
INVITED REVIEW ABSTRACT: Conventional electrophysiological tests of nerve function fo-
cus on the number of conducting fibers and their conduction velocity. These
tests are sensitive to the integrity of the myelin sheath, but provide little
information about the axonal membrane. Threshold tracking techniques, in
contrast, test nerve excitability, which depends on the membrane properties
of the axons at the site of stimulation. These methods are sensitive to mem-
brane potential, and to changes in membrane potential caused by activation
of ion channels and electrogenic ion pumps, including those under the my-
elin sheath. This review describes the range of threshold tracking techniques
that have been developed for the study of human nerves in vivo: resting
threshold is compared with the threshold altered by a change in environment
(e.g., ischemia), by a preceding single impulse (e.g., refractoriness, super-
excitability) or impulse train, or by a subthreshold current (e.g., threshold
electrotonus). Few clinical studies have been reported so far, mainly in
diabetic neuropathy and motor neuron disease. Threshold measurements
seem well suited for studies of metabolic and toxic neuropathies but in-
sensitive to demyelination. Until suitable equipment becomes more widely
available, their full potential is unlikely to be realized. © 1998 John Wiley &
Sons, Inc. Muscle Nerve 21: 137–158, 1998
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Joseph Bergmans8 pioneered the use of threshold
measurements for the study of human motor axons.
He found that a single motor unit could often be
activated selectively by surface stimulation, and that
considerable information could be inferred about
the physiology of the axon by measuring the changes
in threshold induced by impulse activity or by artifi-
cial polarization. The great value of threshold mea-
surements is that changes in threshold usually pro-
vide an accurate indication of changes in membrane
potential. Bergmans’ thesis was a remarkable techni-
cal and intellectual achievement, but it was not fol-
lowed up for many years. Part of the reason for this

was probably the difficulty of his method, which in-
volved first functionally isolating a single unit with
surface electrodes, and then determining its thresh-
old manually as the voltage which would excite it in
three out of five stimuli.

A solution to the difficulty of threshold determi-
nation was provided by Raymond’s ‘‘threshold
hunter,’’66 a feedback circuit which adjusted stimu-
lus duration automatically to keep the probability of
exciting an axon (in his case a frog axon in vitro)
close to 50%. The term ‘‘threshold tracker’’ was sub-
sequently introduced for a similar device, which
worked by altering current amplitude rather than
stimulus duration.22 The difficulty of isolating single
units can be avoided by tracking the ‘‘threshold’’ of
a compound action potential, i.e., the stimulus re-
quired to produce a compound action potential of a
specified size. A compound action potential thresh-
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old generally behaves in exactly the same way as the
threshold of a single unit,30,88 but can be deter-
mined for sensory as well as motor fibers, and in
patients with neuropathies or neuronopathies as well
as normal subjects.

Threshold measurements are essentially comple-
mentary to conventional electrophysiological tests of
nerve function. They are insensitive to the number
of conducting fibers and their conduction velocity;
they test the nerve at a point, rather than over a
length; and they test the properties of the axonal
membrane rather than the integrity of the myelin
sheath. Also, unlike measurements of conduction ve-
locity, the resting value of threshold is usually of
much less interest than the changes produced by
maneuvers which alter the membrane potential,
such as ischemia, impulse activity, or applying cur-
rents. These changes in threshold, when expressed
as percentages, are parameters that can be com-
pared directly between single-fiber and multifiber
preparations, between different sites in the same
nerve, between subjects, and even between species.
Threshold tracking techniques are still little used in
clinical neurophysiology, partly because no commer-
cial electromyograph (EMG) yet provides for this

type of measurement. The aim of this review is to
describe the range of threshold tracking techniques
that have been developed for the study of human
nerves in vivo, with special emphasis on their clinical
applications, to show that these techniques are not
difficult but can provide unique information about
nerve function. It is also hoped to provide a stimulus
to equipment manufacturers to make the facilities
for these measurements more widely available.

MATERIALS AND METHODS

A simple threshold-tracking experiment is illustrated
schematically in Figure 1 (see also Figs. 2, 3). A 1-ms
stimulus is applied to the ulnar nerve at the wrist at
regular intervals (e.g., 1 s−1), the compound muscle
action potential (CMAP) is recorded from the hypo-
thenar muscle (abductor digiti minimi), and the
stimulus stepped up until a maximum response is
recorded. A target response is then set to a standard
fraction (e.g., 40%) of maximum, and then the
stimulus is automatically decreased in steps until the
response falls below the target. Thereafter the stimu-
lus is automatically stepped up or down depending
on whether the previous response was less or greater
than the target response. Threshold tracking with

FIGURE 1. Schematic diagram of typical threshold tracking experiment. Functions within broken box are carried out by personal
computer. Compound muscle action potential (CMAP) recorded from hypothenar muscle is compared with target response (typically
30–40% of maximal response) and error signal is used to alter amplitude of test stimulus pulse, which is applied to the ulnar nerve at the
wrist via an isolated voltage-to-current converter. The test stimulus is optionally combined with a conditioning pulse, e.g., a subthreshold
polarizing current, to alter the membrane potential and threshold (see Fig. 2).
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2% steps is illustrated in Figure 2 (left). Having es-
tablished the resting (control) threshold, the nerve
excitability is then changed in some way: by altering
the nerve environment, or by applying additional
currents. These may be suprathreshold for the fibers
being studied, in which case it is primarily the nerve
impulses which cause the change in excitability, or
they may be subthreshold, to change membrane po-
tential without triggering impulses. Figure 2 illus-
trates the effect of subthreshold polarizing currents,
starting 20 ms before the test pulse, set to ±10% of
the amplitude of the control threshold current. As is
usually the case, depolarization increases excitability
and reduces threshold, while hyperpolarization in-
creases threshold. Threshold tracking always in-
volves a trade-off between speed and accuracy. In
Figure 2 (left) the 2% step size is too large to deter-
mine the resting threshold very accurately, but too
small to allow a quick response to the change in
threshold. These limitations can be minimized by
making the step size proportional to the ‘‘error’’

(i.e., to the difference between the actual response
and target response, as in Fig. 2 right).

The simple experimental protocol in Figure 2,
like other threshold comparisons, can be elaborated
in two ways. First, to allow for any drift in thresholds,
and to minimize electrode polarization, the three
stimulus conditions (1, test stimulus alone; 2, test
stimulus + depolarizing current; and 3, test stimulus
+ hyperpolarizing current) can be given in a repeat-
ing sequence (1,2,3,1,2,3 . . . ), so that the three
thresholds are estimated concurrently. This also al-
lows the polarizing current to be set to a defined
fraction of the control threshold current on a trial-
by-trial basis. Second, the conditioning–test interval
can be stepped over a range of values, to track the
time course of the changes in excitability induced by
the polarizing current. This more elaborate method
of tracking the effects of long current pulses on
nerve excitability is called threshold electrotonus,
and is described below (see Fig. 8). The same prin-
cipal of tracking several thresholds concurrently and

FIGURE 2. Comparison between threshold tracking with fixed and proportional steps. Top: threshold currents recorded as in Figure 1 for
40% CMAP response, tracking (left) with fixed current steps (2% of threshold), and (right) with step size proportional to error (8% for 100%
error). Stimulus duration 1 ms. Middle: polarizing current amplitude (ca. ± 10% of resting threshold). Test stimulus applied 20 ms after
start of polarizing current. When polarizing current is positive (i.e., in the same direction as the stimulus current) axons are depolarized
at the site of stimulation. Bottom: response error, i.e. (response amplitude − target response)/target response × 100. Letters A-E indicate
times of traces in Fig. 3. Errors are smaller and tracking is faster with proportional steps.
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stepping one parameter through a range of values
can be applied to most of the threshold tracking
techniques. For example, seven thresholds were
tracked concurrently for the latent addition study in
Figure 6. Alternatively, threshold(s) can be tracked
while the nerve environment is changed, e.g., by
ischemia, hyperventilation, or applying drugs. Skin
temperature should be maintained at 32–34°C close
to the stimulation site, since ion channel and pump
kinetics are strongly temperature-dependent.

