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Failure of single-unit neuronal activity to differentiate
globus pallidus internus and externus in Parkinson disease
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Object. The authors examine the vaidity of single-unit neuronal recordings asamethod of differentiating the globus
pallidus internus (GPi) from the GP externus (GPe) in Parkinson Disease.

Methods. One hundred twenty-eight recordings of apparent single-unit activity used to help guide final electrode
placement in eight patients who underwent pallidotomy were analyzed using sophisticated spike sorting methods, and
185 neurons were characterized for mean firing frequency and percent of firing within bursts. In addition, the total
spectral power was calculated on the full measured waveform for each of 128 samples without spike sorting. No corre-
lation was identified between these measures of neuronal activity and depth within the GP.

Conclusions. These results cal into question the validity of relying on single-unit activity and microelectrode
recordings in the operating room to localize lesion or electrode placement within the GPi during stereotactic pallidal

surgery.
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to the GPe and the GPi, whose major efferents pro-

ject to the subthalamic nucleus (from the GPe), and
to the thalamus and midbrain (from GPi).5 Two years after
Spiegd, et al.,** reported improvement in a small number
of patients with PD in whom stereotactic lesions were made
in the palidum and ansa lentiformis, Svennilson, et al.,'*
reported marked improvement in patients with PD who
underwent a more refined lesion of the GP. Following re-
newed interest in pallidotomy first communicated by Lai-
tinen, et a.,° in 1992, placement of stereotactic pallidd le-
sions in the GPi with electrophysiological microelectrode
assistance to ddlineate its boundaries has now become com-
mon in many centers.

In 1971, Del.ong* made the observation that in awake
monkeys (Macacca mulatta) at re<t, distinctive differences
in the discharge patterns of neurons in the GPi compared
with the GPe were observed. Two types of neurons were
identified in the GPe: one had recurrent periods of high-fre-
quency discharge with relatively silent periods in between,
and the other was characterized as having a low-frequen-
cy discharge with bursts (similar to sample D in Fig. 1). In
contrast, in the GPi only one type of neuron was identified,

T HE GP isacomplex structure; it can be partitioned in-

Abbreviations used in this paper: AC-PC = anterior commis-
sure—posterior commissure; GP = globus pallidus; GPe = GP exter-
nus, GPi = GPinternus; MR = magnetic resonance; PD = Parkinson
disease.
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a continuoudly discharging cell without long periods of si-
lence (similar to sample Cin Fig. 1). Border cells from the
pallidal segmentswere characterized by regular firing (sm-
ilar to sample B in Fig. 1).

These observations in norma macague monkeys have
been used as the physiological foundation for microelec-
trode recording to increase the precision of stereotactic elec-
trode placement within the GPi in humans undergoing le-
sioning or electrode placement for PD. Multiple centers
report using Delong's findings to distinguish the GPi from
the GPel710151819 Unfortunately, each of the diverse pat-
terns recorded in Fig. 1, athough displaying features that
should help the surgeon localize GPe, GPi, and border cells,
were recorded from sites within 1.2 mm of each other deep
within the anatomical GPi of asingle patient. Such findings
motivated the critical analysis that follows.

