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19 Overall Performance of the neural system--from a
Functional Perspective 1

19.1 Introduction
Whenever the performance of a subject is of interest, it is normal for the investigator to assume a
large number of implicit conditions.  A goal of this chapter is to discuss nominally all of the
conditions of state and actions actually taken in order to perform an act of volition or a response
to a stimulus.

While many actions may occur whether unconscious or conscious, the subject is typically
conscious.

The action to be observed will frequently be different depending on the attentive state of the
subject.  
The action to be observed will also be different depending on the state of training of the subject.

The action may also differ depending on the postural state of the subject.

da-da-da xxx

This chapter will not delve into the performance associated directly with the sensory modalities in
which the author has provided separate published volumes, specifically vision and hearing.  It will
address what the CNS does with the signals received from the sensory modalities.

Gazzaniga has recently published a book highlighting his many investigations into the operation
of the CNS2,3.  The report is  based primarily on his long association with the split brain following a
lobotomy of the corpus callosum.  While discussing function at a very gross level, the insights are
many.

19.2 The fundamental response
To properly interpret the overall performance of a subject, it is important to understand the
complexity of the task.  Many responses, particularly involving language, involve a great many
more elements of the neural system than might be initially thought.  Just speaking a single word
can involve hundreds of elements of the neural system performing in an extremely complex
temporal sequence.

A simple action based on volition can be used to illustrate the complexity of the experiment.

da-da-da xxx

19.3 Volition based activity
[xxx describe a telegraph operator sitting at a desk, wide awake and attentive to his task ]
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19.3.1 A fundamental procedural learning activity
[xxx section is reproduced in its entirety in 12.5.4. ]
Many authors have written on procedural learning, usually in discussions of procedural memory
or in a clinical context.  As recently as 2003, Swanson has noted “the actual organization of the
hierarchy in terms of neuroanatomically characterized networks or circuits remains only vaguely
known4.”  He provides a simple block diagram conceptualizing the motor system.  However, his
diagram does not detail the individual elements of the system or explain how they function.  His
labeling focuses on the  conceptual names for several “boxes.” This section will attempt to move
forward and identify the elements and their interrelationships more fully.

Figure 19.3.1-1shows the elements involved in a procedural learning activity.  It uses nomenclature
applying to the prefrontal cortex developed in Chapter xxx and incorporates a famous graphic
developed by Penfield & Rasmussen5.  They provided caricatures of both the somatotopic sensory
homunculus overlaying the post central gyrus and the somatotopic motor homunculus overlaying
the precentral gyrus.  The area labeled vocalization on the right has been defined more precisely
in the neural surgery literature, as have other areas of this depiction.  An example appears in Rose6.
A more annotated version of the sensory homunculus relating to BA 1, showing the nominal sulci
of the hemisphere, has appeared in Thompson7.  Penfield & Jasper have provided a caricature
of the sensory and motor homunculi adjacent to each other and including nearby supplementary
representations8.
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The figure begins on the left with a volition instruction issued by the executive, tentatively located
in BA 46 of the prefrontal cortex.  Such an instruction is very concise and may call for pointing the
index finger in a specific direction.  This instruction is passed to the premotor cortex (BA 6) where
the instruction is interpreted in the light of the present posture of the subject and prepares a
adversive instruction that is passed to the motor area of the cortex (BA 4).  This adversive instruction
includes commands to multiple muscles required to orient the finger as desired.  However it does
not include commands required to maintain the subjects balance while executing the desired
instruction. The motor area is the first element of the motor system that issues a command signal
that can be implemented by the musculatura.  However, as noted, this command is typically not
adequate. 

In the absence of any other functional elements, such as the cerebellum, the command would
be sent directly to the superior colliculus (and some individual neural nuclei) where it would be
relayed to the appropriate muscles.  The result is typically an ungainly effort to point the index
finger as desired.  Such a “default command” is shown by the dashed line in the figure leading to
the index finger.

The above brief discussion describes how the afferent motor system operates in the absence of
any procedural learning.  Such operation can be associated with the motions of a baby. 

The role of the cerebellum is to coordinate a wide variety of sensory and muscular activities.  It

Figure 19.3.1-1 Elements in a procedural learning activity ADD.  Incorporating and re-expressing
a “motor homunculus” related to areas BA 4 of the motor system.  Artistic description from Penfield
& Rasmussen, 1950.
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does this by accepting the coarse neural commands from the motor area and reinterpreting them
in the context of the posture of the subject.  The result is a broader range of commands intended
to perform the desired action but without encountering unexpected consequences (such as
falling over backwards) while turning the necessary parts of the body in order to point the finger
as desired.. 

The broader range of commands required are coordinated by the cerebellum. This coordination
includes both a relative amplitude component and a temporal component applied to each of
the individual neuro-muscular signals.   The result is a fully coordinated and smooth implementation
of the original volition instruction (without any overshoot if performed within the ability of the
efferent sensory. system to monitor the activity.  The action described is the result of procedural
learning.

As noted in Section xxx, the cerebellum allocates only minimal area to the vision and auditory
modalities.  The visual modality relies primarily on its portion of the pulvinar and the auxiliary optical
system to perform similar services to those of the cerebellum in order to minimize the time delay
in the servo loops of the visual system.  Similarly, the auditory modality uses its portion of the
pulvinar to minimize the time delay associated with the alarm mode of CNS operation.

Since the efferent neural system operates totally in open loop mode, the overall system is designed
to use the afferent sensory system to close a feedback loop.  The sensory modalities observe the
action and report back to the executive whether it was performed within the desired degree of
precision.  If not, the executive can alter its original volition instruction incrementally and wait for
a report as to whether the action was performed more precisely.  This operation of the entire
feedback loop can be  performed as many times as necessary.  When performed to the
executives satisfaction, the various instructions and commands can be recorded in appropriate
memory elements.

XXX writing recently in xxx have provided data on the learning sequence used by babies to
establish their motor memory baselines9.  They used a head mounted eye-tracker while the infant
was becoming familiar with a carefully prepared play room.  They note how six walking  infants (14
months ± 1 week) focus visual attention on the locations of its hands and feet during learning
experiences.  They did not address smooth pursuit activities.  These would be foreign to such infants
but worth studying at a later age.   XXX studied the fixation of the eyes on the limbs up to the time
the limb contacted the target.  “These fixations indicate that infants often use online visual
guidance to guide their limbs to the surface–that is, they watched their foot step over the
obstacle–in contrast to adults and children who always break fixation of obstacles at least one
step in advance.”

While memory requirements to support volition instructions are relatively minor, the memory
requirements placed on the cerebellum is immense.  It is believed the major portion of the
cerebellum is dedicated to procedural memory.  The information stored in the saliency map
(working memory) is highly compressed from the raw neural signals.  However, over time, an
immense amount of this information is stored in long term memory by a method and at locations
not yet discovered.

In the context of this work, the terms of Swanson can be translated using the following table.

Swanson label Label used here Brodmann area

Central pattern controllers The executive             (BA 46)
Central pattern initiators Premotor areas BA 6
Central pattern generators Motor areas BA 4
Motor pattern learning Cerebellum
Motor neuron pools Superior Colliculus

The initial operation of the system in the absence of learning strongly supports the concept of an
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initial instruction and memory load (a bootstrap routine in computer language) derived during
genesis.  This initial load would ultimately derive from the genetic code.

The movements of subjects with significant injury to the cerebellum indicates the continued
presence of the default signaling mode described above, along with increased participation in
routine movements by the sensory modalities and the prefrontal cortex.  Such additional activity
is frequently reported as exhausting.

Swanson extends his neuro-muscular concept to include the neuro-glandular domain as well
(page 136).  This subject is discussed in Section xxx.  The operation of the neuro-glandular system
parallels the above analysis. [xxx use swanson page 127 ]

19.3.2 The role of “free will”
Taylor has addressed the traditional view of free will10.  “When an agent acts freely – with no
constraints on it whatsoever– it can thereby rightly be said to exercise its free will.  What the agent
does is entirely up to itself.  The agent is the ultimate source or origin of its actions.”  Exercise of free
will is the ultimate example of neuro-muscular activity involving volition mode output activity.  The
results of such activity need not be successful (the agent may fall off a cliff), it is the activity itself
that is the exhibition of free will.

19.4 A stimulus driven activity 

19.5 Sleep EMPTY
Recent studies have shown that the parts of the brain that reveal robust activity on PET, MRI and
magneto-encephalographs (MEG) indicate that “mentation during dreaming operates on the
same anatomcial substrate as does perception during the waking state (internal citation).”11

[xxx look further at Hardcastle concerning REM sleep etc.]

19.5.1 Dreams
Chapter 8 of Baars & Gage has considerable recent material on dreaming and its associated
electrophysiology.  This includes some material on the time delays recorded using magneto-
encephalography (MEG).  They develop the term phase locking as opposed to synchronism,
“Phase-locking involves synchrony with a possible brief lat time, and is used here as a more
inclusive term.”  This clarification is critically important when recording summary signals from the
scalp that include a variety of signals originating at unknown locations and incorporating unknown
time delays relative to each other.

Chapter 8 also addresses the question of dreaming as a conscious state.

19.6 Neural operations without cognition

19.6.1 Low level reflex action
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19.6.2 Reflex action at the level of the TRN

19.6.3 Reflex action following training at the TRN level

19.6.3.1 Lessons from baseball, cricket & pesapallo
Discussing baseball (hardball as opposed to softball) and its derivatives/analogs has become
popular in discussions of the fundamental operations of the brain.  The underlying question among
the psychology and philosophy communities is whether the neural system employs the calculus
(as used by the mathematician and excluding simpler algebraic computation) in order to achieve
intersections between various flying objects and various appurtenances of the human body.  For
reasons not fully understood, the speakers tend to focus on the performance of fielders rather than
the much more taxing problem of the batters.  The batters challenge can be isolated and
described in considerable detail by comparing baseball, cricket and pesapallo (Nordic
baseball12).  See also Sections 7.5 & 15.6.7.1 of “Processes in Biological Vision13 (PBV).”

Looking briefly at the fielder’s challenge.  He is expected to intercept a ball at some point in its
trajectory and return it to one of the in-field players.  Note first, the ball is typically moving at a
velocity of less than that of the pitched baseball (except in the case of a line drive) and the
distances are such that the intercepting player has much longer to evaluate the situation than the
batter did before hitting the ball.  

The velocity of the ball approaching a fielder at maximum range from the plate is easily
determined from the ballistic dynamics of the ball.  From the ballistics problem solution; for
maximum range, the ball should leave the bat at an angle of 45 degrees from horizontal.
The height to which the ball rises and the velocity of the vertical component of the ball’s
motion when it reaches the fielder are dependent on the initial vertical velocity of the
batted ball.  If the angle is in fact 45 degrees, the horizontal velocity of the batted ball will
be the same as the vertical component.  Neglecting the drag due to the ball moving
through the air, these numbers can be tabulated.

Initial/final vertical horizontal net velocity total travel total travel
vert. veloc. Height Velocity @ fielder time distance

50 ft/sec 39 ft 50 ft/sec 70.7 ft/sec 3.12 sec. 156 ft
75 88 75 106 5.14 386
100 156 100 141 6.24 624

386 feet is a nominal distance to the warning line near the outfield fence in a Major League
ballpark.  Thus, a 106 ft/ sec (72 miles/hr) initial and final velocity for the ball is nominal for a
long fly ball.  The fielder has approximately 5.14 seconds to evaluate the situation and
position himself to catch the ball before it touches the ground.

The fielder can employ at least three potential approaches to the problem. 

1) acquiring several images of the ball in flight and calculating its future position incorporating
winds across the field, etc.  This is the reverse of the conventional ballistics approach of the artillery
officer in warfare.  It is more akin to the much more difficult problem of the Patriot and Iron-Dome
missile programs designed to intercept a high speed missile in flight.  In those man-made systems,
the acquisition of images is repeated and corrections are made continuously during the intercept.
This is a very computationally intense methodology.  
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2) acquiring several images of the ball in flight at different times, and comparing those images
(patterns) to previously stored similar situations (taking advantage of learning and memory rather
than in-line computation) to predict the trajectory of the ball and arranging the skeletal-motor
system to move to the desired location for intercept.  This technique employs multiple applications
of pattern matching routines and relies upon previously learned patterns in order to avoid an
intense computational load.  The repeated pattern matching routines are easily performed in
parallel thereby reducing the stage 4 circuit loading even further.  The immense number of
boutons associated with the dendrites of some types of neurons are highly suggestive of their use
in parallel pattern matching mechanisms.

3) Acquiring several images of the ball in flight at different times, and comparing those images in
terms of their angle versus the line of fixation of the visual system in terms of the inertial coordinate
system of the neural system.  The neural system then attempts to institute a collision course
between the ball and the fielders hand by employing the well known “constant angle bombing
approach” (also used extensively in sailing).  The goal is to take advantage of the geometric
axiom that two objects maintaining a constant angle between their positions along their
independent trajectories throughout their flight will intercept each other.  This method relies only
on simple error signals between the sensory input information and does not rely upon any
computations at the level of the calculus (as described by a mathematician).

The batters challenge is significantly greater.  He has less than 500 milliseconds to evaluate the
situation and hit the ball.  He can not rely upon the “constant angle bombing approach” as the
ball is being delivered along his line of fixation at a very high velocity and negligible angular
difference until the ball is very close to the batter.  The time available to the batter to respond is
quite short.  For a standard baseball diamond, the distance between the pitchers “rubber” and
home plate is nominally 60 feet six inches.  For a ball traveling at 80 miles/hour, the ball covers the
distance in 510 milliseconds.  At 100 miles/hour, the distance is covered in 412 milliseconds.  During
this interval, the batter must acquire at least one, and generally several images of the ball as they
appear on the foveola of his retina, project the acquired information through the stage 2 signal
processing and stage 3 signal projection mechanisms, perform all of its necessary stage 4
computations and instruct the stage 6 neural system and muscles to achieve an intercept with the
long axis of the bat intercepting the center of mass of the ball within dimensions on the order of
1/4 inch to result in a playable ball (not a pop-up ball).  There is also a requirement that the
intercept occur when the axis of the bat is within about 20 degrees of perpendicularity of the
trajectory of the ball at the time of contact to insure the ball stays within the foul lines.  The above
scenario assumes the stage 5 cognition circuits play  no role in the process.

It is important to recognize that a significant fraction of the available time must be allocated
to the physical motion of the skeletal-motor system and the bat.  Because of this required
time, Major League baseball has adopted rules allowing the batter to begin his swing before
he makes the decision to attempt to hit the ball.  However, if he moves his wrists so as to
attempt to hit the ball and misses, a strike will be called.    This procedure provides the batter
an additional few milliseconds in which to decide whether the ball is likely to pass within the
batters box over homeplate and where he will seek to hit the ball.

The actual role of cognition is time constrained for baseball batters.  Looking at the block diagram
of the visual modality in Section 15.3.1.1, the  signal flow diagram of Section 4.6.3 (reproduced
below), and the visual evoked potential (VEP) data of Section 15.6.7 cited above, it is clear that
the information from the high acuity foveola-PGN-pulvinar reaches the stage 4 engines of the
parietal lobe, specifically the primary motor cortex (Brodmann’s area four, BA 4), before any
signals have reached the visual cortex of the occipital lobe.
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Figure 19.6.3-2 shows the signal flow diagram for the CNS of the neural system.  When discussing
the baseball challenge, the signals from the foveola (central 1.2 degree diameter area) of the
retina arrive at the CNS via the perigeniculate nucleus (PGN), a functionally distinct component
of the morphologically identified superior colliculus.  These signals are processed by the pulvinar

of the thalamus.  Together, the PGN and pulvinar are involved in two major functions.  They

Figure 19.6.3-1 CNS signal flow diagram.  The shaded area shows the areas involved in information
extraction and cognition (the analytical path) in the absence of learning and memory
accumulation.  The unshaded areas describe signal flow (the reflex path) when previous
experience provides an alternate solution to a physical problem such as hitting a baseball.  See
text.
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prepare a 3D representation of the external environment in the vicinity of the line of fixation.  They
also prepare a composite representation of the image near the point of fixation acquired by the
two eyes.  These results are typically available at the output of the thalamus after about 30 to 70
milliseconds depending on the intensity of the ambient light level.  These values are based on the
time delay in the photoreceptors due to the P/D Equation and visual evoked potential
measurements.  A comparison between two or more images to obtain information on the flight
path of the ball requires an additional 30 ms or more between each pair of images (based on a
nominal effective delay of 33 milliseconds to avoid temporal fusion of the two images.  See Section
15.6.7 cited earlier.  This is about 70 milliseconds before the same signals are available at the
prefrontal cortex via the primarily cortex of the occipital lobe.

It is to the batters great advantage to rely upon his prior learning of how to hit the ball and the
memory patterns stored in the cerebellum (the reflex path) to control the skeletal-motor system
rather than employ calculations performed within the stage 4 information extraction engines and
the stage 5 cognition engines (the analytical path).

Records has also provided some information concerning human visual evoked potentials14. It
should be noted that fMRI recordings, BOLD-based MRI recording and Calcium ion tracking
involve too much delay to be useful in exploring the timing of events within the CNS at the level
of one or a few milliseconds.

Cricket imposes an even higher demand on the CNS.  The bowler is allowed to throw the ball so
as to have it bounce off the ground (the pitch) in front of the batter (striker) and thereby change
course marginally at the last moment.  This shortening of the time in which the ball is on its final
trajectory virtually requires the batter to dispense with any potential calculations within the CNS
and rely upon his experience (learning and memory).  The sensitivity of the batter (striker) to the
ambient light level is explicitly recognized in cricket, “If there is heavy cloud cover, the umpires
may decide that the ambient light level is too low and that the batsmen may be in danger
because of difficulty in sighting the ball. If so, they offer the light to the batsmen, who may agree
to leave the field or may decide to play on.  If the light deteriorates further, the umpires will offer
again.  If the batsmen decide to leave the field and the light improves, the umpires make the
decision to resume play.”