Equipment. The main requirements for threshold
tracking are: (1) conventional EMG electrodes and
preamplifier for recording nerve or muscle action
potentials; (2) a remote-controlled, isolated, con-
stant-current stimulator and (especially for thresh-
old electrotonus) nonpolarizable electrodes; and (3)
a threshold tracker, which is now more likely to be a
computer than a hard-wired circuit. So far as we are
aware, there is no suitable isolated stimulator avail-
able commercially. Most of the recordings illustrated

here (Figs. 2, 3, 5–12) were made with purpose-built
stimulators, controlled by a personal computer run-
ning the program QTRAC (Copyright: Institute of
Neurology). This program incorporates a number of
features which are essential and others that are de-
sirable for threshold tracking experiments, includ-
ing: (a) a choice of tracking modes for determining
the step size, from fixed step (e.g., 2%) to propor-
tional step (i.e., step size proportional to difference
between actual and target response, as in Figure 2
right); (b) the facility to cycle between a number of
stimulus channels, each with different conditioning
+ test stimulus combinations, keeping separate re-
cords of the threshold and tracking history for each;
(c) the option to set the amplitude of the condition-
ing stimulus on one channel to a specified fraction
of the test stimulus on another (used for latent ad-
dition and threshold electrotonus); (d) the option
to subtract the response on one channel from that
on another, before comparing the response with the
target response (used for impulse-dependent thresh-

FIGURE 3. Comparison between constant stimulus and constant response measures of nerve excitability. Main curves: stimulus–
response characteristics of same nerve-CMAP preparation as in Figures 1 and 2: control (continuous line), with 10% depolarizing current
(short-dashed line), and with 10% hyperpolarizing current (long-dashed line). Inset top left: three responses with constant stimulus. Inset
bottom right: three responses with threshold tracking. Inset scaling: vertical 1/5th main plot, horizontal sweep = 25 ms. E: control; A, C:
with 10% depolarizing current; B, D: with 10% hyperpolarizing current.
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old changes, where the response to the conditioning
stimulus overlaps with the response to the test stimu-
lus); and (e) the option to increment one of a num-
ber of time intervals (e.g., conditioning–test inter-
val), either in regular steps or in a predetermined
irregular sequence, and either after a fixed number
of test stimuli or only when threshold has been de-
termined to a specified accuracy.

Constant Stimulus vs. Constant Response Measures
of Excitability. Since excitability changes can be
measured instantaneously by applying a constant
submaximal stimulus and recording the changes in
nerve or muscle response, it might be wondered
whether the extra equipment and time required for
threshold tracking was justified. The two methods
are compared in Figure 3 for the experiment in Fig-
ure 2. The control stimulus–response curve is the
continuous line through E, the point taken to define
resting threshold and target response. Applying the
10% depolarizing current shifted the stimulus–
response curve to the left (short-dashed line AC).
This change in excitability could be shown immedi-
ately by the change in response from E to C (Fig. 2
right and top left inset in Fig. 3) using a constant
stimulus. Alternatively, the change in excitability was
shown a few seconds later by the change in stimulus
from E to A (Fig. 2 right and bottom right in Fig. 3)
required to evoke the same response. Likewise, hy-
perpolarization caused a decrease in excitability
shown by the altered response D or the altered
stimulus B. Clearly both methods detect a change in
excitability and the constant stimulus method is sim-
pler, quicker, and more sensitive. However, the con-
stant response method, threshold tracking, has ad-
vantages which usually outweigh the disadvantages:
(1) the dynamic range is greater, enabling threshold
increases of 200% or more to be tracked (Fig. 9B),
while in Figure 3 threshold increases of more than
20% reduce the constant stimulus response to zero;
(2) the response waveforms in Figure 3 (bottom
right inset) are almost identical, indicating that the
same nerve fibers are being excited; the changes in
excitability being measured are therefore a property
of those axons, and effectively a property of the ‘‘tar-
get axon’’ which was last recruited into the target
response; (3) conversely, the change in response
measured by the constant stimulus method depends
not only on the properties of the axons, but also on
the shape of the stimulus–response relationship (i.e.,
on the fiber distribution in the nerve, which is dif-
ferent for motor and sensory axons), and particu-
larly on the level of the control stimulus; and (4)
because the threshold changes are properties of a

single ‘‘target axon,’’ they may, when normalized
with respect to the resting value, be compared with
threshold changes in a single fiber or different type
of nerve preparation, or even with a computer
model of a nerve fiber. The threshold tracking
method is also preferable when the latency of the
test potential is important; the latencies of responses
A and B in Figure 3 can be compared more readily
than those of C and D.

Single Unit vs. Multiunit Thresholds. Threshold
tracking can also be applied to single motor
units8,15,18 (e.g., Fig. 4A). It takes longer to deter-
mine a single-unit threshold accurately, because of
spontaneous fluctuations over a range of as much as
10%.8,25 Compound nerve and muscle action poten-
tials are more convenient for clinical use, and are
used in almost all the studies reviewed here. Thresh-
old tracking seems to work best when either many
units or only one contribute to the target response.
When there are a few units, and especially when they
are abnormal (e.g., in motor neuron disease), then
the unit with the lowest unconditioned threshold
may not have the lowest conditioned threshold, so
that the threshold changes do not reflect the prop-
erty of a particular fiber. It is important to take ac-
count of possible nerve fiber inhomogeneity when
interpreting compound action potential thresholds.

UNCONDITIONED THRESHOLD MEASUREMENTS

From the instrumental point of view, the simplest
type of threshold tracking experiment is one in
which only regular test stimuli are delivered, and a
change in threshold follows a change in the nerve
environment. This may be brought about by isch-
emia, by hyperventilation, or by injection of an an-
esthetic or other drug. This requires only a single
channel threshold tracker, as was used in the first
application of automatic threshold tracking to hu-
man nerves by Grafe and colleagues.30,88

Ischemia and Ischemic Resistance. Substantial
changes in membrane potential are induced in hu-
man axons in vivo by applying a pneumatic tourni-
quet to a limb and making the nerve under and
distal to the cuff ischemic. Provided the cuff is only
inflated for a few minutes, the procedure is painless
and the nerves recover normal excitability within an
hour (Fig. 4). Ischemia inhibits the sodium pump
(Na+/K+–adenosine triphosphatase) and causes
membrane depolarization. (This is partly a direct
effect, because the pump is electrogenic, and partly
indirect, due to the subsequent extracellular accu-
mulation of potassium ions and the decline of the
potassium equilibrium potential.8) On release of
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ischemia the axons rapidly become hyperpolarized,
due to hyperactivity of the electrogenic sodium
pump. The changes in membrane potential in mo-
tor axons during and after ischemia can be followed
conveniently by threshold tracking, and similar re-

sults are obtained by tracking a constant fraction of
the compound muscle action potential as by tracking
the threshold of a single fiber.8,16,30 The extent of
the threshold changes is greatest in the proximal
parts of the longest motor axons,16,50 and greater if

