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ABSTRACT

Low frequency deep brain stimulation (DBS) of the pedunculopontine nucleus area (PPNa) has been proposed as a novel surgical target for gait dysfunction in the late
stage of Parkinson's disease (PD). Since the mid-2000s, we have shown that intrasurgical delivery of stimulation in the pontine tegmentum affects the firing activity in
the subthalamic nucleus (STN), but its effect on STN oscillatory rhythms has not been studied. Neuronal oscillations detected by local field potential (LFPs) have great
importance, since they express complex movement-related behavior such as locomotion. Therefore, we examined the effect of three PPNa-DBS stimulation protocols
(at 10, 25 and 80 Hz) on the STN oscillatory activity of PD patients. We focused on the anti-kinetic beta (8, 15-30 Hz), the pro-kinetic gamma (y, 60-90 Hz) and “gait-
related” alpha (a, 7-12 Hz) bands. We hypothesized that modulation of STN oscillations might have clinical relevance in the PPNa-mediated effects.

PPNa stimulation at 25 and 80 Hz decreased the power of the STN (3 band by 33.94 and 40.22%, respectively. PPNa-DBS did not affect the other two bands with a
tendency to suppress a power, while vy oscillation increased.

Our results suggest that the anti-kinetic § band is the oscillation most sensitive to PPNa-DBS despite the negligible clinical efficacy on bradykinesia. However, how
these changes interact reciprocally with the cortex or are counterbalanced by lower brainstem/spinal pathways remain to be elucidated.

Our observation might turn out to be helpful in new protocols designed with adaptive DBS supporting the addition of PPN implantation in PD patients experi-

encing declining efficacy of STN-DBS.

1. Introduction

The pedunculopontine nucleus area (PPNa) has been proposed as
novel target for deep brain stimulation (DBS) in those Parkinson's dis-
ease (PD) patients experiencing levodopa resistant axial symptoms such
as freezing of gait and postural instability (Moreau et al., 2009; Stefani
et al., 2007). Although the DBS mechanisms have not yet been clarified,
the clinical benefit from PPN-DBS may be explained by several me-
chanisms, including modulation of spinal reflexes (Pierantozzi et al.,
2008) or interactions with cerebellar nuclei (Vitale et al., 2016).

However, at least part of the described benefits, when present
(Thevathasan et al., 2018), may relate to its reciprocal connections to
the basal ganglia (BG) and, particularly, to the subthalamic nucleus
(STN) (Bevan and Bolam, 1995; Ceravolo et al., 2011; Galati et al.,
2008). In this regard, the lesion of the PPN region or the PPNa-DBS at
25Hz, in a PD rat model obtained by 6-OHDA-induced chronic de-
nervation (Breit et al., 2006), reduced the pathological hyperactivity of
the STN. In addition, PPN-DBS was able to decrease the pathological
STN neuronal oscillation in the 3 band (15-30 Hz) as evaluated in ex-
perimental models (Alam et al., 2012). An exaggerated 3 band is

associated with the ‘off’ state in both PD patients and rodents (Brown,
2006; Galati et al., 2006; Mallet et al., 2008). Further, clinical ameli-
oration achieved through dopaminergic therapy or conventional DBS
targets is associated with a decrease of this frequency band parallel to
an increase of vy activity (Brown, 2003; Doyle et al., 2005; Eusebio et al.,
2011).

Similar to STN, the 3 band has also been detected in the PPNa of PD
patients (Weinberger et al., 2008). However, to our knowledge, only
the activity in a frequency, expressed more powerfully in the caudal
part of the PPNa, was functionally and inversely related to gait im-
pairment and freezing in PD (Thevathasan et al., 2012). Of note, a
synchronization has the role to suppress ‘task irrelevant’ interference
and correlates with improved gait performance during PPNa-DBS in PD
patients (Androulidakis et al., 2008a, 2008b).

Whether the clinical impact of PPNa-DBS promotes significant
modulation of intra-STN oscillations was never established in human
PD. Taking advantage of the combined implantation of the two nuclei
as performed by our group in the mid-2000s (Mazzone et al., 2005;
Stefani et al., 2007), we previously showed that the large majority of
STN neurons responded to 25Hz PPN-DBS by changing their firing
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activity depending upon the prestimulation firing pattern (Galati et al.,
2008). Since neuronal rhythms have become biomarkers for behavior-
related neural activity, herein, we re-analyzed these neuronal traces in
order to detect the content of oscillatory neural behavior in the STN,
focusing on the a, B, and y bands.