Pesapallo (Nordic baseball) , on the other hand reduces the demands on the CNS dramatically.
In this game, the  pitcher stands next to the batter and tosses the ball vertically into the air (ala the
action of the server in tennis).  He must throw the ball at least one meter above the batters head.
 This relatively slow method of pitching provides the batter significantly more time to position the
bat to hit the ball with considerable force.  As a result, the batter puts almost every pitch into play.
The action of the fielders is similar to that in baseball. Light level is much less critical for successful
batting than in baseball.  It remains an important factor in catching the ball due to signal to noise
considerations. 

19.7 The brain stimulation experiments of Libet et al.
Libet has made an extensive set of  experiments (99 involving 92 separate patients) involving stimulation of the
surgically exposed somatosensory portion of the brain over a period of years, primarily in connection with clinical
treatment for Parkinson’s disease.   The work through 1993 has been collected in one volume along with an
informative prologue15. The paper beginning on page 269 attempts to capture the essence of a large part of the work
and is accompanied by an extensive criticism by multiple correspondents.  The papers beginning on page 221 of the
compendium, although focusing on different experiments, are needed to explain the techniques used in detail within
the above paper. It is interesting that neither the paper nor the criticisms incorporate a block diagram of the neural
system at the heart of the matter.  The paper can best be discussed using a block diagram of the neural system, similar
to that in Section 19.3, an awareness of the distinct operating modes of Section 4.2.4 and using the appropriate sensory
diagrams from Section 7.1.4.  The result includes the details of both the visual and somato sensory modalities and the
muscular system response allows a rational discussion of the experiments of Libet. 
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Libet was one of the first to document the significant time delays within the human neural system.  Such delays are
significantly shorter in the lower, and particularly the smaller, mammals.  The team documented their surgical and
physiological procedures in detail in the 196416 paper included in the above volume.  “The cortical area of
representation of sensation usually involved some portion of the contralateral hand or, less commonly, of the wrist or
forearm.  The appropriate stimulating electrode was then placed on that cortical point requiring the minimum current
for eliciting the conscious sensory response.  There was no particular locus on the postcentral gyrus along its
anteroposterior axis, which had the lowest threshold in the different subjects.”  They also noted the confirmation of
their stimulation of a somatosensory location on the post central gyrus of BA 1 by recording response signals from
the precentral gyrus, BA 4, immediately adjacent to the stimulated area.  The surgical team employed a stereotaxic
instrument to guide their surgery but did not provide details of its settings.  The description BA 1 is used here to
encompass the somatosensory input area (SI) which Libet noted may involve BA 3, 1 & 2 (page 221 of compendium).

Their stimulation was by large diameter AG-AgCl electrodes placed in contact with the arachnoid surface of the brain.
The aperture of the 2 mm outside diameter electrode was 1 mm diameter (an effective area of 0.7 square mm).
Without considering any fringing, a probe of this area would potentially impact the performance of on the order of
2.5 million 10 micron diameter neurons of the cerebral cortex.

In general, the Libet team operated at the liminal level of excitation which suggests the awareness mode was of
primary interest in his experiments.  The analysis related to time delay was relatively brief and has been
criticized by several (Ringo, Rollman & Wasserman in the order of their published criticism as a
minimum).

Libet’s work can be re-examined in the light of the current physiological understanding.  Additional
findings readily appear.

The signal defined as the “readiness potential,” RP, is an extraneous signal (not recorded from the
fundamental  signaling path) measured with a set of external EEG electrodes scattered over the
cranium17.  Libet used a set of electrode positions that used the EEG 10-20 system.  A Wikipedia
search shows this system is still in use and involves crude electrode locations that Libet augmented
somewhat.
  
Integration of 40 trials is typically needed to obtain one recognizable waveform between a given
pair of electrodes.  His optimal RP’s were recorded using different electrode positions for different
subjects.  Figure 19.7.1-1 shows a set of typical electro-encephalograph (EEG) recordings with a
frequency cutoff of typically 35 Hz and a ground electrode was attached to the left earlobe with
a pair of mastoid electrodes acting as a reference lead.  While the recordings labeled CZ (vertex
of cranium) and C3 (left of the vertex toward the left ear) tend to show a long ramp-like signal
building up, the recordings of Fp1 (adjacent to left prefrontal cortex, PFC) tend not to show such
waveforms and a more abrupt change at or after the vertical reference related to the EMG
recorded at the stage 7 neurons driving the relevant muscle(s). 
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Libet focused on the RP as a slowly increasing
negative signal (typically 10–15 microvolts)
recorded with an electrode positioned on
the scalp and using an EEG.  The signal is only
recovered by averaging the time histories of
a multitude of experimental procedures
(typically 40 in these experiments).   Being
measured at the surface of the scalp, it
typically represents the integrated extraneous
signal collected from multiple engines of the
CNS and a minimum of a few million neurons..
A nominal delay is associated with recording
at the scalp.  The location of the EEG
electrodes is reminiscent of those used in
electrocardiograms (EKG).  One can learn to
read the recorded extraneous signals, but the
electrodes were skin mounted in locations
poorly correlated with the source of the
signals within the CNS.  In this case, the
investigators generally correlated the peak of
the RP (if any) with the EMG signal presumed
to result from the RP using a very coarse time
scale extending over more than one second.
They begin their results by noting, “Under our
conditions RPs varied considerably in form
and duration, even for a given subject in the
same session.”  

The reportable time (W) was defined as the
time of  appearance of the subjective
experience of “wanting” or intending to act.
This time, labeled t’ in the following figure,
was determined by the visual system
observing the position of a light spot moving
in a circular B-scan presentation on an
oscillograph screen.  Multiple delays are involved in this visual measurement.  By specifically
instructing the subject to remain fixated on the center of the B-scan and observing the position
of the light spot at 1.8 degrees from the point of fixation on the retina, the researcher insured the
response would involve the visual cortex of the occipital lobe (a significant delay due to Meyer’s
Loop compared to that associated with imaging on the foveola, see following schematic).  The
net visual delay time is given by the equation t’ – T in the schematic where the two times are
related to the reported and actual times of the stimulus).  Libet addressed this delay in section 2.4
of a 1985 paper and suggested it was negligible in his experiments18.  

The movement time (M) was defined as the time the subject was aware of a movement in
response to an intention to move.  This time was determined using the same visual observation of
a B-scan presentation.  Libet et al. found this definition to be untenable during analysis of his data
(pages 265-266 in compendium).

A sensation time (S) was defined as the time the subject was aware of a task-related skin stimulus
delivered at irregular  times that were unknown to the subject.

A cortical time ( C) was defined as the time the subject was aware of a direct electrical stimulation
of a region of the post central gyrus.   These times were generally reported verbally expressing only
“on” or “off” for the beginning and cessation of awareness.

Figure 19.7.1-1 Self-initiated and pre-set Rps with
prefrontal comparisons.  The dashed lines
represent the estimated DC baseline.  The time
lines begin approximately 1.5 sec before the
vertical lines.  See text.  From Libet, et al., 1982.
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An EMG time was defined as the time of first activity on an electromylograph (EMG) using
electrodes placed on the skin longitudinally over the muscle of interest.  Bipolar signals were
generally recorded using a pass band of three kilohertz and a time constant of 0.01 seconds..  The
EMG time was generally taken as the reference time in Libet’s experiments.  An EMG recording
is considered an extraneous signal in this work as it is recorded using an electrical potential that
is not actually that used to excite the following element of the signaling path.  It is a signal
recorded at a distant location frequently outside the body of the subject.  Extraneous signals are
frequently averages of multiple extraneous neural signals.  In this case, the signals are bipolar
primarily because they were recorded using capacitive coupling techniques that typically distort
the waveform of monopolar signals due to the inability of the instrumentation to record a zero
frequency signal component (average value of the waveform).

Libet’s experiments demonstrated unequivocally that the neural system reported movement of
the muscle based on instructions  projected to the muscle from the CNS and not based on an
efferent copy of the response garnered from a proprioceptive sensory response (page 266 in
compendium).  His subjects routinely reported movement of the extremity (generally a finger,
hand or wrist muscle) on the order of M – EMG = –40 ms or 40 ms before the EMG reported any
neural signal reaching the muscle.  Separately, he found average times of >100 ms for W – M, the
time between wanting to move and the awareness of movement within the neural system (the
later actually being the time of an instruction being issued by the conscious brain).  

Libet was forced to develop three distinct classes of RP’s because of their gross difference in
waveform.  The classes remain poorly defined and not attributable to any specific neural source
or mechanism because of their gross character.  An ECG recording is necessarily the result of
summing extraneous signals from at least 100 million neurons from undefined engines of the system.

Libet made the general statement (page 249) that, “W times were consistently and substantially
negative to, in advance of, mean times reported for M and also those for S, . . .”  The semantics
is less than clear with respect to S.  As a result of these findings, Libet abandoned the proposition
of a efferent copy feeding information back to the saliency map and provided a revised time line
as shown in Figure 19.7.1-2.  In this rendition, the definition of W is changed to reflect the
“subjective awareness of the wish to move (W).”  A better definition of W would recognize that this
is the only signal generated within the PFC that is indicative of the “subjective experience of the
expected move.”  The term experience is associated with the motor system and is used instead
of the word awareness that has been associated with the sensory system.

The range of times for the RP’s is indicative of their poor level of definition.  The nominal length of
Libet’s RP is very imprecise.  The standard deviation of the duration of an RP is a significant fraction
of the time difference between the nominal end of the RP and the occurrence of W.

19.7.1 The interaction of skin stimuli
and cortical stimuli
Libet et al. explored the time relationship
between a stimulus applied to the skin and
an electrical stimulus applied directly to the
general area of the cortex corresponding to
the same area of the skin19.  They describe
some of their measured results as startling,
although they note the range of experiments
were limited to an acute time period for
each subject as the long-term implantation
of electrodes had not yet become common.
The number of subjects was also small.   The

Figure 19.7.1-2 Libet’s time line with W preceding
the EMG recording.  See text.  From Libet, 1993.
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20Libet, B. (1982) Human Neurobiol vol 1, pp 235-242 also compendium pp 221-242

experiments were designed to explore the interference between stimuli to the skin versus stimuli
to exposed regions of the parietal cortex (BA 1).  While the data was presented in 1979, a separate
paper first provided a graphic required to understand the data20.

In a 1982 paper, Libet provided part of Figure 19.7.1-3, originally published in 1966, showing the
“intensity/train duration combination for stimuli  just adequate to elicit a threshold conscious
experience of somatic sensation, when applied to primary somatosensory cortex.”  The
significance of the graphic is two fold; it shows the necessity of integrating low level pulse trains
in order to achieve a minimal threshold experience, and it suggests the importance of exploring
both the alarm mode and awareness mode of neural operation to arrive at the appropriate
conclusions.  A feature of the somatosensory modality (shared by the visual modality) is the very
rapid desensitization of the somatosensory receptors (stage 1) as a result of continuing stimulation.

The figure has been expanded to show the integrated output of a stage 3 decoder excited by a
train of pulses at either 30 or 60 pps feeding a
threshold circuit in the subsequent stage
(Section 9.xxx).  Also shown is the height of a
single 0.5 msec rectangular pulse adequate
to reach the threshold of the circuit.  The two
pulse signals reach threshold at different
times because of the lower total energy of
the 30 pps train relative to the 60 pps train.
The use of a large electrode to excite the
post central gyrus tissue makes it unclear
whether the threshold circuit leading to a
threshold experience is found within the stage
4 engine of BA 1 or whether it is within the
engines of the prefrontal cortex (probably
within BA xxx).

Before proceeding, it is important to review
the operation of a somatosensory receptor.
These neurons have an attack time constant
measured in milliseconds and a relaxation
time constant measured in minutes.  These
time constants explain why stimulation of the
skin is nearly ineffective after an initial
sensation unless a continuous motion is used
to cause an intermittent stimulation of an
individual sensory neuron.

It is also important to note, as developed in
Chapter 9, the circuits used in the stage 3
decoders in many engines consist of two
distinct circuits in parallel.  The one operates
without a threshold and generates an alarm
mode signal upon receipt of the first action
potential from the axon of a projection
neuron.  The second circuit incorporates the
integrating low pass filter to create an
integrated response as outlined above.  This
signal is passed to the awareness mode
circuitry of the following stage  engine.

Finally observe, the time for a stimulus to result
in a conscious experience within the
awareness mode, is measured in the number
of action potentials (which individually exhibit

Figure 19.7.1-3 Intensity/train duration
combination for stimuli to the post central gyrus
just adequate to elicit a threshold conscious
experience of somatic sensation, when applied to
primary somatosensory cortex.  Pulse trains consist
of rectangular pulses of 0.5 msec duration.  Bar for
“utilization TD” indicates the minimum train
duration require (or “utilized”) in order to elicit any
conscious sensation when intensity is at the
minimum effective level (‘liminal I”).  Top; from
Libet, 1966 & 1982.  Bottom; integrated response
from a low pass filter decoder as used in stage 3
of the neural system.
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a standard energy) required to achieve threshold.  In figure 4 of the 1982 Libet paper, it typically
took as little as 30 msec for a stimulus of the skin to achieve a conscious experience.  Considering
the signal projection time from the hand to the prefrontal lobe, and the duration of the stimulus,
this experience was probably via the alarm mode channel (which typically does not rely upon the
saliency map of BA 1).
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19.7.1.1 Reinterpreting Libet’s time lines
The above discussion simplifies understanding of Libet’s time line of 1982 and allows creation of a
more general timeline.  Figure 19.7.1-4 shows a schematic of the system involved in the analyses
of Libet et al. and one of their typical time lines.  The figure is a multimodal expansion of an earlier
figure (Sec 4.2.5) and shows many of the “fundamental paths” through the human neural system
involved in their experiments.  For instance, many of their experiments employed a mechanical
stimulus S applied to a somatosensory receptor on the hand or finger.  They compared this stimulus
to an electrical stimulus, C, applied to the exposed brain in the vicinity of the sensory saliency map,
BA 1, for the same part of the anatomy.  The subject frequently responded either verbally, V, or by
a movement of a part of the anatomy.  An electromylograph (EMG) was frequently used to
record the initial signal, E,  applied to the relevant muscle.  The key factors in interpreting this figure
are two.  First, there are significant time delays between the input and output of every engine
shown on the diagram connected by the broad dashed signal paths.  Each of these engines
typically contains a minimum of a few million neurons.  There is no information available on the
minimum number of circuits in the fundamental path through such engines.  Second, the broad
dashed stage 3 signal projection paths also introduce significant time delays as the signals pass
between the individual engines.

A third major factor in this figure concerns the putative proprioreceptive feedback loop from the
musculatura of the hand reporting the movement of the muscles reported to the saliency map
of BA 1.  The experiments of Libet et al. again confirm that no such path is employed in the somatic
neural system.  The system operates open loop and depends on the visual and other modalities
to know precisely where the elements of the body are relative to each other.  Libet noted that the
subject routinely reported movement of the body element before any EMG signal was reported.
Thus the subject reported movement of his body element in accordance with the issuance of a
volition  instruction (abbr. VI), M, by the executive within the prefrontal cortex, and not by receipt
of a confirmation, m’, of muscle motion via the proprioreception sensory system.

The electrode tip area of the Libet probes covered an area of the CNS occupied by at least 2.5
million neurons.  They injected known current amplitudes but were not able to determine the
voltage applied to the overall CNS cross section or to individual lamina.  The electrical field
gradients induced in the tissue probably would not affect the smaller neurons of any lamina but
might affect the larger neurons of layers 4 and 5, particularly the one to two mm long axon
segments and the associated Nodes of Ranvier of the commissure which lay parallel to the
electrical field gradient before emerging from layer 6 of the laminate.

It is important to note the signals at the output of the typical PNS engine (abbr. sig. in the figure)
are serial word pulse trains.  However, the output of typical CNS engines (labeled info.) are
frequently parallel words with their bytes of information propagated over multiple parallel neural
paths.  This difference is critical to the interpretation of Libet’s time lines like that in the inset of the
figure.  The signals as perceived by the subject are labeled by primed lower case letters matching
the upper case letters referring to a source (or observed output in the case of E and V).  In the
case of the inset, the C-experience, labeled  c’ in the figure,, to the electrical stimulus, C, appears
to occur after the electrical stimulus has been integrated by a decoder circuit to the point a
threshold in a subsequent threshold circuit is exceeded.  This may require 30 pulses for a liminal
level electrical stimulus.  Alternately, the S-experience, labeled s’ in the figure, due to a stimulus
of unknown but low intensity, S, is reported within about 30 ms.  Libet noted the signal, S-
experience, appeared subjectively before the C-experience under a variety of conditions (1982,
page 239).  It is noteworthy that the S-experience, s’, response may be via the alarm mode of
neural operation.  The figure was drawn to represent only the awareness mode of neural
operation.

Libet did not establish the presence of any proprioreceptive feedback generating a sensation at
time  m’ in response to the instruction to move the finger at time M.  The delay in the visual path
from stimulation, T, to executive awareness, t’, is much longer for peripheral vision via Meyer’s Loop
than it is for the foveal path via the visual PGN/pulvinar.

 The blocks labeled “TRN (control)” are shown for completeness.  They are relevant to later
discussions of the overriding of conscious executive instructions (from BA 46) by the nonconscious
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executive function of the TRN.

On the right of the figure, the abbreviations used are; volition instruction (VI), adversive instruction
(AI), command signal (COMM) and the resulting action (ACT).  VI and AI frequently represent
parallel word commands while the command signals are serial pulse streams.