FIGURE 4. Excitability changes during ischemia measured by threshold tracking. (A) Threshold changes in single motor axon induced
by 10 min of ischemia (black bar), and response latencies recorded when unit excited. Motor unit in first dorsal interosseous was isolated
with intramuscular electrode. Ulnar nerve was stimulated at elbow with 1-ms pulses. Ischemia was induced by inflating pressure cuff on
upper arm to 200 mmHg. [Replotted from Bostock H, Baker M, Grafe P, Reid G: Changes in excitability and accommodation of human
motor axons following brief periods of ischaemia. J Physiol (Lond) 1991;441:513–535.] (B) Ischemic resistance in diabetes. Averaged,
normalized changes in threshold current in 8 controls and 6 patients with diabetes mellitus are shown. Peroneal nerve was stimulated at
fibular head; 0.2-ms pulses were adjusted to maintain constant amplitude of CMAP of extensor digitorum brevis. Ischemia was induced
by inflating cuff at thigh, 40–50 mmHg above systolic blood pressure. (Reprinted from Weigl P, Bostock H, Franz P, Martius P, Müller W,
Grafe P: Threshold tracking provides a rapid indication of ischaemic resistance in motor axons of diabetic subjects. Electroencephalogr
Clin Neurophysiol 1989;73:369–371 with kind permission from Elsevier Science Ireland Ltd., Bay 15K, Shannon Industrial Estate, Co.
Clare, Ireland.)
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the cuff is inflated over, rather than proximal to the
site of stimulation.16 A comparison between the
threshold and latency changes in Figure 4A is in-
structive. During ischemia latency was prolonged by
1 ms, as depolarization inactivated sodium chan-
nels,58 and on release of ischemia latency stayed pro-
longed as the axons hyperpolarized, although
threshold increased rapidly by over 200%. Qualita-
tively similar observations have been made on sen-
sory fibers.19,55 Latency therefore increases both
with depolarization and with hyperpolarization and
does not accurately reflect the changes in excitabil-
ity.24 This example also shows that slow conduction
does not necessarily imply a disorder of myelination.

The first clinical study with automatic threshold
tracking investigated the resistance to ischemia that
is common in the nerves of diabetics88 (Fig. 4B). A
marked divergence between controls and diabetics
was evident within 5 min of arterial occlusion, and
the differences in postischemic hyperpolarization
were even more significant.79 It was later found that
most of the variation in the responses to ischemia
could be explained by their relationship to mean
blood glucose over the preceding 24 h.79 These clini-
cal observations led to the development of an inter-
esting in vitro rat model of diabetic neuropathy, in
which hyperglycemic sensory axons paradoxically ex-
hibited both resistance to anoxia and irreversible
damage by anoxia.71,80

Threshold tracking studies in normal subjects
have been helpful in revealing the mechanism of the
postischemic ectopic discharges that arise in motor
axons after extended periods of ischemia.16,17 They
have also been used to investigate the mechanism of
postischemic paresthesias, by comparing the re-
sponses of motor fibers and cutaneous afferents to
ischemia.19 The biophysical mechanisms implicated
are likely to be relevant to some types of pathological
discharge, particularly those associated with nerve
injury, but fall outside the scope of this review. How-
ever, the comparison of ischemic and postischemic
threshold changes in motor and sensory axons has
recently been extended to patients with amyotrophic
lateral sclerosis (ALS), to follow up reports that pa-
tients with ALS, like diabetics, are resistant to isch-
emia and experience less paresthesias.63,75 Thresh-
old tracking has confirmed some abnormalities in
the responses of the ALS patients to ischemia, but
they are qualitatively and quantitatively very different
from those in the diabetic patients (Mogyoros I, Ki-
ernan MC, Burke D, Bostock H: Ischemic resistance
of cutaneous afferents and motor axons of patients
with amyotrophic lateral sclerosis; submitted for
publication, 1997).

THRESHOLD CHANGES FOLLOWING A
SINGLE IMPULSE

Following an impulse, myelinated axons go through
an oscillating sequence of excitability changes, the
recovery cycle (Fig. 5): they are initially inexcitable
(absolute refractory period), then excitable with a
raised threshold (relative refractory or early subnor-
mal period), then after about 3 ms they become
more excitable than normal (supernormal or super-
excitable period), and this is usually followed by a
further period of raised threshold (late subexcitable
or late subnormal period).8,33,82 (The terms subnor-
mal and supernormal are commonly used as equiva-

FIGURE 5. Recovery cycles of motor and sensory axons in me-
dian nerve at wrist, following single supramaximal conditioning
stimulus. Target responses of 30%, 50%, and 70% of the maxi-
mum response were tracked in each case. (A) motor; (B) sen-
sory. Each data point shows mean threshold ± SE for 6 subjects,
normalized with respect to the control (unconditioned) stimulus
current required for the stated response. a, relative refractory
period; b, superexcitable period; c, late subexcitable period. (Re-
produced from Kiernan MC, Mogyoros I, Burke D: Differences in
the recovery of excitability in sensory and motor axons of human
median nerve. Brain 1996;119:1099–1105, by permission of Ox-
ford University Press.)
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lent to subexcitable and superexcitable, but we sug-
gest that they are best kept for the accompanying
changes in latency, which is a more convenient mea-
sure for some purposes.24,81–83) While the refracto-
riness is primarily due to sodium channel inactiva-
tion, the later excitability changes are primarily due
to changes in membrane potential (afterpotentials);
thus superexcitability correlates well with the depo-
larizing afterpotential, due to long-lasting depolar-
ization of the internodal axon, passively depolarized
during the action potential, while the late subexcit-
ability correlates with a late hyperpolarizing afterpo-
tential, due to the even slower turn-off of slow potas-
sium channels.6,7 (A less simplified account of
recovery cycle mechanisms will be found in a recent
editorial.82) All these excitability changes are
strongly dependent on membrane potential. Accord-
ingly, changes in these parameters can be used to
follow changes in membrane potential, and their ab-
solute values can be used as indirect measures of
resting membrane potential, to make comparisons
between groups of subjects.

Superexcitability. Superexcitability was first used
as a measure of membrane potential in experiments
on the effects of trains of impulses on conduction in
single demyelinated rat fibers in vivo.20 The fact that
the superexcitability of fibers increased before con-
duction failed was part of the evidence that hyper-
polarization by the sodium pump was responsible. A
similar argument was later used to provide evidence
that the ischemic resistance of motor axons in dia-
betic patients (see above, Fig. 4) is not due to mem-
brane depolarization, as had previously been sug-
gested.79 The close correspondence in the
superexcitability, measured at 10, 20, and 30 ms after
an impulse, between controls and diabetics made
that hypothesis untenable. However, that study did
not actually use threshold tracking, but the quicker
constant stimulus method (see above), with careful
setting of the stimulus level. Measurements of super-
excitability by automatic threshold tracking have
been used in several recent studies.19,43–45,54,55,58 Al-
though this use of superexcitability as an index of
membrane potential is usually valid, it is important
to note that it depends on the voltage dependence of
the conductance of the internodal axon mem-
brane,7 which depends on fast potassium channels.
If these are blocked (e.g., by 4-aminopyridine6), or if
the potassium gradient across the membrane is re-
versed,18 then the normal relationship between su-
perexcitability and membrane potential breaks
down. For this reason superexcitability can only be
trusted as a measure of membrane potential if sup-

ported by other measures, such as refractoriness and
strength–duration time constant, which depend on
sodium rather than potassium channels.