2. Methods

Eight PD patients underwent stereotactic electrode (Medtronic
model 3389, Medtronic Inc., Minneapolis, Minnesota, USA) implanta-
tion according to previously reported criteria (Galati et al., 2006, 2008;
Mazzone et al., 2005). These participants were the same as those in our
previous study (Galati et al., 2008). Of note, they belong, as previously
mentioned, to the first phase of PPN surgery (while, in the modern era,
the PPN was unilaterally targeted without simultaneous implantation of
STN (see, for instance, Mazzone et al., 2016).

The stereotactic coordinates were described elsewhere (Galati et al.,
2008). Briefly, related to the line connecting the anterior (CA) and
posterior (CP) commissure, the coordinates to STN were: x/412 mm, y%
CA-CP 1/2, z¥44 mm; whereas coordinates to PPNa were: x%7/9 mm,
y%1-2 mm below CP and z'413 (5 mm below the pontomesencephalic
line).

The modern experience (as detailed in Mazzone et al., 2014) clar-
ified that stereotactic coordinates to PPNa (re-named as PPTg) are
based not simply on standard CA-CP, but upon brain-stem inter-in-
dividual differences, corroborated by potentials recorded from lem-
niscus medialis as each of the four electrode contacts cross it. For fur-
ther details, please consider the functional anatomy described
extensively elsewhere (i.e. Mazzone et al., 2013, 2014); in principle,
specific brain stem measures are adopted being the ponto-mesence-
phalic junction a crucial reference. For example, the sagittal parameters
are reconstructed on sagittal pre-operative MRI slices and designated as
i) S1, from the plane formed by the top of the midbrain — middle point
of the posterior commissure - to the pontomesencephalic junction
(PMJ); ii) S2 distance, between the PMJ and the Obex; iii) Sl distance,
between the top of the midbrain and the Obex (“brainstem long axis”);
IV) SW distance, corresponding to the widths of the pons measured
along the fastigial floor line (and additional as available in Mazzone
et al., 2013, 2014). Besides, any patient underwent post-operative TC or
MRI (exemplary MRI in Suppl. Fig. 1).

Written informed consent was obtained from each patient. The in-
vestigation was approved by the local ethics committee. Quadripolar
electrodes were stereotactically implanted in both the STN and PPN
under local anesthesia in two different surgical sessions. Paolo Mazzone
was the neurosurgeon pioneering the procedure (Mazzone et al., 2005).
The stereotactic coordinates are described elsewhere (Galati et al.,
2008); Mazzone et al., 2013, 2014). Briefly, related to the line con-
necting the anterior (CA) and posterior (CP) commissure, the co-
ordinates to the STN were x%12 mm, y% CA-CP 1/2, z%44 mm, whereas
coordinates to the PPNa were x%7/9 mm, y%1-2mm below CP and
z¥413 (5 mm below the pontomesencephalic line).

Microelectrode recordings with high impedance tungsten electrodes
(0.5-1.5 MO, FHC) were attempted in all surgeries but were success-
fully performed in six out of eight patients and single unit recordings
were considered suitable for analysis when lasting > 20 min, allowing
correlation with different DBS protocols. STN recordings were ampli-
fied (ISO-DAMS8; World Precision Instruments, Hertfordshire, UK),
sampled (50 kHz) on-line, stored into a computer connected to a CED
1401 interface, and analyzed off-line (Spike 2, CED, Cambridge, UK).
PPN-DBS was performed by a Medtronic external device Model 3625
(Medtronic Inc.) with the following parameters: pulses consisting of
60 ps width and 2-3 V (bipolar stimulation, contact 0-1) at 10, 25 and
80 Hz. PPN-DBS lasted at least 600 s (mean 649 s738).

The frequency content of neurons with oscillatory activity was
evaluated by performing a spectral analysis of the continuous waveform
obtained by transforming spike trains in a density of spikes in time
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(sampling rate 1kHz). This analysis was performed using conversion
software from Spike2, CED (Galati et al., 2009; Levy et al., 2000). The
size of the transform used in the fast Fourier transform (FFT) analysis
was 512 points, thereby yielding a frequency resolution of 1.95 Hz. We
focused on a (7-12Hz),  (13-30Hz) and y (60-90 Hz) bands. We
collected a total of 6, 3 and 2 recordings from STN during PPN stimu-
lation of 10, 25 and 80 Hz, respectively, of 2 patients. We calculated the
total power of a (7-12 Hz), 3 (13-30 Hz) and y (60-90 Hz) band in STN
during 30s of baseline and 30s of successive PPN stimulation. Only
patients with a clear recording file to be transformed for oscillatory
activity investigation were taken into account for the analysis.

The brief recording protocols discouraged the opportunity to verify
UPDRS items and\or cognitive tasks. For each frequency stimulation,
indeed, we averaged the 30 s of baseline and 30 s of stimulation of all
trials, comparing them by means of the nonparametric Wilcoxon Signed
Ranks test, since the nonnormally distribution of data subjected to a
Kolmogorov-Smirnov test.

