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Abstract

The aim of this study is to identify the primary neuronal target elements in electrical deep-brain stimulation, taking advantage of

the difference in strength±duration time constant (tsd) of large myelinated axons (» 30±200 ms), small axons (» 200±700 ms) and

cell bodies and dendrites (» 1±10 ms). Strength±duration data were measured in patients suffering from Parkinson's disease or
essential tremor and treated by high-frequency stimulation in the ventral intermediate thalamic nucleus or the internal pallidum.

Threshold voltages for the elimination of tremor were determined at various pulsewidths and a pulse rate of 130 pulses per

second. The tsd was calculated using Weiss's linear approximation. Its mean value was 64.6 6 25.4 ms (SD) for the thalamic

nucleus and 75.3 6 25.5 ms for the internal pallidum. Corrections to the mean values were made because the tsd values were
based on voltage±duration measurements using polarizable electrodes. Apart from this systematic error, a resolution error, due to

the relatively large increment steps of the pulse amplitude, was taken into account, resulting in mean tsd estimates of 129 and

151 ms for the thalamic nucleus and the internal pallidum, respectively. It is concluded that the primary targets of stimulation in
both nuclei are most probably large myelinated axons.

Introduction

Electrical deep-brain stimulation (DBS) is a relatively new

therapeutic method applied in, for example, the management of

persistent pain (Gybels & Sweet, 1989) and the alleviation of

essential tremor, Parkinson tremor and other symptoms related to

Parkinson's disease (Benabid et al., 1993; Gross et al., 1997;

Benabid et al., 1998). Recently Nuttin et al. (1999) have shown

that symptoms related to obsessive±compulsive neurosis can be

relieved by DBS as well. These applications of DBS most

probably have in common that the applied electrical stimuli

modulate the signal transmission in parts of the neuronal circuitry

involved, thereby affecting the related symptoms. This results in,

e.g., the alleviation of pain by a synaptically mediated inhibition

of ascending nociceptive signal transmission (Yaksh, 1988; Gybels

& Sweet, 1989) or the elimination of tremor by inhibiting the

signal transmission in the subthalamic nucleus or the internal

pallidum (Benazzouz et al., 1995; Boraud et al., 1996). To

advance improvements of these neuromodulatory intervention

techniques the underlying neurophysiological mechanisms should

be well understood. A primary aspect is the identi®cation of the

neuronal elements being targeted by DBS. Target elements could

be cell bodies, dendrites or large- or small-diameter axons.

A biophysical parameter allowing a distinction between these

target elements is the strength±duration time constant (tsd), or

chronaxie. tsd has substantially different values for axons and

other parts of a neuron. Ranck (1975) concluded that tsd of cell

bodies and dendrites of most neurons is in the 1±10 ms range, i.e.

» 503 larger than tsd of (large) myelinated ®bres (30±200 ms).

Nowak & Bullier (1998a) obtained similar ratios between tsd

values determined for direct cell body stimulation (mean = 15 ms)

and stimulation in both white matter (271 ms) and grey matter

(380 ms) of the rat visual cortex. They concluded that a

postsynaptic response obtained upon electrical stimulation in the

cortical grey matter results from the activation of (small) axons

rather than from cell bodies.

Generally, constant-current pulses are applied in strength±

duration measurements, because these pulses induce a constant

electric ®eld in the target tissue, even when polarizable electrodes

are used. Constant-voltage pulses are applied as well (Ranck,

1975), but such pulses will only result in a correct estimate of tsd

if the electrode impedance is invariable, i.e. when nonpolarizable

electrodes are used. Unfortunately, constant-current stimulators

and nonpolarizable electrodes are not always available, particu-

larly in implantable stimulation systems for clinical use.

In this clinical study strength±duration measurements were

made in patients treated by high frequency DBS primarily for

essential tremor and Parkinson tremor. The implanted stimulation

systems delivered constant-voltage pulses and had polarizable

electrodes. Because the corresponding tsd values were 30±40%

lower than when obtained with constant-current pulses

(Holsheimer et al. 2000), the tsd values were adjusted accord-

ingly. Preliminary results have been presented by Demeulemeester

et al. (1998) and Holsheimer et al. (1998).
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Materials and methods

Voltage±duration measurements

Voltage±duration (V±t) data were measured in patients suffering from

Parkinson's disease or essential tremor. For the elimination of tremor

most patients had a DBS lead (model 3387, Medtronic, Inc.,

Minneapolis, MN, USA) placed stereotactically in the ventral

intermediate thalamic nucleus (VIM) on one side or bilaterally

(Benabid et al., 1993). In some other patients a single DBS lead had

been placed in the internal globus pallidus (GPi) for the elimination

of rest tremor, rigidity, akinesia and/or for the treatment of dyskinesia

(Gross et al., 1997).

