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The classification and identification of human somatic and
parasympathetic nerve fibres including urinary bladder afferents
and efferents is preserved following spinal cord injury

G. Schalow

Abstract

Single-fibre extracellular action potentials were recorded with 2 pairs of wire electrodes from lower human sacral
nerve roots during surgery. The roots from which was recorded from were used for morphometry. Nerve fibre
groups were identified by conduction velocity distribution histograms of single afferent and efferent fibres and partly
by nerve fibre diameter distribution histograms. The values of group conduction velocity and group nerve fibre
diameter measured in the paraplegics were very similar to those obtained from brain-dead humans and patients
with no spinal cord injury. Thus the classification and identification of nerve fibre groups remained preserved 
following spinal cord injury. Upon retrograde bladder filling the urinary bladder stretch and tension receptor 
afferent activities were increased; on two occasions they even fired when the bladder was empty. Two reasons are
brought forward for a too small storage volume of the urinary bladder in paraplegics: too high afferent activity
of the bladder due to changed receptor field transduction mechanisms and too low compliance.

Summary:
1. Single nerve fibre action potentials (APs) of lower sacral nerve roots were recorded extracellularly with 

2 pairs of wire electrodes during an operation for implanting an anterior root stimulator for bladder control in 
9 humans with a spinal cord injury and a dyssynergia of the urinary bladder. Roots that were not saved and that
were used to record from were later used for morphometry.

2. Nerve fibre groups were identified by conduction velocity distribution histograms of single afferent and
efferent fibres and partly by nerve fibre diameter distribution histograms, and correlation analysis was performed.
Group conduction velocity values were obtained additionally from compound action potentials (CAPs) evoked
by electrical stimulation of nerve roots and the urinary bladder.

3. The group conduction velocities and group nerve fibre diameters had the following pair-values at 35.5°C:
Spindle afferents: SP1(65∞∞m/s / 13.1 µm), SP2(51/12.1); touch afferents: T1(47/11.1), T2(39/10.1), T3(27/9.1),
T4(19/8.1); urinary bladder afferents: S1(41∞∞m/s / -), ST(35/-); α-motoneurons: α13 (-/14.4), α11 (65∞∞m/s
/13.1 µm), α11 (60?/12.1)[FF], α2 (51/10.3)[FR], α3 (41/8.2)[S]; γ-motoneurons: γβ(27/7.1), γ1(21/6.6),
γ21(16/5.8), γ22(14/5.1); preganglionic parasympathetic motoneurons: (10 m/s / 3.7 µm).

4. The values of group conduction velocity and group nerve fibre diameter measured in the paraplegics were
very similar to those obtained earlier from brain-dead humans and patients with no spinal cord injury. Also, the
axon number and the axon density of myelinated fibres of lower sacral nerve roots remain unchanged following
spinal cord injury. Thus the classification and identification of nerve fibre groups remained preserved following
spinal cord injury. A direct comparison can thus be made of natural impulse patterns of afferent and efferent nerve
fibres between paraplegics (pathologic) and brain-dead humans (supraspinal destroyed CNS, in many respects
physiologic).

5. When changing the root temperature from 32°C to 35.5°C, the group conduction velocities changed in the
following way in one case: SP2: 40∞∞m/s (32°C) to 50∞∞m/s (35.5%), S1: 31.3 to 40, ST: 25 to 33.8, M: 12.5 to
13.8; α2: 40 to 50, α3: 33 to 40. The group conduction velocities showed different temperature dependence apart
from SP2 fibres and α2-motoneurons.
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Introduction

A movement and learning therapy, called coor-
dination dynamics therapy, has been shown to be
able to improve central nervous system (CNS) func-
tioning after stroke (65), traumatic brain injury
(66, 74), hypoxic brain injury (73), cerebellar injury
(75, 76), spinal cord injury (67, 68, 84-87), in cere-
bral palsy (72), and in Parkinson’s disease (69, 71).

The research in this and the following 4 articles
in basic human neurophysiology and clinical
research is aimed at developing cure for patients with
spinal cord injury (35, 36, 41-44, 49) in general and
to improve micturition, defecation and sexual func-
tion in particular. Recent review articles on the repair
of the spinal cord injury concentrated on the regen-
eration of the spinal cord in animals, therapeutic
potential of neural stem cells, and molecular mech-
anisms (79-82). These review articles did not include
human research. The biggest problem among
patients with spinal cord injury, namely how to cure
urinary bladder functions, was also not reviewed.
This current research project, on the other hand,
approaches the problem, to cure spinal cord injury
in human, differently. It concentrates on human
research on the single neuron level, the integrative
level of CNS organization, and the clinical level. It
includes data from patients with spinal cord injury
and brain-dead humans to compare the pathophys-
iologic with the physiologic CNS functioning to
develop treatment. As will be shown, most of the
dysfunctions of the urinary bladder can be under-
stood by using the measured natural impulse pat-

terns of humans and functional anatomy. But to
understand how to cure detrusor-sphincteric dyssyn-
ergia by changing the stability of the attractor states
‘detrusor-sphincteric synergia’ and ‘dyssynergia’, the
‘System Theory of Pattern Formation (83) for
Repair’ (75, 86, 87), detailed anamneses of patients,
and knowledge of movement learning, including
learning transfer, has to be used. To improve the
coordination between the activations of the somatic
and parasympathetic nervous system divisions by
stability changes, achieved by coordination dynam-
ics therapy, integrative functions of the CNS have
to be understood. Still, the essential step to cure
partly spinal cord injury came from the measured
natural impulse patterns in brain-dead humans by
use of the single-nerve fibre action potential record-
ing method, for which the author has been attacked
ethically in the past. The goal of curing urinary blad-
der functions, following spinal cord injury, is
achieved and will be presented in the last publication
(78). No destructive operations are needed any more
to improve urinary bladder functions. Bladder prob-
lems are not only faced by patients with spinal cord
injury, but also by elderly people and young women
after the birth of the first child (stress incontinence).
5% of the society suffers on incontinence.

Upon advancing with this basic human research,
clinical consequences will be included and discussed
in this and the following articles. The general clini-
cal consequences will be discussed in the treatment
paper (78).

This basic human research started from the scratch
by first clarifying the necessary anatomy (35, 36,

2

6. Upon retrograde bladder filling the urinary bladder stretch (S1) and tension receptor afferent (ST) activ-
ity levels were undulating and increased. As compared to activity levels detected in a brain-dead human, S1 (des-
ignates afferents, not cord segment) and ST afferents fired even when the bladder was empty, with an activity
level similar to those observed in a brain-dead human with the bladder half filled. Two reasons are brought for-
ward for a too small storage volume of the urinary small storage volume of the urinary bladder in paraplegics:
too high afferent activity of the bladder due to changed receptor field signal transduction mechanisms and too
low compliance.

7. With the newly developed ‘coordination dynamics therapy’, applied early after spinal cord injury, such com-
plications of bladder functioning can be avoided; the bladder can causally be cured in severe spinal cord injury.

Key-words: Human – Spinal cord injury – Urinary bladder – Dyssynergia – Single-fibre action potential – Conduction velocity – Nerve fibre
diameter – Classification scheme – Bladder afferent activity – Electrical intravesical stimulation – Coordination dynamics 
therapy
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41, 42) and developing a new basic human electro-
physiological recording technique, the recording of
single-nerve fibre extracellular action potentials
(APs) with 2 pairs of wire electrodes from undis-
sected nerve roots, a technique which can be used
for intraoperative diagnosis and research (37, 39, 44).

The further development of the morphometry of
nerves (classification of fibre diameters according to
4∞∞myelin sheath thickness ranges) made it possible
to simultaneously characterize nerve fibre groups by
group conduction velocities and group nerve fibre

diameters (Fig.∞∞1) (39, 45, 46). In this way, an exact
classification scheme could be constructed for the
human peripheral nervous system. The scheme is a
solid basis for human neurophysiology and patho-
physiology, even though it is incomplete and holds
so far only for nerve fibre diameters larger than
approximately 3.5 µm. Another basic electrophysio-
logical method for use on humans, the recording of
single-nerve fibre extracellular APs with tungsten
electrodes (57), made it possible to record impulse
patterns of single nerve fibres; the method however

3

Fig.∞∞1. – Schematic layout of the classification scheme for the human peripheral nervous system. By recording with two pairs of
platinum wire electrodes from a nerve root containing approx. 500∞∞myelinated nerve fibres, a recording is obtained in which 3 action
potentials (APs) from 3∞∞motoneurons (main AP phase downwards) can be seen. By measuring the conduction times and knowing 
the electrode pair distance (10∞∞mm) a conduction velocity distribution histogram is constructed in which the nerve fibre groups are 
characterized by ranges of conduction velocity values and peaks in asymmetrical distributions. After recording, the root was removed,
fixated, embedded and stained, light microscope cross-section were prepared and used to measure the mean diameter and the 
myelin sheath thickness (d). Distributions of nerve fibre diameters were constructed for 4 different ranges of myelin sheath thicknesses.
Nerve fibre groups were characterized by the peak values of asymmetrical distributions. By correlating the peak values of the velocity
distributions with those of the diameter distributions obtained from the same root, a classification scheme was constructed of human
peripheral nervous system. Brain-dead human HT6.

