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explained by the fact that STN neurons can now be
synchronized by both hyperdirect and indirect cortical
inputs. A local lesion of the dopaminergic fibres in the
STN in vivo affects neuronal discharge less than does a
lesion of the SNc, reflecting the influence of the indirect
striato–GPe–STN pathway on STN aberrant activity [15].
The recent finding, that the isolated subthalamic-globus
pallidus network in vitro obtained from dopamine-depleted
mice is not itself sufficient to generate synchronous oscil-
latory activity of STN neurones [16], further supports the
influence of a wider network in the generation of STN
pathological activity [17]. Thereafter, STN neurons, via
their abundant excitatory projections (Figure 1), might
entrain their target neurons and maintain aberrant firing
within the extrastriatal network. This would explain why
diverse interventions at the level of the STN and its
connections act to reduce synchronization unmasked by
dopamine deficiency.

Excessive synchrony in animal models of PD
Monkeys treated with the toxin MPTP show an increase in
the fraction of basal ganglia neurons that discharge in
bursts. These bursts are either irregular or oscillatory
(Figure 2) and have been found in STN, GPe and GPi
[18]. In most cases, the bursts follow the frequency of
tremor or its higher harmonics. Both STN inactivation
[19] and dopamine replacement therapy [20] significantly
ameliorate the MPTP tremor and other motor symptoms
and reduce 8–20-Hz oscillations in GPi, supporting the

crucial role of oscillations in this frequency band in the
pathophysiology of PD symptoms.

Physiological studiesof simultaneously recordedneurons
in the pallidum, as well as among striatal cholinergic toni-
cally active interneurons (TANs) and between TANs and
pallidal neurons in MPTP-treated monkeys demonstrate
that their oscillatory bursts are often also synchronized
after MPTP treatment. In most cases, the maximal power
of the synchronous oscillations was found to be at 10–12 Hz,
that is, at double the tremor frequency [20]. As in the studies
of oscillations in single neurons, the abnormal pallidal
oscillatory synchronization between neurons decreases in
response to dopamine replacement therapy [20].

Synchronicity in the nervous system is commonly seen
among oscillating units and, therefore, might be assumed
to share the same pathophysiological mechanisms. Indeed,
many experimental and theoretical studies have revealed
that increased neuronal coupling can lead to synchronous
oscillations. However, mechanisms such as subthreshold
cellular resonance phenomena and increased inhibitory
couplingmight contribute differentially to synchronization
and oscillation, and it is of note that non-oscillatory syn-
chronization has been found to coexist with oscillatory
synchronization in the basal ganglia of MPTP-treated
monkeys [20,21]. Thus, synchronization and oscillation
might occur together or separately within the dopamine-
depleted basal ganglia, probably reflecting biases in a
variety of pathophysiological mechanisms in the parkinso-
nian state.

Figure 2. Oscillations (!10 Hz) of a single GPi neuron in the MPTP-treated monkey. The neuron was recorded for 30 min. (a) An example of two seconds of the raw analogue
signal (amplified by 5000 and 300–6000-Hz band-pass filtered). (b) Autocorrelation function of the spike trains of this neuron. (c) Power spectrum and (d) spectrogram of the
full period of the discharge of the cell, confirming that the latter is highly oscillatory, with a frequency centred on !10 Hz (H. Bergman et al., unpublished). Abbreviation: a.u.,
arbitrary units.
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The studies of pairwise correlations between neurons
discussed above might tend to underestimate the extent of
synchrony present in the neuronal population as a whole.
Even weak pairwise correlation can imply a highly
synchronized network state [22]. In this regard, studies
of local field potential (LFP) activity in the basal ganglia
might be more informative. A study of LFP and spiking
activity in the cortex and the basal ganglia of monkeys [23]
concluded that, in the parkinsonian condition, cortex–
basal ganglia networks are more tightly related to global
modes of brain dynamics that are echoed by the cortex and
basal ganglia LFP. LFP studies also serve to connect
observations in the MPTP-treated primate and rodent
models of parkinsonism to those in patients, where most
observations relate to synchrony indexed by oscillations in
the LFP. In the rodent, chronic and acute dopaminergic
denervation leads to excessive oscillatory activity in basal
ganglia LFPs that can be suppressed by treatment with
dopamine agonists or levodopa [24,25]. Interestingly, the
frequency of synchronization tends to be higher in
the parkinsonian rodent than in the MPTP-treated

primate and similar to that seen in patients with PD.
Whether this relates to the reduced severity of the par-
kinsonian syndrome compared with the MPTP-treated
primate or to bias introduced by different measures of
synchrony remains to be established.