It is generally not possible to correlate the readiness potential, RP, with a specific location within
the schematic of the neural system based on the Libet papers.
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Figure 19.7.1-4 An expanded schematic and timeline for interpreting the work of Libet et al.  The
figure is presumed to represent the awareness mode of neural operation.  See text.
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21Aleksander, I. (2005) The World in My Mind, My Mind in the World. Imprint-academic.com  page 128

22Libet, B. (1985) Unconscious cerebral initiative and the role of conscious will in voluntary action Behav Brain
Sci vol 8, pp 5290-566, page 530 also pg 270 in compendium

19.7.1.2 Reviewing Libet’s findings
Aleksander21 described Libet’s findings as a “bombshell.”  While he misinterprets Libet’ readiness
potential, RP (confusing it with Libet’s initial term M which Libet redefined as W), he asserts Libet’s
findings have a major impact on the philosophical concept of free will (that concept is not shared
here).

The Libet team has provided a number of conclusions that are worth review here.

Their top-level finding was that a “readiness potential,” RP, related to the simple movement of an
element of the hand began on the order of 500 ms before any signal was recorded by an EMG
overlaying at least one of the functional muscles.  A “feeling of intent” to move the element, W,
generally appeared 150 ms before the initial EMG signal.  “Conscious control of whether the act
will actually be performed is still possible during the remaining 105 to 200 msec before activating
the muscles.”

The intent to move a single finger may involve hundreds of muscles both associated with the
finger, hand and limb but also other muscles designed to insure inertial balance of the
overall subject in its gravitational field.  The intent to move volition signal can generally be
overridden by an alarm mode signal during at least part of the interval defined by the Libet
team.

The above values are consistent with the previous schematic and the schematic suggests the
control function of the TRN following stage 6 provides the “conscious control.”

The author has frequently encountered this “conscious control” when speaking publicly.  The
observed phenomena is the following.  A volition instruction is issued to express an idea
verbally, the words to express that idea are selected (from a large pool) in BA 41/42 as an
adversive instruction.  The adversive instruction is expanded in Wernicke’s area into a large
set of muscle commands.  At this point, the control function of the TRN frequently causes me
to stop speaking and review mentally the appropriateness or adequacy of the precise
choice of words to describe a complex idea.  This procedure is so significant, the author
frequently verbally expresses a rhetorical comment concerning whether the proposed
wording is the best available before proceeding.

The above procedure appears to meet Libet’s definition, “An act is voluntary if, in addition
to arising endogenously, without externally imposed restrictions or compulsions, subjects feel
introspectively that they are performing the act on their own initiative and that they are free
to start or not to start the act as they wish22.”

To refine Libet’s ideas further, it is necessary to appreciate the difference between the awareness
mode and the alarm mode of neural signaling.  In addition, it is important to understand the stage
3 coding mechanism used to propagate amplitude information in a multi-pulse action potential
format.  It is also important to recognize that the movement of a single muscle, to the exclusion
of all others, is a nearly impossible feat.

Libet developed a hypothesis concerning the transition from a subconscious to a conscious
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23Libet, B. (1989) Conscious subjective experience vs unconscious memtal functions: a theory of the cerebral
processes involved In Cotterill, R. ed. Models of Brain Function.  Cambridge, GB. Cambridge Univ Press also
pages 325-339 of compendium

24Lieberman, P. (2000) Human Language and our Reptilian Brain.  Cambridge, MA: Harvard Univ Press

25Caramazza, A. (2004) Introduction In Gazzaniga, M. ed. The Cognitive Neurosciences, Third Edition.
Cambridge, MA: MIT Press pp 755-757

experience that he labeled the “Time-on” Theory23.    The theory depends on the definition of a
readiness potential.  The character and timing of this phenomena remains poorly defined.  The
theory remains insufficiently developed, detailed and documented, with respect to a neurological
schematic to be discussed here.  Libet discussed his theory further in an epilogue to the
compendium (pages 385-392) but did not relate his argument to a schematic.  While the discussion
is useful, it appears to lack sufficiently precise or consistent use of many words.  As an example, the
afferent term “sensory signals” is associated with various efferent motor actions.  The subject of
attention is not employed when discussing the conscious versus subconscious or the relationship
between being conscious of part of the visual environment versus being aware of the broader
visual environment.

19.8 The use of aural language
This is not the place to adjudicate the philosophical battle between MIT (led by Chomsky) and
Harvard (led by Chomsky’s student Lieberman) based on linguistic presumptions during the third
quarter of the 20th Century.  Chomsky’s thesis was that there was a unique unit of the human brain
found only in humans and dedicated to the support of oral communications.  While Chomsky’s
writings and speeches will be referenced for a long time, the advent of the MRI and fMRI during
the 1990's moved the chiasm between philosophy and neuroscience significantly closer to the
neuroscience of Lieberman and refuted (falsified) Chomsky’s principle dogma.  Chomsky
subsequently softened his stated philosophy.  This work adds additional foundation and detail to
the material presented by Lieberman in his 2000 text24.

The use of language in face-to-face communications is probably the most complex task in which
a human can participate.  Caramazza has summarized the complexity of the process in an
introduction25.  He notes, “Although progress in developing a richly articulated cognitive
neuroscience theory of language has been slow, we now seem poised to ask more detailed
questions, which should lead to more rapid developments.”

Lieberman has expressed views similar to Caramazza relative to the neuroscience of aural
language in his 2000 book.  Although he includes the reptilian brain in his catchy title, the content
is focused on the more capable human brain.  This work adds additional stage and mode
designations to many of the conceptual block diagrams cited or presented in Lieberman.

Language by humans involves a formal construct of immense complexity (within a single
language) and diversity (among the breadth of languages).  It includes not only a basic alphabet
but a proliferation of rules on how the individual symbols of the alphabet can be combined in
hierarchal form to express ever more complex ideas.

Language in other species is necessarily and significantly simpler (except possibly in Cetacea).  The
work of this investigator related to hearing includes an Appendix S discussing the anatomical
aspects of speech.  The focus of this section will be on spoken human English in order to avoid
confusion and complexity.

In this section, language will be primarily associated with aural communications.  Written
communications is a distinctly separate attempt to transcribe the aural message of one subject
in a form that can be recovered by another subject.  It involves a significantly different sensory
modality (vision) to achieve perception and a significantly different motor system to perform the
transcription.
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26Caramazza, A. (2004) Language In Gazzaniga, M. ed. The Cognitive Neurosciences, Third Edition.
Cambridge, MA: MIT Press   Division VII, Language

The use of language has been studied to near exhaustion by the psychological community.
However, their non-invasive studies have been limited in uncovering the actual operation of the
neural system.  A recent volume by Gazzaniga includes a division introduced by Caramazza who
provides an overview of the situation as of 200426.  The division begins with a discussion of listening.
However, this work will leave listening to the end.

Figure 19.8.1-1 from Baars & Gage and attributed to Friederici (2005) does place the development
of the auditory language perception in context. The labels are self-explanatory.

Figure 19.8.1-2 from Baars in Baars & Gage and attributed to Miller (1991) places language analysis
and production in a broader context that overlays the discussions in this work.  Again, the long
labels are self-explanatory.  It is notable that his sound input corresponds to stages 1 & 2 of this
work with the other labels along the left side below “input correspond to the stage 4 engines of
this work.  Conceptualizing corresponds to stage 5.  Following the “Output of high level instructions,
the activity on the right corresponds to stage 6 activity until the stage 7 activity relating to actual
muscular movement is reached at lower right.  His lexicon and its four dotted lines corresponds
precisely to the role of the striatum, pallidum and cerebellum of Section xxx.  The figure is also very
similar to the more general functional framework introduced on page 30 of Baars & Gage which
in turn is also compatible with the framework of this work but at a more generalized level (i.e., the
Baars & Gage framework does not address the role of the cerebellum and other specific neural
entities in their framework).  They note the figure “should be taken as a first sketch of mind and
brain functions.”  They gray boxes annotated as “stored memories, knowledge and skills” is a bit
jumbled.  As an example, visual knowledge and perceptual memory are generally also
declarative knowledge.  They expand on the framework in a useful way on page 52, to include
voluntary attention and the resulting “conscious event.”  However, the details associated with a
conscious event do not necessarily require voluntary attention (awareness of an explosion in the
peripheral environment comes to mind).

Figure 19.8.1-1 Schematic overview of the developmental stages of auditory language percepton
 See full caption in Baars & Gage, page438.  From Baars & Gage, 2007.



Overall System Performance 19-  21

27Ullman, M (2001) The declarative/procedural model of lexicon and grammar J Psycholing Res, vol 30(1), pp
37-69

Ullman and colleagues have provided considerable recent material from the psychological
perspective.   His focus is on the use of declarative memory and procedural memory to generate
speech27.  He does not consider the role of perceptual memory as the partner of procedural
memory in the overall learning process leading to effective speech.  Ullman continues his use of
text to the exclusion of graphics in his discussions.  This practice reduces the potential precision of
his discussions considerably.

Figure 19.8.1-2 Levels of language analysis and production.  The correspondence of this figure to
the proposed neural system of this work is very considerable and satisfying.  See text.  From Miller,
1991.
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Binder & Detre have made the following important comment28.  “Although fMRI and PET have been used extensively
to study normal language processing, the areas identified in different studies have varied markedly, probably owing
to use of different language activation tasks, control tasks, imaging techniques and data-processing methods (page 287,
repeated on 291).”  Note their lack of any reference to the physiology of the system.  The general tone of the literature
is that a spoken word is passed to the cognitive engines of stage 5 unmodified following its change to electronic form
in the cochlea.  This is a very irrational assumption.  Only the essence of a familiar word is passed beyond the auditory
PGN, initially as an interp.  By the time the information is passed to stage 5 as a cognit, it exhibits no physical and
very little semantic similarity to the original utterance.  The cognit may represent any of a group of synonyms
associated with the original stimulus.  The reverse is true in speaking, an adversive instruction from stage 5 may be
translated into a series of high level instructions in the premotor area.  The actual choice of synonyms and the ultimate
syntax used to express the adversive instruction is not controlled by the circuits of stage 5 alone.  The choice also
depends on the emotional state of the individual as well as the breadth of the individual’s language capabilities.

The problem indicated by Binder & Detre highlights the difficulty in designing a protocol to include words that have
minimal “decoration” with respect to their meaning.   The decoration associated with a word may lead to cognits
significantly different from that expected by the experiment designer.  The Binder & Detre paper illustrates some of
these difficulties.  Some of their figures indicate a 15 mm fMRI slice spacing.  Such spacing is large enough to
overlook significant activity in the brain, particularly with respect to the auditory PGN which is not that large in
maximum dimension and is considerably smaller in minor dimensions.  .

- - - - -
This section will separate the expression of ideas from the perception of ideas associated with spoken language.  The
following section will then address the same perspectives related to written language.

19.8.1 Expressing ideas through aural language

Ullman and colleagues have provided a large number of papers during the last decade on the character of speech and
its production. [xxx expand ]

Lieberman has asserted an analogy between the conventional motor subsystem and the vocal portion of the auditory
subsystem (Chapter 2).  The analogy is highlighted by the very complex motor instructions and subsequent motor
commands (to large groups of muscles in a coordinated manner) used in both subsystems and described in this work.

19.8.2 Perceiving ideas through aural language

Indefrey & Cutler have addressed “prelexical and lexical processing in listening29.  They employed some very large
scale maps of cerebral cortex. They also present a bibliography of related work.  [xxx expand ]

19.9 The use of written language

Hillis & Rapp have addressed both the comprehension and production of written language30. They provide a variety
of conceptual block diagrams and associated terminology, even addressing the orthographic/phonologic conversion.
Their definition of a grapheme as the neurological equivalent of an imaged letter is the same as the expression interp
used in this work.  In this work, the interp may represent either a letter, a syllable or a short word that is comprehended
during one pause in the eye’s motions in the reading of text (Chapter 19 of Processes in Biological Vision).
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31Hillis, A. & Rapp, B. (2004) Cognitive and neural substrates of written language: comprehension and
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19.9.1 Expressing ideas through written language

[xxx differentiate between handwriting and printed material ]

19.9.2 Perceiving ideas through written language

19.9.2.1 The unique ocular motions associated with reading

Reading involves a highly stylized visual scanning procedure that is compatible with either
horizontal or vertical scanning of graphical material.  In both cases, the perception process
involves a complex two-dimensional scanning process that includes tremor (the minute orthogonal
motions of the eyes) as a fundamental component.  The reading process is discussed in detail in
(Chapter 19 of Processes in Biological Vision).

19.9.3 The organizational relationships between orthography and phonology

Figure 19.9.3-1 shows a block diagram expanding and detailing the concept presented in figure
55.1 of Hillis & Rapp.  It preserves their proposed relationships between orthographic and
phonologic communications within the neural system while expanding the shared-components
account of the communications processes31.  It generally preserves aspects of both their figures
55.1 and 55.2.  The figure expands the diagram from the physiological perspective.  It also stresses
the universal nature of the diagram.  The figure is designed to illustrate the normal operation of the
neural system of an educated person.  It does not illustrate the auxiliary paths used by a naive
person encountering unfamiliar material.  The operation of the system under naive conditions is
discussed in the above reference to reading.
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The conceptual nature of the Hillis & Rapp paper is emphasized by the questions used to introduce
their major discussion paragraphs.  Their paper focuses on the perception of letters and their
subsequent pronunciation.  In subjects beyond introductory reading, the perception of letters soon
gives way to the perception of syllables and short words as illustrated by the eye motions recorded
during reading.  Similarly, production generally involves sounds describing syllables or short words
and not letters.  They carefully caveat their original figure.

Figure 19.9.3-1 An expansion of the independent components account of the cognitive processes
underlying reading and spelling.  Derived and extended from Hillis & Rapp, 2004.
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This figure is also largely conceptual but supported by the earlier work in this volume.  In this figure,
the lower half has been transposed from left to right.  Thus all graphic aspects of communications
are on the left.  All phonic aspects are on the right.  The production of written speech based on
an aural input, what they describe as an phonologic/orthographic conversion (POC), now involves
a diagonal path through the figure.  The evidence used to support the Hillis & Rapp figure is
believed to also support this expanded figure, possibly with greater clarity.

The conversion of a literal signal from one of the sensory modalities to a grapheme or phoneme
occurs within the appropriate (visual or auditory) portion of the PGN.  The generic output of these
organs is called an interp. The precise location of the appropriate lexicon is still subject to study.
The appropriate portion of the pulvinar is believed to perform the assembly of individual
graphemes/phonemes into low level percepts (typically at the sentence or musical bar level.  This
suggests at least part of the lexicon is associated with the pulvinar.  Higher level assembly and
perception is believed to involve the cerebellum.  The outputs of all of the sensory modalities are
assembled into their appropriate locations in the saliency map.

Some investigators suggest the olfactory sensory modality does not contribute to the
saliency map via the diencephalon but the olfactory nerve interfaces directly with the
limbic system.  The signal traffic from the olfactory bulb to the circuits of the cognitive stage
(stage 5) have not been defined sufficiently to demonstrate exclusion of either path.

The output of stage 4,the content of the saliency map, can be accessed by the engines of stage
5 (cognition) as appropriate.  From cognition, instructions can be issued to generate responses
designed to continue the communications.  These are described as volition instructions in the
figure.  They are the output of stage 5 activity.  The volition instructions are interpreted by the
premotor areas of stage 6 which in turn issue more comprehensive adversive instructions.

In this interpretation, and that of Hillis & Rapp, there is no direct interface between stage 4 afferent
and stage 6 efferent neurons in the higher animals.  The only exception could be for the alarm
mode of operation within the diencephalon and under the supervision of the TRN.

Unlike the multiple parallel input channels of the sensory or afferent neural system, the efferent
system contain only muscular and glandular paths.  Omitting the glandular paths for this discussion,
the premotor engines subdivide the instructions and direct the individual motor areas to pass
adversive instructions only to those areas of the cerebellum and superior colliculus required.  These
areas develop and sequence the individual muscle control signals required.

Failure of the premotor areas to issue correct adversive instructions, or the cerebellum to properly
separate and particularize the subsequent commands is the cause of the condition known as
apraxis.  Georgopoulos has recently summarized this subject from a clinical perspective and
developed three sub-categories32.  He also differentiated between apraxia associated with stage
4 afferent circuits and stage 6 efferent circuits of the orofi lobe (alternately defined parietal lobe).

Their discussion of the figure highlights the different operation of the system when it encounters
familiar versus unfamiliar expressions at the word level.  The discussion leads to the more detailed
discussion of reading in the chapter by this author referenced above.  Encountering an unfamiliar
expression necessarily leads to a different and more complex block diagram.

The distinction between lexicons associated with the perceptual stage 4 activity and those
associated with the procedural stage 6 activity is preserved.

It can be argued that the lexicons are all located largely in the cerebellum and they may be
shared or common.  The techniques developed in pedagogy strongly suggest these lexicons are
not shared between the perceptual and procedural areas.  As an example, a blind and deaf
subject can, with difficulty, be taught to speak understandably.

The semantic rule book remains part of, and is stored in stage 5 in this interpretation.  It can be
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argued whether the rule book should be considered a part of declarative memory or whether it
becomes a part of non-declarative memory stored in stage 5.

19.10 Psychophysical performance

Describing overall psychophysical performance is difficult with regard to the somatosensory
modalities.  Stevens33 has provided an interesting composite Figure 19.10.1-1 related to skin and
muscle sensations.  While highly subjective, the data does represent the mean of at least 10
subjects.  Additional background is available in J. Stevens & Mack34.  The variation in slopes is highly
suggestive of a degree of differentiation as a mathematical procedure, and/or adaptation, in the
end-to-end perception of stimuli to the skin.

