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Accuracy Limitations of Chronaxie Values

Leslie A. Geddes, Life Fellow, IEEE

Abstract—The strength-duration curve is a plot of the threshold
current (I) versus pulse duration (d) required to stimulate ex-
citable tissue. On this curve are two points: 1) rheobase (b) and 2)
chronaxie (c). Rheobase is the threshold current for an infinitely
long-duration stimulus. Chronaxie, the excitability constant, is
the duration of a pulse of current of twice rheobasic strength.
The mathematical expression for the strength-duration curve is
I = b(1 + c/d). Although there are many published values for
chronaxie for various excitable tissues, the range of variability for
a given tissue type is quite large. This paper identifies five factors
that can affect the accuracy of chronaxie measurement and shows
that the most reliable values can be obtained with a rectangular
pulse delivered from a constant-current source.

Index Terms—Chronaxie, rheobase, stimulation, tissue ex-
citability.

1. INTRODUCTION

HRONAXIE is the tissue-excitability parameter that
permits choice of the optimum stimulus pulse duration
for stimulation of any excitable tissue. Chronaxie (c) is the
Lapicque descriptor of the stimulus pulse duration for a current
of twice rheobasic (b) strength, which is the threshold current
for an infinitely long-duration stimulus pulse. Lapicque showed
that these two quantities (c,b) define the strength-duration curve
for current: I = b(1 + c¢/d), where d is the pulse duration.
However, there are two other electrical parameters used to
describe a stimulus: energy and charge. The minimum energy
occurs with a pulse duration equal to chronaxie. Minimum
charge (bc) occurs with an infinitely short-duration pulse.
Choice of a pulse duration equal to 10c requires a current of
only 10% above rheobase (b). Choice of a pulse duration of
0.1c requires a charge of 10% above the minimum charge (bc).
The published range of values for chronaxie have largely ig-
nored five factors that can affect the value for chronaxie: 1)
stimulus current waveform; 2) electrode properties; 3) stimu-
lator output impedance; 4) tissue inhomogenity; and 5) temper-
ature. Examples are given to identify the effect of each factor.
It is concluded that one or more of these factors are likely the
reason for the variability of chronaxie values in the published
literature.

II. BACKGROUND

From time to time, statements are made that chronaxie, the
excitability constant of tissue, is affected by electrode parame-
ters (size, shape, material) and stimulus waveform [13].

Chronaxie (c) is the duration for a rapidly rising current pulse
of twice rheobasic intensity. The rheobase (b) is the threshold
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Fig. 1. (a)Lapicque hyperbolic strength-duration (d) curve for current (/) and

the Weiss linear strength-duration relationship for charge Q = Id. In (b) are
shown universal strength-duration curves, plotted logarithmically, for current
energy and charge, with the duration axis divided by ¢, the chronaxie.

current (/) for stimulation with an infinitely long-duration
pulse. Lapicque [16], [17] showed that these two quantities
describe completely the current strength (I)-duration (d) curve,
namely I = b(1l + c/d). Fig. 1(a) represents the Lapicque
strength-duration curve for current for a rectangular pulse.
Lapicque used constant-current, capacitor-discharge pulses to
obtain chronaxie values for a wide variety of excitable tissues.
The duration (d) was the time constant of the electrode-subject
circuit (RC), where R was a series resistor, (much higher than
that of the electrode-subject impedance) and C, the capacitance,
was chosen to obtain the desired pulse-duration range.

Earlier, Weiss [23] used rectangular, constant-current pulses
for the same purpose and found that the threshold charge (Q =
1d) required for stimulation increased linearly with pulse du-
ration. Fig. 1(a) shows the Weiss charge-duration relationship.
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It is noteworthy that the charge for the Lapicque expression
(Q = bd + bc) is linear with pulse duration (d). The slope is
b, and the intercept is b¢, which is the minimum charge. There-
fore, the Weiss and Lapicque results carry the same message.