The DBS lead had four 1.5-mm-long cylindrical electrodes

separated by 1.5 mm on the surface of a polyurethane tube of

1.27 mm diameter. The lead was connected to a subcutaneous,

battery powered, voltage-driven pulse generator (Itrel2â or Itrel3â,

Medtronic). Pulses were biphasic and charge-balanced. The second

phase started 0.3 ms after the end of the ®rst one and had an

amplitude of only a few percent of the ®rst phase and a duration of

several ms. Pulse width (PW), pulse rate, voltage and electrode

connections were set by an external programmer (model 7432,

Medtronic). The load impedance was measured at a pulse amplitude

of 1.0 V and PW = 0.21 ms.

All patients provided witnessed informed consent. The study

protocol was approved by the Review Board of the Gasthuisberg

Hospital. At the time the V±t measurements were made, the patients

had been on a stable dose of medication for at least one month. Pulses

were applied between two electrodes (bipolarly) at a rate of 130 p.p.s.

(pulses per second). During a test session threshold voltages (Vth) for

the elimination of tremor were determined in each patient at

PW = 60, 90, 120, 150, 180, 210, 300 and 450 ms by increasing the

pulse amplitude in 0.1-V steps until the tremor vanished completely,

which occurred within 2±3 s after stimulus onset. PWs were applied

in a random order. Each next stimulation (with a different PW) was

only started when the tremor had fully recovered.

The way the presence of tremor was determined remained constant

throughout a test session for each patient. Among patients, however,

the test procedure could differ depending on the type of tremor.

When, during a test session, a change in symptomatology was

observed between stimulation off periods, the complete set of V±t

data was excluded from this study.

Calculation of the strength±duration time constant

Weiss (1901) presented the following empirical relationship

(`Weiss's law') between PW and the threshold charge (Qth) of a

stimulus pulse required for the excitation of a nerve ®bre

Qth = Irh (PW + tsd) (1)

in which Irh is the rheobase current, de®ned as the minimum stimulus

current needed with a large PW. Strength±duration curves are

characterized by a reduction of the threshold current (Ith) when PW is

increased. When substituting Qth in equation 1 by Ith 3 PW, the

nonlinear current±duration relationship is given by

Ith = Irh (1 + tsd/PW) (2)

Because the linear equation 1 has been shown to correlate very well

with strength±duration data of both peripheral (Mogyoros et al.,

1999) and (Nowak & Bullier, 1998a) central nerve ®bres, reliable

estimates of Irh and tsd are provided by the slope of the linear

regression line and the intercept of this line with the PW-axis,

respectively.

Equation 1 was modi®ed to calculate tsd and the rheobase voltage

(Vrh) from the measured V±t data. When assuming that the load of the

constant-voltage pulse generator is constant, Vth is proportional to Ith

and equation 1 can be written as

Vth PW = Vrh PW + Vrh tsd (3)

The Vth 3 PW was computed and graphs were made as a function of

PW. A linear regression line ®tting the data points best (minimum

root mean square error) was calculated, as well as the corresponding

squared correlation coef®cient (R2), and ®nally Vrh and tsd were

determined according to equation 3.

Results

The V±t and load impedance measurements were performed on 19

patients. Due to a change in symptomatology during the test session,

the data of four patients were excluded from further analysis. Of the

remaining patients eight had a single DBS lead and three had bilateral

leads in VIM, whereas four patients had a single lead in GPi. Some

V±t measurements were repeated after a few months, either because

the previous test did not provide reliable data, or to test the

reproducibility of the measurement. This resulted in a total of 26 V±t

measurements. The results of V±t measurements on two patients are

shown in Fig. 1. In Fig. 1a the measured V±t data are presented,

FIG. 1. Voltage±duration data from two subjects (j and m) stimulated in
VIM. (a) Plots of pulse amplitude vs. duration; (b) plots of the product of
amplitude and duration vs. duration; the strength±duration time constant and
the rheobase voltage of each data set correspond to the intercept of the
linear ®t with the horizontal axis and the slope of this line ®t, respectively.
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whereas in Fig. 1b the data transformed according to equation 3 are

shown.

The selection of reliable data was based on R2 of the measurement

data and the linear ®t according to equation 3. Twenty-two V±t

measurements had R2 values of 0.85±0.99 (mean 0.95). Four

measurements had R2 values < 0.7 (0.30±0.64) and were excluded

from further analysis. The tsd values calculated from the remaining

V±t measurements varied from 32.7 to 128.9 ms (mean = 67.2 ms),

except for a very low value (13.6 ms) and a negative one (±2.7 ms).