Temperature plays a major role in psychophysical experiments related to the somatosensory
modalities.  Figure 19.10.1-2 shows an interesting data set also from Stevens (page 15).  “The lines
on the left were obtained under the assumption that the threshold or neutral point point was at
32.5C.  The first presentation (open circle) was concave up on log-log coordinates; the second
presentation determined a fairly straight line, and the third (open square) gave a function
concave downward.  The filled points show the same data plotted on the assumption that the

Figure 19.10.1-1 Equal-sensation functions for various stimuli by matching force of handgrip.  Each
point stands for the median force exerted by 10 or more observers to match the perceived
intensity of a criterion stimulus.  Relative position along the abscissa is arbitrary.  The dashed line
shows a slope of 1.0 in these coordinates.  From Stevens in De Reuck & Knight, 1966.
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effective threshold temperatures were 31.6C for the first stimulus series, 32.5C for the second and
33.0C for the third.  These adjustments of the neutral point cause all 18 geometric means to fall
close to a straight-line power function whose slope (exponent) is 1.6.”  He notes, “This outcome
suggests that the exponent for subjective warmth may remain invariant under small changes in
the state of thermal adaptation, but that a change takes place in the additive constant in the
equation for the power law.”

 These two figures are suggestive of the care
and precision required in psychophysical
experiments related to the somatosensory
modalities.

- - - -

19.10xxx Neural disorders
[xxx move to its own chapter, or into chapter
15, as this one is expanded ]

Islands of Genius, Treffert, D. (2010) London:
Jessica Kingsley Publishers

In the minds Eye, West, T. (2009) Amherst NY:
Prometheus Books

19.11 Pain as reported and within the
neural system
[xxx this section currently contains information
that may emigrate to a different location in
later drafts of this work if pain becomes
associated with a clearly defined and distinct
sensory modality. ]

The number of books and articles relating to pain is gigantic.  The number reflects the social
significance of pain within the human, and presumably other advanced, species.  Unfortunately,
most of these books are written for a popular audience encountering some sort of pain.  Most do
not discuss the fundamental neural circuits involved.

Newman provided an early but important discussion of pain from a clinical perspective35.

Ottoson has provided an entire chapter on pain from a research perspective in his 1983 text36.

The bible of pain within the medical profession is Bonica’s “Management of Pain37.”  The latest
volume contains 1600 pages.
  

Figure 19.10.1-2 Magnitude estimation of the
apparent warmth of aluminum cylinders applied
to the arm.  See text.  From Stevens in De Rueck &
Knight, 1966.
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Bonica wrote the entire first few editions himself so consistency was acheived through his
brain acting as an editor.  Unfortunately, the more recent editions have employed a large
cadre of specialists who frequently wander out of their area of expertise and assert largely
anecdotal information as facts.  While the board of editors has sought to avoid
inconsistencies in terminology, care must be utilized when broad statements are
encountered that extend outside of the focus of a specific chapter.

However, its discussion of the mechanisms involved in the neural system are limited to only a few
pages (25-28) and are primarily limited to a conceptual discussion from the common wisdom.  It
does note a difference between generator potentials and action potentials.  Chapter 4 does
describe several simple models of pain processing after beginning by highlighting the semantic
confusion rampant in this field, “Pain is both a sensation and responses to that sensation.”  This work
will not accept this position; pain is a sensation perceived within the higher cognitive centers
(stage 5) of the CNS– any response to that sensation generally involves a stage 7 motor response
to that sensation.  There are a number of reflex responses to significant sensory stimulation that can
generate stage 7 motor responses prior to the sensory signals reaching the stage 5 cognitive
engines of the CNS.

The sensory neurons associated with pain are poorly defined.  A common term appears to arise
from  combining portions of noxious and receptor into nociceptor.  Nociceptors can be defined
as sensory receptors that are activated by noxious stimuli that damage or threaten the body's
integrity.  Such receptors can sense both internal and external environments.  Ness & Randich
describe two potential methods of processing of the signals from nociceptors; as a system that is
specific for pain (the Specificity Theory) or a system that requires a pattern of neuronal activation
to occur for the experience of pain to be generated (the Pattern Theory).  They do not provide
any citations supporting their introductory remarks. However, their concluding remarks do note the
extensive review by Millan38.  In 165 pages of text, Millan only provided three figures in the form of
caricatures.  His focus within pain management is primarily on pharmaceutical intervention.  Mod
7 of a psychology course at the University of Calgary gives a brief overview of three conceptual
formulations of pain theory39, including the gate control theory introduced below.  Basbaum has
provided a recent discussion of the continuing debate relating to these theories40.  The comments
at the end of this paper indicate how much the debate has been tied to the personalities of the
recently deceased originators of the divergent theories.  

Within those comments, Casey offers, “The “pattern” and “specificity” theories are ghosts
of the past. Basbaum and Woolf have evolved to their present conceptual models, as I
have, in the face of contemporary evidence. The same is true of premier specificity
champions of the past.

 

The debate can be largely settled by using a finer scale schematic of the neural system as
presented in this work (Section xxx).  Basbaum concludes with a paragraph that can be
interpreted within this schematic, “Remember that the original discussion of specificity versus
patterning was not a neurophysiological one. Rather, it was a perceptual one: How does the brain
generate a pain percept? It is certainly possible that convergence of “specific” inputs at the level
of the spinal cord or higher in the neuraxis generates an integrated pattern of activity that is read
by the brain, the product of which is the ultimate percept.”

Within the pattern theory is the oldest approach which suggests pain is due to high intensities of
input that is independent of modality (Intensity Theory).  The chapter also focuses on two orders
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of neurons associated with pain when discussing the Specificity Theory; the primary neurons
described in terms of sensory neurons and second order neurons found within the CNS.  They note
a strict proponents of the Specificity Theory insist second order neurons are excited exclusively by
primary afferent nociceptors.  However, they take the less strict view that this is a necessary
condition but that CNS pain neurons are generally excited via other intermediate neuron types.
Their discussion suggests the spinal cord is an integral portion of the CNS when discussing the
primary and secondary orders of neurons.

It should be noted that these two orders of neurons do not accord with the much more
detailed six or seven stages of neurons (based on detailed definitions) used in this work.  As
an example, these two orders do not differentiate between analog interneurons of either
stage 2 or stage 4 and does not address the pulse type propogation neurons of stage 3.

Chapter 5 introduces a major concept that has dominated much of the discussion within the
medical community for a very long time, the highly conceptual (and yet to be demonstrated)
block diagram of Melzack & Wall41.  They expressed their theory as, 

“We propose that (i) the substantia gelatinosa functions as a gate control system that
modulates the afferent patterns before they influence the T cells; (ii) the afferent patterns
in the dorsal column system act, in part at least, as a central control trigger which activates
selective brain processes that influence the modulating properties of the gate control
system; and (iii) the T cells activate neural mechanisms which comprise the action system
responsible for response and perception. Our theory proposes that pain phenomena are
determined by interactions among these three systems.”

The literature has not been sympathetic to the gate control theory.  Dorsi & Belzberg, writing in
Chapter94 of Fishman et al., note “Several lines of evidence question the validity of the gate
control theory:
(1) normal pain thresholds are not affected by coactivation of large figers,
(2) in neuropathic pain conditions, low frequency stimulation of large-diameter afferents evokes
pain,
(3) large fiber neuropathies are rarely associated with increased pain, and 
(4) stimulation in inefficacious for chronic and acute nociceptive pain.”

In rebuttal in 1996, Wall provided a 30 year reprise of their 1965 work42. In the abstract, he
expanded on the above proposal using more recent terminology and findings.  He notes his role
in the original paper was, 

“to collect all the known facts available at the time about peripheral and spinal cord pain
mechanisms and to group them together in a hypothetical model whose output  was
compatible with the known facts of clinical pain; Melzack was to cover all the rest of
neurobiology.”

Neither discussion puts numbers and functional significance to the “large” and “small” neurons.
As noted below, the designations c-fibers and Aδ-fibers are poorly defined in the literature.  The
c-fibers are generally unmyelinated stage 2 analog neurons.  The Aδ-fibers are typically myelinated
stage 3 pulse neurons.

The Wall paper is a treasure of additional pertinent information, including summaries of many of
the papers by Basbaum et al.  However, it includes no figures.  At one point, Wall notes with regard
to their initial models (such as that shown in the next figure), “It certainly made the diagram of my
results that I had drawn for Melzack 10 years earlier look pretty simple; not wrong, just very simple.”
Wall makes several references (page 14) to the ability of stage 2 neural circuits to perform
differencing, i.e., summing signals through the dendritic tree of the neuron and then subtracting
the net of the signals applied to the poditic tree of the neuron to achieve a net output.  The result
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was a combination of facilitation and inhibition (if these words are used in a broad analog sense
rather than being limited to an all or nothing context).

At one point, Wall, asserts, “The mind is then a completely separate entity, not to be analyzed in
the same terms as the sensory apparatus that feeds it.”  The assertion was followed by, “It is no
longer permissible to view perception as a self-contained process simply fed by a reliable sensory
apparatus.
Cognitive expectations influence the operation of the sensory apparatus, thereby destroying the
classically assumed isolation of a primary sensory mechanism, which is followed by a second
isolated process, which is the operation of the mind.”  These positions are entirely consonant with
the position of this broader work.

Wall also noted another result of their 1965 activity (page 15), “In 1965, the only accepted
mechanism by which a neural action could be prolonged was the prolonged generation of action
potentials. This remains clearly true for striped muscle, in which sustained contraction is caused
demonstrably by sustained activity in the motor axons. In the central nervous system, the
equivalent accepted model for induced sustained activity was the reverberating circuit. It was
known at the time that this was an inadequate explanation for memory, since memory persisted
beyond an episode of deep anesthesia or hypothermia that had silenced all neuronal spike
activity and, therefore, should have interrupted any reverberating, spike-driven circuits. Similarly,
we knew that chronic pain states of evident central origin were not demolished by a period of
intense anesthesia.”  With the recent introduction of a variety of man-made circuits (like flash
memory) that maintain their information state in the total, or near total, absence of electrical
power for extended intervals, it becomes rational to expect the neural system to have achieved
an analogous mechanism eons ago.

On page 16, Wall addresses what he labels Ill-JUDGED ATTACKS on the 1965 paper.  He shows that
the Specific Theory adherents cannot explain a variety of observed clinical situations compatible
with the Gate Control Theory approach.  His presentation becomes quite colorful, “The one
remaining ,
and apparently immortal and indestructible, virtue of specificity theory is its utter simplicity. It has
failed to generate any explanation for clinical pains. It has failed to generate any usable therapy
and, worse, has encouraged ineffective, often counterproductive, surgical attempts to destroy
the cells or their axons. It is stuck in the textbooks and provides fodder for those skilled molecular
biologists who seek a single, simple defined system to analyze in their reductionist fashion.”  He
goes on, “By a process of twisted logic, which I was never able to understand , the physiological
opponents of the spinal gate control theory appear to have decided that a C-fiber input should
hyperpolarize A-fibers and produce a positive dorsal root potential if the theory were correct.  Their
combined inability to find such dorsal root potentials (summarized in Schmidt'") seemed to have
persuaded them that gate control theory was dead and buried and required no further obituary.
The definitive papers on the subject by Mendell and by Hentall and Fields were greeted with
resounding silence by the critics. Many of those critics have since quietly adopted the simpler
techniques as their own and have
repeated the easier experiments for their own purposes.  Long live chutzpah!”  Wall makes
additional defenses of the Gate Control Theory that will not be addressed here.  They all appear
compatible with the block diagrams and schematics of this work.

Wall concludes with a section labeled BEYOND THE SPINAL CORD.  I will not review this material
here but if I should need more material to justify the block diagrams and schematics introduced
in Section 19.11.6, I shall look to that section of the Wall paper for such support.

Figure 19.11.1-1, from Bonica’s, demonstrates the Melzack & Wall concept in its second
reincarnation of 1983.  The original caption for this figure is lengthy.  “A modification of the gate
control theory schematic models includes excitatory (white circle) and inhibitory (black circle) links
form the substantia gelatinosa (SG) to the transmission (T) cells, as well as descending inhibitory
control from brainstem systems.  The round know at the end of the inhibitory link indicates that its
actions may be presynaptic, postsynaptic, or both.  All connections are excitatory except the
inhibitory link from SG to T cells.”  The SG was not further defined within the discussion or elsewhere
within the 2010 Edition of Bonica’s.  
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The current Merriam-Webster Medical Dictionary defines the SG as “a mass of gelatinous
gray matter that lies on the dorsal surface of the dorsal column and extends the entire
length of the spinal cord into the medulla oblongata and that functions in the transmission
of painful sensory information.”

Melzack & Wall (1965) define the SG graphically in their figure 3 (center & bottom) as an
area within the pia mater of the spinal cord very near the entrance of the dorsal root nerves,
extending nearly the entire length of the spinal cord and probably providing
interconnections between nearby neurons within the spinal cord.  Whether the neurons of
the SG demodulate the arriving pulse train signals in order to affect other neurons in an
analog environment before re-encoding them into pulse trains was not addressed in their
paper.

Their 1984 paper discussed a broad range of medically observed pain reduction pivoting about
the observation that “It is evident that the one factor common to all of them is that they produce
pain to abolish pain. The pain was usually brief and moderate but its effect was to relieve or
abolish a much more severe, chronic pain. These methods, of course, did not always work, but
they obviously worked well enough to have survived as procedures of folk medicine throughout
the world for thousands of years. Do these procedures work better than a placebo? There are no
experimental studies, but the
evidence from studies of acupuncture suggests that they do.”

The discussion is totally dependent on the
functional importance of the diameter of
individual neurons involved in the input from
the periphery to the “gate control system.”
No such size relationship is supported in this
work.  Whether the neurons of interest were
myelinated or not was not taken into
consideration.  The location within the neural
system of the gate control system was not
defined.  How the signal path from
“Cognitive control” interacts with the border
placed around the gate control system was
not discussed.

Chapter 6 introduces the supraspinal
mechanisms (i.e., elements of the true CNS)
into the discussion.  They describe the
thalamus as “the gate to consciousness.”  This
label is consistent with the “nonconscious
executive” description used in this work to
describe the role of the outer layer of the
thalamus, the thalamic reticular nucleus, in
controlling what is presented to the conscious
executive.  They present a variety of MRI
images highlighting various elements of the
CNS related to pain.

Chapter 9 introduces the “functional anatomy of the human system without discussing the details
of neuron operation.  The discussion is based primarily on traffic analysis of neural signal paths.  The
individual areas of the pulvinar are well defined.

After multiple chapters relating to medical ethics, Chapter 18 returns to more direct clinical
considerations.  Electrodiagnostic evaluation of acute and chronic pain syndromes are addressed
but primarily via extraneuron electrical measurements (signal levels in the 0.6 to 12.5 mV or less
range).

A great deal of material relating to clinical practice without discussions of the neural system per
se before Chapter 95 addresses spinal cord stimulation (SCS).  Initially, this approach was labeled
dorsal column stimulation (DCS) by Shealy et al. which more closely describes most of the current

Figure 19.11.1-1 The gate control theory of
Melzack & Wall.  See text.  Redrawn by Randich &
Ness from Melzack & Wall, 1983.
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procedures43.  SCS is commonly used when discussing the technique with patients and other
laymen.  The majority of the therapy actually involves dorsal root neuron stimulation; these neurons
being inside the dora mater but outside the pia mater defining the spinal cord physiologically. 

The following definitions reflect their origin within the clinical medicine environment.  In some cases,
they will need significant modification if they are to reflect the actual organization or operation
of the neural system as defined here.

Algologists– Pain specialists in the clinical environment.

Electrocardiogram, (ECG or frequently EKG)– An electrical recording (now using multiple leads to
provide a degree of location data) of the electrical activity of the heart as a function of time.  See
Ottoson, 1983, pp 105-108.

Electromyelogram, (EMG)–An electrical recording of muscle or neural activity in response to
endogenous or exogenous (externally initiated, and frequently parametric) sensory nerve
stimulation.

Myelogram– An X-ray of a portion of the neural system obtained after injection of an opacity
inducing dye into the region of interest.

Neurogenic pain– A pain due to a lesion of the peripheral or central nervous system, and not to
the stimulation of nociceptors–is virtually always accompanied by a somatosensory deficit.
(Bowsher et al.)  

Neuropathic pain– Pain following a disease or injury to the nervous system.  It can be categorized
by the location of the causative injury.

Pain– A perception experienced by a conscious person (or animal).  The measurement of pain is
obviously highly subjective, but many qualitative scales have been developed within the clinical
environment.  An obvious problem is the fact that two individuals frequently exhibit significantly
different levels of perceived pain, although diagnosed with virtually identical situations.  According
to the International Association for the Study of Pain (IASP);

”Pain is an unpleasant sensory and emotional experience associated with actual or
potential tissue damage or described in terms of such damage.”

A major subject of discussion in the context of pain was, and remains, the simple headache
(frequently labeled a migraine headache).  In this author’s experience, it is primarily due to
excessive mental activity over a prolonged interval, and generally includes perceived visual
distortions related to assembling a complete map of the visual field within the CNS.  It is generally
“cured” by relaxing for about 20 minutes.

Paresthesia– a sensation of pricking, tingling, or creeping on the skin that has no objective cause

19.11.1 Classification of pain

Pain is generally classified with respect to intensity, duration, descriptive characteristics (self
reporting), external diagnosis by clinical staff, and age.

A second, and obviously related to the above is to classify pain as acute or chronic.  This
classification overlooks the obvious intermediates, such as recurring acute pain, chronic
progressive and laboratory induced.

It is astounding that after the study of pain for decades leading to centuries, no clear isolation of
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individual sensory receptor types dedicated to pain has occurred.   There even remains a concept
that there are no dedicated stage 1 sensory neurons and that pain signals are typically created
in stage 2 signal processing engines receiving a range of stage 1 signals from other sensory
modalities.  Such a concept is difficult to support when the output of the typical stage 1 sensory
neuron is typically logarithmically compressed, highly adapted by the adaptation mechanism and
frequently exhibits a significant degree of saturation under excessive stimulation.