Excessive synchrony in patients with PD
LFPs are more readily recorded from the basal ganglia
than the activity of single neurons in patients because the
former recordings can also bemade in the interval between
surgical implantation of the STN or globus pallidus and
connection of macroelectrodes to a subcutaneous stimu-
lator a few days later (Figure 3a–c). LFP recordings in
patients withdrawn from their antiparkinsonian medi-
cation have consistently revealed prominent oscillations
between 8 Hz and 30 Hz [26–36], which we term the ‘basal
ganglia beta frequency band’ (although acknowledging
that this frequency range is broader than that termed
beta in clinical studies of scalp electroencephalographic
activity). It has been argued that these basal ganglia LFP
oscillations are the product of synchronized subthreshold

Figure 3. Treatment-related changes in synchronization in human PD. (a) DBS electrodes are implanted in the head of a patient with PD following localization of the target
with the use of a stereotactic metal head frame and microelectrode recordings. (b) Post-operative magnetic resonance image showing artefact from DBS electrodes in
globus pallidus (upper pair of arrows) and subthalamic nucleus (lower pair of arrows) bilaterally. (c) LFP activity at !15 Hz recorded post-operatively from a DBS electrode in
the STN. (d) Correlation "95% confidence limits between the suppression of 8–30 Hz STN LFP activity induced by dopaminergic therapy and the improvement in
bradykinesia (slowness of movement) and rigidity induced by dopaminergic therapy. (e) Time-frequency representation of pallidal LFP recorded during and between three
periods of high frequency stimulation of the ipsilateral STN. The prominent LFP power over 8–30 Hz was suppressed during DBS (P. Brown et al., unpublished).
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distributed across sides, as determined by the Kolmogorov–Smirnov
test. Accordingly, correlations between these impairments and power
were performed using bivariate correlation for parametric data
(Pearson's correlation). In these cases the standardised residuals for
the maximal correlation were also correlated with the frequency of
the corresponding peak for each side in order to check that the linear
model fitted all peaks, regardless of frequency. Percentage changes in
tremor scores were not normally distributed (Kolmogorov–Smirnov
test, pb0.05). Correlations between tremor and power were therefore
performed using bivariate correlation for non-parametric data
(Spearman's correlation). Statistical analyses were performed with
SPSS for Windows (version 15, SSPS Inc., Chicago, Illinois, USA).
Frequency re-aligned correlations are shown from 9 Hz below the
peak frequency OFF-drug to 21 Hz above the peak frequency OFF-drug
so that there were at least 38 paired observations underpinning each
correlation. Frequency evolving correlations were considered signifi-
cant if pb0.01 so as to allow for multiple comparisons. The remaining
tests were considered significant if pb0.05. All tests were two-tailed,
with the exception of the partial correlations which were one-tailed
(as the same sign of correlation was sought after allowing for the
predictor).

Results

The main analysis was performed from the 51 (out of 57) STN sides
in which the major peak seen in the OFF-drug state was absent or had
the same frequency in the ON-drug state. The five sides in which
spectral change between OFF- and ON-drugs involved confounding
frequency changes with or without paradoxical increases in power
ON-drug improved less with levodopa than those 51 sides with simple
spectral reactivity. This was reflected in differences in % change in
bradykinesia (mean % change 34.4±18.3 % and 46.0±3.5%, for the sides

with complex and simple spectral reactivity, respectively; t=0.934,
df 54, p=0.355) and rigidity (mean % improvement 44.0±25.0% and
51.0±4.5%, t=0.430, df 54, p=0.669) upon drug treatment, although
these were not significant, perhaps because of the small number of
STN exhibiting complex reactivities in their LFPs. Only one of the five
STN sides with complex spectral reactivity had tremor in the
contralateral limbs in the OFF-drug state, precluding an assessment
of improvement in tremor within this subgroup.

The distribution of peak frequencies in the OFF-drug state within
the main group (51 out of 57 STN) is shown in Fig. 2. The mean re-
aligned OFF-drug spectral peak is illustrated in Fig. 3A, and was
narrower than the mean re-aligned % spectral change following
treatment with levodopa shown in Fig. 3B. The latter is a consequence
of the normalisation inherent in the % spectral change, whereby small
absolute changes in power following levodopa near the skirts of the
OFF-drug spectral peaks became big % changes.

The same values averaged to give the re-aligned spectral reactivity
to levodopa (Fig. 3B) were then correlated with the corresponding %
changes in measures of contralateral motor impairment following
treatment with levodopa (Fig. 4A). There was a significant correlation
between % change in bradykinesia and rigidity and % change in re-
aligned power with levodopa (Fig. 4A). Significant correlations
occupied a similar range of frequencies as the peak in spectral
reactivity (Fig. 3B). Correlations were strongest when % change in
combined lateralised bradykinesia and rigidity scores were consid-
ered, but were also present when these items were considered
separately. Note that there was a central dip in the strength of
correlations near zero Hz (Fig. 4A). This may be noise or might
suggest that broader peaks were more influential in determining
motor impairment than narrower peaks. In reality, this probably
reflects the fact that broader peaks are bigger peaks, in line with a
statistical dependency of improvement in motor impairment on
change in synchronisation. In contrast, there was a striking absence
of correlation between % change in rest tremor and % change in
power with levodopa around the point at which spectra were
centered (Fig. 4A).