Refractoriness. Refractoriness can be measured as
the increase in threshold during the relative refrac-
tory period (e.g., at 2 ms after a suprathreshold con-
ditioning stimulus). It depends on membrane poten-
tial for reasons different from superexcitability,
principally the voltage-dependence of sodium chan-
nel inactivation. From a practical point of view, mea-
surements of refractoriness suffer from the disadvan-
tages that (a) temperature must be particularly well
controlled; (b) the conditioning stimulus must be
supramaximal (and this may be uncomfortable) to
ensure that all fibers are made refractory; and (c)
the response to the conditioning stimulus alone
needs to be subtracted on-line from the response to
the conditioning + test pair (a procedure that is also
necessary when measuring superexcitability). Never-
theless measurements of refractoriness by threshold
tracking are very sensitive to membrane potential,
and they have provided a useful additional indica-
tion of when changes in membrane potential oc-
cur.44,45,55,58 Of course the refractory period of a
CMAP depends not only on the local membrane po-
tential, but also on the ability of the remainder of the
nerve, and of the neuromuscular junction, to trans-
mit action potentials faithfully. McDonald and
Sears53 coined the term ‘‘refractory period of trans-
mission’’ (RPT) to emphasize this different aspect of
refractoriness.32 Clearly, if the RPT exceeds the in-
terval at which refractoriness is being estimated, the
threshold tracking can no longer work, as can occur
when tracking the effects of impulse trains on refrac-
toriness of motor axons (Vagg R, Mogyoros I, Kier-
nan MC, Burke D: Activity-dependent hyperpolariza-
tion of motor axons: implications for multifocal
motor neuropathy; submitted for publication, 1997).
RPT is increased by demyelination, or any other fac-
tor that reduces the security of impulse transmission,
and since it is determined by the weakest link in the
chain, measurements of RPT2,32 and RPT distribu-
tions38,69 have been found to be more sensitive than
conduction velocity measurements in detecting neu-
ropathies. There is a substantial literature on this
topic, which falls outside the scope of this review.47,76

THRESHOLD CHANGES FOLLOWING TRAINS
OF IMPULSES

Bergmans8 showed that there are two quite different
mechanisms causing an increase in threshold after
trains of impulses. Hyperpolarization is involved in
each case, and he called these mechanisms H1 and
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H2, since they correspond to two components of
hyperpolarizing (or ‘‘positive’’) afterpotential, P1
and P2.31 H1 is due to activation of slow potassium
channels, and can be regarded as a summation of
late subexcitability; it saturates after about seven im-
pulses (over a maximum of 40 ms), and lasts about
100 ms.6,8,85 H2, on the other hand, is due to acti-
vation of the electrogenic sodium pump, accumu-
lates over thousands of impulses, and has much
slower kinetics, reflecting intracellular sodium accu-
mulation and recovery.8,18,20,44,45 To these hyperpo-
larizing effects of impulse trains must be added an
opposite, excitatory action, seen only after long,
high-frequency trains, and which leads to posttetanic
repetitive activity and ectopic discharges.9 Two as-
pects of these activity-dependent excitability changes
have received attention recently; one is the possible
contribution that H1 and H2 may make to conduc-
tion failure in neuropathy, and the other concerns
the mechanism of the paradoxical hyperexcitability
and spontaneous discharges with long trains.

H1 has been investigated in normal cutaneous
afferents54,85 and in carpal tunnel syndrome55

(CTS), but no evidence of increased conduction fail-
ure was found, perhaps because the excitability
changes produced by H1 are modest. A study of H2
in CTS44 produced similarly negative findings, once
allowance had been made for temporal dispersion,
and this was more surprising: the pathologically
slowed axons in CTS did not behave as expected for
demyelinated axons with a marginal safety factor,20

and the authors questioned whether demyelination
could be the cause of the conduction slowing and
resting conduction block. Impulse trains sufficient to
activate H2, such as were used in this CTS study,44

will never have widespread clinical application, be-
cause the stimulus trains are painful. However, it has
recently been shown that H2 can be measured by
threshold tracking following voluntary activation of
motor fibers, rather than tetanic stimulation (Vagg
R, Mogyoros I, Kiernan MC, Burke D: Activity-
dependent hyperpolarization of motor axons: impli-
cations for multifocal motor neuropathy; submitted
for publication, 1997). This may prove a more widely
acceptable way of monitoring sodium pump activity,
and could be used to test this function (e.g., in dia-
betics); the time taken to remove an activity-
dependent sodium load could provide a good index
of pump activity.

The mechanism of the paradoxical posttetanic
hyperexcitability following long, high-frequency
stimulation is of interest in providing a possible
model for neuropathic discharges, such as in neuro-
myotonia.10 This phenomenon was recently studied

in some detail in a single motor axon with the help
of threshold tracking18; it was attributed to a buildup
of extracellular potassium ions, and linked to similar
phenomena induced in rat axons by injecting potas-
sium ions into or under a myelin sheath.28,42 In both
situations axonal membrane potential becomes un-
stable because the electrochemical gradient for po-
tassium ions across the internodal axolemma is re-
versed; current through potassium channels moves
into the axon, causing depolarization, thereby open-
ing more potassium channels and increasing further
the inward potassium current, and so on. The post-
tetanic ectopic activity in cutaneous afferents respon-
sible for posttetanic paresthesias45,46 probably has a
similar mechanism, the differences in behaviour of
tetanized motor axons and cutaneous afferents be-
ing attributable to differences in inward rectification
and persistent sodium conductance (see below). In-
ward potassium currents may also underlie some
types of neuropathic discharge, but this has not yet
been demonstrated.

THRESHOLD CHANGES INDUCED BY
SUBTHRESHOLD CURRENTS
Depending on the duration of applied currents, very
different types of information can be obtained. Cur-
rent pulses lasting several minutes have been used in
animal experiments to produce a steady-state polar-
ization of the nerve,20 but safety considerations se-
verely restrict the clinical use of such direct current
(DC) polarizing currents, and they will not be con-
sidered further. Very brief (submillisecond) pulses
produce changes in membrane potential confined
to the node of Ranvier and myelin sheath. These
changes in potential add to the changes in potential
induced by a subsequent test stimulus, provided it
comes before the effects of the first have died away.
Tasaki84 referred to this phenomenon as latent ad-
dition. Because the factors affecting latent addition
also determine the strength–duration behavior of
the axons, strength–duration properties will also be
considered in this section. When the applied cur-
rents last longer than a few milliseconds, sufficient
current penetrates the myelin sheath to alter the
potential difference across internodal axon mem-
brane, and the net changes in membrane potential
(electrotonus) become quite complicated, because
they depend on a variety of ion channels, some
nodal and some internodal.6,13 The changes in
threshold associated with electrotonus are known as
threshold electrotonus.15

Latent Addition. The first observations on latent
addition in human axons were made by Panizza et
al.,61 using manual determination of the threshold
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changes produced by 50-µs depolarizing pulses, set
to 50 or 90% of threshold. They estimated time con-
stants averaging 318 µs for sensory and 137 µs for
motor fibers, similar to their previous estimates for
the strength–duration time constants.60 Bostock and
Rothwell21 have recently reinvestigated latent addi-
tion with automatic threshold tracking, using 60-µs
pulses of six amplitudes, ranging from 90% of
threshold (depolarizing) to −90% (hyperpolariz-
ing), to evaluate the role of voltage-dependent con-
ductances. Recovery from depolarizing pulses was
found to be much slower than that from hyperpo-

larizing pulses, implying an important contribution
from the local response of nodal sodium channels to
the latent addition (Fig. 6). Moreover, the difference
between motor and sensory fibers could not be at-
tributed to a difference in membrane time constant,
which was close to 45 µs for both (Fig. 6C, D). In-
stead it was proposed that the sensory fibers have a
greater resting activation of a persistent sodium con-
ductance, which induces an additional slow compo-
nent in the recovery of threshold from hyperpolar-
izing pulses (Fig. 6B, D) and prolongs the strength–
duration time constant.21