The latter were also excluded, thus resulting in 20 V±t measurements

on 14 patients (including four repeated measurements), as shown in

Table 1. These data included two measurements on a patient with a

DBS lead in GPi, in whom a gait problem instead of tremor was the

symptom eliminated by the stimulation. The corresponding param-

eters tsd, Vrh and R2 were within the range calculated for the tremor-

related V±t data.

The results are summarized in Table 2 for data from VIM and GPi

separately. It is shown that neither tsd nor Vrh are signi®cantly

different for VIM and GPi. The linear ®t of the VIM V±t data was

better than that of GPi. The tsd and Vrh values of the four repeated

measurements were different from the initial values. The lower value

of tsd in each patient was 19±41% less than the higher one, whereas

the lower value of Vrh was 17±65% less. Similar differences were

obtained for tsd and Vrh in the two patients with bilateral leads in

VIM. Load impedance measurements were only made in 50% of the

patients and no signi®cant differences between VIM and GPi were

shown.

We also analysed whether the parameters tsd, Vrh and load

impedance were related. However, no correlation was observed

between tsd and Vrh (R2 = 0.07, n = 15 VIM), tsd and load

(R2 = 0.17, 10 VIM + GPi data), and Vrh and load data (R2 = 0.00,

n = 10 VIM + GPi).

In most V±t measurements the voltages were rather low. Particularly

at larger PWs, pulses were almost always < 2 V. Because the

increment steps of the pulse amplitude were 0.10 V, the resolution

error of Vth was rather large and would often result in an

overestimation of Vth. If, e.g., the measured Vth were 0.70 V, the real

Vth could be 0.61 V or any value in between. Considering that the error

in the y-values in Fig. 1b is proportional to PW and to the error in Vth,

an overestimation of Vth would change the slope of the line most, and

thus tsd and Vrh, when related to a large PW. The effect of a 0.09-V

reduction of Vth (at PW = 0.45 V) on tsd was calculated for several

data sets having different Vrh values (0.71±2.07 V). In all cases the

effect was an increase of tsd, being 30±50% for small Vrh values and

» 20% for large values. A 0.09-V reduction of Vrh corresponding to

PW = 0.30 ms resulted in an increase of tsd by < 10%.

Discussion and conclusions

Strength±duration time constants

The V±t measurements were performed on patients being treated with

DBS for motor disorders to determine the corresponding tsd values,

which are indicative of the type of neuronal target element (large or

small axons, cell bodies, dendrites). The mean values (6 SD) for

VIM and GPi stimulation were 64.6 6 25.4 and 75.3 6 25.5 ms,

respectively, indicating that the tsd values obtained from the two

areas did not differ signi®cantly.

Due to the nonlinear relationship between stimulation voltage and

current, caused by the complex impedance of the polarizable DBS

electrode (varying with both PW and voltage), the V±t measurements

led to biased tsd values. In a previous study we demonstrated that tsd

values obtained from V±t measurements using a DBS lead are 30±

40% below the correct values, i.e. obtained from constant-current

measurements (Holsheimer et al. 2000). Taking into account an

average reduction of tsd by 35% when calculated from V±t data, the

correct mean values would have been 99.4 and 116 ms for VIM and

GPi, respectively.

A second error arose from the limited resolution of the stimulation

voltage (0.1 V). We calculated that a correction for the maximum

measurement error (a 0.09-V overestimation at PW = 0.45 ms)

results in an increase of tsd by 20±50% (Holsheimer et al. 2000).

Assuming an average correction of 30%, the corrected mean values of

tsd are 129 and 151 ms for VIM and GPi, respectively.

From these corrected results it is most likely that the primary

targets of DBS in VIM and GPi are large myelinated axons, because

these axons are known to have a tsd not exceeding » 0.2 ms, whereas

smaller axons have values of » 0.2±0.7 ms and cell bodies, dendrites

and small unmyelinated axons have a tsd exceeding 1 ms (Ranck,

1975; West & Wolstencroft, 1983; Nowak & Bullier, 1998a).

The tsd values of large axons are 3±43 higher when peripheral

nerves are stimulated with surface electrodes (Mogyoros et al., 1996),

presumably due to the large electrode size (10 mm diameter), the

rather large distance from the target ®bres and the electrical

impedance of the skin. Therefore, we did not compare our data

with these values.

Whereas, single pulses are generally applied in the measurement of

strength±duration curves, continuous stimulation at a rate of

130 p.p.s. was used in this study. This makes, however, no difference

for the conclusions, because the individual pulses are biphasic and

charge-balanced.