Turk & Okifuji, writing in Chapter 2 of “Bonica’s Management of Pain” have discussed the potential
taxonomies of pain after initially making a conceptual distinction between acute and chronic
pain.  They have noted that earlier editions of Bonica’s have stressed the lack of classification of
chronic pain syndromes have made advancement of knowledge and treatment of chroinc pain
hard for investigators to compare results.  They note Bonica (1979) referred to this language
ambiguity as “a modern tower of Babel.”  It appears to remain so today.

Turk & Okifuji first focus on “Expert-Based Classifications of Pain” as embodied in the International
Classification of Diseases (ICD).  These classifications are necessarily based on consensus generally
among medical practitioners.    They then proceed to classifications based on;

Anatomy,
Duration,
Etiology of Pain,
Body System,
Severity,
Functioning, and
Mechanism-based classifications leading to multi-dimensional classifications as well as empirically-
based classifications of pain.

They conclude with a proposed framework for a taxonomy of pain based upon “multi-factorial
assessment.”  It remains largely conceptual at this time.  They also briefly describe the Emory Pain
Estimate Model that a two dimensional space with behavioral disturbance as one dimension and
pathology as the second.  In this, and many other classifications, pathology is defined as an
assessment based on many clinical evaluation procedures (see page 21).

Much more work in the area of taxonomy is needed to arrive at a utilitarian framework.

Gold & Gebhart (chapter 3 in Bonica’s) provide a discussion of the types of nociceptors that is
typical but totally unsatisfying from a physiological and histological perspective.  They describe
the most abundant nociceptors as “polymodal.”

Figure 19.11.1-2 from Bountra makes an attempt to organize the characteristics of pain (from his
laboratory work on small animals)44.  The terms were not adequately defined in the original work,
particularly with respect to independent and induced stimulation.  As a result, adequately
interpreting the author’s original framework is difficult.  Following tissue or neurological injury, there
is frequently a subsequent pain that is induced by secondary stimulation of a distinctly different
type.

The figure was modified by adding two boxes labeled “Manipulation” to the diagnostic tests
available and associated with tissue and neurological injury.  There are a wide range of such tests
that have been developed to ascertain the physiological nature of the injury in humans.  The
development of the MRI has also added considerably to the diagnostic tests available relating to
tissue and neuronal injury.
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19.11.1.1 Conceptual labeling of neuron fibers in clinical discussions

Most clinical literature, when discussing individual neural fibers revert to quoting very old material that is continually
echoed in textbooks relating the diameter of a neural fiber to its role and the ultimate perception associated with it.
Figure 19.11.1-3 shows such a conceptual grouping from a University of Calgary lecture that lacks an association
with the actual signaling capabilities of the individual neurons.   It also uses a variety of imprecisely defined adjectives.
Specifically, the term slow is used entirely differently, by more than an order of magnitude, with regard to the two
small fiber types.
  
The classifications of the neural fibers in these groups are not exclusive but attempt to paint a rudimentary picture for
pedagogical purposes.  The complexity of the neural system suggests each of these groups and sub-groups can be
found anywhere in the neural system where their functional capabilities require them.   Their usage is not limited to
the Gate Theory of pain.

Figure 19.11.1-2 A tabulation of pain parameters from a clinical perspective.  The two boxes
labeled “Manipulation” have been added to the diagnostics row.  From Bountra, 2003.
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The abbreviated labels are derived from an initial conceptual set of group A-, B- and C-fibers dating from the 1920’s.
Reviewing a variety of texts; 

• Fibers of the A group have a large diameter and high conduction velocity, and are myelinated fibers.  They appear
in multiple sub-groups; 

• A alpha fibers (afferent or efferent fibers)
• A beta fibers (afferent or efferent fibers)
• A gamma fibers (efferent fibers)
• A delta fibers (afferent fibers)

• Fibers of the B group are myelinated with a small diameter. Generally, they are the preganglionic fibers of the
autonomic nervous system and have a low conduction velocity.

• The C group fibers are unmyelinated and have a small diameter and low conduction velocity.  When observed in the
area of the spinal cord, they are frequently labeled afferent fibers, conveying input signals from the periphery to the
central nervous system.  However, they are more appropriately labeled interneurons when associated with the spinal
cord as illustrated in the following discussion of the Gate Control Theory.

In general, the group C fibers are used in the processing of analog signals within stages 1, 2, 4, 5 & 6.  They length
of these axons (fibers) is short because the distances between orthodromic neurons are short.  Their signal transmission
velocity is dominated by the mode of transmission, charge movement through a fluid electrolyte.  The typical velocity
is less than 1 m/sec for unmyelinated axons

Both the group B and group C fibers are myelinated and are used exclusively within stage 3 of the neural system.
They are used to propagate signals over long distances, frequently in conjunction with Nodes of Ranvier spaced at less
than 2 mm.  Their speed of propagation is several orders of magnitude greater than the unmyelinated neurons of group
C.  Their speed of propagation within an axon or axon segment is controlled by Maxwell’s Laws of electromagnetics.
The method of propagation involves electromagnetic waves moving along a dialectric in a coaxial cable configuration.
The speed of propagation within an axon or axon segment is quite high (4,400 m/sec at physiological temperatures)
and is directly related to the ratio of the outside to inside diameter of their myelination and only indirectly related to
the overall diameter of the myelination and axon segment combination The average speed over distances contaiining
one or more Nodes of Ranvier is much lower, on the order of 44 m/sec (Sections 9.1.2 & 9.4).

The various groups of fibers carry signals that are unrelated to the source of their stimulation.  However, their location

Figure 19.11.1-3 A trivial framework for neurons of the neural system based on behavioral
interpretation.  The conceptual goal was to relate the size of the fibers to their role in explaining
the Gate Control Theory pedagogically.  No functional difference was established for myelinated
versus unmyelinated axon segments.  The abbreviated symbolic labels for the fibers are of
historical interest only.  From Univ. of Calgary lecture, 
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within the physiology of the animal frequently suggests the type of stimulation they are most likely associated with.

19.11.1.2 Labeling of perceived source of pain

McGuirk & Bogduk (chapter 71 in Bonica’s) take an adamant position as to what is and is not “lower back pain.”
They give a number of examples to make their point, “Pain over the posterior thorax is not low back pain but thoracic
spinal pain.”,  “Pain over the gluteal region, not encompassing the lumbar spine ro sacrum, does not constitute low
back pain.” and “Pain over theloin is not back pain.”.  They stress, “lower back pain can be defined as lumbar spinal
pain or sacral spinal pain or any combination of the two.”

Figure 19.11.1-4 illustrates the names given to the perceived locations of pain from Bonica’s.  As the editors of this
figure note, “Somatic referred pain tends to spread over broad areas.  The patient usually finds it difficult to identify
the boundaries of where it is felt, but they can indicate its centroid.”  The editors take pains to describe what is not
“lower back pain” in order to focus on what is considered lower back pain from the clinical perspective.  Lower back
pain is defined as lumbar spinal pain, sacral spinal pain or any combination of the two (frame (b) in the figure).  Loin
(flank) pain is not considered lower back pain since it does not typically extend into the spinal column area.  It also
appears to be centered lower on the back than “lower back pain.”
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19.11.2 Objective measurement of pain

One method of measuring pain is to record the level of neurological or muscular activity as the
result of pain.

Figure 19.11.1-4 Typical names for perceived sources of pain.  (a); Landmarks for describing lumbar
spinal pain.   (b); Lumbar and sacral spinal pain, any combination of which is defined as lower
back pain.  Note off-axis locations of gluteal and loin (flank) pain.  Lower row, various perceived
locations frequently associated with pain of spinal cord origin.  Lower right; the narrow pattern of
radicular pain.  From Bonica’s, 2010.
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An electromyelograph (EMG) is used to record the largely cumulative electrical responses in a
specific location of the external surface of the body in response to either natural or induced pain.
The technique frequently employs large (few centimeters in diameter) surface electrodes (surface
EMG) but may employ needles as electrodes in appropriate cases (subdermal EMG).  The use of
external electrodes routinely involves very low level and noisy signals that must be integrated over
a large number of data cycles to illuminate significant features in the data.

Hand held electrodes are frequently used to “scan” a surface for abnormal levels of muscle or
neural activity in patients with chronic pain.  In some protocols, up to 22 locations are scanned for
a duration of a few seconds to obtain a survey of the situation.  This data can be compared to
published baselines for similar healthy patients.

19.11.2.1 The EMG analysis

The use of the EMG in the clinical setting is widespread.  However, the detailed interpretation of
its output has been limited in the clinical setting by a lack of details associated with the waveforms
from a neuroscience perspective.  About three waveforms are typically discussed in manuals but
there appear to be others, and some sub-categories, of interest

[xxx highlight difference in voltage amplitude between surface (200 microVolts) and needle (4 mV)
]

19.11.3 Ambiguous reporting of pain

The internal organs are not provided with a large number of pain receptors and the engines of
stage 4 do not maintain a saliency map of the internal organs.  Still some pain signals are
generated by the internal organs that are ambiguously displayed in the saliency map as located
primarily on the surface of the torso.  Ottoson has provided information of the referred pain related
to the heart and the intestinal tract (pages 474-480).

Ottoson described the frequent association of pain originating in the human heart with its
perception as arising along the left shoulder and inner surfaces of the left arm.  This author
perceived just such pain due to two separate incidents of nearly blocked arteries to the heart.
The first blockage of the right cardiac artery was associated with the regions C2 & C3 of the
thoracic somatosensory map and the second blockage of the left anterior descending artery was
associated with regions C4 & C5.  In both cases, the referred pain was perceived as a heating, not
unlike the result of a mild sunburn.  It was chronic in character but not severe.  It extended across
the entire upper chest in both cases.  There was no shoulder or arm involvement.

19.11.4 Irrational reporting of pain–phantom limbs

The CNS encounters two significant disorders; the reporting of perceptions related to a missing limb
or other body part, and the ignoring of body parts or areas by the CNS.  The first is generally
associated with amputation or other physical disturbance of the organism.  The latter is typically
associated with a failure within the CNS due to hemorrhage, laceration of unusual physical
pressure.

19.11.4.1 The phantom limb syndrome

[xxx quoting Wikipedia temporarily ]
When an arm or leg is amputated, patients continue to feel vividly the presence of the missing limb
as a "phantom limb". Building on earlier work by Ronald Melzack (McGill University) and Timothy
Pons (NIMH), [Vilayanur S.] Ramachandran, a behavioral neurologist, theorized that there was a
link between the phenomenon of phantom limbs and neural plasticity in the adult human brain.
In particular, he theorized that the body image maps in the somatosensory cortex are re-mapped
after the amputation of a limb. In 1993, working with T.T. Yang who was conducting MEG research
at the Scripps Research Institute,[20] Ramachandran demonstrated that there had been
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measurable changes in the somatosensory cortex of several patients who had undergone arm
amputations.[21][22] Ramachandran theorized that there was a relationship between the cortical
reorganization evident in the MEG images and the referred sensations he observed in his subjects.
He presented this theory in a paper titled "Perceptual correlates of massive cortical
reorganization."[23] Although Ramachandran was one of the first scientists to emphasize the role
of cortical reorganization as the basis for phantom limb sensations, subsequent research has
demonstrated that referred sensations are not the perceptual correlate of cortical reorganization
after amputation.[24] The question of which neural processes are related to non-painful referred
sensations has not been resolved.

19.11.4.2 The “that is not mine” syndrome

Within a short time after a major stroke paralyzing a major part of the body, the typical patient will
totally ignore the parts of the body the CNS can no longer control.  

19.11.5 Pain of parametric origin
Pain is often generated parametrically (and not involving any of the sensory neurons) by lesions
along the human pain pathway.  Bowsher, Lahuerta & Brock have addressed this source of pain
using CAT techniques45.

19.11.6 Development of a pain centered physiological schematic EMPTY
The perception of pain can arise from both internal and external (largely somatosensory) sensory
receptors.  The localization (if any) of these perceptions by the CNS can vary enormously with
position of the stimulus relative to the body.  As a result, it is difficult to define a single schematic
that includes all of the variants of neural system operation applicable to the perception of pain.
The research community has not been able to describe the varieties of sensory receptors
contributing to the perception of pain in a meaningful manner due to both ethical standards
related to inflicting pain on both animals and humans and a paucity of human volunteer subjects.
However, as Melzack & Wall described in their 1965 paper, a myriad of examples can be
described leading to either/both the Specificity Theory and the Pattern Theory.  

To place the discussion of pain in context, Figure 19.11.6-1 provides an overview of the block
diagram applicable to the overall neural system of any animal (Chapter 7).
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Figure 19.11.6-1 Top level stages within the animal neural system.  The figure highlights the visual
modality with the stages of other modalities shown in echelon behind the visual stages.  Not shown
are the control and switching capabilities associated with the thalamic reticular nucleus (TRN) that
can both modulate and redirect sensory input signals prior to their introduction into the saliency
map of stage 4.  There are also well documented reflex paths, particularly between stage 4 and
stage 6 engines involving the cerebellum that are not shown.  Also not shown but frequently
proposed are any stage 6 motor commands that might act to modulate or inhibit the stage 2 and
stage 4 engines of a given sensory modality.   The frequent occurrence of signal projection
between engines utilizing stage 3 neural circuits appears prominently in this figure.
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Two phenomenon play more important roles in pain perception and treatment than in most other
areas of neural investigation.  First is the use of parametric stimulation of a neural path at locations
other than at the sensory neurons associated with the perceived pain.  Such stimulation maybe
mechanical by way of the reflex hammer, by way of extraneous signals introduced at remote
locations as in acupuncture or by a wide range of electrical means.  Even some pharmaceutical
means that affect the glutiamic acid/GABA cycle powering the neurons might be considered to
be parametric to the normal operation of the neural system.

The second phenomenon involves the concept of attention as it applies to the focus of the stage
5 cognitive engines of the prefrontal lobe (the conscious executive) as well as the operation of the
stage 4 thalamic reticular nucleus (the non-conscious executive) through its ability to control what
information is placed in the saliency map for perusal by the stage 5 engines.  Figure 19.11.6-2
illustrates the schematic related to this phenomenon in greater detail.
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A feature of parametric stimulation found of importance in pain management is the concept of

Figure 19.11.6-2 The saliency map of the neural system is the center of perception.  The “current
engine” shown at upper left is in nominal control of what the conscious executive, shown as the
cognitive engines, perceive at a given instant.  The TRN (or non-conscious executive) plays a major
role in determining what information from the previous stages is placed in the saliency map and
where the attention of the current engine is focused at a given instant.
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paresthesis, or paresthesia, generally defined as “a perception of pricking, tingling, or creeping on
the skin that has no objective cause.”   It may not even be localized to a specific area.  When such
a perception is induced, it may become a significant phenomenon within the attention of the
stage 5 cognitive engines.  It may in fact become so significant that it masks any other sensory
awareness including the perception of pain from other sources.

In their 1965 paper, Melzack & Wall did not differentiate between the analog circuits of stage 2
engines and the pulse circuits of stage 3 propagation engines.  This is a very critical distinction that
must be made if pain management is going to be seriously pursued.  Melzack & Wall make a good
conceptual case for a more complex stage 2 operation involving either modulation or inhibition
of specific stage 1 sensory inputs by other sensory inputs, other efferent (stage 6) control signals or
even parametric electrical stimulation.  While, many investigators have proposed gate control by
input from efferent (stage 6) neural circuits, such external feedback within the physiological system
is quite rare (or non-existent).  As discussed elsewhere within this work (Section xxx), the system
operates almost totally open loop, unless one considers the manipulation of the external
environment by the animal (relative to its biased inertial reference system–see the earlier top level
stages figure) as part of a closed loop feedback system. 

While detailed information concerning the stage 1 sensory receptors associated with pain, there
is every reason to believe that the overall signal flow within the neural system is similar to that of
every other sensory modality in animals.  Chapter 7 develops this common architecture and
summarizes it (see Figure 7.1.3-4).

19.11.6.1 The spinal cord is outside the CNS physiologically
The spinal cord is frequently considered a part of the central nervous system within vertebrates
(chordata) in pedagogical material.  Such a description frequently lacks any  function definition
that would support such an anatomical or morphological labeling.

The great bulk of the spinal cord consists of stage 3 signal projection neurons (both afferent and
efferent) along with a large stage 2 signal processing engine known collectively as the substantia
gelatinosa (SG).  The SG can also be considered “gray matter” in the context of the CNS, but
actually gray matter refers to non myelinated neural material wherever located.  Within the spinal
cord, Noback (page 83) has noted the white matter (myelinated axon segments) are generally
arranged parallel to the long axis of the spinal cord.  The gray matter (generally unmyelinated) is
oriented perpendicular to this long axis.

The critical importance of the stage 3 neurons, and nerves assembled from the individual neurons,
to the viability of the animal suggests their incorporation within an armored structure such as the
vertebral column is totally justified.  However, this exceptional protection is not related to any
similar function associated with the skull surrounding most of the CNS.  The vertabra are arranged
to provide maximum physical flexibility whereas the skull is exceptionally rigid when mature.

The transition from the neurons of the spinal cord and those of the CNS can be defined
physiologically (functionally) by the location of the stage 4 information extraction engines of the
Pons and Medulla.

Many discussions in the clinical literature speak of the CNS as a “super-spinal” area.

19.11.7 Resolution of Specificity, Pattern & Gate Theories of Pain
As noted in Section 19.11, three separate theories of pain relating to the physiology of the neural
system developed during the third quarter of the 20th Century.  They were each developed by very
small groups of researchers, did not attract a significant following and were not perfected during
later decades.  The three current theories relating to the physiology of pain are all based on the
examination of only a minute portion of the overall neural system in each case.  All of them can
be interpreted as a sub-section of the more expansive physiology of the neural system presented
in this work.

As noted in the comments to a Basbaum paper cited above, Casey asserted,
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“The “pattern” and “specificity” theories are ghosts of the past. Basbaum and Woolf have
evolved to their present conceptual models, as I have, in the face of contemporary
evidence. The same is true of premier specificity champions of the past.”