It is of value to create a universal strength-duration curve by
dividing the duration (d) axis by chronaxie (c) and plotting the
current, charge and energy versus duration logarithmically, as
shown in Fig. 1(b). It is easily shown that the minimum energy
in a pulse occurs with a pulse duration equal to chronaxie.

III. FACTORS AFFECTING CHRONAXIE

Five factors affect the practical measurement of values for
chronaxie: 1) stimulus waveform; 2) electrode characteristics;
3) stimulator output impedance; 4) tissue inhomogeneity; and
5) temperature. Examples will be given to identify the nature of
each factor.

IV. STIMULATION OF EXCITABLE TISSUE

To understand the influence of the five factors identified
above, it is first necessary to establish the principles underlying
excitation. Excitable cells are enveloped by a semipermeable
membrane. Inside the cell is a high concentration of potassium
ions (K™). Outside the cell is a high concentration of sodium
ions (Na™). This ionic gradient is maintained by metabolism,
the result being a resting transmembrane potential (RMP), the
magnitude of which depends on the cell type. Typically the
resting membrane potential is about 80 mV, with the outside
positive with respect to the inside. The membrane permeability
is a function of the transmembrane potential.

Fig. 2(a) illustrates the transmembrane charge distribution for
a long cylindrical excitable cell, to which a rectangular wave
cathodal current pulse of intensity I and duration d is applied.
This cathodal current pulse removes positive charge and re-
duces the transmembrane potential by AV to reach the threshold
potential (TP), which produces a propagated action potential,
during which a small number of Na™ ions enter the cell and K+
ions exit the cell. Fig. 2(b) illustrates the resulting action po-
tential. Note that the transmembrane potential becomes slightly
higher than zero at the peak of the action potential.

Fig. 2(a) depicts monopolar stimulation in which a small-area
cathodal electrode is applied to the excitable tissue. The return
path for the current is via a distant, large-area indifferent (refer-
ence or dispersive) electrode.

To reduce the transmembrane potential, positive charge is re-
moved by the cathodal stimulus. For a rectangular pulse, charge
(Q) is the product of current (/) and duration (d); Q = Id.
Therefore, it would be expected that there should be a recip-
rocal relationship between current and duration over a range of
durations; Fig. 1(a) illustrates this point.

Fig. 2 depicts the case in which the stimulating current
(I) was at threshold value. Hodgkin [12] investigated the
temporal transmembrane potential changes for subthreshold
and threshold values for cathodal and anodal stimuli. Fig. 3
illustrates that with cathodal pulses of current of incrementing
intensity (below threshold), the transmembrane potential
decreased; then it returned to the resting membrane potential
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Fig. 2. The charge distribution along a cylindrical excitable cell with a
cathodal stimulating electrode delivering a rectangular current pulse of
intensity I and duration d. The mechanism of stimulation in which the current
pulse reduces the RMP to the TP to produce a propagated action potential is
shown in B.
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Fig. 3. Local potential changes under the cathode and anode with increasing
stimulus intensity. Note that under the cathode, when the stimulus intensity
reduced the membrane potential from the RMP to the TP, excitation occurred.
Excitation did not occur under the anode with increasing stimulus intensity.
(Redrawn from [12]).

with a time constant. With a sufficiently strong cathodal pulse,
the TP was reached and a propagated action potential ensued.

With anodal pulses, the transmembrane potential increased,
and then returned to the resting membrane potential with a time
constant. Increasing the anodal pulse intensity incrementally
increased the transmembrane potential transiently. However,
no propagated action potential occurred with increasing anodal
stimulus strength.
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V. STIMULUS WAVEFORM

From Fig. 2(b), it is clear that a rapidly rising, rectangular
cathodal current pulse delivers the charge necessary for stimu-
lation effectively. However, the temporal aspect of charge de-
livery is important because the cell tries to maintain its mem-
brane potential. Prolongation of the rising phase of a stimulus
allows time for the cell to resist the imposed change. With con-
tinued rise of the applied current, there comes a time when the
cell can no longer resist this imposed change and excitation oc-
curs at a higher stimulus intensity. This phenomenon is known
as accommodation and was well described by Hill [11].