FIGURE 6. Latent addition in motor and sensory axons compared in a normal subject. The ulnar nerve was stimulated at the wrist, and
currents were adjusted by threshold tracking to maintain a 40% maximal hypothenar CMAP (A, C) or 40% maximal sensory nerve action
potential from the little finger (B, D). (A) Changes in threshold of motor axons on addition of a brief, subthreshold conditioning current
pulse, varying in amplitude from 90% of threshold (bottom curve) to −90% of threshold (top curve) in 30% steps, at conditioning–test
delays from −0.2 to 0.5 ms in 20-µs steps. (In quadrants III and IV conditioning pulse follows test pulse.) Conditioning and test stimulus
durations were 60 µs. Note slower recovery of excitability following depolarizing (II) than hyperpolarizing (I) conditioning pulses. (B)
Sensory latent addition, plotted as in (A). Note slower recovery from both depolarizing and hyperpolarizing pulses than for motor fibers.
(C, D) The −90% hyperpolarizing responses in (A, B) (quadrant I), replotted on a semilogarithmic scale. Line in (C) and curve in (D) are
best fit single and double exponentials, respectively. In (D), the thin lines are the separate fitted fast and slow exponential components,
and the open circles are the data points after subtraction of the slow component. Note that the time constant of the fast component of
recovery of the sensory fibers (46 µs) is not different from the time constant of the exponential recovery of the motor fibers (45 µs). The
fast components were consistent between subjects (mean 43.3 µs) and probably correspond to the passive nodal time constants.
[Reproduced from Bostock H, Rothwell JC: Latent addition in motor and sensory fibres of human peripheral nerve. J Physiol (Lond)
1997;498:277–294.]
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The persistent sodium conductance has now
been recorded directly in rat sensory neurons,5 and
is likely to play an important role in many forms of
axonal hyperexcitability. Latent addition is at pre-
sent the best way of assaying this conductance in
vivo. For example, one cause of paresthesias in pa-
tients is ‘‘hyperventilation syndrome,’’ in which re-
spiratory alkalosis causes axonal hyperexcitability. A
recent study using threshold tracking to follow
changes in latent addition, strength–duration time
constant, and other excitability parameters during
voluntary hyperventilation has provided evidence
that this maneuver produces its effect on nerve ex-
citability by selectively activating the persistent so-
dium conductance.58 This interpretation is sup-
ported by the high sensitivity of the persistent
sodium conductance in rat sensory neurons to block
by hydrogen ions.4

The technique of latent addition, as applied to
human nerves by automatic threshold tracking, is
still very new, and no patient studies have yet been
reported. It might prove clinically useful in two situ-
ations: in conditions of axonal hyperexcitability, to
test for abnormal activation of the persistent sodium
conductance (as above); or when conduction is
slowed or compromised, to test for a change in nodal
time constant due to demyelination.

Strength–Duration Behavior. As the duration of a
test stimulus is increased, the strength of the current
required to just excite a single fiber or a specified
fraction of a compound action potential decreases. It
has been found by threshold tracking in human pe-
ripheral nerve56 that this strength–duration relation-
ship is remarkably well described by Weiss’s89 em-
pirical law (Glossary and Fig. 7A), just as it is in rat
nerves in vivo and in a model myelinated axon.12,22

When Weiss’s law applies, the old term chronaxie is
identical to the differently defined strength–
duration time constant (see Glossary), and may be
estimated reliably from the thresholds for just two
pulse durations.56 As shown earlier,60 cutaneous af-
ferents have consistently longer strength–duration
time constants than motor fibers,56 most likely be-
cause of the more prominent persistent sodium con-
ductance revealed by latent addition.21 The voltage
dependence of this conductance explains why the
strength–duration time constant is quite sensitive to
membrane potential, being increased by depolariza-
tion and reduced by hyperpolarization.18,21 Because
the strength–duration time constant is also related to
the passive membrane time constant, it is also in-
creased by demyelination,12,22 but this has not yet
been demonstrated in human nerve.

Measurements of strength–duration time con-
stant can therefore reveal abnormal nodal proper-
ties, but on their own they cannot be used to distin-
guish between abnormalities in resting membrane
potential, sodium conductance, or myelination. This
technique has recently been applied to two clinical
conditions: CTS and ALS. In CTS,57 strength–
duration time constants were normal, whether mea-
sured at the site of maximal compression or more
proximally, at the wrist. On the other hand, rheo-
base was abnormally high at both sites. The most
likely explanation of this result is that the nodes un-
der the stimulating electrode had such high thresh-
olds that the stimuli preferentially excited normal
nodes further away. This example illustrates a limi-
tation of all threshold tracking techniques: they are
inappropriate for studying focal neuropathies unless

FIGURE 7. Strength duration properties of motor and sensory
axons. (A) Strength–duration data for motor and sensory axons
in median nerve of single subject, plotted as stimulus charge
(current × duration) vs. stimulus duration, to show adherence to
Weiss’s law and method of determining strength–duration time
constant (from intercept on duration axis) and rheobase (from
slope of regression line). (B) Differences between motor and sen-
sory fibers (means ± SDs) in 20 normal subjects (target re-
sponses 30% of maximum). The strength–duration time con-
stants of sensory fibers were significantly longer than those of
motor fibers (P < 0.02) and the rheobases were lower. (Repro-
duced from Mogyoros I, Kiernan MC, Burke D: Strength-duration
properties of human peripheral nerve. Brain 1996;119:439–447,
by permission of Oxford University Press.)
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the stimulus can be confined to the pathological seg-
ment, or unless the pathology induces hyperexcit-
ability. In ALS, strength–duration time constants
were longer in the motor axons of patients than in
age-matched controls (Mogyoros I, Kiernan MC,
Burke D, Bostock H: Strength–duration properties
of sensory and motor axons in amyotrophic lateral
sclerosis; submitted for publication, 1997). An in-
crease in persistent sodium conductance was postu-
lated, since (a) measurements of superexcitability
and refractoriness (see above) provided evidence
that resting potentials were normal; and (b) rheo-
bases were reduced, which would not be the case if
the increase in time constant was due to demyelin-
ation. This increase in persistent sodium conduc-
tance would be expected to facilitate fasciculations,
though inadequate by itself to account for them. Ad-
ditional biophysical abnormalities in ALS are likely
to be involved (see below).

Threshold Electrotonus. In this technique, thresh-
old tracking is used to follow the changes in excit-
ability occurring during and after long-duration
(50–500 ms) depolarizing and hyperpolarizing cur-
rent pulses which are too weak to trigger action po-
tentials. The method is an elaboration of the simple
threshold tracking experiment illustrated in Figures
1 and 2. As with latent addition, the conditioning
currents are set to defined percentages of the un-
conditioned threshold current, but the test stimulus
duration is usually 1 ms.15,23,37 With ‘‘proportional
tracking,’’ it is possible to track the responses to four
levels of polarizing current for 200 ms in less than 5
min (Fig. 8), although clinical studies published so
far have used slower methods. In contrast to latent
addition, threshold changes are conventionally plot-
ted as threshold reductions, so that the depolarizing
responses are plotted upwards (Fig. 8B), as is normal
for electrotonus. By normalizing the threshold

FIGURE 8. Threshold electrotonus recording in normal subject (stimulus to ulnar nerve at wrist, CMAP recorded from hypothenar muscle):
quick method with tracking steps proportional to error. (A) Data displayed during recording. Top: threshold currents for five different
stimulus conditions, tracked in parallel; second from top: conditioning/polarizing currents, set to 40%, 20%, 0, −20%, and −40% of control
threshold current, registered at time test stimulus applied; second from bottom: delay between start of conditioning and test pulses,
incremented in 10-ms steps; bottom: percentage error in response, as in Figure, 2, plotted for ± 40% conditioning pulses only. (B)
Threshold electrotonus data replotted from (A) against conditioning–test delay (with 10-ms offset). Top: threshold changes plotted as
percentage reductions; bottom: conditioning currents, plotted as percentages of control threshold current.
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changes with respect to the control threshold, the
variation between normal subject becomes quite
small, especially for the responses to depolarization
(Fig. 9A). Threshold electrotonus waveforms in mo-
tor and sensory axons are compared in Figure 9B;
the depolarizing responses are surprisingly similar,
but differences appear with hyperpolarization and
become more marked the longer and stronger the
hyperpolarization. The following interpretation of
the major components of these threshold electroto-
nus waveforms is based in part on comparison with
recordings of electrotonus in rat spinal roots,6 in
part on recordings of threshold electrotonus in the
same preparation,3,15 and in part on comparison
with computer simulations of threshold electrotonus
in a simplified model myelinated axon.17,19,23 (The
labels in Figure 9 correspond to the labels previously
given for the corresponding components of elec-
trotonus6,13).