Factors affecting the strength±duration time constant

The values of tsd varied considerably, both among subjects (by a

factor of 3±4) and among repeated tests in the same subject (up to a

factor of 2). A large intersubject and intrasubject variability has also

been reported by Mogyoros et al. (2000) for cutaneous afferents in

the human median nerve.

The variability of tsd we observed may have several origins.

Apart from the variable systematic and resolution errors discussed

under `Strength±duration time constants' section (above), other

TABLE 1. Numbers of patients with unilateral and bilateral DBS leads in

VIM/GPi, and numbers of repeated measurements

VIM
unilateral

VIM
bilateral

GPi
unilateral

Patients
Repeated measurements

9
1

2
1

3
2

TABLE 2. Means, SDs and minimum/maximum values of tsd, Vrh and R2 of

the V±t measurements in VIM and GPi and the load impedance

tsd (ms) Vrh (v) R2 Load (W)

VIM GPi VIM GPi VIM GPi VIM GPi

Mean 64.6 75.3 1.35 1.69 0.97 0.88 1297 1325
SD 25.4 25.5 0.57 0.36 0.02 0.03 185 253
Minimum 32.7 37.3 0.71 1.27 0.92 0.85 1068 1034
Maximum 128.9 104.9 2.55 2.15 0.99 0.94 1540 1491
n 15 5 15 5 15 5 7 3
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factors may affect the variability of tsd as well. First, a larger

distance between electrode and target ®bres results in a larger tsd

(West & Wolstencroft, 1983). This relationship was also observed

in computer modelling of spinal cord stimulation (J. J. Struijk,

W. A. Wesselink & J. Holsheimer, unpublished data). Because

among patients DBS leads are likely to be situated slightly

differently with respect to the target area, their distance to the

target ®bres may be different as well and may thus contribute to

the variability of tsd. Secondly, an inverse relationship has been

demonstrated between tsd and the conduction velocity of nerve

®bers and thus their diameter (West & Wolstencroft, 1983;

Swadlow, 1992; Nowak & Bullier, 1998a; Wesselink et al., 1999).

A variation in size of the target ®bres among patients may thus

add to the variation of tsd. Finally, different rates of spontaneous

activity in the target ®bres may induce different average nodal

membrane potentials and tsd values (Kiernan et al., 1997; Vagg

et al., 1998).

Because both tsd and Vrh rise with increasing distance between the

electrode and the target axons, a correlation between the two

parameters would be expected. However, no correlation could be

demonstrated, which is most probably due to factors affecting tsd as

discussed. Similarly, the expected correlation between load imped-

ance and Vrh is most probably disturbed by both a variable size of the

target axons and a variable distance between the DBS lead and the

target axons.

Neurophysiological mechanism

Because myelinated nerve ®bres are most probably the elements in

VIM and GPi targeted by DBS, the effect of stimulation may be

mediated by both afferents and efferents of these nuclei. According to

Nowak & Bullier (1998b) it is likely that responses will primarily

result from stimulation of afferent axonal branches, because their

density is high compared to the density of efferents and they are most

probably innervating many more neurons.

Due to the dominating GABA-mediated input of GPi (striatal

and external pallidal efferents) it is likely that the stimulation of

afferents in GPi results in an increased inhibitory input of GPi

neurons. This mechanism has previously been proposed by Boraud

et al. (1996). Stimulation at a reduced rate would result in

insuf®cient hyperpolarization to compensate for the spontaneous

facilitatory input to the GPi neurons. A similar mechanism is

likely to occur in high frequency stimulation of the subthalamic

nucleus receiving its major (GABA-mediated) input from the

pallidum. An alternative mechanism involving axonal `depolariza-

tion block', as postulated by Benazzouz et al. (1995), is unlikely

because the stimulation rate (130 p.p.s.) is far below the

maximum ®ring rate of cells in the subthalamic nucleus (500/s)

(Nakanishi et al., 1987). The induction of a somadendritic

membrane depolarization (or hyperpolarization) is not likely

either, because trains of biphasic, charge-balanced pulses with a

short duration as compared to the somadendritic membrane time

constant (> 1 ms) are applied in patients during high frequency

stimulation.

As a result of DBS, the spontaneous efferent activity of most

neurons in the stimulated pool would be reduced, whereas rather

few efferents would be stimulated immediately and generate

action potentials at a high rate. In this way a massive modulation

of the major output structures of the basal ganglia, suf®cient to

allow the abolition of tremor, could result from high frequency

stimulation.

Abbreviations

DBS, deep-brain stimulation; GPi, internal globus pallidus; PW, pulse width;
Qth, threshold charge; R2, squared correlation coef®cient; tsd, strength±
duration time constant; VIM, ventral intermediate thalamic nucleus; V±t,
voltage±duration; Vrh, rheobase voltage; Vth, threshold voltage.
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