The only way to ensure that physiologica recordings are
indeed from single neurons within the brain is to impae a
single neuron with a sharp or patch-type microelectrode.
This is technicaly difficult in intact animals, and is not
feasible in humans because of the hazards associated with
using glass micropipette electrodes; therefore, one general-
ly resorts to extracellular recordings of neuronal activity
obtained using metal microelectrodes. Such recordings are
customarily an amalgam of the activity produced by multi-
ple nearby neurons, and spike extraction and sorting tech-
niques are required to isolate the sequence of spikes from
single neurons, which are also caled single units.
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Fic. 1. Three 4-second samples of microelectrode recordings
obtained in the patient in Case G. The first tracing, Sample A,
shows high-frequency bursts and singlet firing, which spontane-
oudly change into regular firing throughout the longer tracing, of
which this is a short example. The latter haf of the first tracing,
Sample B, wastypical for border cells on the pallidal boundaries as
defined by DelLong. Sample C istypical of the continuously high-
frequency discharging cells that should populate the GPi. Sample
D shows low-frequency discharges with bursts, as should be seen
in the GPe. Each of these tracings, however, was recorded from
deep within the anatomical GPi, from locations within 1.2 mm of
each other. The trgjectory depth measurements, specified to the
right of each example, are measured from a zero value assigned at
15 mm above the AC—PC plane. Therefore, al of these measure-
ments, which fall between 16.7 and 17.9 mm, are well within the
anatomical GPi. Not only are cells supposedly representative of
each of theregions of the pallidum found clustered together, but the
quditative nature of the cells (for example, from bursting to regu-
lar firing) are seen to change spontaneoudly as a given electrode
position is monitored (Samples A/B). Calculated values for Sam-
ples A through D are cross-referenced in the corresponding panels
in Figs. 6 and 7, which show resultsin the patient in Case G.

Traditionally, such spike sorting would be performed by
photographing the individual spike waveforms from an os-
cilloscope display, and examining which spikes overlapped
precisely in outline when projected using a photographic
enlarger onto tracing paper. The advent of modern digita
recording methods and more advanced computers has per-
mitted a vast improvement in the ability to handle large
numbers of spike-sorting comparisons, but sophisticated
waveform morphology studies and cluster analysis are re-
quired to try to subgtitute for the human ability to perform
thevisua task of grouping and overlapping individua spike
waveforms.®

The DelLong* study was performed without spike sort-
ing, and the applications to human electrode locdization
have amost always been done without the benefit of such
methods. Complicating the issue is the fact that surgical
decisions are made on the fly in the operating room, which
athough not excluding sophisticated spike analysis, has
generally precluded more than a cursory inspection of am-
plitude tracings with the assistance of a threshold trigger
(generally spike peak amplitude), and an audio monitor for
the surgeon to listen to, which provides frequency informa
tion. Severa reports of primate neurona single-neuron re-
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sponses in the GPe compared with the GPi after 1-meth-
yl-4-phenyl-1,2,3,6-tetrahydropyridine treatment have been
published, but again, no effort at spike sorting was report-
ed.52 We are aware of one report in which spike threshold
discrimination, and some spike sorting, was performed off-
line on data obtained in humans, but it is unclear how often
and to what degree waveform discrimination was applied to
the data sets.” Even when some postsurgica data processing
was performed, there appearsto be no confirmation of over-
lap of spike waveform morphological features in this lit-
erature, and no cluster analysis, ensuring a high degree of
confidence that single units were indeed correctly identi-
fied. Examples of uncertainty in single unit identification
arepervasiveintheliterature, and can be seenin Fig. 1 from
Sterio, et a.,> Fig. 2 from Hutchinson, et d.,” Figs. 1 and 3
from Lozano, et a.,*° and even the classic data from Fig. 1
of DeLong.*

In this study we examine the data collected during eight
routine microel ectrode procedures, and apply state of the art
spike detection, extraction, and sorting to permit neuronal
characterization of GPe and GPi cells. We are unableto cor-
relate neuronal firing characteristics with anatomical loca
tion within the GP.