The temporal aspects of charge delivery by a current pulse
were investigated by Wessale et al. [24] who compared stim-
ulation threshold with a rectangular pulse and a capacitor-dis-
charge pulse, both delivered by the same constant-current stim-
ulator. In human subjects they found that the chronaxie values
for sensation with skin-surface electrodes were different. The
charge delivered for the rectangular wave is Id, that delivered
by the capacitor discharge is I7, where I is the peak current
and 7 is the time constant, the time required for the current
to fall to 37% of its peak value. The chronaxie obtained from
the capacitor-discharge strength-duration curve was about twice
that for the rectangular wave pulse. In addition, the ratio of the
threshold peak capacitor-discharge to the rectangular-wave cur-
rent pulse increased with decreasing pulse duration, indicating
that the temporal delivery of charge is an important factor.

VI. ELECTRODE CHARACTERISTICS

Electrodes separate the excitable tissue from the stimulator.
Excitation occurs under the cathode, and because it is current
density (mA/ch) that stimulates, the cathode electrode is
made smaller than the reference or indifferent electrode. If
the cathodal electrode is distant from the excitable tissue, the
rheobase will be higher. Therefore the current strength-duration
curve will have the same shape, but it will lie above that
obtained with an electrode that is closer to the excitable tissue.

The equivalent circuit for an electrode-tissue interface has
evolved over many years [10]. Briefly, it consists of three com-
ponents, a half-cell potential, resistance, and capacitance. For
stimulation, the half-cell potential can be neglected. The sim-
plest equivalent circuit is shown in Fig. 4; Ry is the Faradic resis-
tance, which provides the nonlinear direct-current path [8] with
the subject. R, and C\, are the Warburg components that result
when a metal electrode comes into contact with an electrolyte.
R, Ry, and C, are all nonlinear circuit elements. Ry and R,
decrease with increasing electrode area and CY, increases with
increasing electrode area. Because Ry, R, and C\, are non-
linear, the electrode-subject circuit impedance is a function of
the current. The tissue is represented by resistances (R R} ) and
capacitance (C}), the latter being due to the cell membranes.

The best way to minimize stimulus waveform distortion that
the electrode components can produce is to use a stimulator with
a high output impedance, i.e., a constant-current stimulator. In
this way, the impedance of the electrode-subject circuit will be
negligible with respect to the output impedance of the stimu-
lator. This subject is discussed in the section dealing with stim-
ulator output characteristics.
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Fig. 4. Representation of a pair of electrodes on a subject; Ry, and, Ci,
represent the Warburg resistance and capacitance and Rf represents the Faradic
resistance, all result from the contact between a metal electrode and an
electrolyte. The subject’s tissues are represented by (), (R!), and (C}).
The resistances are due to the tissue fluids and the capacitance is due to the
cell membranes.

The subject of electrode area became of considerable prac-
tical importance in the early days of implanted cardiac pace-
makers. Because it is current density (mA/cm?) that stimulates,
Furman et al. [2], [3] found that decreasing the pacing electrode
area achieved pacing with less current, thereby increasing the
longevity of the battery in an implanted pacemaker. The same
fact applies for other types of implanted stimulators.

Another important aspect of a stimulating electrode is its
shape. For all electrodes other than spherical, the current
density across the electrode surface is not uniform, that under
the perimeter being much higher than under the center of the
electrode [1], [20]. Therefore, stimulation will occur some-
where under the electrode perimeter where the cathodal current
density is highest.

VII. STIMULATOR OUTPUT IMPEDANCE

Because the electrical circuit formed by the electrode-tissue
interface (Fig. 4) resembles a nonlinear leaky capacitor, the
output impedance of the stimulator will have an effect on
the stimulus waveform. Briefly there are two types of output
circuit: 1) constant voltage and 2) constant current. With the
former type, the output voltage will be the same for all loads
connected to it, i.e., the output impedance is low. With the
constant-current stimulator, the current will be the same for
all loads connected to it, i.e., the output impedance is high.
However, with the constant-voltage stimulator, the current
waveform will not be the same as the voltage waveform, owing
to the complex electrode-subject impedance, which contains
nonlinear resistive and capacitive elements.
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Fig.5. InAis shown arectangular-wave stimulator with an output impedance
of R, connected to electrodes on the arm. In B are shown the voltage and current
waveforms obtained with a constant-voltage stimulator (R, small). Note the
peak on the current waveform. In C are shown the voltage and current waveforms
when using a constant-current stimulator (R, large) delivering a rectangular
current waveform.