Apkarian offered similar thoughts in his response to the Basbaum paper,

“I too had thought that the debate between specificity and pattern theory was one that was
buried with the passing of its main proponents. I too have been privy to heated discussions that
seem to repeat themselves from one scientific meeting to the next: one group arguing that
specific neurons are all that are needed for pain perception and the second that non-specific
neurons are really where pain perception occurs.”  He then offers his views on the subject but in
totally textual format.

Comments  similar to the above can be made concerning the Gate Control Theory when it is
interpreted within only the narrow context of pain and in the vicinity of the spinal cord.

19.11.7.1 Specificity Theory in the context of the Neural System
The specificity theory leans in the direction of a single neuron sending signals to the CNS over a
unique signal path.  It did not differentiate between acute and chronic pain, did not address the
receptive field of either the putative single sensory neuron or the putative perception of pain and
it did not differentiate between pain associated with the external surface of the subject versus
pain of internal origin..  

Looking first at the external surface environment, as a general rule, chronic pain is not perceived
as localized to much better that a region of about one cm diameter.  It appears that in the
absence of other (particularly visual) perceptions, acute pain is also localized to an area
commensurate with that of chronic pain.  These observations are not consistent with a single
sensory neuron that typically has a receptive field typically measured in microns rather than
centimeters.  The actual receptive field of a single sensory neuron is frequently impacted
significantly by the mechanical properties of the stage 0 skin itself.  These observations lead to the
conclusion that the specificity theory is not tenable in the general case.  It appears stage 1 sensory
signals are aggregated over a significant area by stage 2 signal processing neurons that output
multiple divergent signals serving multiple stage 4 information extraction engines as well as
mediating varous reflex activities.

The fact that stimulation of a pain signal pathway at a given location can generate a distinct
perception of pain arising at a significantly different location (easily demonstrated using
acupuncture techniques) is clearly indicative of the non-specific signal pathways leading to pain
perception.

The perception of pain related to internal sensory receptors is frequently not only non-specific but
frequently displaced.  In the author’s case, a significant loss of nutrition to one portion of the
pectoral surface of the heart led to a perceived displaced pain related to the T2 dermatome of
the chest.  A subsequent nutritional shortfall in an adjacent area of the heart muscle resulted in
a perceived displaced pain related to dermatome T3.  Under more severe heart deficiencies, pain
is frequently perceived as arising in the left shoulder and upper arm, either on the surface or
internal to the subject.  These frequently described conditions are not compatible with the
specificity theory.

A problem with the poorly named cardiac sphincter at the juncture of the stomach and
esophagus resulted in a perception of pain emanating from a subcutaneous area just below the
left floating rib.

19.11.7.2 Pattern Theory in the context of the Neural System
The nature of the saliency map as interrogated by the cognitive engines of the prefrontal lobe of
the CNS makes the employment of patterns within the system totally obvious.  The muli-dimensional



Overall System Performance 19-  45

character, and therefore the mathematical  orthogonality of the signals represented within the
saliency map make it abundantly clear that the system employs patterns in the recognition of the
state of both the external and internal environment presented by the saliency map.  The individual
patterns related to a given modality can involve as many as nine orthogonal dimensions in the
case of olfaction (Section xxx).  The patterns related to vision and gustation involve four orthogonal
dimensions in each case.

While the number of orthogonal dimensions employed in the earliest stages (1 and 2) of the
modality associated with pain has not been resolved, the engines of the later stages of the neural
system are clearly able to accommodate any multi-dimensional theory of pain that may be
developed.   The current limitation in theoretical understanding is limited because of the failure
of empirical researchers in the field of pain to definitively identify the number of distinct types of
signaling channels (dimensions)  employed to describe the character of pain for purposes of the
saliency map and cognition.

The pattern theory of pain processing within the neural system is totally supported by this work.
However, this work requires the pattern theory only occupy a non exclusive portion of the overall
physiology of pain.  This work supports a limited number of specific theory pathways, a great
number of stage 2 signal processing engines including those within the SG of the spinal cord and
all of the stage 2 signal processing engines incorporate circuits identified in the updated
representation of the concept of Melzack & Wall (as discussed in the next section).   

19.11.7.3 Gate Control Theory in the context of the Neural System
Figure 19.11.7-1 presents descriptions of the circuitry associated with the spinal cord in the context
of the Gate Control Theory as well as the larger neural theory of this work.  The left frame shows the
original conceptual schematic of Melzack & Wall based on a histological cross section and a
cartoon interpreting their analysis.  The cartoon shows many noted neural elements but lacks any
interconnections between those elements.  From the cartoon, they developed the conceptual
circuit shown on the left.  From the perspective communications theory, this frame includes
signaling redundancies that Melzack & Wall were probably not aware.  They also did not describe
what parts of their figure employed myelinated axons (axon segments) and which did not.  The
upper signal path was completely undefined and the arrow points to an artistic container used
to label the “Gate control” circuit but with no functional relationship to the circuits involved.
Basbaum’s 2011 paper provides useful comments related to this frame and the transition to the
more detailed right frame.  Noback provides a considerably more appropriate cartoon (pages
82 & 111) of the area described by Melzack & Wall.

The right frame shows a minimal realizable circuit (found using Boolean Algebra) to perform the
gate control function envisioned by Melzack and Wall.  Their gate control container is modified
slightly to include only the stage 2 analog portion of the overall circuit.  Outside of this container,
the myelinated coaxial axon segments of the stage 3 signal projection neurons are shown.  Within
the container, each of their input signal paths diverge at a Node of Ranvier (NoR) into two
unmyelinated axon segments that act as stage 3b pulse to analog signal recovery signal circuits.
These NoR are found at the input to the Substantia gelatinosa   Their neuron labeled SG is actually
only one of many found within the stage 2 neural engine of the spinal cord and labeled the
substantia gelatinosa (SG).  Their neuron labeled “T” is a stage 3a neuron found at the output of
the stage 2 engine.  that incorporates an analog differencing circuit capability as well as an
analog to pulse signal conversion capability (Section xxx).  The semicircular terminations represent
synapses that exhibit the characteristics of a “one-way” electrical diode.  Thus the two signals
applied to the plus input terminals of “T” do not sum until after the synapses.  The sum functions are
achieved within the dendritic conduits of the individual cells and the differencing function is
achieved between the dendritic and poditic conduits of the individual cells (Section xxx).  The
synapses do not provide any signal inversion capability.  Cells providing the differencing function
are usually identified histologically as cells exhibiting bistratified dendrites rather than a cell
exhibiting one dendritic arborization and one poditic arborization
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The minimal realizable circuit does not require any signal path extending backward
(antidromically) from the T neuron to the SG neuron as frequently introduced into more recent
empodiments of the Melzack & Wall conceptual circuit.

Figure 19.11.7-1 Schematics of the spinal cord neurons of the Gate Control Theory.  Left; the
original caricature of the situation from Melzack & Wall based on a histological cartoon.  Right; a
more detailed schematic based on this work.  The designation SG is an inappropriate label for a
single neuron since its full name is given to a major and extended engine of the neural system
containing at least 5 million inter neurons plus a great many stage 3b terminal axons and pedicles
from arriving stage 3 neurons as well as a simliar number of stage 3a encoding neurons projecting
to orthodromic sites.
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19.11.8 Alleviation of pain EMPTY

19.11.8.1 Orthodox alleviation of pain by electrical stimulation
Cameron has provided a survey of the alleviation of pain by what is labeled “spinal cord
stimulation46” (SCS).  Most of the more recent procedural guides to SCS have been prepared by
North and his associates47.  A particularly comprehensive discussion appears in Schmidek & Sweet,
5th Ed48.  Although the concept has gained general acceptance within the surgical community
associated with pain, its efficacy and economic value remains controversial.  Its current use is
primarily associated with the “Failed Back Surgery Syndrome” (FBSS).

What literature is readily available suggests the label SCS may be misleading to the layman and
student49.  The technique  typically involves introducing an electrical signal into the epidural
chamber (within the the dura mater) surrounding the spinal cord and not within the pia mater
enclosing the spinal cord itself.   The goal is to introduce an electrical signal that can
parametrically stimulate one or more stage 3 neurons generally associated with the neurons
specifically transmitting the signals perceived as related topographically to the originating sight
of the pain.  Beginning in early 1993, Struijk et al. have suggested the term epidural spinal cord
stimulation (ESCS) as more descriptive.  By late 1993, they were also discouraging the use of
references to the dorsal column, “we suggest not using the obviously confusing circumscription
‘dorsal column stimulation,’ which is often found in the literature.  Their work demonstrated that
the dorsal root neurons were the most prominently involved neurons in this type of stimulation
(Section 19.11.8.1.4)

North and Lindroth (editors of Bonica’s chapter 95) assert, “The goal of therapeutic SCS is to cover
a patient’s pain with a comfortable level of paresthesia.  Clinicians consider this blanket of
paresthesia a necessary but not sufficient condition for therapeutic success:”   Their figures indicate
a focus on epidural insertion (initially via a percutaneous insertion of a trial lead followed by
installation of a subcutaneous signal generator).  Renard and North provided additional figures
showing the use of a epidural signal lead insertion50.  Kumar et al. (the authors include Lindroth)
also describe an initial percutaneous approach with test leads inserted into the epidural space as
opposed to penetrating the pia mater51.  Final placement involved a subcutaneous signal
generator.

The surgical approach is frequently to introduce SCS leads into the epidural region rather than
within the the area enclosed by the pia mater.  Attempting to interfere with or mask a specific
signaling path within the pia mater,
• involves considerably greater risk of masking or directly interfering with undesired signal paths
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and/or
• requires considerably greater surgical skill.

The parametric stimulation is typically designed to mask the actual pain and not necessarily
interfere directly with the transmission of the pain signal.
 
The concept of SCS is one of brute force.  Because of the location of the emplanted leads outside
of the pia mater, the approach is unlikely to impact the stage 2 neurons upon which the
hypothesis that the treatment affects the stage 2 neurons of the Gate Control Theory.  The stage
3 signal projection neurons employ myelinated axon segments that form coaxial cables and
Nodes of Ranvier that are quite small (typically less than 10 microns in diameter).  As a result, any
gross electrical field (on the order of 1 to 10 volts/cm) will be only marginally effective at causing
parametric stimulation of a specific stage 3 (pulse type) neuron.  Such electrical fields would be
more likely to be more effective in parametrically stimulating stage 2 (analog) neurons.  However
most of these neurons are concentrated within the less accessible pia mater.

The minimum space between the electrode, or electrodes of an array, and a specific neuron may
exceed several millimeters.  This distance is considerably outside the receptive field of an individual
neuron to parametric stimulation.

At this time, the SCS technique suffers from a lack of specific focus on a given neuron, and a
significant lack of scientific evaluation against a placebo.  To alleviate this problem, a string of
isolatable electrodes are frequently inserted that can be switched by external means to determine
which of the set is most effective.  Up to 16 electrodes are commonly used that can be grouped
into different pairs or even quads (North & Linderoth, 2006, page 2169).  The pulse characteristics
and amplitude of the signals used appear largely arbitrary based on the concept of the protocol
preparer, the instrument manufacturer, and the emplacing surgeon.

A common disclaimer associated with SCS is;

“Although the exact mechanisms of its action are not fully understood, there is evidence
that SCS is beneficial in the treatment of several pain syndromes, with fairly consistent results.
One study reported that an estimated 60 percent of people who received SCS experienced
pain reduction or relief when surveyed one to two years post procedure.“

This disclaimer is not one expected from a highly effective surgical procedure.  Little data could
be located on the efficacy of the procedure.  Burton provided the best data on the efficacy of
the SCS technique in 197552.  In two tabulations, one showed a 47.6% “good” result and the
second showed a 45.8% “failure” result.  Sance et al. (cited below) cited the 50% good result in
their paper of 1975 without refering to the second data set.

Figure 19.11.8-1 provides a more detailed perspective representation of the spinal column in the
area of interest.  The presentation has been rotated 180 degrees to show the dorsal (afferent)
rootlets more clearly.  The medical goal is to impede the delivery of pain signals to the brain via
the dorsal rootlet and ganglion path associated with the dorsal portion of the spinal nerve.  The
ventral (efferent) rootlets are shown in less detail in this view.   Probably as indicated by the
unnumbered black dots in the previous figure rather than as indicated by the location of item #14.
The electrodes are typically 3.0 mm long with an end-to-end spacing of 6.0 mm.  Both dimensions
are grossly larger than that of any related target neuron.  

The placement of the lead is important for a variety of reasons.  Some placements have resulted
in stimulation of both the dorsal sensory signal paths and the dorsal motor signal paths.  Stimulation
of the motor signal paths may result in obvious undesirable side effects.  The electrical lead is
sometimes placed centrally near the dorsal medial fissure.



Overall System Performance 19-  49

It should be noted that the term rootlet frequently refers to a nerve formed from more than
one neuron.  Thus, this technique does not focus specifically on an individual identified
neuron.  It attempts to interfere with a group of afferent neurons associated with a given
anatomical area.

In a current version of the Medtronics Pisces system, the four electrodes are cylindrical with an
individual length of 3.0 mm and a end-to-end spacing of 6.0 mm for a total active lead length of
30 mm (1.2 inches).  The goal is to place the center of the electrode string at the expected
location of the target neuron and allow selection of the individual electrodes to compensate for
any positioning error.  The dimensions of the array is grossly larger than any single target neuron.
An end-to-end electrode distance of 6.0 mm is comparable to the distance between three Nodes
of Ranvier along a nominal stage 3 propagation neuron.  The diameter of the nominal neuron is
in the few to tens of microns range (including myelination).  The nominal pulse length is 210-240
microseconds (very short)at a 30 Hertz frequency (very low).

Figure 19.11.8-2 shows a composite view of the generally symmetrical spinal cord within the

Figure 19.11.8-1 Two segments of the spinal cord and its meningeal covering.  Note that several
rootlets (neurons) merge to form one spinal nerve, the dura mater and arachnoid are continuous
as the dural sleeved with the epineurium of each spinal nerve, the pia mater is continuous with the
dentate ligament, and the subarachnoid space extends with the dural sleeve into the region of
the dorsal root ganglion.  Electrode array is typical quad array.  Epineurium is the outer covering
of each spinal nerve.  Not to scale.  Rotated 180 degrees from both the above image and that
of  Noback, 1967.
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vertebra of the human.  It is taken from the Wikipedia page discussing “group C nerve fibers.”
However, its specific association with C nerve fibers is unclear.  The figure is not completely
annotated.  The undefined zone, X, is generally associated with the white matter of the long stage
3 neurons.  Group A nerve fibers are typically found extending long distances longitudinally within
the spinal cord.  The left side of the figure is focused on the lamina of vertical, typically group A
neural fibers, while the right side is focused on the typically labeled nuclei found along the spinal
cord and consisting of at least some group C fibers. The substantia gelatinosa of Rolando on the
right is labeled lamina II on the left.

The stage 2 dorsal nucleus are shown within the pia mater while the dorsal rootlets of the previous
figure (containing the myelinated stage 3 axon segments) are external to the pia mater.

 Figure 19.11.8-3 provides a more comprehensive description of the human spinal cord from
Noback (Chapter 5).  An annotated variant of the top cross-section is figure is also available on
the internet53.

Figure 19.11.8-2 A description of the human spinal cord within the vertebra ADD.  Labeling on the
left generally describes the individual lamina of neurons within cord while those on the right are
focused on the associated nuclei found at specific locations (elevations) along the cord.  The
notation is incomplete but illustrative.  From Wikipedia, attributed to selbst erstellt, 2006.
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A more pedagogic presentation of the spinal cord cross section appears in Chapter 4 of Bonica’s
by Ness and Randich.  It uses the simplified notation of neuron order rather than neuron stage as
presented here.  They begin with an important statement, “It is unfortunate that there has been
a tendency in pain-related research to turn common observations into over-generalizations and
so an attempt will be made in this chapter to be precise when possible.”  They offered no way to
ascertain when they were being precise versus over-general.  The neurochemistry of their second
order neurons can be ignored.  Their description of the “metabotropic glutamate receptors” is
particularly unsatisfactory.

19.11.8.1.1 Potential mechanism of SCS
As noted above, the literature has not offered any interpretation of how SCS operates to alleviate

Figure 19.11.8-3 Composite view of the sensory and motor areas of the spinal cord.  The lower
frames  stress how the focus of the spinal cord changes with distance.  The left side of the figure
concentrates on the stage 2 circuits of the  sensory pathways and the right side concentrates on
the stage 6 circuits of the motor pathways.  Note the stage 3 axons of the sensory pathway cross
over and follow the laminate labeled “Chief sensory nuclei” and closely associated with the
substantia gelatinosa at upper right.  The motor areas numbered in this figure are defined
specifically in Noback.  From Noback, 1967.
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pain.  Only the resulting paresthesis is described and then only in general terms.  However, the
electrolytic theory of the neuron incorporated in this work provides an answer to that question.
Figure 19.11.8-4  provides the framework for describing the mechanism and the resulting
phenomenon from SCS stimulation.  It is an expansion of Figure 9.1.1-8 of this work.  It is an active
model, compared to the variety of passive axon models in the recent literature. [xxx Warman
paper and Rattay paper ]   This model illustrates only one orientation of the SCS generated
electrical field relative to the target neuron.  The actual induced potential between any two points
within the tissue matrix surrounding the target neuron depends on a great variety of parameters
that were not evaluated prior to development of this illustration.

The five ground symbols shown along the bottom of the figure are usually assumed to relate to a
common potential in metallic circuits.  However, this is an oversimplification as found in many man-
made radio frequency circuits and in many electrolytic circuits.  If the fluid surrounding a neuron
is free of any electrical bias, the ground symbols can all be considered to be at the same
potential.  However, if an electrical bias is applied, an electrical field will be created that causes
each ground symbol to be connected to a different local potential. If the electrical field vector
is made parallel to the axis of the neuron, the impact on the neural circuit is maximum.