791_EMG  25-11-2008  09:37  Pagina 3



rests on the peripheral nerve fibre classification
schemes for animals which do not apply to humans.

The following up of time-dependent conduction
velocity distributions of afferent and efferent fibres
allows an analysis of activity level changes of nerve
fibre groups. Urinary bladder afferent activity
changes upon retrograde bladder filling (40) or
motoneuron recruitment in nerve fibre groups are
examples of this approach (47, 48). Since it is further
possible to distinguish the APs from afferent and
efferent nerve fibres and to extract from the summed
activity of a fibre bunch the discharge patterns of
single-fibres, it is possible to analyse receptor prop-
erties (44) and functions of the human central ner-
vous system (CNS). An insight into the CNS func-
tions can be obtained from simultaneous impulse
patterns of single afferent and efferent fibres and
from the phase relations between the impulses of
afferents and efferents (49), following natural stim-
ulation. With the discovery of the human spinal
oscillators (40), CNS functions can be investigated
based on the behavior of spinal oscillators for long
lasting, rather constant, afferent input.

Since it is possible to record APs from pregan-
glionic parasympathetic axons, to extract parasym-
pathetic activity from secondary muscle spindle
afferent fibre activity (49), and to partly correlate
urodynamic parameters (bladder pressure) with the
activity patterns of secondary muscle spindle afferent
fibres (51), a simultaneous analysis of functions of the
somatic and the parasympathetic nervous systems is
possible. Such a simultaneous analysis allows the
study of correlations between the somatic and the
parasympathetic divisions occurring in micturition.

Materials and Methods

Measurements were collected from 9 (mean age
of the patients∞∞=∞∞27∞∞years) humans with spinal cord
lesions (Table∞∞1 of 64), a dyssynergia of the urinary
bladder, spastic pelvic floor, and spasticity in gen-
eral. The electrophysiologic measurements were per-
formed during surgery with the new method of
recording single-fibre action potentials (APs) extra-
cellularly from undamaged nerve roots or nerve root
fascicles. The surgery was performed in order to
implant a sacral anterior root stimulator (according
to Brindley (7)) to improve bladder control and to

save the kidneys. This destructive operation is with
the successful cure of urinary bladder functions (78)
not justified any more. The strategy of the surgery
is to deafferentiate the urinary bladder to increase its
storage volume and to stimulate afterwards the
motor roots (mainly S3 and S4) to empty the blad-
der. To deafferentiate the bladder, afferents and effer-
ents in the nerve roots were identified by electrical
stimulation and partly by using the single-fibre AP
recording method to recognize afferents in certain
roots. For the identification and the electrical stim-
ulation after the operation, dorsal and ventral roots
were separated or dissected if sticking strongly
together. The extirpation of parts of dorsal roots is
a part of the surgical procedure. Dorsal root fibres
do further conduct 10 to 14∞∞days following cutting.
Their functioning is unsuitable for the electrical stim-
ulation afterwards. Root parts were removed mostly
between the spine segments L4 and S2; that is about
the middle part of the S5 root and a more caudal
part for the S2 root. Slight damage may have
occurred with the handling of the roots and slight
desiccation may have occurred, when removing the
roots. The not removed ventral roots were func-
tioning well after the operation. Cut dorsal roots,
from which recording was performed, were fixated
and prepared for morphometry (Fig.∞∞1). One ventral
S4 root was obtained because of an accidental cut
(happens seldom). Light anesthesia (paraplegics feel
no pain) was administered with Propofol, not to
reduce the AP amplitude too much. Intraoperative
recording times were less than 0.5∞∞hours. The heart
rate during the operation was around 55/min (para
4, 85), the blood pressure was in the range 95/60
(para 5, 130/85). When with the electrical stimulation
of the dorsal roots (for clarifying the representation
of bladder afferents and efferents in the sacral roots)
the systolic blood pressure increased over 140, it was
waited for further electrical stimulation till the blood
pressure decreased. The respiratory rate was between
10 and 13/min, the O2 saturation was mainly between
97 and 100%, and the CO2 expir. was mainly
between 4.0 and 4.5%.

Electrophysiology

Single-fibre APs were recorded extracellularly
(Fig.∞∞1) from nerve roots with 2 platinum wire elec-
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trode pairs (electrode pair distance∞∞=∞∞10∞∞mm; electrode
distance in each pair∞∞=∞∞4∞∞mm) at 2∞∞sites, preamplified
(≈1000), filtered (RC-filter, passing frequency range
100∞∞Hz-10kHz) and displayed on a digital storage
oscilloscope (Vuko Vks 22-16), and also stored using
a PCM-processor (Digital Audio Prcessor PCM-
501ES) and a video recorder. The beginning of a
touch or a pin-pricking was marked with an up-
ward pulse; and the end with a downward pulse on
trace „a“. These pulses were generated by a marka-
tion pulse generator connected to the digital scope,
which was switched on and off with a touch sensor
working on the basis of resistance changes. Also the
pulling and releasing of anal and bladder catheters
were mostly marked with the help of pull-switch 
connected to the catheters and working in connec-
tion with the same markation pulse generator.
Trace „a“ was the recording from the proximal 
electrode pair and trace „b“ from the distal pair.
Conduction velocities of single-fibres were calcu-
lated from the conduction distance (electrode pair
distance) and the respective conduction times, the
time needed for an AP to cover the conduction 
distance (time difference between traces „a“ and „b“
for a particular AP). APs from afferents and effer-
ents could clearly be distinguished since for the 
used electrode arrangements the main phase (sec-
ond phase) from afferent fibres is upwards and 
that of efferents downwards (Fig.∞∞2A). E.g., the AP
of a skin afferent fibre reaches a pair of electrodes
first as negative and then as positive. According to
the electrode setting used, the main phase is up-
wards. An AP of a motoneuron, coming from the
opposite direction, would reach the electrodes in 
the order positive-negative. The potential changes
are therefore opposite and the main triphasic AP
will point downwards. An AP in an afferent fibre
reaches first the caudal electrode pair and then the
rostral pair, whereas an AP of the efferent fibre
reaches first the rostral electrode pair and then the
caudal one. The conduction times are therefore 
also opposite (Fig.∞∞2A). If APs of two efferent fibres
meet at one electrode pair at the same moment, the
APs add up algebraically. The adding up of many
fibres’ impulses, following electrical stimulation 
will give rise to a compound AP (50). If the APs of
an afferent and an efferent fibre meet at the same
point of time at one electrode pair, they partly or
fully abolish each other (subtraction of the AP

5

Fig.∞∞2. – A. Sweep piece of recording; conduction times and cor-
responding conduction velocities are indicated. Root temperature
at recording, 35.5°C.
B, C. Conduction velocity distributions of afferents (B) and effer-
ents (C) obtained for a time interval of 3.6∞∞s with no additional
stimulation. SP2∞∞= secondary muscle spindle afferents, S1∞∞=
stretch receptor afferents of bladder, ST = tension receptor 
afferents, M = mucosal afferents, S2∞∞= afferents responding to
fluid movement; α1 = α1-motoneurons (FF), α2 = α2-motoneurons
(FR), α3 = α3-motoneurons (S), γß = γß-motoneurons, γ1 = γ1-
fusimotors (dynamic), γ21 = γ21-fusimotors (static), γ22 = γ22-
fusimotors (static), par = preganglionic parasympathetic moton-
eurons. CAP comp. = group conduction velocities obtained from
the components of compound action potentials (CAPs). Vesic.
stimul. = group conduction velocities of bladder afferents
obtained upon electrical intravesical stimulation (see Figs. 8, 9).
Calibration relation indicates the same peak group conduction
velocity of secondary spindle afferents and α2-motoneurons
(cross-hatched). Velocity histogram classes ≤ and < (half closed
(left) interval).
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amplitudes). However since these APs will not meet
each other at the other electrode pair, the afferent
and the efferent APs are clearly distinguishable on
the trace of the other electrode pair. The conduc-
tion velocities of afferent APs were plotted in an
afferent conduction velocity distribution histogram
(Fig.∞∞2B) and those from efferent APs in an efferent
velocity histogram (Fig.∞∞2C). Histogram classes were
half closed intervals (≤ and <); the left border
belongs to a particular class, the right one does not.
Group conduction velocity and nerve fibre diameter
values were the peak values of asymmetrical distri-
butions. Single-fibre APs were always recorded from
whole roots or fascicles. I did not try to tease single-
fibres. In nerve roots thinner than 0.6∞∞mm in dia-
meter (radial decline of AP amplitude due to volume
conductance is approx. by a factor of 1/10 per
0.3∞∞mm; the root flattens when positioned on the
wire electrodes), it is possible to record single-fibre
APs from all fibres with a diameter larger than
approx. 4 µm. The radial decline of low-amplitude
long-lasting extracellular APs, due to volume con-
ductor embedding, of thin fibres, including pregan-
glionic parasympathetic fibres, is less pronounced
than it is for high-amplitude short-lasting APs 
since the low frequency sinusoidal coefficients will
have large amplitudes in a Fourier-expansion (17, 32).
Since nerve roots have no epineurium and nearly no
perineurium, the nerve fibres in the roots can easily
be damaged when recording with wire electrodes.
Pressure and stretch will change the AP wave form
or even block conduction (most easily at the node of
Ranvier) so that an AP can be recorded from one
electrode pair only. Double peaked APs can occur,
probably when a node of Ranvier is blocked.
Mechanical stimulation, nerve fibre compression,
resistance artifacts and trigger zones may change
impulse shape and activity (23, 26, 33, 34, 55, 58,
60, 61). For further literature see Ref. (38). Heavily
distorted APs from damaged fibres were omitted
from the analysis.