Materials and Methods

Data Collection

Data were collected in eight patients ranging in age from 56 to 77
years, who underwent pallidotomy for symptoms of PD. Patients
discontinued all their antiparkinsonian drugs at 8:00 the night be-
fore surgery and had thus been off medication for approximately 16
hours by the time recording began. Microelectrode recording was
performed with the GS3000 system (Axon Instruments, Foster City,
CA), after placement of the 80% platinum/20% iridium glass-insu-
lated microel ectrodes. The impedance of these electrodes, measured
a 1 kHz in brain tissue, averaged 0.63 M() (range 0.46-0.83 M(}).
Stereotactic targeting of the GP was performed using both direct and
indirect MR imaging methods. For the direct method, the GPi was
identified using fast spin—echo inversion-recovery axial MR imag-
ing, the target was selected in the posteromedia corner on the dice
passing through the AC-PC plane, and the target was cross-con-
firmed on the corresponding coronal image. Indirect targeting was
also performed with reference to the AC—PC line according to pub-
lished coordinates.®1°1517 The results were cross-referenced to those
of the direct method. The mean initial coordinates were 2.5 mm ante-
rior to the midcommissural point, 21 mm right or left laterally from
the midline, and in the AC—PC plane. The stereotactic arc system
coordinates were set to access this point and a guide tube was insert-
ed along this trgjectory to a position 15 mm above the selected tar-
get. Microphysiological recording was then begun at this point. Neu-
rons from the GPe and GPi were recorded at 20 kHz over 12 bits of
analog-to-digital resolution after high-pass single-neuron filtering at
300 Hz and low-pass antialiasing filtering at 5 kHz.

The depth at which neurons were identified within the GP was
noted, and multiple parallel trajectories were performed in each pa-
tient to differentiate the boundaries of the GPi from the GPe. The
boundary between the GPi and the internal capsule was defined by
its decreased cdllularity. Six patients underwent five recording pass-
es and two underwent four passes. The passes were continued in the
vertical direction until cellular activity ceased, which indicated the
bottom of the GPi. Typically this occurred 5 to 6 mm below the AC—
PC plane. In addition to localizing the GP, the recording passes were
used to identify its posteromedia border with the internal capsule.

Once a likely lesion site had been identified, macrostimulation
was performed using the lesion electrode at 100 Hz, with a 0.2-msec
pulse duration, to assess the proximity to the optic tract and internal
capsule. Evidence of photopsiae or sensorimotor symptoms below a
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~ Fic. 2. Postoperative axial and coronal MR images obtained in all eight patients (Cases A—H), demonstrating GPi le-
sions.
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Fic. 3. Magnified postoperative MR image demonstrating the GPi lesion in the patient in Case H shown in axial and
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corond viewsin theleft panels. The center panels are from a standard atlas (Schaltenbrand and Wahren, reproduced with
permission, Thieme Medica Publishers), with magnified details shown on the right panels, which correlate the lesion in
this patient with the posteroventral region of the pars lateralis (P.I) and pars medidis (P.m) of the GPi.

current threshold of 3 wA was believed to indicate an unsafe loca
tion, and no lesion was made at that point. One patient had a single
lesion, five had two, and two had three lesions. The mean lesion
coordinates for the lower pole were 21.5 mm laterd and 3.5 mm
anterior to the midcommissural point axially, and 3.25 mm below
the AC—PC plane coronally, whereas the mean upper pole was 1 mm
above the AC—PC plane coronally.

Lesion locations for al eight patients areillustrated in the postop-
erative axia and coronal MR imagesin Fig. 2. In Fig. 3, correspond-
ing images from an atlas® are juxtaposed against the MR images
obtained in the patient in Case H. The axial image is in the AC—
PC plane, and the coronal image is just anterior to the midcommis-
sural point; thelesion is within the posteroventral portion of the GPi,
which is divided into the pars mediais and the pars lateralis.

Although thisinvestigation was not performed primarily to assess
the efficacy of the procedure, which has been well documented in
other publications, some information regarding the outcome of these
specific patients is relevant to the issue of targeting. One of the pa-
tients has not returned for follow-up evaluation. Six of the remain-
ing seven patients had definite improvement in their parkinsonian
symptoms, as measured 1 to 6 months postoperatively by a neurolo-
gist who was not involved in the surgery. The seventh patient had
only questionable improvement, but had become so restless during
the lengthy surgical procedure that only a partial lesion placement
could be performed (Case B).