The impedances shown in this figure are generally complex and frequently incorporate a voltage
source representing the result of the electrostenolytic conversion of glutamic acid to GABA (or
other electrostenolytic reactants).

The distances between the different pairs of ground terminals are typically measured in microns
except for the pair associated with the impedances Zcc and Zee.  These two terminals are up to 2
mm apart, the sum of the distances X + Y + Z.  For a stimulating potential of 10 volts applied to
adjacent terminals on the stimulation lead spaced a nominal one cm apart, the field potential will
have a strength of up to 1000 V/m, or 2 V/2mm in this region (depending on the specific
impedances involved).  The field strength decreases rapidly at the location of the target neuron
if it is not coaxial with the line defining the minimum distance between the two electrodes.

Figure 19.11.8-4 Potential mechanism and phenomenon associated with SCS stimulation.  The sum
of the distances, X + Y + Z # 2 mm.  The multiple ground potentials are normally at the same
potential.  However, if a significant parametric electrical field should be applied with its vector
parallel to the axis of the axon segment, the individual ground potentials will vary due to this field.
See text.
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Under normal stage 3 projection neuron operation, the Node of Ranvier is sensitive to a potential
between Vee and the base electrode of the Activa (associated with Zb) of about +3 mV.  Such
a change will normally cause the  NoR to perform a monopulse regeneration of the signal
waveform at Vee if such a voltage difference is applied when the NoR is not in a refractory state.
Thus, the parametric field due to a pair of  stimulus electrodes is more than capable of generating
a change in the Vee potential compared to the  base potential of the Activa within the NoR.  This
is particularly true if the impedance Zcc is significantly lower than Zee.  As a general rule, the
electrical field is not parallel to the axon axis.  As shown above, the rootlets within the dura mater
vary significantly in their angle with respect to the longitudinal axis of the spinal cord and the
nominal axis of the pericutaneous stimulus lead.

Struijk et al. (1993a) describe the relative conductivity of myelinated neurons when subjected to
longitudinal versus transverse electrical fields in their Table I citing Geddes and Baker54.  Transverse
fields encounter the myelination directly and show it to be an excellent insulator.  The Geddes and
Baker paper is an extensive compilation with a discussion of the awkwardness involved in many
of the measurement procedures.

It should be noted that the direction of the induced field is important.  Reversing the direction
should make a major difference in the efficacy of the SCS induced field.  Struijk et al. (1993b)
discusses their conformation of the directional sensitivity of SCS.

19.11.8.1.2 Recent modeling of axons based on passive models
McNeal et al. introduced a passive model of the axon in 1976 based roughly on the much earlier
conceptual work of Huxley and Hodgkin.  During the 1990's, several authors discussed a variety of
passive axon models.  They discussed both the pros and cons of these models.  In 2002, McIntyre
et al. provided an extensive paper that actually used the term “active” to describe the operation
of a neuron and proposed conceptually an active component to their model55.  

Rattay & Aberham provided their interpretation of four different models of the axon56.  They noted,
“Up to now, most results were obtained with the Frankenhaeuser-Huxley model, but nearly all of
them are wrong in time scale and the cathodic block phenomenon was not observable because
the temperature dependence of the gating mechanism has been neglected.”  They provide an
analysis of the McNeal model but they provide no schematic to support their modeling.

McIntyre et al. also introduced the physical description of a Node of Ranvier from Berthold and
associates of the 1980's (see footnotes to their Table I).  As they note, “Unfortunately, geometric
representations of the internodal sections in nerve fiber models have not been striclty based on
experimental morphology.  Instead generically sized sections of two layers of components
representing the axolemma and myelin sheath have been used, and as a result, the fine
geometrical properties of the paranode could not be accurately represented.”  This situation is
easily corrected by referring to Chapter 9 of this work and the more extensive description of stage
3 neuron operation provided in Chapter 7 of “Hearing: A 21st Century Paradigm57.”  It is shown
there that the operation of the stage 3 myelinated neuron and its Nodes of Ranvier is much
different from that predicted in the conventional literature.  The sections of the axon adjacent to
the Node of Ranvier identified by the Berthold group are easily shown to be “end sections” within
the conventional academic specialty of electrical filter design.  The Node of Ranvier is easily
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shown to consist of an Activa, an active liquid crystalline semiconductor device analogous to the
transistor of the man-made solid state semiconductor world.

Unfortunately, McIntyre et al. adopt the unsolved partial differential equations of Hodgkin
and Huxley (1952) as their baseline in their Appendix.  In their figure 1, their circuit models
have been limited to RC networks employing variable resistors where the mechanism of
changing their resistance is unspecified.  With the increased capacity of desktop computers,
their approach has been widely employed in spite of the availability of closed form
equations describing the operation of the stage 3 neuron much more precisely.

Most of the computer aided modeling of neurons beginning in the late 1980's and
continuing to date is best described as pedagogical procedures, rather than an actual
investigation related to the neural system.  They have frequently been reported by
undergraduates58 or post docs still learning their craft.  Warman et al. assert that McNeal first
introduced the methodology they employ when McNeal (1976) attributes the methodology
to Hodgkin & Huxley (1952).  Warman et al. limit their cable model to the RC networks of
Hodgkin & Huxley with the undefined hand controlling the variable resistive impedances.

In Figure 1, McIntyre et al. also introduce their concept of a double cable model which they
attribute to Halter & Clark59.  While Halter & Clark adopt the model of the myelinated neuron of
Berthold and associates, they do not describe a double cable model.  In fact, the concept of a
double cable model is faulty.  The myelination is functionally integral with the lemma of the axon
segment.  The result is a simple coaxial cable with the fluid within the axon segment and the matrix
outside of the neuron forming the electrically conducting structures surrounding a very high quality
insulator formed by the lemma and the myelination.  Halter & Clark do note the choice of Hodgkin
and Huxley to ignore the effect of nodal constriction on conduction velocity to be significant due
to the relatively short distance of the constriction.  None of these parties recognized the very
significant delay introduced by the Node of Ranvier into their average conduction velocity
calculations (see the next figure and discussion).

A second source from McIntyre et al. is Zhou et al60.  Zhou et al. also rely upon the graphics and
designations of the Berthold group, although they attribute them to Halter & Clark.  However, they
focus entirely on the Node of Ranvier and do not document the propagation velocity of the axon
segment.  Their interests involve the effect of genetic mutations.  They make an assertion that
indicates their failure to understand the fillagree region of the myelination on each side of the
Node of Ranvier, “The transition zone between the myelinated and the nonmyelinated segment
near the nerve terminal is a site of impedance mismatch that is particularly vulnerable to
excitability perturbation, both physiologically and pathologically.”  In fact, this region is a
“matching section” of filter theory designed to specifically avoid their assertion of mismatch.

A second paper by Zhou and Chiu provide their model of a branch point at a Node of Ranvier
supporting two subsequent axon segments61. [xxx need to study this paper ]  Their failure to
recognize the transimpedance properties of the Activa within the Node of Ranvier, and their
subsequent use of linear matrix algebra, limits the value of this paper.
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Figure 8A of the 2002 McIntyre paper has been simplified from Text-fig 6 in a paper by Boyd &
Kalu62 in order to make their results appear more relevant to empirical measurements.  There is no
operational rational for subdividing a data set, calculating individual linear regression lines for
each portion and taking the regression lines as the actual data.  The dashed higher order
regression line of the original figure is just as valid.

Boyd & Kalu provide considerable data on the average velocity of neural signals in various types
of neurons using cats.  They attempted to correlate these average velocities to the total diameter
of the associated neuron.  They did not comment on the dimensions or degree of myelination of
these neurons.

In 2013, Capogrosso et al. provided an extensive 3D computational model of the motor neurons
involved in epidural stimulation of spinal neurons.  They used FEM techniques.  Their paper is
discussed in Section 19.11.8.4. They continued to use a conceptual model based on the archaic
Hodgkin and Huxley model of the 1940's (although they did not cite this source)..  That model
assumed the outer membrane of a axon segment was the functional element of the neuron.  They
offered similar but statistically different conductivity values from those of Struijk based on Geddes
& Baker.  While their graphics are colorful, their schematics do not provide any insight as to the
operation of the axon segment and Node of Ranvier beyond the conceptual circuits of Hodgkin
& Huxley.

The modeling activities since the 1980's have also described conduction velocities for their neurons
that are misrepresented.  Their velocities in the order of 30-60 meters/sec actually apply to the
combination of an axon segment and a Node of Ranvier, where the delay associated with the
regeneration of the action potential is actually dominant.  The propagation velocity along an
axon segment is very well documented to fall in the 4400 meters/sec range (nominally 100 times
faster than typically reported in these pedagogical studies).  Figure 9.1.1-8 is an annotated figure
from Figure 7.4.5-1 in “Hearing: A 21st Century Paradigm63,” using the data from Smith et al64.
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19.11.8.1.3 Clinical research designed to understand SCS

Figure 19.11.8-5 Saltatory conduction in a normal rat ventral root fiber.  Frame A shows the
propagation velocity for the axon segment extending between Nodes of Ranvier.  Frame B & C
show different presentations of the same data clearly showing the average propagation velocity
between nodes of Ranvier and dominated by the regenerator delay (0.019 msec ) of the Node.
 Modified from Smith et al., 1982.
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Lacking a model relatable to the clinically observed results of SCS surgery and a realistic model
of neuron operation, the field has not moved forward significantly.  There were crude attempts to
model the conductivity of the tissue in the vicinity of the spinal cord with both monkeys and
human cadavers beginning in the 1970's65.  However, the efforts to utilize finite element modeling
(FEM) in that time period were rudimentary.  For reasons not obvious, the investigators focused on
the current density at various locations in the specimens rather than the voltage profiles.  Both
voltage profiles and impedance maps are of primary interest based on the above figure.

Swiontek et al. provided an early report on SCS studies (relating to the first 2000 human SCS
implants66.  Significant data on the electrical contacts was provided.

Coburn provided two papers involving 3D FEM modeling67, 68.  In the first paper, they note, “In a
developing field such as this, many of the clinical results remain controversial and, as yet,
neurophysiological and biophysical explanations of likely mechanisms are inadequate.
Bioengineering analyses of the electrical fields set up in the spinal cord have been attempted
using twodimensional
finite element computer models.  However, a complete theoretical treatment needs not only
three-dimensional field analysis, but also interpretation of the field solutions in terms of likely effects
on individual nerve cells, distributed as they are in size, geometry, and orientation. Solutions for the
stimulation fields are described here; biophysical interpretations are treated in the paper to
follow.”
They did note, “It will be noted from Fig. 2 that even within the spinal canal, which is of primary
interest, the mesh was not especially fine. This is simply due to the remarkable demands that 3-D
models make on computer power. The full model comprised [ only, ed. ] 760 elements defined by
3022 nodes.”  Their discussion notes, “The significance of the fields shown in Figs. 4 and 5 can only
properly be judged in terms of the likely effects on neurons.  Considering, however, the stimulus
field solutions themselves, prior to any interpretation of neural effects, experimental validation
presents formidable difficulties. In vivo stereotactic access to spinal nerve tissue generally involves
a laminectomy and a special finite element model would be required to represent the altered
anatomy.”  They also make a very important assertion, “Even with epidural electrodes, there are
indications that current shunting by the very low impedance CSF near to electrode poles is a
crucial factor influencing stimulating
current reaching the spinal cord.”  Their second paper introduces a neuron model into the FEM.

In the second paper, Coburn introduces a very simple neuron with myelinated axon and axon
segments that are modeled as RC cables (which is a totally archaic concept, see Section 9.1.1
& 9.1.2).  He uses a variety of parameters from the neuron model by McNeal69.

Failure of all neuron models that do not incorporate inductances in the axons  
Model of neurons that appeared prior to those based on the Electrolytic Theory of the
Neuron were based on the static electrical performance of a coaxial cable (containing only
resistances and capacitances in spite of the documentation of Cole during the 1940's).  They
cannot explain the propagation of alternating currents (in this case pulse waveforms) over
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axons.  The characteristic of a coaxial cable in the presence of alternating electrical signals
is not taught in introductory courses in electricity for non-engineers.  The fact is such cables
exhibit inductance as well as capacitance and resistance in accordance with Maxwell’s
Laws.

[xxx add ]
His concluding remark is important, “An important general conclusion is that very sharp changes
of direction in the path of a nerve fiber (relative to the applied electrical field, ed.) might have a
major influence in lowering stimulation thresholds for that fiber.”

Holsheimer et al. published some very crude FEM modeling (still an early day in the computer era
for many) that related to a variety of test lead interconnections70.  They modeled a volume of 22.4
x 22.4 x 56.0 mm with a voxel size of 0.4 x 0.4 x 1.0 mm (175,616 voxels).  

Although further corroborating results were promised for a subsequent paper, the second paper
turned into a series of papers in the 1992-1997 time period.  The 1992 paper by Struijk provided
introductory analyses prior to the 1993 papers (discussed below).  They note, “The calculated field
was then applied to models of myelinated dorsal column (DC) fibers and dorsal root (DR) fibers
to calculate threshold stimuli of those fibers.  Their modeling involved RC cable models of neurons
which do not lead to realistic results related to stage 3 neuron operation (see Section 9.1.1 & 9.1.2).
“Except for the absolute values of the thresholds, the modeling results are in good agreement with
the clinical data. More reliable data on some model parameters are needed to remove the
discrepancy.”  

The Holsheimer and associates papers did not include any schematics of a neuron although they
did cite papers by others describing their neural models.

In 1997, the Holsheimer team provided a comprehensive review of their work including a
PowerPoint presentation71.  It described their results under a variety of electrode potential
combinations.

19.11.8.1.4 3D FEM modeling of SCS procedure
Struijk et al (1993a) provided a very carefully developed FEM model and exploration of the
available clinical database72.  It provides a wealth of useful information and insights.  They define
their monopolar electrical environment as well as their bipolar environment is some detail.  They
note the consistent skewing of their statistical plots, which this work assigns to the log normal
distribution caused by the exponential conversion of stage 1 signals as they are passed to stage
2 and more orthodromic circuits.

The discussion in the 1993 paper (Struijk et al.) showed significant discrepancies between the
predicted values, in-vitro measurements and clinical human measurements.  Some parameters
remained unknown at that time.  The 1994 paper (He et al.) Reported on clinical results from 3923
data points from 136 implanted patients.  “The results indicate that the perception threshold is a
function of the spinal level of the implanted electrodes, of the mediolateral position in the spinal
canal and the contact separation of electrode.”  As in most work in this area, “The exact neural
structures being stimulated, directly and trans-synaptically, are uncertain but include many
pathways in both the dorsal and ventral quadrants of the spinal cord.”  Good impedance data
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was provided for the various types of tissue present.  The following table is from Struijk et al. (1993a).

CONDUCTIVITY OF THE VOLUME CONDUCTOR COMPARTMENTS ( S /m2)
Label Medium Conductivity 
gm gray matter 0.23
wm white matter 0.60 longitudinal

0.083 transverse
csf cerebrospinal fluid 1 .7
cs epidural space 0.04
dm dura mater 0.03
vb vertebral bone 0.04
sl surrounding layer 0.004
is electrode insulation 0.001

The label “sl” refers to the semi-infinite volume of the tissue matrix surrounding the vertebra.  The
label “is” refers to the quality of the insulation on the back side of their paddle electrode
configuration.  Coburn [xxx, page 60, can’t find paper ] cited the Struijk et al. data but noted,
“Volume conductor models representing different levels of spinal cord have different transverse
geometries.”  Coburn also noted, “Calculations on the volume conductor model of the spinal cord
have shown that 80-90% of the current between electrode contacts flows through the CSF (when
electrode contacts in the epidural space are bordering the dura mater).  It is also shown that load
resistance increases only slightly with distance between two contacts (5%/cm).”

Extensive data was provided on the efficacy of the technique to pain perceived as originating
at a variety of locations on the body and extremities.

They used numerical computation to approach a best fit to their data from two directions.  They
took the convergence of the two fittings as indicative of the true case.  At one point, they assert,
“For a special case including discontinuous conductivities, which could also be solved analytically,
the numerical solutions appeared to be accurate within 2%.”  The statement has to be interpreted
as based on mean input parameters that were in fact known to have significant standard
deviations.

A second paper in 1993 expounds further on their findings73.  The first line of the Abstract recognizes
that their focus is changing, “In epidural spinal cord stimulation it is likely that not only dorsal
column fibers are activated, but that dorsal root fibers will be involved as well.”  In the introduction,
they note, “The results favor the hypothesis . . .that dorsal root fibers (DR fibers) have lower
thresholds than DC fibers with the same diameter, because of the curvature of the DR fibers” They
quoted Coburn to support this position.  This work would suggest that it is the mean axial direction
of the DR fibers rather than any intrinsic curvature.  They performed their modeling in the voltage
domain since they noted the pulse generators used were voltage sources (low impedance signal
generators).  Their data on test lead placement continued to give more precise values.  They also
provided more data on the axons they modeled (at least for the DC fibers.  They also clearly
noted, “Cathodal stimulation is well known to result in a lower threshold than anodal stimulation.”
and “From this study it follows that anodal excitation occurs at a level about thre times higher than
the cathodal threshold.”  Finally, “The modeling results indicate that DR fibers are activated first
and are followed by DC fibers at higher stimulus amplitudes. . .Therefore, we suggest not using the
obviously confusing circumscription ‘dorsal column stimulation,’ which is often found in the
literature.”  Amen!

Capogrosso et al. offered an extensive paper computational model of electrical stimulation of the
the ESCS situation74.  Unfortunately, their model relies upon the conceptual model of Hodgkin and
Huxley from the 1940's using variable impedances to crudely emulate an active circuit [xxx add
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].

