nerves enter
and exit the cord through the dorsal and ventral roots, also within the CSF;
these form a single nerve bundle on each side, and transition out through
the vertebral foramen.
Image ©Wikimedia user debivort ( http://commons.wikimedia.org/wiki/
File:Cervical_vertebra_english.png )

funiculi. A cross-section of a vertebra is shown for reference in Figure 2.5,

and of the cord in Figure 2.6. The DCs are composed of long myelinated

axons, running largely along the axis of the cord. They occupy a roughly

wedge-shaped region of the spinal cord, extending laterally to the dorsal

roots. This area is divided into the gracile and cuneate fasciculi. The gracile

fasciculus occupies a medial position, and carries � bres entering below the

T6 spinal level. The cuneate fasciculus appears laterally above T6, carrying

� bres entering at T6 and above. The nerve roots entering at each spinal

level innervate a particular dermatome.
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