The spike-sorting analysis conducted in this study was performed
on archived data analyzed after the surgical procedures had been
completed, and did not influence surgical decisionsin any way. This
research was performed with approva from the Institutional Re-
view Boards of both the Indiana—Purdue University and George Ma-
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son University, with an exemption (Category 4) for research on ar-
chived data.

Segments of data consisting of 10 to 90 seconds of microelectrode
readings, were analyzed using the Common Processing Anaysis
software system from DataWave Technologies (Longmont, CO),
and single-neuronal-unit extracellular spikes were detected and ex-
tracted. Clustering based on spike morphology was performed using
Autocut analysis software from DataWave Technologies. Each neu-
ronal spike was extracted from a microelectrode tracing by using
custom-set thresholds for each particular data set, using a threshold
crossing (positive or negative), and a slope peak at threshold cross-
ing (positive or negative going derivative of the voltage with time) to
identify candidate spikes. Each candidate spike was extracted with 1
msec of voltage recording before and after the threshold detection
point, to give a short 2-msec sample for further analysis. The goal in
spike extraction was to capture dl the spikes from the dominant neu-
ron in a tracing, which generally corresponded to the one with the
largest peak amplitude. Almost always, severa other neurons were
seen to contribute to such a collection of extracted spikes.

The extracted spikes, which are embedded in their 2-msec win-
dows of recording, are then compared with eight different features of
waveform morphology, as follows: 1) maximum peak amplitude of
the waveform from zero-voltage deflection (peak); 2) absolute min-
imum of the waveform from zero voltage (valey); 3) time at which
the peak occurred (measured relative to the start of the 2-msec ex-
tracted trace); 4) time at which the valley occurred; 5) difference be-
tween the peak and valley amplitudes (total spike height); 6) differ-
ence between the pesk and valley time (spike width); 7) ratio of the
pesk/valley areas, and 8) ratio of the pesk/valley amplitudes. These
quantities were projected into a 32-dimensional parameter space, and

J. Neurosurg. / Volume 97 / July, 2002



Single-unit neuronal activity in the globus pallidus in PD

anonlinear clustering technique was used to fit elliptical boundaries
to clusters. Clusters are defined by the distance in this space from
each spike's point to the center of the nearest potential cluster, and
the cluster points are required to fall within 2.5 standard deviations
of the mean of the cluster. Once cluster boundaries were chosen sta-
tistically, all clustered spikes were individually overlapped and visu-
ally inspected. No automatic spike-sorting algorithm can substitute
for human judgment, and clustering parameters and weighting were
adjusted if necessary to be able to extract at least one clean neu-
ron, which we call the primary neuron in this study. Often, a second
neuron could be cleanly extracted, and these were also analyzed. In
many tracings more than two neurons were visible, and in these cas-
es, dl neurons not classified as the primary or secondary neuron
were |abeled as unclassified.

The mean rates of firing for al identified neurons were calculat-
ed, and interspike interval histograms were constructed. To quanti-
tate the percentage of spikes occurring as bursts for a given neuron,
we have used the percentage of interspike intervals lasting less than
8 msec, which is the burst criterion most commonly used in neuro-
physiological studies to delineate bursting neuron activity in the
superior colliculus,™ striate cortex,® and middle tempora extrastriate
cortex (MT or V.).2 Auto-correlations and cross-correlations were
calculated for the primary, and, when available, secondary spikes,
but were not used in the subsequent analysis.

Thetotal power per second of the tracings was cal culated by com-
puting the power spectral density of every 4096 (2?) data points,
which corresponded to 0.2048 seconds of data recorded at 20 kHz.
These values were converted into units of power per second for each
window, and the average of all the nonoverlapping windows re-
quired to cover the data set were computed. Each data set was in-
spected visually before power analysis to exclude regions of signal
artifact that would have contributed spurious measurements to the
overall average. Because there was a wide variation observed in the
power values, logarithms were calculated to facilitate comparison.
For occasional tracings (20 of 128), the gain of the recording system
was changed to accommodate exceptionally large-amplitude spikes.
Although this gain ateration had no effect on spike extraction and
clustering, it made the total power analysis uncertain, and these 20
tracings were excluded from the total power comparisons.