Morphometry

Pieces a few cm long were removed from dorsal
roots which were used to record from, fixated for
4∞∞hours in 4% glutaraldehyde in cacodylate buffer,
afterfixated in 1% OsO4 for 2∞∞hours, and dehydrated

and embedded in Araldite according to standard
techniques. Pictures of semi-thin sections (approxi-
mate depth∞∞=∞∞1µm) stained with thionin acridine-
orange, were taken with a light microscope (≈1000).
Nerve fibre diameters ∅∞∞=∞∞1/2(∅1 + ∅2) (∅1 and ∅2

are the larger and the smaller diameter of non-
round shaped fibres) and the mean myelin sheath
thickness „d“ were measured by hand. A shrinkage
correction of 8% was allowed. The nerve fibre diam-
eters measured were divided into 4 ranges of myelin
sheath thickness: 0.25 µm ≤ d < 0.8; 0.8 ≤ d < 1.3;
1.3 ≤ d < 1.8; 1.8 ≤ d < 2.5 µm. For each class of
myelin sheath thickness a diameter distribution 
histogram was constructed. In the case of damaged
fibres (splitted myelin sheath) the myelin sheath
thickness was measured at the most preserved part.
Very strongly damaged fibres were not taken into
consideration. Because of the preference of the
authors of even to odd values, neighbouring his-
togram classes show large variations. This system-
atic error can be abolished by increasing the 
width of the histogram classes from 0.25 µm to 
0.5 µm. For the diameter distribution 0.25 ≤ d <
0.8 µm the higher histogram class was used anyway.
Computer-assisted morphometry would eliminate
such systematic error, but would have less accu-
racy, since computer programs cannot handle arte-
facts and altered nerve fibres as if they were normal
fibre. Electron micrographs were only used to check
the light microscope pictures.

Ethics

Informed consent was obtained from the patients
to the recordings to be made. The method of record-
ing single-fibre APs was used for intraoperative 
diagnosis, to identify more safely (e.g. in the case 
of an anatomical variation) what nerve fibres are
contained in what nerve root fascicles. An improve-
ment of the intraoperative diagnosis may make it
possible in the future to deafferentiate the bladder
more specifically. It would be of great benefit if
one could save e.g. the afferents signalling sexual
sensation. This qualified but destructive operation
is not justified any more, because urinary bladder
function can be repaired by functional reorganiza-
tion and regeneration of the human spinal cord
(78, 86, 87).
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Results

Conduction velocity distributions for afferent and
efferent nerve fibres

From 9 paraplegics (para 3 to para 11) with
spinal cord lesions for 0.5 to 6∞∞years single nerve
fibre action potentials (APs) were recorded extra-
cellularly from sacral nerve roots during the surgery,
conduction velocities were calculated and group con-
duction velocities were determined from the peaks in
the velocity distribution histograms. The measured
peak values of the group conduction velocities for all
paraplegics are summarized in Table∞∞1 of 64. The
patients, aged 20 – 37∞∞years, suffered from dyssyner-
gia of the urinary bladder, had a spastic pelvic floor
and showed spasticity of different degree in general.
They underwent surgery for the implantation of a
sacral anterior root stimulator (destructive opera-

tion) to enable urinary bladder control (Table∞∞1 of
64). Upon electrical stimulation of the ventral roots
(often S3 plus S4), the external bladder sphincter
and the detrusor contract. Since the external blad-
der sphincter (striated muscle) relaxes earlier than
the detrusor (smooth muscle) following the impulse
train, urine emerges from the bladder. Repeated stim-
ulation empties the bladder.

From single nerve fibre AP recordings, like those
in Figs. 2A and 3D, conduction velocity frequency
distribution histograms were constructed for single-
fibres with no additional stimulation (Fig.∞∞2B, C)
and measurements obtained during changing of a
thin for a thick anal catheter (Fig.∞∞3E, F). Following
anal catheter stimulation the peak of preganglionic
parasympathetic fibres appeared (Fig.∞∞3F), indicat-
ing that the parasympathetic division was activated.
The activation of the parasympathetic division will
be tackled in a following paper (51). The identifica-
tion of nerve fibre groups from conduction velocity
distributions rests upon the assumption that nerve
fibres of a certain group conduct at a velocity sim-
ilar to those obtained from measurements in brain-
dead humans (HTs) and in patients with no spinal
cord lesion (39). Further support for the use of these
single-fibre conduction velocity distributions with
group identification was obtained from electrical
nerve root stimulation (50) and electrical intravesi-
cal stimulation (Figs. 9, 10).

Electrical nerve root stimulation with the Brind-
ley stimulator (7) evoked compound action poten-
tials (CAPs) the components of which were con-
ducted at velocities similar to the group conduction
velocities obtained from single-fibre AP recordings
showing natural impulse patterns. Because of a large
number of afferent and efferent nerve fibre groups
contained in the roots only few CAP components
were obtained. The fast conducting groups of sec-
ondary muscle spindle afferents (SP2), conducting
orthodromically, and the α2-motoneurons (FR), con-
ducting antidromically if stimulated caudal to the
recording electrodes (or vice versa if stimulated ros-
trally), could nevertheless be extracted from the CAP
components. Because of time restrictions during the
surgery, electrical stimulation at the thresholds of
the different groups was only performed occasionally
so that the CAPs often did not split into different
components. Also, due to insufficient space the stim-
ulation electrodes were positioned approx. 2∞∞cm ros-
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Fig.∞∞3. – Sweep piece of recording (D) and conduction velocity
distributions (E,F) taken from time intervals following a change
of a thin anal catheter (∅∞∞=∞∞12∞∞mm) for a thick one (∅∞∞=∞∞20∞∞mm).
Note the manifestation of the parasympathetic peak. For sym-
bols, see legend Fig.∞∞2.
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tral or caudal to the recording electrodes; for strong
stimulations this resulted in a partial fusion of the
stimulation artifact and the CAP. Anyhow, the group
conduction velocity values obtained from the com-
ponents of the CAPs have confirmed the group con-
duction velocity values obtained from single afferent
and efferent nerve fibres (Table∞∞1 of 64).

CAPs evoked by electrical intravesical stimula-
tion (Fig.∞∞9A), also performed with the Brindley
stimulator (pulse duration 0.3∞∞ms), were conducted
at group conduction velocities very similar to those
obtained for single stretch (S1) and tension recep-
tor afferents (ST) of the urinary bladder (Fig.∞∞2B).

Fibre diameter distributions for afferent and efferent
nerve fibres

After the recording of single-fibre APs, the dor-
sal nerve roots were removed, fixated and prepared
for morphometry. Figs. 4A,B,6B show examples of
nerve root cross-sections obtained. Manually deter-
mined values of mean nerve fibre diameters (1/2(∅1

+ ∅2)) and mean myelin sheath thicknesses d (and
of other parameters) were used to construct nerve
fibre diameter distribution histograms (Figs. 5A, B,
6C). Nerve fibre groups were identified with the help
of conduction velocity distribution histograms and
the assumption that nerve fibre group diameters had
not changed too much from physiologic values. The
identification was started with the thickest fibres.
Identified peaks were assigned to the group to which
they belonged (see Fig.∞∞5).

The presence in the lower sacral nerve roots of
ventral root afferents and dorsal root efferents com-
plicated the group identification from nerve fibre
diameter peaks. This problem did not arise with con-
duction velocity distributions since APs from affer-
ents and efferents have opposite triphasic amplitude
and opposite conduction times. Also, velocity dis-
tribution peaks could partly be identified by differ-
ent kinds of stimulation. With electrical intravesical
stimulation for example, bladder afferents will mainly
be activated whereas stimulation of the parasympa-
thetic division will activate parasympathetic
motoneurons.