With the constant-current stimulator, the voltage waveform
will not be the same as the current waveform. Because it is
current that removes positive charge from a cell membrane to
achieve excitation, it is necessary to focus on the current wave-
form.

An easy way of illustrating the importance of stimulator
output impedance is to stimulate a tissue with a small-area
(active cathodal) and large-area (indifferent anodal) electrode
using a rectangular wave delivered from a constant-voltage
and then a constant-current stimulator connected to the same
electrodes. Fig. 5(a) illustrates the electrodes on the arm of
a subject. Fig. 5(b) and (c) presents the voltage and current
waveforms. The sensation threshold was measured with a
2-ms pulse; Fig. 5(a) illustrates these connections to a con-
stant-voltage stimulator (2, low) and then to a constant-current
stimulator (R, high). Fig. 5(b) shows the voltage and current
waveforms for the constant-voltage stimulator and Fig. 5(c)
shows the voltage and current waveforms for a constant-current
stimulator. Note the high peak on the current waveform when
a constant-voltage, rectangular-wave stimulator was used.
Because the stimulator was a constant-voltage type, the voltage
waveform is not distorted. Distortion of the current waveform
is due to the capacitive nature of the electrode-electrolyte tissue
interface. The spiked current makes it difficult to quantitate the
current that stimulated.

With the constant-current stimulator shown in Fig. 5(c), note
the undistorted current waveform. The constant-current stim-
ulator is insensitive to the nature of the electrode-electrolyte
tissue interface impedance. The capacitive nature of this inter-
face reveals itself by producing an exponential rise and fall on
the voltage waveform.
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VIII. TISSUE INHOMOGENEITY

When an electrode is applied to excitable tissue to determine
its chronaxie, it is assumed that the tissue is homogeneous. How-
ever, a specimen of excitable tissue may contain several types
of excitable tissue; therefore, the location of the stimulating
electrode becomes an important consideration. For example, if
an electrode is inserted into skeletal muscle and muscle twitch
is used as the response to the stimulus, the chronaxie so ob-
tained will be that of the motor nerves which spread through
the muscle. To obtain the chronaxie of skeletal muscle fibers
alone, a myoneural blocking agent must be used. In fact, there
are three excitable tissues in skeletal muscle, each with its own
chronaxie: 1) the motor nerve; 2) the myoneural junction; and
3) the skeletal muscle fibers. Interestingly, before clinical elec-
tromyography was introduced by Jasper et al. [14], the diagnosis
of motor-nerve injury and reinnervation was made by measuring
chronaxie over several months. After nerve injury in man, the
chronaxie becomes long, being that of the denervated skeletal
muscle. During reinnervation, the chronaxie becomes shorter,
ultimately becoming that of the motor nerve when innervation
is complete [21].

When the chronaxie of nerve is measured, it is important
to recognize that most nerve trunks contain bundles of fibers
having different diameters and, hence, different propagation ve-
locities [4] and [5], with each fiber group having its own chron-
axie. The indicator of excitation in nerve is the evoked action po-
tential and an adequate length of nerve is needed so that the ac-
tion potentials of all of the differently propagating fiber groups
will be displayed separated by an adequate time interval. When
this is achieved, the chronaxie for each fiber group can be ob-
tained by choosing a pulse duration and increasing the pulse
intensity until the action potential for a particular fiber group
appears. The intensity for the appearance of each fiber group is
identified as threshold and the procedure is repeated for other
pulse durations. In this way a strength-duration curve can be
plotted for each fiber group, from which the chronaxies can be
determined. This technique was described by Smith et al. [22]
to determine the chronaxie values for vagal nerve fibers. Failure
to have a long enough nerve segment may only allow identifi-
cation of the chronaxie for the fastest propagating fibers.