Results

We analyzed 128 recordings for the presence of identi-
fiable single-neuron units; 185 neuronswereidentified, 131
of which were primary and 54 of which were secondary
neurons.

Figure 4 illustrates an example of data that contained a
well-defined single unit, Sample E. In the upper two panels,
segments of raw data are shown at two different time scales.
Substantial variation is seen in the peak amplitudes in the
upper trace.

The third panel in Fig. 4 illustrates the process of spike
detection and extraction. Here, a threshold is set (positive
or negative, depending on the tracing), with aminimum and
maximum dwell time imposed following threshold crossing
to eiminate noise spikes and voltage excursions too broad
to be produced by single neurons (typical window settings
were 0.1-1 msec for minimum and maximum dwell times).
The extracted spikes are cut out in short 2-msec tracings, as
shown in the third panel. Cluster analysis confirmed that
these waveforms are a single unit. In the lower left of Fig.
4, atwo-dimensiond projection of spike height compared
with valley timeis shown with asingle cluster of points. In
thelower right of Fig. 4, each of the waveforms correspond-
ing to the clustered points are overlapped. The high degree
of overlap of waveform morphologica features is charac-
teristic of datafrom single units recorded at fine resolution
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Fic. 4. Sample E of microelectrode recording of raw data ob-
tained in the patient in Case A, first panel. The second panel shows
raw data at an expanded time scale, with details of neighboring
spikes. The third panel shows the results of spike detection and ex-
traction; only a 2-msec (ms) segment of data is retained and cen-
tered on the threshold crossing point for spike detection. Thefourth
panel shows a power spectrum (sguares of the absolute values of
the fast Fourier transform [FFT]) of the entire sample of raw data
Thetotal power for this sample is obtained by summing the values
in the power spectrum. In the fifth panel, on the left is a projection
of the 32-dimensiona clugter andysis into a two-dimensional
space, showing the comparison between spike height and valley
time, and at the right is the overlap of al these clustered spikesin
the same 2-msec window. These spikes mest the criteriafor single
units. Calculated values for Sample E are cross-referenced in the
corresponding panels for this patient in Figs. 6 and 7.

(= 10 kHz). Without such a detailed morphologica anay-
sis, it would beimpossible to be certain that thistracing rep-
resents a single neuron.

Figure 5 shows a data segment from a different patient,
Sample F. Here, the raw data might aso be thought to be-
long to asingle unit; certainly the differencesin peak ampli-
tude were comparable with that of the datain Fig. 4. Never-
thel ess, a detailed examination of the spike morphologiesin
the second and third panels shows that they are quite differ-
ent. The cluster analysis shows that the pesk and valley
times now sort into severa distinct clusters, from which at
least two neurons can be cleanly extracted. These two neu-
rons have very different morphologies, and the overlapped
waveforms in the insets confirm the validity of the cluster
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Fic. 5. Sample F showing similar analysis for a microelectrode
recording asin Fig. 4, but in the patient in Case F. The rate of spike
firing is less, but the spikes at increased time resolution (second
panel) have different shapes. The extracted spikes (third pand!) fall
into two distinct clusters in the left of the fifth panel, with unclas-
sified spikes falling outside the cluster boundaries (not shown).
The spikes from these two clusters overlap with two quite distinc-
tive morphologies, confirming the validity of the cluster analysis.
The power spectral analysis shown in the fourth panel reflects less
total power in this tracing compared with the more active trac-
ing from Fig. 4. Calculated vaues for Sample F (neurons 1 and 2)
are cross-referenced in the corresponding panels for this patient in
Figs. 6and 7.

analysis. There were many spikes that fell outside of these
two main clusters, and these neurons were al grouped as
unclassified. The unclassified neurons undoubtedly repre-
sent many neurons in this tracing (one of which is labeled
in the third panel), in addition to labeled examples of the
primary neuron (1), and the secondary neuron (2). Only a
sophisticated analysis of spike wave clustering alows usto
distinguish between these different neurons. Visua exami-
nation of such data during surgery gives only the aggregate
rate of the largest neurons depicted.