At the onset and offset of the current, there is a
fast change in threshold (F), due to the rapid depo-
larization or hyperpolarization of the nodes of Ran-
vier. This is followed by a slower change of threshold

in the same direction (S1), as the potential differ-
ence across the internodal axon membrane changes
more slowly, causing an additional change in poten-
tial of the nodal membrane. After about 20 ms, the
decrease in threshold on depolarization (S1) is
counteracted by a second slow component (S2),
which brings threshold back closer to control. S2 is
due to activation of slow potassium channels, mainly
located at the nodes, which increase threshold partly
by hyperpolarizing and partly by reducing the nodal
resistance. (These channels are also responsible for
the late subexcitability and for H1, and can be
blocked with tetraethylammonium ions). For the
−80% hyperpolarizing response in Figure 9B, S1 is
larger, because hyperpolarization deactivates potas-
sium channels in the internodal axon, and goes on
longer, until counteracted by the third slow compo-
nent (S3). S3 is due to the activation of the axonal
inward rectifier, a channel activated slowly by hyper-
polarization, and permeable to sodium as well as po-
tassium ions, so that it has an excitatory action. (The
inwardly rectifying current is now conventionally
designated IH

62 and is widespread in excitable cells,

FIGURE 9. Normal threshold electrotonus waveforms and components. (A) Averaged motor responses to 100-ms polarizing currents (±
40% of threshold) from 38 subjects, showing fast (F) and slow (S1, S2) components (see text) and small intersubject variability (thick lines:
mean, thin lines: mean ± SD). Stimuli were applied to ulnar nerve at wrist, CMAP recorded from hypothenar muscle. (Cikurel K, Murray
NMF, Bostock H: unpublished observations, 1997.) (B) Comparison between mean motor and sensory responses to 300-ms current
pulses (± 40%, −80% of threshold) from 8 subjects, showing additional component of threshold electrotonus (S3), due to inward
rectification activated by hyperpolarization. (Reproduced from Bostock H, Burke D, Hales JP: Differences in behaviour of sensory and
motor axons following release of ischaemia. Brain 1994;117:225–234, by permission of Oxford University Press.)
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e.g., it is the basis of cardiac rhythmicity.) Figure 9B
provides evidence for a difference in expression of
this inward rectifier between motor and sensory
axons, which helps to explain their different behav-
ior on release of ischemia19 and on the cessation of
prolonged tetanization.45,46 Threshold electrotonus
waveforms normally correspond reasonably closely
to the changes in membrane potential (electroto-
nus). This close relationship breaks down, however,
if the axons become so depolarized that sodium
channel inactivation becomes a major determinant
of electrical excitability.3 This occurs during pro-
longed ischemia, and in a few subjects with ALS (see
below).

Threshold Electrotonus as an Indicator of Membrane
Potential. As with many other excitability mea-
sures, the most important factor determining thresh-
old electrotonus is membrane potential, so thresh-
old electrotonus can also be used as an index of
membrane potential. For example, confirmation
that the ischemic fall and postischemic rise in thresh-
old (Fig. 4) are primarily due to depolarization and
hyperpolarization respectively is provided in Figure
10, which compares changes in threshold electroto-
nus during and after ischemia with those previously
caused by applying DC polarizing currents. Ischemia

and depolarization cause a similar ‘‘fanning in’’ of
the electrotonus waveforms, primarily due to the in-
creased activation of fast and slow potassium chan-
nels, while the opposite occurs after release of isch-
emia or during hyperpolarization. Threshold
electrotonus thus provides a very sensitive indicator
of changes in membrane potential, and tracking a
point on the threshold electrotonus response (e.g.,
100 ms after the start of a hyperpolarizing current) is
more sensitive than simple threshold tracking at re-
vealing an altered response to ischemia. Quasthoff et
al.65 have used this method to demonstrate that the
resistance to ischemia in diabetics (see above) is
abolished by several days of antidiabetic treatment.
They also found that cancer patients treated with
taxol-cisplatin become more sensitive to ischemia.64

Threshold Electrotonus and ALS. The first clinical
application of threshold electrotonus was to ALS, to
see if it could provide evidence of abnormal mem-
brane properties responsible for fasciculations.23

Motor nerves in 11 patients with definite ALS were
compared with 15 normal controls, 6 patients with
benign fasciculations, and 25 neurological controls
with diseases affecting the tested nerve (ulnar). The
neurological and normal controls gave similar re-
sponses, but those of the ALS patients were more

FIGURE 10. Effects on threshold electrotonus of changes in membrane potential induced by polarizing currents and ischemia. (A) Control
recordings of threshold electrotonus in motor axons to ± 40% conditioning currents (same subject and recording conditions as in Figure,
8), before and after making polarized recordings in (B). (B) Recordings in same nerve, while applying DC polarizing currents, set to 20%
(thick lines) and −10% (thin lines) of control threshold current. Dotted lines are means of control recordings in (A). (C) Recordings in same
nerve 5–9 min after inflating pressure cuff on upper arm to induce ischemia (thick lines), and 1–6 min, after releasing the pressure cuff
(thin lines). Dotted lines are means of control recordings in (A).
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variable (Fig. 11). In 7 patients depolarization re-
duced threshold more than normal (‘‘Type 1,’’ e.g.,
Fig. 11A), but in 4 the threshold increased sharply
(‘‘Type 2,’’ e.g., Fig. 11B, C). It was suggested that an
imbalance between sodium and potassium currents
led to abnormal depolarization, which in the Type 2
cases was so extreme as to lead to a threshold in-
crease because of sodium channel inactivation. A
similar threshold electrotonus abnormality could be
induced in rat nerves by blocking potassium chan-
nels,23 but the change in strength–duration behavior
found in a later study (see above) suggests that this
was not the only reason for the abnormal responses.
Another group of 11 ALS patients tested in Japan
showed similar abnormalities.48

In a third series of 27 ALS patients37 (testing the
median rather than the ulnar nerve), many re-
sponses fell within the normal range, but the average
showed significant fanning out (Fig. 12B), more
similar to the effects of hyperpolarization (Fig. 10)

than the original ‘‘Type 1’’ responses (Fig. 11A).
The fanning out on hyperpolarization is due to the
deactivation of potassium channels, so that these re-
sults are compatible with the proposal that potas-
sium conductances are reduced in ALS. A fourth
series of 70 ALS patients has given more equivocal
results.27 The depolarizing responses of the patients
were abnormally variable, exhibiting other distinc-
tive abnormalities in addition to the Type 1 and
Type 2 in Figure 11, but the mean responses were
not significantly different from controls. When di-
vided into subgroups, only the ‘‘definite ALS’’ and
‘‘progressive muscular atrophy’’ groups (showing
signs of lower motor neuron involvement) exhibited
the abnormalities in threshold electrotonus, whereas
the ‘‘bulbar’’ and ‘‘primary lateral sclerosis’’ groups
were normal. No correlation was found between
threshold electrotonus and disease progression or
CMAP amplitude; in 1 case when only a single hypo-
thenar motor unit was left, threshold electrotonus