Another example of complex excitable tissue is heart muscle,
namely the atria and ventricles. Within the atria is the sinoatrial
node with its own chronaxie. The atrial muscle also contains
propagating fibers that are a modified form of atrial muscle. The
atria also contain autonomic nerve fibers. Likewise, the ventri-
cles contain the A-V node, bundle of His, Purkinje fibers and
sympathetic nerves, all embedded at different places in ven-
tricular muscle, each with its own chronaxie. Therefore, elec-
trode location and specimen choice are important considerations
when measuring chronaxie.

The foregoing discussion identifies the importance of elec-
trode location when determining the chronaxies of the com-
ponents of an inhomogeneous excitable tissue. The statement
made by Irnich [13] concerning electrode size as a factor in
determining chronaxie, may be more due to electrode location
rather than size. In fact Lucas [19], using frog and toad skeletal
muscle, pointed out the importance of electrode location in dis-
tinguishing the chronaxie of nerve and muscle.
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IX. TEMPERATURE

All metabolic processes are influenced by temperature and itis
not surprising that chronaxie is temperature dependent. Lapicque
[15], [18] was well aware of the effect of temperature on chron-
axie. Geddes and Bourland [6] and [7], in an intact dog study
in which body temperature was lowered to 23 °C, ventricular
muscle time constant (analog of chronaxie) increased 5.9% per
degree reduction in body temperature. Therefore, when reporting
a value for chronaxie, temperature must be specified.

X. DISCUSSION

In a recent paper, the author [9] listed the values for chronaxie
from the published literature. In view of the five factors that can
affect the accuracy of chronaxie, it is useful to examine the range
of chronaxie values for the same tissue.

In the aforementioned paper [9], the chronaxie values for
mammalian ventricles at body temperature range from 0.5 ms
(human) to 2.0 to 4.1 ms (dog); this is a 8.2/1 ratio. The mea-
surements were taken with different types of electrodes and with
stimulators having unknown output impedances.

The chronaxie values for human arm sensory nerves range
from 0.35 to 1.17 ms, a ratio of 1.17/0.35 = 3.3. Again, the
values were obtained with insufficient information to establish
the cause of variability.

The chronaxie values for human denervated skeletal muscle
ranges from 9.5 to 30 ms at body temperature, representing a
ratio of 3.16. As stated earlier, a reduction in chronaxie occurs
during reinnervation, as was elegantly shown by Ritchie [21].
A chronaxie study of mammalian skeletal muscle to which a
myoneural blocking agent is applied would shed light on this
situation.

Therefore, it is clear that the published values for chronaxie
have a wide range. If chronaxie is the best descriptor of tissue
excitability in a homogeneous tissue specimen, at a known tem-
perature, it should be determined with a constant-current stim-
ulator providing a rectangular cathodal stimulus waveform.

Because the published chronaxie values exhibit variability, it
is logical to ask the question: Of what value is chronaxie? The
answer is simple; chronaxie is derived from the strength-dura-
tion curve for current and it shows that if the stimulus duration
is shorter than chronaxie, more current is required to stimulate,
with any type or location of electrodes with a stimulator of any
known or unknown output impedance.

In addition, the chronaxie value, however determined,
identifies the pulse duration for minimum energy. In addition,
the charge delivered at chronaxie, however determined, is 2bc,
twice the minimum charge. Therefore, if minimum charge
delivery is sought to prolong the life of a battery in an implanted
stimulator, a pulse duration of less than the measured chronaxie
should be selected; a duration of one-tenth chronaxie provides
a charge that is only 10% above the minimum charge.

XI. CONCLUSION

Although the published literature fails to provide a narrow
range of chronaxie values for a specific excitable tissue at a

known temperature, the concept of chronaxie and rheobase pro-
vide a basis for predicting the change in current, energy, and
charge of the pulse when duration is changed.
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