The mean frequencies and percentages of burst firing of
al neurons were plotted as a function of depth within the
GP in Fig. 6. Sequentia trgjectories (= five per patient)
were indicated by the symbol sequence of circles, squares,
triangles, multiplication signs, and pluses. The zero point
for calibrating the depth measurements was arbitrarily set
15 mm above the MR-selected target, that is, 15 mm above
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the AC—PC plane for each patient, and once the zero point
was set it was fixed for al paralle tracts used for that pa
tient. Thus, the neurona activity as afunction of depth can
be compared across trgectories, athough due to the irreg-
ularities of the borders of GPi compared with GPe, the
electrode may not remain in the nuclei for al trgectories
a agiven depth. Nevertheless, if single-neuron activity cor-
relates with anatomica location, a scatterplot of activity
compared with relative depth within the GP should revea
changes in activity as afunction of depth.

Figure 6 illustrates the mean frequency (Hz) and the burst
frequency (percentage of interspikeintervals < 8 msec) for
all neurons, including the primary, and, where available, the
secondary extracted neuron as well. Unclassified neurons
were not analyzed. Data points corresponding to neurons
from Fig. 1 (Samples A-D), Fig. 4 (Sample E), and Fig. 5
(Sample F) are labeled in these scatterplots. At 17.5 mmin
the patient in Case G, Sample C from Fig. 1, the sample
closest to the continuous high frequency expected from
GPi, has two neurons (C:1 and C:2) clearly contributing to
the combined signal. Furthermore, the neuron from Fig. 4
(SampleE), isclearly firing at ahigher rate than the neurons
from Fig. 5 (Samples F:1 and F:2), and the burstlike quali-
ty of the raw data from the neuron in Fig. 4 is clearly evi-
dent in the high burst firing percentage for Sample E. There
isno reliable relationship between either mean frequency or
burst firing as afunction of depth in any of these patients.

The most accurate single-neuron extraction in any at-
tempt at spike sorting isawaysthelargest one, what we call
the primary neuron in this study. Perhaps the lack of corre-
lation of activity with depth shown in Fig. 6 was due to the
fact that when data from more than the primary neuron
were included in these data sets, the accuracy of the spike
timings for secondary neurons was decreased, and so the
frequencies and burst percentages for these secondary neu-
rons degraded the overal andysis. Figure 7 shows a Simi-
lar analysisto Fig. 6, but thistime only the primary neurons
were used. Unfortunately, we again failed to identify pat-
terns that indicate reliable correlation of depth with neu-
rona activity when only primary neurons were anayzed.
Although isolated examples could have been chosen to
demongtrate the utility of such data (such as the mean fre-
quency plots from the patient in Case A, or the burst fre-
quency from the patient in Case C), inwhich alinear regres-
sion would quantify the significant change in activity with
depth, no pattern emerges with enough consistency to be a
basisfor surgical judgment.