Which is more important in accounting for the variance in clinical
improvement with levodopa across sides, synchronisation of neuro-
nal activity or the specific frequency within the 8–35 Hz band over
which the latter occurs? This was tested by comparing the
correlation between % change in power with % change in impairment
with levodopa when spectra were left unshifted (Fig. 4B) with the
correlations for spectra that were shifted so that peaks were aligned
as above (Fig. 4A). In the unshifted case correlations were minimal,

Fig. 1. Example power spectra. [A] LFP from contact pair 12 of the DBS electrode in the
left STN in Case 8. There is a clear and discrete peak in the OFF-drug state that is
suppressed in the ON-drug state. [B] LFP from contact pair 23 of the DBS electrode in the
right STN in Case 19. In a minority of cases (5 out of 56 sides; one side had no discrete
peaks in either the OFF- or ON-drug states) the biggest peak in the OFF-drug state was
replaced by a peak at a different frequency in the ON-drug state.

Fig. 2. Distribution of peak frequencies. One-sample Kolmogorov–Smirnov test
confirmed a normal distribution (p=0.151). Data from the 51 sides with simple spectral
reactivity (i.e. OFF-drug peak has same peak frequency as peak ON-drug or peak was
altogether absent ON-drug). A further one STN side had no spectral peak and another
five sides had complex spectral reactivity with shifts in the frequency of peaks between
drug states.
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explained by the fact that STN neurons can now be
synchronized by both hyperdirect and indirect cortical
inputs. A local lesion of the dopaminergic fibres in the
STN in vivo affects neuronal discharge less than does a
lesion of the SNc, reflecting the influence of the indirect
striato–GPe–STN pathway on STN aberrant activity [15].
The recent finding, that the isolated subthalamic-globus
pallidus network in vitro obtained from dopamine-depleted
mice is not itself sufficient to generate synchronous oscil-
latory activity of STN neurones [16], further supports the
influence of a wider network in the generation of STN
pathological activity [17]. Thereafter, STN neurons, via
their abundant excitatory projections (Figure 1), might
entrain their target neurons and maintain aberrant firing
within the extrastriatal network. This would explain why
diverse interventions at the level of the STN and its
connections act to reduce synchronization unmasked by
dopamine deficiency.

Excessive synchrony in animal models of PD
Monkeys treated with the toxin MPTP show an increase in
the fraction of basal ganglia neurons that discharge in
bursts. These bursts are either irregular or oscillatory
(Figure 2) and have been found in STN, GPe and GPi
[18]. In most cases, the bursts follow the frequency of
tremor or its higher harmonics. Both STN inactivation
[19] and dopamine replacement therapy [20] significantly
ameliorate the MPTP tremor and other motor symptoms
and reduce 8–20-Hz oscillations in GPi, supporting the

crucial role of oscillations in this frequency band in the
pathophysiology of PD symptoms.

Physiological studiesof simultaneously recordedneurons
in the pallidum, as well as among striatal cholinergic toni-
cally active interneurons (TANs) and between TANs and
pallidal neurons in MPTP-treated monkeys demonstrate
that their oscillatory bursts are often also synchronized
after MPTP treatment. In most cases, the maximal power
of the synchronous oscillations was found to be at 10–12 Hz,
that is, at double the tremor frequency [20]. As in the studies
of oscillations in single neurons, the abnormal pallidal
oscillatory synchronization between neurons decreases in
response to dopamine replacement therapy [20].

Synchronicity in the nervous system is commonly seen
among oscillating units and, therefore, might be assumed
to share the same pathophysiological mechanisms. Indeed,
many experimental and theoretical studies have revealed
that increased neuronal coupling can lead to synchronous
oscillations. However, mechanisms such as subthreshold
cellular resonance phenomena and increased inhibitory
couplingmight contribute differentially to synchronization
and oscillation, and it is of note that non-oscillatory syn-
chronization has been found to coexist with oscillatory
synchronization in the basal ganglia of MPTP-treated
monkeys [20,21]. Thus, synchronization and oscillation
might occur together or separately within the dopamine-
depleted basal ganglia, probably reflecting biases in a
variety of pathophysiological mechanisms in the parkinso-
nian state.

Figure 2. Oscillations (!10 Hz) of a single GPi neuron in the MPTP-treated monkey. The neuron was recorded for 30 min. (a) An example of two seconds of the raw analogue
signal (amplified by 5000 and 300–6000-Hz band-pass filtered). (b) Autocorrelation function of the spike trains of this neuron. (c) Power spectrum and (d) spectrogram of the
full period of the discharge of the cell, confirming that the latter is highly oscillatory, with a frequency centred on !10 Hz (H. Bergman et al., unpublished). Abbreviation: a.u.,
arbitrary units.
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The studies of pairwise correlations between neurons
discussed above might tend to underestimate the extent of
synchrony present in the neuronal population as a whole.
Even weak pairwise correlation can imply a highly
synchronized network state [22]. In this regard, studies
of local field potential (LFP) activity in the basal ganglia
might be more informative. A study of LFP and spiking
activity in the cortex and the basal ganglia of monkeys [23]
concluded that, in the parkinsonian condition, cortex–
basal ganglia networks are more tightly related to global
modes of brain dynamics that are echoed by the cortex and
basal ganglia LFP. LFP studies also serve to connect
observations in the MPTP-treated primate and rodent
models of parkinsonism to those in patients, where most
observations relate to synchrony indexed by oscillations in
the LFP. In the rodent, chronic and acute dopaminergic
denervation leads to excessive oscillatory activity in basal
ganglia LFPs that can be suppressed by treatment with
dopamine agonists or levodopa [24,25]. Interestingly, the
frequency of synchronization tends to be higher in
the parkinsonian rodent than in the MPTP-treated