As can be seen from Figs. 5A, B, 6C, the muscle
spindle afferents, the 4 thickest skin afferents and
the α-motoneurons had myelin sheath thicknesses

between 1.8 µm and 2.5 µm. The fusimotor fibres
(γ1 – γ22) had myelin sheath thicknesses between
0.8 µm and 1.3 µm, and the preganglionic parasym-
pathetic motoneurons between 0.25 and 0.8 µm.
Only few axons had myelin sheaths with a thick-
ness between 1.3 µm and 1.5 µm. In dorsal roots
there were only few fibres with a myelin sheath 
thickness between 0.8 and 1.3 µm. The classification
of nerve fibre diameters into 4 different ranges of
myelin sheath thickness has the advantage that 
certain nerve fibre groups fit mainly within certain
myelin sheath thickness ranges and can therefore 
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Fig.∞∞4. – A. Light microscopic picture of a cross-section of the
right nerve root S5. Nerve fibres are indicated which, according
to their mean fibre diameter and myelin sheath thickness, most
likely are a secondary muscle spindle afferent fibre (SP2), a γ1 or
an α2-motoneuron.
B. Light microscopic picture of a cross-section of a vS4 nerve
root. Nerve fibres are indicated which, according to their mean
diameter and myelin sheath thickness, are a preganglionic
parasympathetic motoneuron, γ1, α11, α12, or α13-motoneuron.
Thionin acridine-orange staining of the myelin sheath. Para-
plegic 11.
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be better identified. E.g., the parasympathetic pre-
ganglionic motoneurons have similar diameters as
do the static fusimotors (γ22) (Fig.∞∞5B). They can be
distinguished from each other by a thicker myelin
sheath of the γ22-motoneurons.

In human there are approximately 20% ventral
root afferents and dorsal root efferents in the S4
root, 1-2% in the S3 root and less than 1% in the S2
root (46). Because of the myelinated ventral root
afferents in the ventral S4 root, the fibres in the myelin
sheath thickness class 0.25 ≤ d < 0.8 µm (Fig.∞∞5B)
represent not only parasympathetic motoneurons

but also afferent fibres, whereas the fibres in the 
dorsal S2 root represent mainly afferents (Fig.∞∞6B) in
the myelin sheath thickness range 0.25 ≤ d < 0.8 µm.
By plotting the distributions of thin myelin sheath
fibres with reduced amplitude (Fig.∞∞5B) into Fig.∞∞6C
(dashed line) one can compare the mixed parasym-
pathetic-afferent fibre distribution with that of pure
afferent fibre distribution. It can be estimated that
parasympathetic preganglionic fibres (peak group
diameter approx. 3.5 µm) have a group diameter by
approx. 0.6 µm thicker than the thin afferent fibres
in the same myelin sheath thickness range, even

9

Fig.∞∞5. – A. Nerve fibre diameter distributions of the right nerve root S5 (from Fig.∞∞4A); classification in 4 ranges of myelin sheath 
thicknesses (d). Fibre diameter peaks are indicated, which represent α2-motoneurons, T1∞∞skin afferents (PC), secondary spindle (SP2)
afferents (aff) and preganglionic parasympathetic (parasymp.) nerve fibres. A distribution curve for SP2 fibres is indicated. In the range
of myelin sheath thicknesses 0.25 ≤ d < 0.8 µm, possible fibre distributions are drawn into the histogram, which represent parasympa-
thetic fibres and afferent fibres. B. Nerve fibre diameter spectra for nerve root vS4 (from Fig.∞∞4B), according to 4 classes of myelin sheath
thicknesses (d). Fibre diameter peaks are indicated, which represent γ22, γ21, γ1, γβ, α3, α2, α11, α12, and α13-motoneurons, parasymp. =
preganglionic parasympathetic fibres, ventr. root aff = ventral root afferents. Paraplegic 11. The high number of α1-motoneurons (FF)
in root S4 is unusual. Distributions of subgroups α11, α12 and α13 are qualitatively drawn for α1-motoneurons. In the class of myelin
sheath thicknesses 0.25 ≤ d < 0.8 µm, distribution curves are qualitatively drawn for parasympathetic fibres (parasymp.) and ventral
root afferents.
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Fig.∞∞6. – A. Cross-sections of the right nerve roots S5, vS4, dS4,
dS2. The dorsal root S2 consists of 2∞∞main fascicles. The square
area marked in the lower fascicle of the S2 cross-section is shown
in B at a higher magnification.
B. Magnified area of the dS2 cross-section from A. Nerve fibres
are marked which, according to their diameter and myelin sheath
thickness most likely represent primary spindle (SP1), secondary
spindle afferent fibres (SP2) and T1 (PC), T2, T3, and T4∞∞skin
afferent fibres.
C. Nerve fibre diameter spectra of the dS2 cross-sectional area
in B according to 4 ranges of myelin sheath thicknesses (d). Fibre
diameter peaks are indicated, which represent primary (SP1) and
secondary muscle spindle afferents (SP2), and the myelinated
skin afferent fibres T1 (Pacinian corpuscle), T2, T3 (probably
SAI) and T4. Distribution curves for SP1 and SP2 fibres are
indicated. The histogram for parasympathetic fibres (including
ventral root afferents) from root vS4 in Fig.∞∞5B is represented by
the dashed line (parasymp. vS4). The histogram for thin fibres
(0.25 ≤ d < 0.8 µm) includes possible afferent fibre distribution
curves. Paraplegic 11. For further abbreviations and symbols see
legend to Fig.∞∞11.

A
B

C
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though the distributions may not be identical. This
numerical characteristic was already recognized 
during manual measurements of fibre diameters and
myelin sheath thicknesses. Only seldom fibres were
found in the dS2 root (Fig.∞∞6B), with medium diam-
eters and very thin myelin sheaths. The qualitatively
drawn distribution curves of parasympathetic pre-
ganglionic motoneurons and afferent fibres in the
myelin sheath thickness class 0.25 ≤ d < 0.8 µm (Figs.
5A, B, 6C) slightly help to differentiate between
afferents and parasympathetic efferents; as indicated
in Fig.∞∞6C however, the afferent fibre distribution
itself most likely includes more than a single-fibre
group with the different groups having similar peak
group diameter values.

The fibre diameter distribution of the secondary
muscle spindle afferents (SP2) in the myelin sheath
thickness range 1.8 ≤ d < 2.5 µm (Fig.∞∞5A) was qual-
itatively constructed by broadening the histogram
classes and subsequent drawing the distribution
curve. The SP2-fibre distribution was then drawn
into the thick fibre distribution of the right dS2 root
for the same patient (Fig.∞∞6C). Now it is possible to
draw qualitatively the distribution of the primary
spindle afferents (SP1) again after broadening the
histogram classes. The urinary bladder stretch (S1)
and tension receptor afferents (ST) have group con-
duction velocities between those of touch 1 (T1) and
touch 2 (T2), and between T2 and touch 3 (T3) skin
afferents (Table∞∞1 of 64) (for nomenclature see also
Fig.∞∞11). The group diameters of the bladder affer-
ents may therefore be within the 9 µm – 11 µm range.
But as Table∞∞1 of Ref. 64∞∞shows, the conduction
velocities and the fibre diameters are not simply
linked by a unique scaling factor in the range of 6.
For the determination of more exact values, see the
Discussion section.

The fibre class of α1-motoneurons represented in
Fig.∞∞5B seems to split up into 3∞∞subgroups (α11

(= αInt), α12, α13) in similarity to the results of mea-
surements in dogs (45). The subpeaks have been
drawn qualitatively. Again ventral root afferents 
(T1, SP2) disturb the motor fibre distribution. As
expect-ed, the different γ-motoneuron classes can be
found in the myelin sheath thickness class 0.8 ≤ d <
1.3 µm.

Fig.∞∞6A shows a comparison of the sizes of dif-
ferent roots measured in paraplegic 11. It can be
seen that the root dS4 has approximately twice the

thickness of root S5 and twice the thickness of root
vS4. Root dS2 is approximately 4∞∞times as thick as
root dS4.

In Figs. 4A, B, 6B, some afferent and efferent
fibres are marked with the groups to which they
belong. This assignement rests purely on the nerve
fibre diameters and the myelin sheath thicknesses.
As can be seen from the diameter distribution his-
tograms, there also is reasonable probability that
these fibres belong to adjacent fibre classes, because
of overlaps of adjacent group distributions; also,
fibres of so far not identified fibre groups could be
represented by those fibres. Anyhow, these fibre des-
ignations clearly show that it is detailed morphom-
etry only that can partly reveal the distinct nerve
fibre groups.

Correlation between group conduction velocities and
group nerve fibre diameters

All the measured peak values of group conduc-
tion velocities and group nerve fibre diameters are
summarized in Table∞∞1 of Ref. 64. The nerve roots
used for electrophysiologic and morphometric 
determinations yielded a direct correlation between
group conduction velocities and group nerve fibre
diameters. As can be seen from Table∞∞1, the group
diameters vary only little from patient to patient,
whereas the group conduction velocities vary quite
much. The large variations of group conduction
velocities are mainly due to different root tempera-
tures, which are effected by the central temperature
of a patient (34.3°C to 35.8°C). The temperature
dependence of the conduction velocity is tackled
below.

The following velocity-diameter pairs of afferents
and efferents were obtained from Table∞∞1 of 64 at
∼35.5°C:

α13(-/14.1), α12(65∞∞m/s /13.1 µm), α11(60?/12.1),
α2(51/10.3), α3(41/8.2), γβ(27/7.1), γ1(21/6.6), γ21(16/5.8),
γ22(14/5.1), par(10/3.7).