If single-neuron activity does not correlate well with ana-
tomical depth, perhaps we should consider the entire mea-
sured neuronal activity in aggregate. Although sorting sin-
gle neurons becomes progressively less accurate as one
atempts to extract more and more neurons from a single
electrode recording, we could measure aggregate activity
of dl of the contributing neurons near the electrode by a
measure of the total power inthe signa. Tota power or en-
ergy inasignal can be equivaently estimated from the orig-
ina voltage as a function of time by summing the squared
values of voltage deflection within atime window, or, in the
frequency domain, by computing the sum of the power
spectral density within atime window. We selected the lat-
ter method because thefast Fourier transform facilitatesthis
computation. In Figs. 4 and 5, the fourth panels show the
power spectrum calculated on the samples of raw data in
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Fic. 6. Scatterplots showing a comparison of mean frequency (Hz) and bursts (percentage of interspike intervals < 8
msec) as afunction of depth within the GP for dl identified neuronsin al eight patients (Cases A—H). The points corre-
sponding to the mean rate and burst percentages of Samples A through D from Fig. 1 are indicated. Sample C from Fig.
1 hastwo neurons (C:1 and C:2) contributing to the aggregate rate. The higher mean rate and burst percentage from Sam-
ple E compared with the two Sample F neurons (F:1 and F:2) are clearly evident. No correlation between these measures
and depth within the GP can be seen in any of the eight patients. Symbols indicate sequential trgjectories (up to five per
patient) in the following order from first to last: circles, squares, triangles, multiplication signs, and pluses.

the first panels. These figures show that the total power
(sum of all spectral density vaues) is clearly higher for
Sample E than for Sample F, reflecting the greater amount
of neuronal activity in Sample E.

Figure 8 shows the logarithm of the average total power
per second for each recording. Inthisplot, the raw datatrac-
ing was broken up into 0.2048-second windows, and the
total power was calculated for each window and then aver-
aged over al windowsin agiven tracing. No differentiation
between different neuronsis performed here, so thereison-
ly one scatterplot for each patient. Again, no correlation be-
tween thismeasure of aggregate neuronal activity and depth
of recording within the GP is observed.

Discussion

Theanalysis of microelectrode data can be complex. Not
all such datarequire that the activity from single neurons be
characterized, but such characterization frequently requires

J. Neurosurg. / Volume 97 / July, 2002

extensive and time-consuming analysis to extract and sort
the waveforms from individua neurons.

Our findings were surprising to us, and arose in con-
cert with astudy of the ensemble dynamics of basal ganglia
neurons. Recognizing that little if any single-cell work on
PD had been performed with sophisticated spike clustering
measures, and that routine microelectrode recording data
obtained in the operating room might combine the activities
from multiple neuronsin agiven tracing, wefirst examined
the characteristics of the true single neurons that were ac-
cessiblein our tracings. Although for agiven threshold set-
ting we could frequently extract two clean neurons, the ac-
tual number of extractable neuronsin our tracingswas often
much greater, and could have been sorted using a combina-
tion of different thresholds to extract different spikes.

Because of our failure to correlate the activities of the en-
semble of spikes with depth within the GP, we limited our
analysis to just the largest or primary neuron in each trac-
ing. This primary neuron is typically the one that would be
recognized on an operating room monitor in which a peak
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Fic. 7. Scatterplots showing asimilar analysisto Fig. 6, except that only the data for the single primary neurons from
each data set are shown. Again, no reliable correlation between these measures and depth within the GP is observed. See

Fig. 6 for explanation of symbols.

threshold detector is used to trigger the display, and is the
one that often dominates the audio monitor signal. Never-
theless, wefailed to differentiate depth within the GP by us-
ing these data.

Finally, assuming that single-cell datawere thewrong in-
formation on which to concentrate, we examined the full
microelectrode recording, with all neurons included, in a
total power anadysis. Unfortunately, with this approach we
aso failed to correlate these measures with depth within
the GP.

Our findings are in contrast with those in multiple exper-
imental and clinica reports, all of which have suggested
that the original experimental findings in monkeys could
be observed in humans with PD. Nevertheess, we also
note that the classic experimental primate descriptions were
completed without the benefit of spike sorting analysis. The
possibility therefore exists that some of the physiological
foundation that supports modern microelectrode surgica
procedures was based on multiple rather than single cells.