primate and similar to that seen in patients with PD.
Whether this relates to the reduced severity of the par-
kinsonian syndrome compared with the MPTP-treated
primate or to bias introduced by different measures of
synchrony remains to be established.

Excessive synchrony in patients with PD
LFPs are more readily recorded from the basal ganglia
than the activity of single neurons in patients because the
former recordings can also bemade in the interval between
surgical implantation of the STN or globus pallidus and
connection of macroelectrodes to a subcutaneous stimu-
lator a few days later (Figure 3a–c). LFP recordings in
patients withdrawn from their antiparkinsonian medi-
cation have consistently revealed prominent oscillations
between 8 Hz and 30 Hz [26–36], which we term the ‘basal
ganglia beta frequency band’ (although acknowledging
that this frequency range is broader than that termed
beta in clinical studies of scalp electroencephalographic
activity). It has been argued that these basal ganglia LFP
oscillations are the product of synchronized subthreshold

Figure 3. Treatment-related changes in synchronization in human PD. (a) DBS electrodes are implanted in the head of a patient with PD following localization of the target
with the use of a stereotactic metal head frame and microelectrode recordings. (b) Post-operative magnetic resonance image showing artefact from DBS electrodes in
globus pallidus (upper pair of arrows) and subthalamic nucleus (lower pair of arrows) bilaterally. (c) LFP activity at !15 Hz recorded post-operatively from a DBS electrode in
the STN. (d) Correlation "95% confidence limits between the suppression of 8–30 Hz STN LFP activity induced by dopaminergic therapy and the improvement in
bradykinesia (slowness of movement) and rigidity induced by dopaminergic therapy. (e) Time-frequency representation of pallidal LFP recorded during and between three
periods of high frequency stimulation of the ipsilateral STN. The prominent LFP power over 8–30 Hz was suppressed during DBS (P. Brown et al., unpublished).
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of local field potential (LFP) activity in the basal ganglia
might be more informative. A study of LFP and spiking
activity in the cortex and the basal ganglia of monkeys [23]
concluded that, in the parkinsonian condition, cortex–
basal ganglia networks are more tightly related to global
modes of brain dynamics that are echoed by the cortex and
basal ganglia LFP. LFP studies also serve to connect
observations in the MPTP-treated primate and rodent
models of parkinsonism to those in patients, where most
observations relate to synchrony indexed by oscillations in
the LFP. In the rodent, chronic and acute dopaminergic
denervation leads to excessive oscillatory activity in basal
ganglia LFPs that can be suppressed by treatment with
dopamine agonists or levodopa [24,25]. Interestingly, the
frequency of synchronization tends to be higher in
the parkinsonian rodent than in the MPTP-treated

primate and similar to that seen in patients with PD.
Whether this relates to the reduced severity of the par-
kinsonian syndrome compared with the MPTP-treated
primate or to bias introduced by different measures of
synchrony remains to be established.

Excessive synchrony in patients with PD
LFPs are more readily recorded from the basal ganglia
than the activity of single neurons in patients because the
former recordings can also bemade in the interval between
surgical implantation of the STN or globus pallidus and
connection of macroelectrodes to a subcutaneous stimu-
lator a few days later (Figure 3a–c). LFP recordings in
patients withdrawn from their antiparkinsonian medi-
cation have consistently revealed prominent oscillations
between 8 Hz and 30 Hz [26–36], which we term the ‘basal
ganglia beta frequency band’ (although acknowledging
that this frequency range is broader than that termed
beta in clinical studies of scalp electroencephalographic
activity). It has been argued that these basal ganglia LFP
oscillations are the product of synchronized subthreshold