As they noted, “We aimed to design a hybrid computational model combining (1) a 3D finite
element method (FEM) to characterize the electric potential and currents generated by EES, and
(2) a geometrically realistic biophysical model of spinal sensorimotor circuits to identify the type
of neurons,
fibers, and circuits recruited by EES-induced electrical fields and currents.”  Their data was primarily
from the rat.  

19.11.8.2 Indirect alleviation of pain–acupuncture et al. EMPTY
Ottoson has provided a brief overview of acupuncture and related activities to evaluate and/or
alleviate pain (pages 490-497).

19.12 Comparative physiology at the sensory modality and engine levels

Following the advances made in understanding the phylogenic tree (cladogram) of the animals,
based primarily on morphological properties and to a more limited extent on behavioral
characteristics (Section 1.1.4), many investigative teams are now looking to account for these
cladograms by exploring their differences at the engine level within the stages and signal paths
defined in this work.

The Comparative Ocular Pathology of Wisconsin (COPOLW) project at the University of Wisconsin
has begun to accumulate significant information in these areas associated with the visual
modality75.  The comparative ophthalmology section in the left navigation panel is particularly
interesting.   One panel provides a cladogram of all mammalian eyes (oculus) with keys to various
citations.  The framework appears to be from the 1990 time period and only addresses the gross
morphology of the oculus (compare to the more recent cladograms in Section 1.1.4 based on the
complete visual modality–stages 0 through 4).  Much of the COPOLW program is aimed at
assembling a broad database of pathological conditions in common veterinary animals,
particularly related to carcinomas.
 
A particular focus has been on the comparative visual physiology of the chimpanzee and human.
Chalfin et al. at Cornell University has contributed data on the differences related to the pulvinar
among the various primates76.  Fraser et al. have contributed similar data relating to the
cerebellum for these species77.

19.12.1 Comparative physiology related to vision
[xxx the following material is the result of a productive private dialog between Bruno Galmar of
Hong Kong and the author during August, 2014.  It is in no way a comprehensive review of the
literature or the current state of knowledge related to the comparative physiology of the human
and the primates with regard to vision.  The papers cited were brought into the discussion because
of they were readily available.   ]
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All of the mamals, including the primates, share a common architecture related to the visual
modality.  A fundamental question is why humans appear to exhibit higher levels of visual acuity
combined with the maximum ability to demonstrate these capabilities through drawing or other
modes of expression. 
There is considerable interest in trying to determine why the other primates do not show the visual
capabilities and ability to demonstrate these capabilities through drawing what they see.

While the gross signal paths associated with vision are identical for all mammals from stage 0
through stage 4, there are differences within each stage at the next finer level of detail.  At stage
0, the ability of the lens to transmit ultraviolet light has been shown to depend on the size of the
animal (Section 2.xxx).  Within stage 1, all animals exhibit four spectrally sensitive types of sensory
neurons (Section xxx).  However, only a select group of mammals exhibit a foveola or in some
cases a foveola streak. The presence of a foveola is typically associated with and indicative of a
dramatically different path structure within stage 2.  Those animals with a foveola or streak exhibit
a bifurcation of the signal paths leading to the engines of stage 4, the conventional LGN/occipital
lobe couple and the more precise PGN/pulvinar couple (Sections 15.1.2.3.4 & 15.2.5.5).  The
PGN/pulvinar path is generally associated with the higher resolution extraction of information from
the signal streams. 

19.12.1.1 Differences in stage 0 between chimpanzee and human
The COPLOW program has provided an OCT image of the retina of a chimpanzee that can be
compared with a similar OCT image from a healthy human78, Figure 19.12.1-1. The diameter of the
nominal human foveola is 350 microns.  Thus, the human and orangutan foveola are of similar
diameter.  Both are defined by the area free of an overlay of neural and glial tissue in the optical
path.  The main feature of interest is the relative curvature of the neural matrix/ocular fluid
interface.  This surface forms a field lens near the focal plane of the stage 0 optical system.  In
humans, this introduces a magnification of the image presented to the sensory neurons of the
retina.  The magnification of the image presented to the chimpanzee retina appears to be lower.

In both the chimpanzee and human, the nominal foveola can be considered a circular region of
23,000 photoreceptors with a diameter of about 175 photoreceptors.
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At higher magnification, this particular chimpanzee eye appears to have a cyst or tumor at the
very center of the photoreceptor array within the foveola.  This is probably why it was included in
the COPLOW inventory of primarily diseased eyes.  The notation on the Kanski & Bowling frame is
described on page 172 of Chapter 18 of “Processes in Biological Vision”
http://neuronresearch.net/vision/pdf/18abnormalities.pdf#page=172 or in Kanski & Bowling.

19.12.1.2 Differences in stage 4 between chimpanzee and human
Chalfin et al. have examined several specific areas of the pulvinar as well as the thalamus on a
relative size basis primarily.  However, in the course of their studies they also noted some
histological differences between primate species.  In discussing the thalamus they noted, “As one
moves posteriorly
through the thalamus, the LD nucleus is gradually replaced by the pulvinar itself, a massive, striated
complex with medial, lateral, and oral subdivisions that is surrounded by easily identified nuclei

Figure 19.12.1-1 A comparison of the chimpanzee and human foveola from an OCT image.  Top;
a non-annotated image of a chimpanzee foveola from the COPLOW project.  Bottom; a fully
annotated image of a human foveola (but without a scale) from Kanski & Bowling, 2011.  The
curvature in the surface of the retina facing the ocular fluid is important.  It forms a field lens at this
point that changes the magnification of the overall optical system in the region of the foveola.
The flatter bottom in the chimpanzee foveola suggests a lower magnification in this region.
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such as the central lateral nucleus (CL), LGN, medial geniculate (MGN), and central medial nuclei
(Fig. 1). The pulvinar complex continues to extend posteriorly after all other thalamic nuclei have
receded and it begins to recede even as the superior colliculus becomes more prominent.
Overall, the borders of the primate LP-pulvinar complex presented few cases of ambiguity.“  They
also noted the lack of an LP pulvinar complex per se.  The LP pulvinar was readily distinguished in
a variety of trerrestrial carnivores.  Of specific interest are the following aspects of their report, 

• “The convincing demonstration that the human pulvinar contains an embryonic dose of cells
from an origin different from macaque monkeys and rodents presents a puzzle.  This observation
was first suggested by direct observation of tritiated thymidine-labeled material and observation
of routes of migration (Rakic and Sidman, 1969; Ogren and Rakic, 1981), and recently confirmed
by demonstration of migration in fresh tissue combined with immunocytochemical labeling (Letinic
and Rakic, 2001). Moreover, the cells arising from the ganglionic eminence of the telencephalon
have been confirmed to be GABAergic interneurons (Rao and Wu, 2001).”
• “In addition, neuropil and white matter volume increases at an even greater rate than cell
number, in that the connectional requirements of larger numbers of cells typically increase at an
exponent greater than one (Murre and Sturdy, 1995; Zhang and Sejnowski, 2000), an observation
that we confirm in the case of the pulvinar as well.”
• “Armstrong (1981) noted that both the human pulvinar and lateral posterior nucleus, unlike that
of great apes, has a bimodal distribution of cell volumes consistent with the observations of Rakic
and colleagues, suggesting the introduction of a population of small cells accounting for (roughly)
35% of the total cells present; a population of about 30% GABAergic cells in the human thalamus
was described consistent with this observation. Subsequent to these studies it has been discovered
that these GABAergic cells of telencephalic origin populate all the nuclei of the dorsal thalamus,
not only the LP-pulvinar complex (Letinic and Kostovic, 1997).”
• “For a first hypothesis, we could imagine that two separate embryonic events might have
occurred to reorganize the human thalamus, a first event reducing the precursor pool for the
dorsal thalamus, and a second (numerically) symmetric event in the telencephalon, producing
GABAergic cells along with the migratory instruction to place these cells in the dorsal thalamus.
More parsimonious, however, is the possibility that a fraction of precursor cells destined for dorsal
thalamus in other primates in humans come instead under the organizing influence of the
generative regions producing the telencephalon.”

These brief assertions, based on a limited statistical database do suggest a fundamental difference
between the functional capability of the human pulvinar and that of other primates, as well as
lower mammals.  Based on this work, these differences could easily account for the ability of
humans to extract much finer information from images presented to the foveola than can other
species.  The material from Chalfin et al. even suggests the other primates may suffer a permanent
case of prosopagnosia (the inability to recognize faces) and rely more heavily on pheromones to
identify their favorite members of the opposite sex within their species.

Others have begun to compare the chimpanzee and human brains with regard to an area
generically  described as the fusiform face area (FFA) of the cortex.  This comparison has been
performed by way of post mortem phrenology79 and more recently in-vivo MRI studies.

Chance et al. assert as late as 2013 that they are unaware of any MRI studies involving the FFA.
This is somewhat surprising to this investigator.  They do indicate, “Although the precise location
of the fusiform face area (FFA) is variable among individuals and cannot be confirmed without in
vivo fMRI analysis, to our knowledge there is no such collection of brain tissue available. However,
area 37 is the classical location for the FFA in human brain (e.g., see Gathers et al. 2004) from brain
imagingstudies and therefore represents the best neuroanatomical estimate of its location.”  Area
37 is an extended area occupying a considerable portion of the left lateral temporal lobe as well
as a significant portion of the adjacent basal surface of the temporal lobe.  In most recent
discussions of this area, it is considered a major association area involving all of the sensory
modalities.  Much more fMRI analysis is needed before any credence can be given to the role of
areas 37 of the human cortex in any failure related to prosopagnosia.
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80Busignya, T. Graf, M. Mayer, E. & Rossion, B. (2010) Acquired prosopagnosia as a face-specific disorder:
Ruling out the general visual similarity account Neuropsychologia vol 48, pp 2051–2067

81Parr, L. Siebert, E. & Taubert, J. (2011)  Effect of familiarity and viewpoint on face recognition in
chimpanzees Perception vol 40(7), pp 863–872.

82Fulton, J. (2012) The Neuron and Neural System. In draft on the internet  Section 1.1.4,
http://neuronresearch.net/neuron/pdf/1Introduction.pdf#page=21 

83Parr, L. Winslow, J. Hopkins, W. &  de Waal, F. (2000)  Recognizing facial cues: Individual discrimination
by chimpanzees (Pan troglodytes) and rhesus monkeys (Macaca mulatta) J Comp Psych vol 114(1), pp 47-60

For the chimpanzee, they noted, “In chimpanzee brain the selection of the region of interest (ROI)
was based on sulco/gyral pattern, which is similar between chimpanzees and humans and on
landmarks including the hippocampus, the corpus callosum and cingulate cortex. Chimpanzees
have a clearly developed fusiform region enabling structural comparison, unlike some other
primates such as the macaque monkey.”  These are at best gross localizations for each species.

Chance comment on the difference in size of the “pyramid cells” in the area studied between
humans and chimpanzees but failed to identify the functional purpose of the pyramid neurons.
These morphologically identified neuron types have a very great variability in size (partly due to
their difference in function–either stage 3 or stage 4 neurons).  Furthermore, their relative numbers
depend greatly on the microscope magnification used when counting.  The number of pyramid
neurons becomes almost uncountable when electron microscopy is used to examine their
numbers. Noback described the number of pyramid neurons in the cerebrumin 1967 as
“innumerable” (page 234). Therefore statistics reported relative to pyramid cells must be examined
very closely for relevance.

19.12.1.3 Behavioral studies related to prosopagnosia
The neural processing of the information extracted by the stage 4 engines related to object
recognition appears to be totally unknown (except for the gross location of such processing from
the MRI studies described above.  However, there is a growing amount of behavioral
experimentation related to the statistical success in object and facial recognition experiments.

Busigny et al. have explored the similarity and/or differences between forms of prosopagnosia80.
They introduce the subject saying, “Prosopagnosia is classically defined as a disorder of visual
recognition specific to faces, following brain damage. However, according to a long-standing
alternative view, these patients would rather be generally impaired in recognizing objects
belonging to visually homogenous categories, including faces.”

Parr, Siebert & Tauberet have reported on the Effect of familiarity and viewpoint on the ability of
chimpanzees to recognize faces81. Note is made of the difference between their assertion,
“Chimpanzees, our closest living relatives, . . “ and the position developed in recent times that the
Orangutan may be our closest relative82.  [xxx add words ]

Parr et al. have reported on the recognition capabilities of the chimpanzees and rhesus monkeys83.
[xxx needs words ]

The two Parr papers appear to rely on minor levels of morphing (scaling, bending, etc.) in the
pictures the subjects were exposed to.  The size of the total image relative to the foveoloa was not
discussed.

19.12.1.4 A framework for protocol development in prosopagnosia
From an academic perspective, it is important to develop a hierarchy where the recognition of
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84Kano, F. Call, J. & Tomonaga, M. (2012) Face and eye scanning in gorillas (Gorilla gorilla), orangutans
(Pongo abelii), and humans (Homo sapiens): unique eye-viewing patterns in humans among hominids .J Comp
Psychol vol 126(4), pp 388-98 doi: 10.1037/a0029615

85Caldara, R. Schyns, P. Mayer, E.  Smith,  M. Gosselin, F. &  Rossion, B. (2005) Does prosopagnosia take the
eyes out of face representations? Evidence for a defect in representing diagnostic facial information following
brain damage J Cogn Neurosci vol 17(10), pp 1652-66.

faces (the classical or simplest case) is subordinate to the more general (or alternative) case of
recognition of an arbitrary image within a set of similar images (where the criteria is essentially the
same in both cases but not currently understood for either).  In this framework, acquired
prosopagnosia can appear as a subordinate category under both the general and the classic
cases.  Cintrary to the Busigny et al. assertion, this framework does not limit prosopagnosia to cases
of “brain damage.”  Prosopagnosia can arise prenatally or through normal aging processes.

It is also important to realize that recognition of an image depends on exceeding a threshold
within some neuronal protocol that appears to involve a multidimensional feature evaluation
methodology.  As noted by Chance et al., the above threshold may be a variable among a set
of observing individuals.  A subject may be able to perceive differences in the images of identical
twins more successfully than their biological mother.  What features are involved in reaching the
required threshold appear to be totally unknown at this time.  On the other hand, it is possible to
describe certain failures that affect the multi-dimensional summation process contributing to the
net value of the neuronal protocol.  As an example, the author has communicated with a subject
who cannot perceive the door handle on their own personal automobile, even though they are
fully aware that it is there.  She proceeds to approach the door of the car and they use her hands
(somatosensory modality) to actually locate the door handle.

It is critically important to recognize that the neural protocols used to evaluate images include
complex image scaling procedures that are not currently understood.  These include;
• linear or nonlinear scaling (probably independently along multiple dimensions that are
orthogonal), 
• image rotation in saliency space (about multiple axes), 
• compensation for illumination and coloration differences (including partial shading), and
• a degree of correlation with information from other sensory modalities.

It has also been demonstrated repeatedly that truncated images can also be recognized.
However, the systematic truncation of an image in order to evaluate the multidimensional criteria
satisfying the threshold for recognition.  This area of the literature has not been researched in the
preparation of this section.

It is important when planning laboratory investigations to control whether to observer is allowed
full examination of a large visual field through version (possibly within a time constraint) or is limited
to a small field nominally limited to that associated with the foveola (1.2 degrees in the human
case).

It is noteworthy that many past behavioral experiments have not recorded the angular size
of the images presented to the visual modality for analyses or the duration of their
presentation.  Lack of information about the size makes it difficult to determine the signal
paths employed within the brain during information extraction.  Lack of information about
the time allowed has a significant impact on the statistical properties associated with the
perception process.  See Chapter 19 of this work and also Chapter 19 of “Processes in
Biological Vision” on reading and face recognition.

If large images are used in the experiments, it is useful to incorporate data from an eye-tracker
mapping the areas of concentration of the line of sight during image interpretation.  This appears
to be the trend in sophisticated investigations into prosopagnosia84,85.   The reader is cautioned to
examine the way Caldara et al. normalized their data.  Did they normalize each data set to a 75%
level or did they normalize the entire ensemble of data sets at one time to give a 75% nominal
level?  As shown in Chapter 19 of “Processes in Biological Vision” on reading and face recognition,
the available eye-trackers (2014) are not sufficiently accurate to support precise academic
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investigations related to information extraction by the visual system.

19.13 Modality performance not covered in earlier published material

19.13.1 Gustation performance EMPTY
Performance of the gustatory modality can be described as very similar to that of vision.  Both
modalities involve a four node orthogonal  space that can be unfolded into a single linear
sensation space.  The color space is controlled by the independent wavelength parameter.  The
taste space is controlled by the independent d-value parameter of olfaction.

19.13.2 Olfaction performance EMPTY
Noting the introduction to the gustation performance in Section, 19.13.1, the olfaction
performance space is more complex than those of vision and gustation.  It involves a 9 node
orthogonal space that is difficult to visualize and can not be drawn on paper in a meaningful
geometric space.

19.13.3 Oskonation performance EMPTY
[xxx Unknown extent of the VR space at this time]

19.13.4 Somatosensory performance EMPTY
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stage 3B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45, 46
stage 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7, 9, 13, 20, 25, 29, 38, 40, 41, 43, 44, 61, 62, 64
stage 5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7, 9, 20, 22, 25, 26, 28, 41, 43
stage 6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7, 18, 20, 25, 40, 43, 51
stage 7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10, 20, 28
stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36, 51
striatum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
superior colliculus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3, 4, 8, 25, 63
syndrome . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38, 39, 47
telencephalon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
temporal lobe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
thalamic reticular nucleus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31, 40, 41
thalamus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8, 9, 31, 62, 63
tremor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
VEP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
visual acuity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
visual cortex . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7, 11
volition mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Wernicke’s area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
white matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43, 50, 59, 63
Wikipedia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10, 38, 49, 50
working memory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
xxx . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1, 2, 4, 5, 13, 20, 28, 33, 43, 45, 61
[xxx . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1, 2, 5, 22, 23, 27, 38, 52, 54, 58-60, 64, 66