SP1(65/13.1), SP2(51∞∞m/s /12.1µm), T1(47/11.1),
T2(39/10.1), T3(27/9.1), T4(19/8.1), S1(41/-), ST(35/-).

As will be discussed below, the group conduction
velocities and the group nerve fibre diameters of
paraplegics are very similar to those obtained from
brain-dead humans (Table∞∞1 of Ref. 39) and patients
with no spinal cord lesion (Fig.∞∞11).

11
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Temperature dependence of group conduction velocities

In all measured cases, the AP durations decreased
and the conduction velocities increased of the single
nerve fibres with increasing temperature. It seemed
further as if the different nerve fibre groups had dif-
ferent temperature dependences, because for lower
temperatures it was much more difficult to identify
the different nerve fibre groups by their peaks in the
velocity distributions. The operational field was
therefore often warmed with an infra-red lamp to
bring the root temperature as close as possible to
36°C.

In paraplegic 11, good conduction velocity dis-
tribution histograms from the same root under the
same recording conditiones were obtained for low
(32°C) and for high (35.5°C) root temperatures. The
secondary muscle spindle afferents (SP2) and the 
α2-motoneurons increased their conduction velocity
from 40 to 50∞∞m/s (25% increase), the S1, ST and M
afferents from 31.3 to 40 (28%), from 25 to 33.8
(35%) and from 12.5 to 13.8∞∞m/s (10%) respectively
with increasing temperature. The α3-motoneurons
increased their conduction velocity from 33 to 40∞∞m/s
(21% increase). Even though only one set of good
quantitative measurements could be obtained so 
far, the two sets of velocity values clearly show that
different nerve fibre groups have different tempera-
ture dependences of their group conduction velocity.

The SP2 afferents and the α2-motoneurons
showed the same temperature dependence of the
group conduction velocity. The calibration relation
of the velocity distributions of afferent and efferent
fibres, namely that the SP2 fibres conduct with the
same velocity as the α2-motoneurons, is therefore
temperature independent.

Nerve root cross-section and axon numbers

Table∞∞1 of Ref.64∞∞shows root diameter values.
They vary between 0.31 and 1.6∞∞mm, depending on
the root level. Root S5 has a mean diameter of
0.47∞∞mm and the dorsal root S4 has 0.62∞∞mm. It 
cannot be excluded that in some cases dorsal root
fascicles of more rostral roots were measured
together with the S5 root. The diameters were cal-
culated from the cross-sectional areas. Also, the 
percentual contributions of arteries and veins to 

the cross-sectional area are listed in Table∞∞1 of Ref.
64. As can be seen from Table∞∞1 of Ref. 64, in thin
roots the blood vessels can cover more than 50% of
the cross-sectional area. For blood vessel diameters
of nerve roots, further nerve root diameters and
nerve root fibre counts see Refs. 35, 36, 62, 63.

Representative 350 to 500 fibres were measured
in each root. The total number of nerve root fibres
was obtained by comparing the area of the mea-
sured fibres with the area of all nerve root fibres 
in the root. The S4 ventral root was measured 
completely.

The numbers of myelinated fibres increased
towards more rostral roots from 900 to 31,600. Root
S5 contained on average 2900 fibres. Most myeli-
nated fibres were found in the myelin sheath thick-
ness class 0.25 ≤ d < 0.8 µm followed by the class of
thick myelin sheaths (1.8 ≤ d < 2.5 µm). Few nerve
fibres had a myelin sheath thickness between 0.8 and
1.8 µm.

The small number of nerve fibres in the S5 root
suggests that this root is mostly not important for
pelvic organ innervation. This is actually the reason
why the S5 root (dorsal plus ventral) was normally
cut in patients and obtainable for research. The un-
importance for urinary bladder function was veri-
fied in the operation by not having a bladder pres-
sure increase due to electrical stimulation of the S5
root. Sometimes a substantial urinary bladder pres-
sure increase was obtained upon electrical stimu-
lation of the S5 root. In such cases, the dorsal root
was separated and removed and the ventral S5 
root saved for electrical stimulation for bladder 
control.

Velocities of urinary bladder afferents

Urinary bladder afferent activities for construct-
ing conduction velocity distribution histograms were
recorded at bladder fillings of approx. 200∞∞ml,
depending on the compliances of the bladders mea-
sured preoperatively.

The thin bladder afferents with small AP ampli-
tudes and long AP durations (M, S2; Fig.∞∞11,
Table∞∞1 of Ref. 64) (possibly also activated by 
the bladder catheter) could not reliably be detect-
ed so far because of not good enough recording 
conditions.

12
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Activity of urinary bladder afferents to retrograde
bladder filling

For measuring bladder afferent activity increase
upon retrograde bladder filling, the bladder was
emptied and then filled while recording (time con-
suming procedure, successful so far only in two
cases). With the groups of nerve fibres identified
from conduction velocity distribution histograms,
the increase in activity of the urinary bladder stretch
(S1) and tension receptor afferents (ST) to retro-
grade bladder filling can be measured.

Fig.∞∞7∞∞shows the activity increases following fill-
ing of the bladder of para 7, via a catheter, with up
to 400∞∞ml fluid. The bladder was filled to the maxi-

mal acceptable value as determined pre-operatively
by compliance (bladder filling volume / bladder pres-
sure) measurements. Fig.∞∞7B shows the sum of the
individual velocity distributions for different filling
stages for afferents and efferents. The peaks are iden-
tified by two calibration relations; α2-motoneurons
conduct with the same velocity as the secondary
muscle spindle afferents (∼50∞∞m/s); and α3-motoneu-
rons conduct with the same group velocity as the
stretch receptor afferents S1 (41∞∞m/s) at about 35.5°C.

Fig.∞∞7A gives velocity distributions for certain
bladder filling stages. The most important obvious
feature is that the bladder stretch and tension recep-
tor afferents fire considerably even with no bladder
filling.

By setting up conduction velocity borders of the
S1 and ST groups according to the distribution curve
(Fig.∞∞11, inset), the activity of each group could be
measured for different filling volumes and plotted
(Fig.∞∞8A). As can be seen in Fig.∞∞8A, the stretch (S1)
and tension receptor afferents (ST) in the left root S5
fired with 15 APs during 0.2∞∞s at no bladder filling.
The bladder afferents increased their firing with the
increasing bladder storage volume. At 160∞∞ml filling,
a transient very strong firing of ST afferents
occurred. This was the filling volume at which before
the surgery the detrusor was activated in an urody-
namic measurement. So far, it has not been possible
to activate the detrusor with retrograde bladder 
filling during the surgery, even despite the light 
anesthesia (paraplegics with a complete spinal cord
lesion feel no pain).

From a ventral S3 root in paraplegic 11, a simi-
lar undulating activity increase of S1 and ST blad-
der afferents was obtained with retrograde bladder
filling. When the bladder was empty, the afferents
(S1 and ST) fired already with 10 APs/0.2∞∞s. At 50∞∞ml
filling, they fired with 23, at 200∞∞ml with 6 at 250∞∞ml
with 25 and at 500∞∞ml with 12 Aps/0.2∞∞s. The detru-
sor was activated pre-operatively at a filling volume
of 80∞∞ml (continuously undulating contractions
(0.08∞∞Hz) started). As in the para 7, the first high
afferent input falls approximately together with the
onset of the pre-operative detrusor contraction,
when filling the bladder. The occurrence of bladder
afferent APs in the ventral S3 root was higher (166
APs/2.2∞∞s) during the bladder filling than those of
α-motoneuron APs (70 APs/2.2∞∞s); the secondary
muscle spindle afferents fired with 64 APs/2.2∞∞s. The
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Fig.∞∞7. – Conduction velocity distribution histograms for stretch
(S1) and tension receptor afferents (ST) and secondary spindle
afferents (SP2) for different retrograde filling stages of the 
urinary bladder (A). Summed histograms for afferents (a) and
efferents (b) are plotted in B. α1, α2, γβ, γ1 represent velocity 
distributions of α1, α2, γβ and γ1-motoneurons. Para 7, left nerve
root S5.
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speed of filling in para 11 was 300∞∞ml/min. In this
ventral S3 root there were at least a few percent of
the fibres afferent.