Figure 3. Treatment-related changes in synchronization in human PD. (a) DBS electrodes are implanted in the head of a patient with PD following localization of the target
with the use of a stereotactic metal head frame and microelectrode recordings. (b) Post-operative magnetic resonance image showing artefact from DBS electrodes in
globus pallidus (upper pair of arrows) and subthalamic nucleus (lower pair of arrows) bilaterally. (c) LFP activity at !15 Hz recorded post-operatively from a DBS electrode in
the STN. (d) Correlation "95% confidence limits between the suppression of 8–30 Hz STN LFP activity induced by dopaminergic therapy and the improvement in
bradykinesia (slowness of movement) and rigidity induced by dopaminergic therapy. (e) Time-frequency representation of pallidal LFP recorded during and between three
periods of high frequency stimulation of the ipsilateral STN. The prominent LFP power over 8–30 Hz was suppressed during DBS (P. Brown et al., unpublished).
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The studies of pairwise correlations between neurons
discussed above might tend to underestimate the extent of
synchrony present in the neuronal population as a whole.
Even weak pairwise correlation can imply a highly
synchronized network state [22]. In this regard, studies
of local field potential (LFP) activity in the basal ganglia
might be more informative. A study of LFP and spiking
activity in the cortex and the basal ganglia of monkeys [23]
concluded that, in the parkinsonian condition, cortex–
basal ganglia networks are more tightly related to global
modes of brain dynamics that are echoed by the cortex and
basal ganglia LFP. LFP studies also serve to connect
observations in the MPTP-treated primate and rodent
models of parkinsonism to those in patients, where most
observations relate to synchrony indexed by oscillations in
the LFP. In the rodent, chronic and acute dopaminergic
denervation leads to excessive oscillatory activity in basal
ganglia LFPs that can be suppressed by treatment with
dopamine agonists or levodopa [24,25]. Interestingly, the
frequency of synchronization tends to be higher in
the parkinsonian rodent than in the MPTP-treated

primate and similar to that seen in patients with PD.
Whether this relates to the reduced severity of the par-
kinsonian syndrome compared with the MPTP-treated
primate or to bias introduced by different measures of
synchrony remains to be established.

Excessive synchrony in patients with PD
LFPs are more readily recorded from the basal ganglia
than the activity of single neurons in patients because the
former recordings can also bemade in the interval between
surgical implantation of the STN or globus pallidus and
connection of macroelectrodes to a subcutaneous stimu-
lator a few days later (Figure 3a–c). LFP recordings in
patients withdrawn from their antiparkinsonian medi-
cation have consistently revealed prominent oscillations
between 8 Hz and 30 Hz [26–36], which we term the ‘basal
ganglia beta frequency band’ (although acknowledging
that this frequency range is broader than that termed
beta in clinical studies of scalp electroencephalographic
activity). It has been argued that these basal ganglia LFP
oscillations are the product of synchronized subthreshold

Figure 3. Treatment-related changes in synchronization in human PD. (a) DBS electrodes are implanted in the head of a patient with PD following localization of the target
with the use of a stereotactic metal head frame and microelectrode recordings. (b) Post-operative magnetic resonance image showing artefact from DBS electrodes in
globus pallidus (upper pair of arrows) and subthalamic nucleus (lower pair of arrows) bilaterally. (c) LFP activity at !15 Hz recorded post-operatively from a DBS electrode in
the STN. (d) Correlation "95% confidence limits between the suppression of 8–30 Hz STN LFP activity induced by dopaminergic therapy and the improvement in
bradykinesia (slowness of movement) and rigidity induced by dopaminergic therapy. (e) Time-frequency representation of pallidal LFP recorded during and between three
periods of high frequency stimulation of the ipsilateral STN. The prominent LFP power over 8–30 Hz was suppressed during DBS (P. Brown et al., unpublished).
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the different nuclei of the basal ganglia and to the cerebral
cortex, so that HFS influences neuronal activity both locally at
the site of stimulation and also over other functionally con-
nected elements of the cortex-basal ganglia network. This
could arise in two nonmutually exclusive ways. Either the sup-
pression of ! activity in the STN means that this activity is no
longer propagated, or stimulation-induced high-frequency
activity of STN neurons (Garcia et al., 2005) is transmitted to
the output structures of the basal ganglia (Hashimoto et al.,
2003; Maurice et al., 2003), where it further suppresses !
activity.

Although we recorded STN LFP activity immediately after
HFS, it seems likely that a similar suppression of ! activity also
occurs during STN HFS. This is supported by the results in our
patient with dual implantation of STN and GPi and those
previously reported in another two comparable patients
(Brown et al., 2004). Likewise, cortical ! activity is suppressed
during HFS of the STN, with the change correlating with clin-
ical improvement (Silberstein et al., 2005). Levodopa treat-
ment also reduces LFP oscillations in the ! band in parallel
with clinical improvement of motor symptoms (Brown et al.,
2001; Priori et al., 2004; Kühn et al., 2006), and a common
mechanism of action through ! suppression might explain
why levodopa and HFS correlate in the clinical efficacy
achieved (Charles et al., 2002; Welter et al., 2002), but do not
have major additive effects (Nutt et al., 2001).

Our findings are consistent with a preliminary report of
short-lasting suppression of ! activity in two PD patients after
short periods of HFS performed intraoperatively (Wingeier et
al., 2006). Importantly, we also show that HFS-induced sup-
pression of oscillatory activity was frequency specific for the !
band. Low-frequency (5–12 Hz) activity did not show signifi-
cant change after HFS overall, although it could be increased
in some patients (for single example, see Fig. 5). The
frequency-specific effect of HFS on LFP activity makes it
rather unlikely that ! suppression is caused by stimulation-
induced artifacts or saturation of amplifiers after high-voltage
inputs during HFS.