FIGURE 11. Different types of abnormal threshold electrotonus waveforms, recorded from 3 patients with definite ALS. Stimulus was
applied to ulnar nerve at wrist, CMAP recorded from hypothenar. Responses to depolarizing currents, 40% of threshold, are plotted with
thick lines. (A) ‘‘Type 1’’ response (continuous lines), with abnormal threshold increase on depolarization, compared with mean of 12
normal controls (broken lines), shown by 6/11 ALS patients. (B, C) ‘‘Type 2’’ responses with abrupt or profound increases in threshold,
shown by 4/11 patients. Center row: difference in latency between responses occurring during the polarizing currents and the responses
to control threshold stimuli, showing reduced latency associated with ‘‘Type 2’’ responses, evidence of abnormal depolarization. (Re-
printed from Bostock H, Sharief MK, Reid G, Murray NMF: Axonal ion channel dysfunction in amyotrophic lateral sclerosis. Brain
1995;118:217–225, by permission of Oxford University Press.)
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was normal, possibly because the surviving motoneu-
ron had not yet succumbed to the disease process.
However, since the fasciculations in ALS usually arise
in the motor nerve terminals,51 it is possible that
abnormal membrane properties are often confined
to that region and inaccessible to threshold elec-
trotonus.14

Threshold Electrotonus and Diabetic Neuropathy.
Horn et al.37 have reported the results of an ex-

tensive study of threshold electrotonus in diabetic
patients. They have looked at motor and sensory
axons at the wrist in 63 diabetics, and compared the
results with those from 50 normal controls and 27

patients with ALS (see above). They found that al-
though only a minority of patient responses were
outside the normal range, there were differences be-
tween the group means, which became highly signifi-
cant when the patients were subdivided on the basis
of age or presence of neuropathy. The abnormalities
occurred only in the responses to hyperpolarization,
and were quite distinct from the abnormalities re-
corded in ALS patients in the same study (Fig. 12A–
C). Motor and sensory nerves in diabetics differed
from normal in the same way that normal motor
nerves differ from sensory ones, so it was concluded
that diabetic neuropathy is associated with a deficit
in inward rectification.37 Since inward rectification

FIGURE 12. Comparison between threshold electrotonus in diabetic neuropathy and ALS. Stimuli were applied to median nerve at wrist,
CMAP recorded from thenar eminence. (A) Mean responses from 34 patients with diabetic neuropathy compared with those from 48
controls. (B) Mean responses from 27 patients with definite ALS compared with same controls. (C) Comparison between the three groups
in respect to threshold reduction 90–100 ms after start of −40% hyperpolarizing current (abscissa) and 10–20 ms after start of 40%
depolarizing current (ordinate). Ellipses correspond to 95% confidence limits for group means (C = controls, DN = diabetic neuropathy,
and ALS), estimated on the assumption that the two threshold parameters follow bivariate normal distributions. (Reprinted from Horn S,
Quasthoff S, Grafe P, Bostock H, Renner R, Schrank B: Abnormal axonal inward rectification in diabetic neuropathy. Muscle Nerve
1996;19:1268–1275.)
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has been found in other cells to depend on the level
of intracellular cyclic adenosine monophosphate
(cAMP),1,39 this deficiency may be related to the lack
of cAMP reported in diabetic nerves.40

One function of axonal inward rectification is to
limit hyperpolarization by the sodium pump during
long-lasting, high-frequency bursts of impulses,6 so
the lack of inward rectification could be responsible
for the impaired vibration perception86 and fatiga-
bility of cutaneous afferents52 in diabetic patients.
The unexpected finding that inward rectification is
deficient in myelinated fibers in diabetic neuropathy
has led to a study of inward rectification in C fibers
(which are often the axons most affected by diabetic
neuropathy). Threshold electrotonus applied to C
fibers in biopsied human sural nerve in vitro has
shown that inward rectification is prominent in these
fibers.35 It is activated by the electrogenic sodium
pump at frequencies as low as 1 Hz, and a deficiency
in diabetic neuropathy could have serious functional
consequences.

Threshold Electrotonus in a Toxic Neuropathy. An-
titumor treatment with taxol-cisplatin combination
chemotherapy causes a rapidly developing, predomi-
nantly large-fiber sensory neuropathy.26 Threshold
electrotonus has been used to investigate this neu-
ropathy in 15 patients.36,70 There was a marked sym-
metrical ‘‘fanning in’’ or flattening of the threshold
electrotonus responses, indicating that the axons
were depolarized or the conductance of the inter-
nodal axon membrane was increased. As already
mentioned, the axons also became more sensitive to
ischemia. These disturbances in membrane excit-
ability were detected by threshold electrotonus after
only one or two doses of chemotherapy, before any
clinical or neurological signs of neuropathy.70 Taxol
also depolarized human sural nerves in vitro.64

Threshold Electrotonus in Other Conditions.
Threshold electrotonus abnormalities have also
been reported in multifocal motor neuropathy with
conduction block, where the abnormality was re-
stricted to the site of the lesion,41 and in monomelic
amyotrophy with spinal hemiatrophy.49 Although a
considerable number of patients with demyelinating
neuropathies have been tested, including some with
marked conduction slowing, no consistent abnor-
malities in threshold electrotonus have been found
(Quasthoff, personal communication). This may
seem surprising, since alterations in passive as well as
active membrane parameters should affect electroto-
nus, but the explanation is probably similar to that
for the negative findings on strength–duration be-

havior in CTS57 (see above), i.e., fibers demyelinated
at the point of stimulation will preferentially be ex-
cited at adjacent, normal nodes, or other, more nor-
mal fibers will be excited in their place.

Threshold Tracking Techniques and Models of Nerve
Excitability. A good measure of our understanding
of nerve excitability is our ability to model it math-
ematically in terms of the properties of its constitu-
ent components, such as the voltage-dependent ion
channels. As far as the generation of action poten-
tials by the node of Ranvier is concerned, there is
little mystery; voltage clamp studies of nodal currents
have led to a series of models of the ion currents in
frog,29 rat,73 and most recently, human nodes.74

These models reproduce the appropriate action po-
tential waveforms quite well, and when coupled to
model internodes, reproduce saltatory conduction
very well.34 What this classical approach has not told
us, however, is how the internodal ion channels
which have been revealed by patch clamping72,87 in-
teract with the nodal channels and with ion pumps
to generate the complex repertoire of axonal re-
sponses to impulse activity, ischemia, and polarizing
currents. Only models which take account of inter-
nodal as well as nodal electrogenic mechanisms, as
first done by Blight,11 can hope to explain many
types of pathological nerve activity.

Threshold electrotonus provides more informa-
tion about more different axonal ion channels than
any other noninvasive test, and it has therefore been
used to help develop mathematical models of hu-
man axons. The first attempts were based on Barrett
and Barrett’s equivalent circuit for the electrical in-
teraction between nodes and internodes,7,68 with the
simplifying assumption that threshold electrotonus
paralleled electrotonus.17,19,77,78 These models
helped towards’ an understanding of postischemic
ectopic discharges,17 and to demonstrate a differ-
ence in inward rectification between motor and sen-
sory fibers.19 However, electrotonus does not paral-
lel threshold electrotonus in depolarized axons,3

and when it came to modeling ‘‘Type 2’’ threshold
electrotonus in ALS (Fig. 11B, C), the assumption
that it does had to be abandoned. Instead, threshold
electrotonus was simulated by applying threshold
tracking to the model, and this improved procedure
was able to reproduce some of the abnormal features
of threshold electrotonus in ALS.23

In these models, sodium channel parameters
were assumed to be the same as described for rat
nodes of Ranvier.73 More recently a limitation of that
model was exposed by the experiments on latent
addition.21 The responses of human axons in vivo to
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brief current pulses (Fig. 6) were found to be criti-
cally dependent on the subthreshold behavior of
sodium channels, which was best described by equa-
tions derived from human data74 and the assump-
tion of a small persistent sodium conductance, as
already described. Current models of human nerve
excitability incorporate persistent as well as transient
nodal sodium channels, fast and slow potassium
channels, and inward rectification. The model rep-
resented by the electrical circuit in Figure 13 can
account for normal threshold electrotonus wave-
forms and the changes in threshold electrotonus
and strength–duration behavior when nerves are de-
polarized or hyperpolarized (Mapes R, Bostock H:
unpublished observations, 1997). However, despite

the simplifications of this model, it still has more
parameters than can be determined with confidence
from available experimental data. Thus the two
threshold tracking techniques of latent addition and
threshold electrotonus have enabled considerable
progress toward a more complete description of nor-
mal and abnormal human nerve excitability, but we
are still some way from the goal of being able to test
a nerve in vivo and define any channel abnormalities
unambiguously.