Comparison of bladder afferent activity increase to
bladder filling between a paraplegic and a brain-
dead

The pathology of the bladder afferent activity in
the paraplegic 7 analyzed in Fig.∞∞8A, with dyssyner-
gia of the bladder, is fully revealed by a direct com-
parison with the activity increase of the bladder
afferents following retrograde bladder filling in
brain-dead human HT6 (Fig.∞∞8B). The dependence
of the bladder afferent activity on the bladder filling
volume in paraplegic 7∞∞shows 4∞∞main differences in
comparison to those in HT6. (1) The bladder affer-
ents already fired with no bladder filling which was
not the case in HT6. (2) The activity increased more
smoothly in HT than in the paraplegic, even though
bladder filling was stopped 2∞∞times in HT6 but was
not stopped in para 7. (3) In the para 7 the tension
receptor afferent activity was higher than the stretch
receptor afferent activity which was not the case in
HT6. (4) The bladder afferent activity was higher in
the paraplegic than in the HT6. By taking into
account the different measuring times of the activ-
ity, the ST-activity in para 7 was approx. 40∞∞times
higher than those in HT6 (210APs/1.2∞∞s in para 7
against 5APs/1.2 in HT6). The recording conditions
are not directly comparable. However, there are on
average more bladder afferents in a root dS4 (HT6)
than in a root S5. Still, the 40∞∞times higher tension
receptor afferent activity is probably overestimated.
It is nevertheless safe to conclude that in some para-
plegics the bladder afferent activity, especially from
tension receptor afferents, was several times higher
than that in the brain-dead human, the latter prob-
ably representing the physiologic case in this respect.
The finding of an increased afferent activity in two
paraplegics is in accordance with the experience that
in brain-dead humans activity from bladder affer-
ents was recorded only occasionally, whereas in para-
plegics the activity from S1 and ST-afferents was
always obvious and prominent in the velocity dis-
tributions, rather independent of the extent the blad-
der was filled. Paraplegics with dyssynergia of the
bladder suffer from high bladder pressure. As will

be shown in the following papers (51, 52), this
increased afferent activity will have consequences on
the excitation of the CNS activating the striated
sphincters of the bladder and the rectum.

Electrical intravesical stimulation

In Fig.∞∞10A the recording and stimulation layout
for electrical intravesical stimulation is shown. The
negative electrode was connected to the tip of the
bladder catheter, but was in no direct contact with
the bladder mucosa. The indifferent positive elec-
trode was attached to the leg of the patient. Fol-
lowing stimulation with 30V compound action
potentials (CAPs) of stretch (S1) and tension recep-
tor afferents (ST) could be evoked. In the recording
from the root dS2 (Fig.∞∞9A) mainly two CAPs follow
the stimulation artefact, with latencies of 7.4∞∞ms and
9.5∞∞ms. The CAP conduction velocities in Fig.∞∞9C
were 41 and 35∞∞m/s. According to Fig.∞∞2B, the stretch
receptor afferents contributed to the CAP with a
latency of 7.4∞∞ms and the tension receptor afferents
to the CAP with a latency of 9.5∞∞ms. The faster con-
ducting S1 afferents give rise to the CAP with the
shorter latency, as they would be expected to. From
the latency and the group conduction velocity it can
be calculated that the afferent activity traveled
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Fig.∞∞8. – Afferent activity increase of stretch (S1) and tension
receptor afferents (ST) to retrograde bladder filling in paraplegic
7 (left root S5) in relation to those of the brain-dead human
HT6 (dorsal root S4). APs = action potentials. The speed of
filling was 130∞∞ml/min in para 7 and 100∞∞ml/min in HT6.
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approx. 320∞∞mm to reach the recording electrodes,
as indicated in Fig.∞∞10A. The surgeon estimated a
distance of 300∞∞mm.

With a slightly increased electrical stimulation,
the S1 and ST CAPs increased slightly (Fig.∞∞9B),

probably because more afferents were stimulated in
the bladder wall. A recording from root S5 (same
electrical stimulation) showed no pronounced CAPs.
By schematically plotting S1 and ST CAPs from
Fig.∞∞9A into Fig.∞∞10B and by calculating the con-
duction velocities of the single-fibre APs in the
latency range of the ST CAP, it was found that the
single-fibre APs were conducted by tension receptor
afferents as can be seen from the time-stretched
Fig.∞∞10C. Thus at least the ST CAP was composed
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Fig.∞∞9. – Compound action potentials (CAPs) of urinary blad-
der stretch (S1) and tension receptor afferents (ST) following
electrical intravesical stimulation. Stimulation in B was slightly
stronger than in A. The recordings in C represent a time-
stretched portion of A. Mean conduction times and calculated
mean conduction velocities of CAPs are indicated. In C, three
single secondary muscle spindle afferent fibres are marked (SP2).
The stimulation pulse (not rectangular) was 0.3∞∞ms long; no
earthing between recording and stimulating electrodes. Earth
electrodes positioned 5 to 10∞∞mm away from the recording 
electrodes reduced stimulation artefact and single fibre AP 
amplitudes and were therefore not used. Horizontal line of
stimulation artefact is due to the limited input range.

Fig.∞∞10. – A. Recording and stimulation layout for electrical
intravesical stimulation (electro negativity in bladder). B. Record-
ing from an S5 root following electrical stimulation. Compound
action potentials (CAPs) of S1 and ST afferents schematically
redrawn from Fig.∞∞9A. C. Time-stretched sweep piece of the
recording in B. Single tension receptor afferent APs (ST) are
indicated.
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of the single-fibre APs of the ST afferents. Normally,
subpeaks in CAPs do not represent single-fibre APs
as is indicated in Fig.∞∞9C. The arithmetic addition of
single-fibre APs of different triphasic AP wave forms
often results in large amplitude potential changes,
which do not represent single-fibre APs as can be
learned from recordings of high skin afferent activ-
ity. To obtain CAP recordings from stretch and ten-
sion receptor afferents a substantial number of blad-
der afferents have to be stimulated simultaneously,
through the nerve root which is used to record from.

Discussion

Unchanged conduction velocities and nerve fibre 
diameters

A classification scheme for the human peripheral
nervous system has been developed by measuring
conduction velocities and fibre diameters of single
nerve fibres in brain-dead humans and patients with
no spinal cord lesion, based on a new recording tech-
nique in man, the single-nerve fibre action potential
(AP) recording from whole human sacral nerve
roots, and a further developed morphometry allow-
ing to group fibre diameters into 4 ranges of myelin
sheath thickness (Fig.∞∞1) (39, 45). Moreover, a new
treatment has been developed (called coordination
dynamics therapy), based on human neurophysio-
logic research of earlier, this, and the following
papers, which can cure urinary bladder function (78,
86, 87) and can partially cure motor functions in
humans with spinal cord injuries (67, 68, 84-87). Still
the out-of-date bladder treatment, namely the elec-
trical sacral anterior root stimulation, according to
Brindley (7), is discussed here mainly for scientific
reasons. The treatment involves deafferentation of
the bladder to increase bladder storage volume, and
electrical stimulation of the motoneuron and pre-
ganglionic parasympathetic axons in the motor roots
of the cauda equina. A precise electrodiagnosis dur-
ing the surgery is crucial for the cutting of the blad-
der afferents and the saving of the motoneurons, and
is performed by nerve root stimulation and bladder
pressure measurements. The recording of single-fibre
APs and compound APs brings about an improve-
ment of the intraoperative diagnosis. A more selec-
tive cutting of afferents and partial saving of affer-

ents transmitting sexual sensations would improve
the treatment. The hope is, that the dorsal S2 root
contains many afferents conducting sexual sensitiv-
ity and only few conducting bladder fullness. The
detailed representation of the urinary bladder and
sexual organs in the sacral roots is still unclear. The
representation varies among patients (4). Further,
little is known which fibres conduct sexual feeling;
the touch 4 (T4) (may be SAII) skin afferents (‘Stre-
ichel receptor afferents’) (44) probably contribute to
it. A case is known, in which a lady with a partial
spinal cord lesion was operated for urinary bladder
control by electrical anterior root stimulation. The
dorsal S2, S3 and S4 roots and the whole S5 root
were cut. The sexual sensitivity was partly preserved.
Some sexual organ afferents may therefore also run
through the plexus hypogastricus or the dorsal S1
root. Ventral root afferents are probably too few to
account for the preservation of sexual feeling. Mor-
phometric analyses may help to clarify the nerve
fibre group composition of nerves innervating pelvic
organs (42), since the tapering of nerve fibres is very
small (0.2% per 13∞∞cm (70)). This new intraopera-
tive electrodiagnosis may be of importance for
refined surgical treatments.

The availability of single-fibre AP recordings and
of dorsal roots, in which also dorsal root efferents
are contained in the lower sacral nerve roots (39, 46),
allowed me to simultaneously measure conduction
velocities and fibre diameters of single afferent and
efferent nerve fibres. Group conduction velocities
and group nerve fibre diameters could be obtained
from distribution histograms, similarly as in earlier
measurements in brain-dead humans. The group
conduction velocities and group nerve fibre diame-
ters (peak values) obtained for paraplegics were
found to be very similar to those estimated for brain-
dead humans and patients with no spinal cord lesion.
Thus, the classification scheme of the human periph-
eral nervous system is preserved at least 0.5 to 6∞∞years
following spinal cord lesion (Fig.∞∞11). The subdivi-
sion of the α1-motoneurons (FF) in α11, α12 and α13-
motoneurons needs further clarification.