One study, however, has failed to show a suppression of LFP !
activity after HFS (Foffani et al., 2006). There are certain meth-
odological differences between our study and the latter study that
may help to explain the contrasting findings. Most importantly,
we investigated time-evolving power changes in the frequency
range from 1 to 100 Hz rather then evaluating a fixed time period
after cession of HFS. ! suppression was observed for !20 s, sim-

ilar to the findings of Wingeier et al. (2006).
In the study by Foffani et al. (2006), power
was averaged over a period of 60 s, which
may have afforded insufficient temporal
resolution to pick up more short-lived !
suppression after HFS. Another critical dif-
ference is that we assessed spectral changes
in patients with an established delayed re-
turn of bradykinesia after discontinuation
of HFS. Foffani et al. (2006), in contrast,
only formally tested for a delayed return of
motor impairment in a small group of pa-
tients that were not included in the LFP
analysis.

This is not to say that our study did not
have its own drawbacks. First, we com-
pared spectral changes after stopping HFS
with a baseline period drawn from close to

the end of our recording period, 100 –140 s after cessation of DBS.
Therefore, potential carry-over effects could have led us to un-
derestimate the stimulation-induced effects observed in our
study. Indeed, return of clinical deficit may be quite delayed.
Temperli et al. (2003) found that motor UPDRS scores were still
improved by !25%, 15–30 min after switching off STN stimula-
tors. It remains to be seen whether this very delayed return in
some of the motor impairment also involves reversal of ! sup-
pression or some other mechanism, perhaps involving plasticity.
In addition, we were unable to resolve spectral changes at very
low frequency (below 1.5 Hz), which may be relevant (Priori et
al., 2006), and our study did not address the effect of HFS on rest
tremor, where it is likely that other pathophysiological mecha-
nisms are involved (Rivlin-Etzion et al., 2006). Finally, distinc-
tion should be made between HFS of basal ganglia targets in PD
and the low-frequency ("40 Hz) stimulation of the pedunculo-
pontine nucleus, which is currently being piloted (Stefani et al.,
2007). In the latter case, stimulation is likely to be mimicking a
physiological rhythm rather than attenuating a pathological one
(Androulidakis et al., 2008).

The HFS-induced effect on ! activity is similar to that ob-
served after levodopa treatment in PD (Priori et al., 2004) and
would be in line with the notion that enhanced ! activity is anti-
kinetic and may contribute to the pathophysiology of Parkinson’s
disease (Brown, 2003; Brown and Williams, 2005). Abnormal
synchronization of oscillatory LFP activity over 13–30 Hz has
been recorded from basal ganglia nuclei in the
6-hydroxydopamine-lesioned rodent model of PD (Sharott et al.,
2005) and PD patients withdrawn from their usual medication
(Levy et al., 2002; Priori et al., 2004; Doyle et al., 2005). Further-
more, the degree of suppression of ! activity by levodopa corre-
lates with the levodopa-induced improvement in motor symp-
toms (Kühn et al., 2006), the latency of ! suppression during
movement correlates with reaction time in PD (Kühn et al.,
2004; Williams et al., 2005), and stimulation at ! frequency
may lead to moderate slowing of movement in patients with
relatively preserved motor performance at the time (Chen et
al., 2007). Here, we provide further correlative evidence for a
link between ! activity and bradykinesia in PD patients. The
significant correlation between the improvement in motor
performance and suppression of ! activity after HFS extends
support for the hypothesis that a pathological synchronization
of neuronal activity in this frequency range contributes to the
pathophysiology of Parkinsonism, specifically bradykinesia,
and that reduction in ! synchrony is therapeutic in PD. The

Figure 9. Oscillatory activity recorded from left GPi (contact pair 01) in case 11 during and after bilateral STN HFS. Power is
averaged across three sessions of HFS. HFS and rest recordings were performed for 200 s each (HFS period is indicated by the red
horizontal line). Note that ! power is reduced during STN HFS and recurs shortly after the end of HFS (indicated by the black
vertical line). Artifact at !43 Hz is a subharmonic of HFS at 130 Hz.
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Hz) post-HFS compared with baseline ( p ! 0.06; paired Stu-
dent’s t test).

Pallidal LFP power during STN HFS in the patient with
implantation of STN and GP
In one additional patient (case 11), macroelectrodes were im-
planted bilaterally in STN and GPi. Therefore, recording of pal-
lidal LFP activity was possible during HFS of STN. We recorded
pallidal LFP activity at rest and during three sessions of 200 s of
STN stimulation. ! activity was consistently suppressed during
HFS of the ipsilateral STN (Fig. 9), but no change in pallidal LFP
power occurred during contralateral STN HFS (results not
shown).