The issue is more than academic: if one is searching for
the differentiation between ahigh-frequency cell with paus-
es, or acell with burst firing, asis claimed for neuronswith-
in the GPe, and seeks to note the appearance of continu-
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oudly firing cellswithin the GPi possessing considerableir-
regularity with frequent brief fluctuationsin rate, such trac-
ings could be easily observed when multiple intermittent-
ly firing or burst firing neurons contribute their respective
activities to fill in the gaps in a microelectrode recording.
Sample C from Fig. 1 is an example of a tracing show-
ing high-frequency activity without gaps, yet more than one
neuron contributed to this aggregate recording (Samples
C:1land C:2inFig. 6). Thus, locdization without spike sort-
ing, based on continuous rather than intermittent firing, or
based on the rate of apparent firing, are mideading when
tracings contain contributions from multiple neurons.

Is the audio amplification of the microelectrode signa
helpful for the surgeon in refinement of locdlization? Al-
though we were unable to confirm any correlation between
total spectral power and depth, such a measurement does
not exclude the possibility that increases and decreases in
power within narrow frequency bands may exist without an
overal changein total power. In addition, the surgeon’s au-
ditory perception may be tuned to very complex patterns
within asignal that are not readily reflected in simple spec-
tral band power. We are, however, very concerned that reli-
ance on auditory perception from microelectrode record-
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Fic. 8. Scatterplots showing the total average power from raw
data. These measures are calculated by computing the power spec-
trum within all 0.2048-second windows from each data set, sum-
ming the values to get total power, and averaging these figures for
all windows. The values represent a measure of tota energy with-
in the recording, and include contributions from al neurons firing
without spike sorting. Again, no correlation between this measure
and depth within the GP is observed. See Fig. 6 for explanation of
symbols.

ings to delineate GPi boundaries may be fraught with po-
tential subjective errors, and would be exceedingly difficult
to standardize.

On the other hand, the benefits of modern pallidotomy,
with and without microelectrode monitoring, have been
demonstrated at multiple centers. The controversy over the
use of microelectrode recordings for palida surgery was
well reviewed by Alterman, et a.* Reports of successful
posteroventral pallidotomy in patients with PD in whom
less detailed microel ectrode recordings were obtained, but
in whom macrostimulation was used to delineate the loca-
tions of the optic tract and internal capsule have been pub-
lished,? but no suitable objective study comparing pallidot-
omy with and without microelectrode recordings exists. If
our findings are verified by others, one would have to con-
sider the distinct possibility that the safety and efficacy of
pallidotomy might derive more from MR imaging localiza-
tion and micro- or macroel ectrode stimulation than from the
added benefits of microelectrode recording.

Nevertheless, setting aside issues related to spike sorting,
microelectrodes have certain technical features that remain
attractivein such deep brain stereotactic procedures. Micro-
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electrode recordings without spike sorting can readily en-
able one to distinguish when one runs out of neurons, and
can correlate such events with impedance changes, such as
delineating the passage of the electrode ventra to the GPi.
Microelectrodes can also provide a thinner aternative to
macroel ectrodes for stimulation of fragile structures such as
the optic tract.

Whether more precise mapping within the GPi by using
sensorimotor data would improve locdlization is not direct-
ly addressed in our study of neurons in awake patients at
rest. It has been argued that in addition to characterizing
GPi cdls at rest, sensory and motor mapping information
can be used to isolate further the sensorimotor region of the
GPi.1819 Our observations of neuronal activity during rest do
not address the potential utility of active sensorimotor map-
ping, but searching for the sensorimotor region within the
GPi would become considerably more problematic if the
framework to outline the borders of the GPi itself were un-
reliable. In addition, such sensorimotor analyses face some
of the same technical difficulties that hamper studies of pa
tients at rest, namely, that identification and differentiation
of single neurons online in the operating room can be tech-
nicaly quite error-prone and complex.

Conclusions

In this study of microelectrode recordings obtained with-
in the GP in patients with PD, we have failed to find reli-
able correlations between neuronal activity and GPe or GPi
depth within the GP.
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