CONCLUSIONS

Threshold tracking is a powerful tool for investigat-
ing excitable membranes; it is well suited to the study
of human peripheral nerves in vivo, but has so far

FIGURE 13. Simplified equivalent circuit of node and internode of myelinated axon, showing principal electrical components. A computer
model based on this circuit can simulate recovery cycles, latent addition, strength–duration behavior, and threshold electrotonus. Each
ion channel type is represented by a cell, with electromotive force corresponding to the Nernst equilibrium potential for the ion, in series
with a voltage- and time-dependent conductance. Electrogenic ion pumps (principally Na+/K+–adenosine triphosphatase), present in both
node and internode, are represented as current sources (Ipump). Currents generated by the nodal membrane (main block on left) or applied
from outside, access the internodal axon membrane (main block on right) via the capacitance of the myelin sheath (Cm) and the
‘‘internodal leak resistance’’7 (Ril), which is made up of current paths through and under the myelin (also called the ‘‘Barrett–Barrett
resistance’’68). Changes in membrane potential of the internodal axon are slow, because of its high electrical capacitance (Ci), nearly
three orders of magnitude greater than the nodal capacitance (Cn). The nodal ion channels illustrated are: Na, sodium channels,
responsible for the action potential; Nap, persistent sodium channels,21 active in subthreshold potential range—they lower rheobase,
prolong strength–duration time constant, and facilitate repetitive firing (more prominent in sensory than motor fibers); Kf, fast potassium
channels, present but normally of little importance at nodes74; and Ks, slow potassium channels, responsible for the late subexcitability,
H1, and the S2 component of electrotonus—they reduce excitability both by hyperpolarization and by increasing nodal conductance. The
internodal ion channels illustrated are: Na, internodal Na channels—these probably outnumber nodal channels but are not normally
activated; they may contribute to some types of pathological discharge17 and assist conduction in demyelination; Kf, fast potassium
channels, present in high concentrations at the paranodes67—they limit superexcitability and depolarizing electrotonus; together with slow
potassium channels, Ks, they contribute to the maintenance of the resting potential; IR, inward rectifier channels activated by hyperpo-
larization, responsible for the S3 component of threshold electrotonus (more prominent in sensory fibers); and Lk, leak or non–voltage-
dependent channels—they contribute little to electrotonus.
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been little exploited clinically. Threshold tracking
can be applied to motor or sensory axons to deter-
mine changes in excitability caused by a single im-
pulse (e.g., refractoriness, superexcitability), by
trains of impulses (H1, H2), by ischemia (e.g., isch-
emic resistance in diabetes), by changing stimulus
duration (e.g., strength–duration time constant), or
by subthreshold polarizing currents (latent addition
and threshold electrotonus). Excitability changes
measured by threshold tracking can be compared
between different stimulation sites and different
nerves, and with single-fiber preparations and com-
puter models.

All of the methods described provide useful in-
formation about membrane properties in normal
and/or diseased nerves, but none has yet established
a role in the diagnosis or monitoring of a particular
clinical condition. We view them primarily as re-
search tools, of greatest value in probing pathophysi-
ological mechanisms. If threshold tracking tech-
niques are to be adopted more widely, it is important
to stress the limitations that they have in common.
They all test the nerve only at the point of stimula-
tion, and so they are not useful for focal neuropa-
thies, unless it is possible to excite the nerve at the
lesion site (as in the case of multifocal motor neu-
ropathy41). Second, they test only the axons with
thresholds close to the level chosen for tracking, so
conditions affecting the excitability of only a minor-
ity of axons, whether the least or the most excitable,
may go undetected. Third, they take no account of
axons that have degenerated, or which are blocked
between stimulation and recording site, so that serial
measurements can remain unchanged or even show
improvements despite a progressive loss of axons (as
may occur in ALS). Because of these limitations,
threshold tracking may prove of greatest value in
metabolic and toxic neuropathies in which axons are
affected rather uniformly.

GLOSSARY

Chronaxie. The stimulus duration for which the
threshold current is twice the rheobase. Chronaxie is
identical to the strength–duration time constant
when Weiss’s law is obeyed.

Electrotonus. Changes in membrane potential
evoked by subthreshold depolarizing or hyperpolar-
izing current pulses.

H1, H2. Hyperpolarizing aftereffects of trains of im-
pulses, which cause an increase in threshold. They
differ in time course and mechanism (see text).

Latent Addition. Addition of the effects of two
brief, closely spaced subthreshold current pulses on
nerve excitability.

Refractoriness. The decrease in excitability (or in-
crease in threshold) observed during the relative re-
fractory period after a nerve impulse. Refractoriness
may be expressed as the percentage change in
threshold when a test stimulus is preceded by an
exciting stimulus at an interval of e.g. 2 ms. Refrac-
toriness defined in this way is a property of the nerve
membrane at the stimulation site, and can only be
measured at intervals greater than the refractory pe-
riod of transmission.

Refractory Period (Absolute). The period immedi-
ately after a nerve impulse during which an axon
cannot be excited, however great the stimulus.

Refractory Period (Relative). The period between
the end of the absolute refractory period and the
start of the superexcitable period, when an axon may
be excited but its threshold is increased.

Refractory Period of Transmission. The minimum
interval between successive suprathreshold stimuli,
such that the second impulse successfully reaches
the recording site.

Rheobase. The threshold current (or estimated
threshold current) for a stimulus of infinitely long
duration.

Strength–Duration Time Constant. An apparent
membrane time constant inferred from the relation-
ship between threshold current and stimulus dura-
tion. It has been defined as the ratio between the
minimum charge threshold and the rheobase.59 In
general it is longer than the (passive) membrane
time constant. (See Weiss’s Law.)

Superexcitability. An increase in excitability (or re-
duction in threshold current) commonly observed
shortly after a nerve impulse. Superexcitability may
be expressed as the percentage change in threshold
when a test stimulus is preceded by an exciting
stimulus at an interval of e.g. 7 ms.

Supernormality. This term is often used inter-
changeably with superexcitability, but we prefer to
use supernormality for the increase in conduction
velocity which may accompany superexcitability.
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Threshold (Current). The stimulus current re-
quired to excite a single axon on 50% of trials, or to
evoke a compound nerve or muscle action potential
that is a defined fraction of the maximum.

Threshold Electrotonus. Changes in threshold in-
duced by subthreshold current pulses, correspond-
ing to electrotonus (especially changes in threshold
to 1-ms current pulses induced by 50–500-ms polar-
izing currents).

Weiss’s Law. An empirical formula for the
strength–duration relationship, which is closely fol-
lowed by myelinated fibers: the stimulus charge [Q,
i.e., the product of stimulus current (I) and duration
(t)] at threshold is directly proportional to stimulus
duration, or Q = I z t = R (t + t), where R is the
rheobase and t is the chronaxie or strength–
duration time constant.
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