Discussion
We have shown that ! activity in the STN LFP is suppressed
for several seconds after therapeutic HFS of the STN contralat-
eral to those upper limbs showing a delayed return in brady-
kinesia after stimulation. The reduction in STN LFP activity
was frequency selective and correlated with the degree of per-

sisting improvement in hand movements, supporting a link
between HFS-induced improvement in bradykinesia and re-
duction in ! activity in the region of the STN in patients with
PD. Our findings give correlative evidence that HFS may act by
reducing oscillatory STN LFP ! activity in PD patients,
thereby mirroring the effect of levodopa on this activity
(Brown et al., 2001; Priori et al., 2004; Kühn et al., 2006).
However, the functional consequences of suppression of !
activity in the STN may not have been confined to the STN
area, for cortico-STN coherence in the ! frequency band was
suppressed shortly after HFS, whereas pallidal ! power was
continuously suppressed during STN HFS. Therefore, the re-
duction in ! activity in the STN area may be propagated along

Figure 6. RMS movement amplitude averaged across all sessions in all patients (n ! 12
sides) during (gray) and post-HFS (black) expressed as a percentage change from the amplitude
of the last (fourth) movement. Movement amplitude is highest during HFS and shows a signif-
icant stepwise decrease over time after the end of HFS (Wilcoxon signed rank test with stepwise
correction for multiple comparisons). *p " 0.05; **p " 0.01.

Figure 8. Mean Fisher-transformed STN LFP-EEG coherence values (n ! 8) for 5–12 Hz,
13–30 Hz, and individual ! activity over the time periods of 0 –12 s after the end of HFS and
during baseline from 128 to 140 s. Note the significant decrease in STN LFP-EEG in the individual
! band (*p " 0.05) after HFS (gray) compared with baseline (black). A similar trend is shown
for coherence within the broad ! band (13–30 Hz; p ! 0.06) but not for low-frequency
coherence.

Figure 5. Top, Time–frequency plot of power changes after HFS in case 1. The average of
three sessions of 200 s HFS and subsequent LFP recordings is shown. Note that ! activity #15
Hz is completely suppressed for #30 s and then slowly recurs over the following 40 s, parallel-
ing a decrease in movement amplitude (bottom). Bottom, Mean RMS movement amplitude
from three separate sessions in case 1. The movements were performed for 30 s each with the
first movement occurring just before cessation of HFS (gray column). The three subsequent
movement periods followed after HFS had been stopped (post-HFS 1–3; black columns) and
were interleaved by 30 s of rest.
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Figure 7. Scatter plot showing the correlation between individual ! activity (mean STN !
power over 20 s before start of the corresponding contralateral hand movement) and move-
ment amplitude (mean RMS movement amplitude over 20 s), both expressed as a percentage
change from the last (fourth) trial in each session (n ! 11 sides). The plot includes post-HFS
periods 1 and 2. The significant negative correlation (r ! $0.555; p ! 0.007) suggests that
reduced ! activity was associated with better motor performance in the patients. Dotted lines
represent 95% confidence limits.
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lidal LFP activity was possible during HFS of STN. We recorded
pallidal LFP activity at rest and during three sessions of 200 s of
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during baseline from 128 to 140 s. Note the significant decrease in STN LFP-EEG in the individual
! band (*p " 0.05) after HFS (gray) compared with baseline (black). A similar trend is shown
for coherence within the broad ! band (13–30 Hz; p ! 0.06) but not for low-frequency
coherence.

Figure 5. Top, Time–frequency plot of power changes after HFS in case 1. The average of
three sessions of 200 s HFS and subsequent LFP recordings is shown. Note that ! activity #15
Hz is completely suppressed for #30 s and then slowly recurs over the following 40 s, parallel-
ing a decrease in movement amplitude (bottom). Bottom, Mean RMS movement amplitude
from three separate sessions in case 1. The movements were performed for 30 s each with the
first movement occurring just before cessation of HFS (gray column). The three subsequent
movement periods followed after HFS had been stopped (post-HFS 1–3; black columns) and
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Figure 7. Scatter plot showing the correlation between individual ! activity (mean STN !
power over 20 s before start of the corresponding contralateral hand movement) and move-
ment amplitude (mean RMS movement amplitude over 20 s), both expressed as a percentage
change from the last (fourth) trial in each session (n ! 11 sides). The plot includes post-HFS
periods 1 and 2. The significant negative correlation (r ! $0.555; p ! 0.007) suggests that
reduced ! activity was associated with better motor performance in the patients. Dotted lines
represent 95% confidence limits.
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Stereotactic Surgery

important, if not essential, tool for demonstrating efficacy if
open label trials seem promising.

THE RESURGENCE OF SURGICAL
TREATMENT FOR MOVEMENT DISORDERS

Although surgery for PD dropped off precipitously
with the advent of L-dopa, many groups continued to
perform thalamotomies for tremor of various etiolo-
gies (reviewed in reference 36). In 1991, both Benabid
et al’s37 and Blond and Siegfried’s38 groups reported
on thalamic DBS for tremor. Subsequent studies found
that thalamic DBS was safer than thalamotomy and
especially bilateral thalamotomy.36 These studies led
to the approval of Medtronic’s Activa system for tha-

lamic DBS for essential tremor and tremor related to
PD in 1997.