The preservation of the classification scheme is
not a trivial conclusion since changes occur in the
peripheral and central nervous system following
spinal cord lesion. It has been shown in this paper,
that at least for some patients, the tension receptor
afferents of the bladder fired even when the urinary
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bladder was empty. In the following papers (51, 52)
it will be shown that functions of the spinal neu-
ronal network change after injury, as judged by the
impulse patterns of secondary muscle spindle affer-
ents and spinal oscillators.

Classification schemes

The classification schemes of Grundfest, Erlanger
and Gasser and Lloyd and Hunt (1, 3, 6, 11, 16, 20,
21, 27, 29-31) do not apply to humans and are too
inaccurate to be used for detailed analyses of human
nervous system functions. The differentiation between
α1(FF), α2(FR) and α3(S)-motoneurons (9, 12, 18,
24, 39, 45) is essential for the understanding of CNS
functions, since the three α-motoneuron types are
integrated in functionally different spinal circuitries,
and can be distinguished from each other by the dif-
ferent oscillation frequencies and impulse trains
(high activity mode) (40, 52), different recruitment
in the occasional firing mode (low activity mode)

(47, 48) and different motoneuron drive (52). The
existence of slow and fast systems in the CNS has
already been suggested by Sherrington (53).

There have been no other authors dealing seri-
ously with the measurements of urinary bladder
afferents in humans (39, 40). Animal data (13-15, 22)
are unsuitable for a direct comparison with human
data, unless the classification schemes for animals
are improved, which has been started (9, 45, 47, 49).
The differentiation between stretch and tension
receptor afferents (39, 40) will contribute to the
understanding of pathologic micturition.

It has been tried to applicate classification
schemes to myenteric neurons (5, 59).

Temperature dependence of the conduction velocity

The conduction of APs in nerve fibres depends
strongly on the temperature both in humans (Table∞∞1
of 64, section ‘temperature dependence of group
conduction velocities’) and animals (29). The increase
of the conduction velocity of α2-motoneurons and
secondary muscle spindle afferents results to approx-
imately 2.8∞∞m/s / °C. In humans, a temperature depen-
dence of 2.1∞∞m/s / °C was measured; no differentiation
between different groups was made (8). In animals,
a temperature dependence of 3.5%/°C was measured
(30); data for different groups were not given. In this
paper it was measured that in humans the tempera-
ture dependence of nerve fibre groups is different
for the different groups. The effect of a strong tem-
perature reduction is that the conduction velocity
distribution peaks fuse, and it becomes difficult to
identify the groups (peaks) (see Fig.∞∞2 of (48)). In
particular the preganglionic parasympathetic
motoneurons can be better differentiated from the
static γ-motoneurons at a root temperature higher
than 35°C. The temperature of the thin roots is not
exactly measurable. Efforts should be spent to keep
the temperature in the operational field close to the
central temperature of the patient. In the future, con-
duction velocities obtained from the roots of the
cauda equina have to be calibrated using conduc-
tion velocities obtained non-invasively from the same
fibres of the leg. Such a comparison requires an
analysis of CAPs with single-fibre APs (50).

Identification of nerve fibre groups however does
not depend on the knowledge of the exact conduc-
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Fig.∞∞11. – Conduction velocities (V) and nerve fibre diameters (∅)
of afferent and efferent nerve fibre groups in normal humans
and in patients with a traumatic spinal cord lesion present for 0.5
to 6∞∞years. The splitting of the α1-motoneurons into 3∞∞subgroups,
α11, α12, α13, has not yet been confirmed.

791_EMG  25-11-2008  09:37  Pagina 17



tion velocity: conduction velocity distribution his-
tograms can be calibrated using the same velocity
of conduction by α2-motoneurons and secondary
muscle spindle afferents (SP2), α3-motoneurons and
stretch receptor afferents of the bladder (S1), and
approximately by α1-motoneurons and primary spin-
dle afferents (SP1). The SP2 fibres and the α2-
motoneurons showed the same temperature depen-
dence of the conduction velocity; this calibration
relation is therefore temperature independent in the
temperature range 32 to 36°C.

Recording of APs from preganglionic parasympathetic
motoneurons

In a first approximation the AP amplitude
depends on the diameter of the axon, and declines
due to volume conductance if the axons are not 
positioned close to the recording electrodes (see
Method). Thinner axons have smaller AP amplitudes
than thicker ones (37), even though the area between
the AP curve and the baseline is, in a first approxi-
mation independent of the AP amplitude (50),
because the AP duration increases for thinner,
slower conducting fibres (30, 31, 37). The pregan-
glionic parasympathetic motoneurons with a peak
group diameter of approx. 3.5 µm have very small
AP amplitudes (and very long duration) (Fig.∞∞3D),
so that they are difficult to recognize in the noise
and artefact level, and are often overshadowed by
large APs of thick fibres. Even though most likely,
parasympathetic action can also be estimated from
the impulse patterns of secondary muscle spindle
afferents (49, 51), sometimes it is very important to
obtain impulse patterns of single preganglionic
parasympathetic motoneurons. Only in this way 
it is possible to analyze neuronal networks of the
sacral micturition center. The asymmetrical distrib-
ution of preganglionic parasympathetic axons with
a nerve fibre diameter of up to 6 µm will sometime
make it possible to safely record parasympathetic
APs and to extract natural impulse patterns of
single fibres from the recordings, provided good
recording conditions. Thin ventral S4 roots freed
over long sections from other roots, with nearly no
shunting blood vessels (see Method), are favorable
for recording single-fibre APs in patients with no
arachnoiditis.

Extension of the classification scheme to thinner fibres

As discussed above for the preganglionic
parasympathetic motoneurons, the limit for record-
ing single-fibre APs from undissected roots or fas-
cicles are diameters between 3 and 4 µm. It was
recorded therefore from myelinated fibres only. This
does not mean that it is impossible to record from
unmyelinated fibres. It should be possible to record
extracellular APs from unmyelinated human axons
thicker than 4 µm.

To extend the classification scheme of the human
peripheral nervous system to nerve fibres thinner
than 3 to 4 µm, CAPs have to be analyzed with the
single-fibre AP recording method to identify the
nerve fibre group composition, as has been begun
(50). This seems possible since the radial decline of
the AP amplitude due to volume conductance (17)
is reasonably small for very thin roots or fascicles.
The area between the AP curve and the baseline is
in a first approximation, the same for all nerve fibres,
so that CAPs can be analysed with the simultane-
ously recorded single-fibre APs (50). In this way it
seems possible to measure the conduction velocities
of thin nerve fibre groups, in which the single-fibre
APs cannot be recorded any more, using conduction
velocities of CAPs (see Fig.∞∞9C).

The identification of further peak group nerve
fibre diameters is more difficult. Firstly, there are
afferent nerve fibre groups with strongly overlapping
diameter distributions, and afferent fibres cannot be
distinguished from efferent fibres. For a further iden-
tification of nerve fibre group diameters peripheral
nerves of known group composition have to be ana-
lyzed morphometrically; this work has already been
started (41-44). A comparison of nerve fibre diam-
eters of fibres of the spinal canal with those at more
distance from the medulla in the periphery is possi-
ble (if there is no branching of fibres) because the
tapering of nerve fibres is small (0.2% per 13∞∞cm
(70)).

Recording conditiones

The optimal inter-electrode distance for obtain-
ing the highest AP amplitudes is approximately
6∞∞mm; the distance of 4∞∞mm used was close to that
value. Low-resistance electrical shunts reduce the AP
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amplitude and result from the saline solution around
the root filaments, the cerebral fluid (plus 0.9% NaCl
from washing the roots) of the spinal canal con-
nected via the root filaments emerging from the
fluid, and the blood vessels in the root. The first low-
resistance shunt is reduced by removing the saline
film around the root (soaking up with a wet tissue
and drying the root). The second shunt is reduced by
lifting the up to 200∞∞mm long root (35) 10 to 20∞∞mm
out of the cerebral fluid, which is not always possi-
ble (anatomical variation, arachnoiditis). Since
thicker sacral nerve roots have comparably less con-
tributions from blood vessels to the root cross-sec-
tion than the thinner ones (Fig.∞∞6A, Table∞∞1 of 64),
single-fibre extracellular APs can be recorded up to
a fascicle diameter of 1∞∞mm. S4 ventral roots are
ideal for recording, because they are thin (large AP
amplitude), contain not too many afferents (∼1%,
low activity) and somatic and parasympathetic affer-
ents and efferents are contained. Drying up of roots
should be avoided because of axonal damage; nor-
mally, drying up results in a dramatic activity
increase of mirror-picture potentials (an AP gener-
ated between the electrode pairs travels ortho- and
antidromically and shows an afferent wave form on
one electrode pair trace (upwards) and an efferent
form (downwards) on the other trace), and in seem-
ingly very fast AP conduction. Wetting of the roots
with 0.9% NaCl stops the generation of artifact
potentials. Incorrect plugging of the wire electrodes
can change the AP wave form. With the recording of
touch activity (39, 44) it can easily be proved that the
wiring is correct. One advantage of the recording
with wire electrode pairs and differential input is
that no Faraday cage (normally not available in oper-
ating theatres) is needed, which is an important point
in this new recording technique. The unscreened
length of the recording electrodes was about 15∞∞mm.
Further screening was achieved by positioning the
platinum wires close to the electrode holder, made of
bronze. Covering the operational area with mull
soaked with 0.9% NaCl at 37°C creates a Faraday
cage and a moist chamber (no drying up) and the
temperature is kept more constant because of
reduced evaporation. The exact measurement of the
root temperature is a problem; in the future it might
partially be solved by comparing conduction veloc-
ities measured from nerve roots of the opened spinal
canal, with those of the lower limbs where the tem-

perature can easily be measured. For such compar-
isons conduction velocities of nerve fibre groups in
limb nerves have to be defined according to the clas-
sification scheme of the human peripheral nervous
system and measured exactly. Paraffin oil cannot be
used during the surgery. Also, paraffin oil changes
the excitability of membranes (19).