There was a gradual realization that L-dopa was not
the magic bullet that it had initially seemed to be.17

Patients were requiring increased and more frequent dos-
ing with motor fluctuations and L-dopa induced dyski-
nesias as their disease progressed. By the 1980s, groups in
Sweden and Mexico were reporting transplantation of au-
tologous adrenal tissue into the brains of patients with PD
via both open craniotomy and stereotactic approaches.39,40

Although the thalamus had been the preferred target for
patients with PD prior to the introduction of L-dopa,17

Laitinen et al.41,42 popularized pallidotomy as the prin-
cipal procedure for patients with advanced, medically

FIG. 5. Spiegel et al.’s12 stereotactic apparatus (side view). R ! ring; C ! cast of plaster of Paris; M! ! millimeter scale on needle
holder; M ! millimeter scale for movement in sagittal direction. Reprinted with permission from Spiegel et al. SCIENCE 1947;106:349–50.

HISTORY AND FUTURE OF DBS 7
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Spiegel, E et al (1947) Stereotaxic apparatus for 
operations on the human brain Science 106: 349-50

Ernest Spiegel & Henry Wycis
1947
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Microelectrode Recording (MER)

Hutchison, WD et al (1998) Neurophysiological Idenification of the Subthalamic 
Nucleus in Surgery for Parkinson’s Disease Annals of Neurology 44(4): 622-628

Rt Type A 

Rt Type B 

STN 

Fig I .  Sagittal section of Schaltenbrand and Wahren stereotac- 
tic atlas at 10.5 mm ?om the midline showing the location of 
the electrode trajectories targeting the subthalamic nucleus. 
Tjpical neurons of each region are shown in Figure 2, and 

firing rates of neurons encountered in  theses tracks are shown 
in Figure 3. Retic = reticular nucleus; Lpo = lateropolaris; 
Voa = nucleus ventralis oralis anterior; Vop = nucleus vent- 
ralis oralis posterior; Vim = ventrointermedius; Zi = zona 
incerta; H2 = Fields of Forel; STN = subthalamic nucleus; 
SNpr = substantia nigra pars reticulata; IC = internal cap- 
sule; mcl = midcommissural line; AC = anterior commissure; 
Hpth = hypothalamus. Boldfaced points on trajectories indi- 
cate the initial target zero based on stereotactic coordinates. 

cordings, reflecting an increased density of active neu- 
ronal cell bodies. STN neurons had large amplitude 
spikes, an irregular firing pattern (see Fig 2), ongoing 
discharge at 25 to 45 Hz (Fig 3), and often responded 
to movements and tremor if present (Fig 4). The STN 
spans an approximately 6- to 8-mm portion of a typi- 
cal trajectory at the widest portion (see Fig 1), but 3 to 
4 mm may be all that is encountered (see Fig 3). In 8 
patients in the off state, the mean firing rate of 248 
STN neurons was found to be 37 & 17 Hz, with most 
units ranging from 25 to 45 Hz (25th to 75th percen- 
tiles). The irregular firing pattern of STN neurons is 
reflected in the burst index of 3.1 with a 25th to 75th 
percentile range from 2.2 to 4.8. Some STN neurons 
(20 of 248) were found to have a burst index greater 
than 10, but they are much less common than found 

SNpr I 

Fig 2. Spontaneous ongoing discharge o f  typical neurons re- 
corded in trajectories targeting the subthalamic nucleus. (Top 
to bottom) Single unit recordings fFom thalamic reticular (Rt) 
neurons o f  the A and B types described by Raeva (see text), 
subthalamic nucleus, and substantia nigra pars reticulata. 
Each trace is 2 seconds long. 

in the anterior thalamic nuclei (8% vs 50%; p < 
0.001, x2 = 75). The thalamic bursting cells were 
clearly distinguishable from the STN cells (see above). 
There were also significant differences in the thalamic 
nonbursting cells and STN neurons in both the mean 
firing rate ( p  < 0.0001, Mann-Whitney rank sum) and 
burst index ( p  < 0.001, Mann-Whitney rank sum). 

A total of 118 neurons were tested with active and 
passive limb and orofacial movements. Contralateral 
movements evoked an excitatory discharge in 26% of 
neurons tested and inhibited 4%. Two cells in the 
STN were activated by ipsilateral movements as well as 
contralateral movements; that is, they were bilaterally 
activated cells. Tremor cells were identified by periodic 
oscillations in firing rate at the same frequency as the 
tremor (4-6 Hz) and were found in 4 of the 6 patients 
with tremor (see Fig 4). Only one or rwo tremor cells 
were found in the STN of patients with mild tremor, 
but 10 tremor cells were found in 1 patient with more 
severe tremor. 
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Efficacy PD

Andrade, P et al (2009) A systematic review of the efficacy of globus pallidus 
stimulation in the treatment of Parkinson’s disease J Clin Neuro 16:877-881

Weaver, FM et al (2009) Bilateral deep brain stimulation vs best medical 
therapy for patients with advanced Parkinson’s disease JAMA 301: 63-73
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