Unchanged axon numbers and axon densities of the
lower sacral nerve roots following spinal cord lesion 

Fig.∞∞6A shows different nerve root cross-sections.
It can be seen that the right root dS4 is approxi-
mately twice as thick as either root vS4 or root S5.
Root dS2 is approximately 4∞∞times (2≈2) as thick as
root dS4. The findings are in accordance with the
measurements on human cadavers, showing that dor-
sal roots in the sacral segments are approx. twice as
thick as the ventral ones, and that ventral or dorsal
sacral roots (∼5∞∞cm away from the medulla) are of
approx. twice the diameter of the adjacent caudal
root (36).

The dorsal S2 root (Fig.∞∞6A) has approx.
31,600∞∞myelinated axons (patient aged 25∞∞years).
Humans aged 47-85∞∞years without spinal cord lesions
had 28,000∞∞myelinated axons in the dorsal S2 root.
Since the number of axons (and the nerve conduc-
tion velocity) reduces with the age (28), it can be
stated that the fibre number in the dorsal S2 root
did not change following spinal cord lesion. The
axon density in the S2 root is a= number/d2π/4∞∞=
31600/2∞∞=∞∞15,800∞∞myelinated axons / mm2. For nor-
mal humans (age 47-85∞∞years) the axon density per
mm2 is 12,000 (36). Allowing for age, these values are
very similar again. The three roots dS4∞∞shown in
Table∞∞1 had mean myelinated axon numbers of 6600
and a mean density of 22,600 axons per mm2 (age
26∞∞years). Comparable values for normal (older)
humans are 4800 axons and 13,800 axons / mm2

respectively. With age taken into account, it can be
concluded that the number of fibres in the sacral
dorsal roots had not changed following spinal cord
lesion. The ventral S4 root in Fig.∞∞6A contained
900∞∞myelinated fibres and had a myelinated axon
density of 12,000 per mm2. The values for the nor-
mal (older) population are 800∞∞myelinated axons 
and 9,000∞∞myelinated axons / mm2 [36]. Again, the
values for the ventral root in the paraplegics are very
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similar to those for the normal population. Even
though the evidence has been based on a few cases,
it can be concluded that the numbers of myelinated
fibres in dorsal and ventral lower sacral nerve roots
did not change 0.5 to 6∞∞years following a spinal cord
lesion.

Further, hemorrhagic necrosis and oedema affect
the cord segments adjacent to the injured cord seg-
ment. Later changes include gliosis along the degen-
erating tracts which normally connect the sacral cord
and brain. Some patients with complete lesions well
above the level of the sacral cord also have evidence
of trauma or infarction of the lumbosacral cord.
Such patients have a flaccid bladder, and little
sphincter tone. These pathological changes may
partly explain the variation that can be seen in uro-
dynamic findings of groups of paraplegic patients
in some studies (54, 56). Since the number of myeli-
nated fibres in the sacral nerve roots did not change
(no evidence of motoneuron cell death), and the
operated paraplegics had a spastic bladder, it is
unlikely that the necrosis reached the sacral spinal
cord. Because interneuron cell death has also not
been found so far, bladder dysfunction probably
results from changed afferent input to the spinal cord
and a disorganization of the neuronal networks of
the isolated cord (see below).

Increased bladder afferent activity as one origin 
reason for urinary bladder dysfunction

It has been shown above, by comparing with nor-
mal values, that the numbers of myelinated fibres
and the density of myelinated nerve fibres in the
lower sacral ventral and dorsal roots did not change
following spinal cord lesion. Also, it has been shown,
based on a comparison with values for brain-dead
humans and patients with no spinal cord lesion, that
the values of group conduction velocities and group
nerve fibre diameters remained unchanged. Thus,
the nerve fibres of the peripheral nervous system
were not affected by any change following spinal
cord lesion unless some additional degenerative
process had occurred in the periphery (nerve roots
emerging from the medulla close to the spinal cord
lesion will have changed nerve fibre numbers because
of a damage also to the gray matter). This does not
mean however that the impulse traffic has not

changed. A dramatic increase in the activity of the
stretch (S1) and tension receptor afferents (ST) was
shown with certainty in two paraplegics (Fig.∞∞8).
Also, in several other patients’ bladder afferent activ-
ity seemed increased, as the bladder afferent activ-
ity was prominent for even small bladder filling vol-
umes. Nearly all patients who underwent surgery
had a much smaller storage volume of the urinary
bladder, but not necessarily a reduced compliance
(filling volume / pressure ratio). Following urinary
bladder deafferentiation the bladder storage volume
increased as did the compliance. However, there are
also paraplegics with a storage volume of 50∞∞ml and
no increased compliance. They are said to have
hyperreflexia of the bladder. Thus, there are patients
with a stiff and infected bladder in whom the affer-
ent activity of the bladder is much higher (see also
(51)). The afferent activity is often even present with
an empty bladder. The increased bladder afferent
activity causes the detrusor being activated too early
(52). On the other hand, there are patients with no
increased compliance and no infection, and a detru-
sor which already contracts at filling volumes of
50∞∞ml. It will be shown in the two following papers
(51, 52) that there are important changes in the
somatic and parasympathetic neuronal network of
the sacral micturition center and in the coordina-
tion between them; this can account for a too early
activation of the detrusor and the external sphinc-
ter. It will further be shown in a following paper (78)
that most of the complications of urinary bladder
functions can be avoided and urinary bladder 
functions be cured if the learning-based movement
therapy, called ‘coordination dynamics therapy’, is
started early after the spinal cord injury (best 1 or
2∞∞weeks after injury) and is administered for 3∞∞years.

Electrical intravesical stimulation and clinical 
implications

Electrical stimulation of the nearly empty uri-
nary bladder with 30 V (0.3∞∞ms pulse duration, neg-
ative electrode in the bladder, contact gel used)
evoked CAPs of bladder stretch and tension recep-
tor afferents. Even though more experience is needed
to reliably activate the bladder afferents by electrical
stimulation, the group conduction velocities of blad-
der afferents obtained from the CAPs were in accor-
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dance with the values obtained from single-fibre AP
recordings. This accordance is of importance at least
for two reasons. Firstly, there are no other precise
data on human urinary bladder afferents available.
The support by another method gives more safety.
Secondly, if intravesical stimulation can be used as
a reliable identification tool of urinary bladder affer-
ents, the diagnosis of bladder innervation during a
surgery can be more refined and provide for a more
selective deafferentiation and more selective electri-
cal stimulation, thus improving this method of (inva-
sive, destructive, non-causal) treatment. Also, the
possible biological approach of improving urinary
bladder function by a nerve anastomosis from the
lower intercostal nerves to the cauda equina nerve
roots with respect to functional aspects (invasive,
partly destructive, only partly causal) (41-44) needs
extremely detailed knowledge of the bladder inner-
vation and function, and intraoperative verification
of afferent and efferent fibres innervating the blad-
der, as the representation of the urinary bladder in
roots S2 to S5 (mainly S3 and S4) varies.

Proper treatment of urinary bladder function

Since coordination dynamics therapy can improve
CNS motor functions in incomplete spinal cord
injury (67) till to a near-total cure (68, 86) and can
cure urinary bladder function in severe cervical
spinal cord injury (78), the sacral anterior root stim-
ulation according to Brindley (7) and the intercostal
nerve to cauda equine nerve root anastomosis to
improve urinary bladder functions (41-44) are not
justified any more in (young) patients with spinal
cord injury, because they are destructive treatments.
Coordination dynamics therapy on the other hand
is a causal natural learning-based movement ther-
apy, in which the patient is not loosing any function.
He can only regain further functions. Why adminis-
tering destructive non-causal treatments if a better
causal one is available? At the beginning of this
research project, I developed myself a nerve anas-
tomosis operation for urinary bladder control (most
important function for patients to be reconstructed)
on a high scientific level (41-44), but I did not want
to apply the treatment at the end because it was still
a destructive operation. Patients with spinal cord
injury (especially in severe cervical spinal cord injury)

have so little functions left that they should not loose
any further functions with the treatment. For scien-
tific reasons however it is still interesting to discuss
these treatments. Also, there may be patients who
do not want to train or cannot perform a movement
therapy for other reasons. For them there would then
be still these treatments available.
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