Then, we calculate the percentage of power changes in a, B and y
bands before and during stimulation. Clinical assessment concerning
the evaluation of rigidity and the finger tapping sequence has been
reported previously (Galati et al., 2008).

3. Results

A 30 s of PPN-DBS at 10 Hz determined a slight decrease of the STN
B band equal to 9.97% with a certain trend toward significance
(p = .102; Fig. 1).

At 25 and 80 Hz, the (3 power significantly decreased up to 33.94%
(p = .005; Fig. 1) and to 40.22% (p = .002 Fig. 1), respectively.

All the stimulation protocols decreased the a power equal to
24.37%, 10.69% and 34.32% at 10, 25 and 80 Hz, respectively, with a
marginally significant trend (10Hz p = .106; 25Hz p = .229; 80 Hz
p = .781; Fig. 1).

y power slightly decreased during the two lower stimulation fre-
quencies, whereas it tended to increase with the 80 Hz stimulation
(—1.30% and —6.18% and +11.32%; 10Hz p = .943; 25Hz p = .975;
80 Hz p = .147; Fig. 1).

4. Discussion

In the present study, we observed that PPNa-DBS had an impact on
oscillatory behavior of STN neurons. Interestingly, PPNa stimulation at
25 and 80 Hz produced a significant decrease of B frequency. A clear
trend toward reduction of the B band was observed in the 10 Hz sti-
mulation. The significant dampening of the STN 3 band, as detected at
25 and 80 Hz PPNa-DBS, is in line with the traditional BG literature (for
a review, see Stefani et al., 2018). The relation between  activity and
the parkinsonian state has been widely demonstrated in PD patients and
reproduced in animal models affecting different areas of the BG criti-
cally involved in PD such as the STN (Basar and Giintekin, 2008;
Eusebio et al., 2009; Little and Brown, 2014; Litvak et al., 2011; Oswal
et al., 2013).

Consistently, dopaminergic therapies and STN-DBS attenuated pa-
thological neuronal oscillations in 3 frequencies within the STN with a
strict correlation with cardinal signs of Parkinsonian syndrome such as
bradykinesia and rigidity (Bronte-Stewart et al., 2009; Brown, 2006;
Kuhn et al., 2008). Similarly, it has been demonstrated that PPN-DBS in
a PD animal model determined the decrease of the [3 oscillations of the
STN (Alam et al., 2012).

Clinical studies have shown that PPN-DBS at low 20-25Hz has
positive effects on gait and posture deficits of PD patients (Moro et al.,
2010; Plaha and Gill, 2005), whereas higher frequency rates have been
reported to be not effective or even detrimental to motor performance.
Nevertheless, the electrophysiological consequences of both 25 Hz and
80 Hz, as detected here, should be examined more carefully in a larger
series and, critically, in different settings (i.e., exploring chronic
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Fig. 1. Percentage of change in a (7-12 Hz), 3 (13-35) and y (60-90 Hz) bands in comparison to baseline (zero) during stimulation of the PPN at 10, 25 and 80 Hz.

effects). In fact, higher frequencies in the y frequency range are re-
quired to optimally induce locomotion reflecting the predominance of
this band in the activity of the single PPN neurons recorded in vitro
(Garcia-Rill et al., 2016). Herein, the vy band in the STN was negligibly
affected by PPNa-DBS at 10 and 25 Hz, whereas it was partially engaged
at 80 Hz.

The stronger impact of higher frequency stimulation on the STN
band suggests that the positive clinical outcome on axial signs obtained
by PPNa-DBS at low frequency could be linked to mechanisms not in-
volving descending pathways independent of the STN. At higher sti-
mulation protocols, an overdrive of bottom pathways antagonizes the
clinical benefit of B band reduction within the STN.

While the B band exerts a prominent role in motor control and has
been associated with anti-kinetic properties (Zhang et al., 2008), the a
band has a role in different kinds of cognitive and attentive functions
(Klimesch, 2012; Klimesch et al., 2007), facilitating processing of task
relevant information in specific brain areas.

During high frequency stimulation of the STN, there was significant
attenuation of both a and (3 band LFP power (Bronte-Stewart et al.,
2009), while at lower frequencies (60 Hz) a significant increase has
been observed in the a band (8-12 Hz; (Blumenfeld et al., 2017)). In-
deed, in freely moving PD patients a clinically beneficial 60 Hz DBS
amplified o and low-f (11-15Hz, P = .007) and attenuated high-f
power (19-27 Hz, P < .001) in the STN, suggesting an implicit “de-
coupling of the cortico-STN hyperdirect pathway”(Blumenfeld et al.,
2017). The partial incongruence of our results with these data (o band
not significantly changed during PPNa-stimulation) could be attributed
to profound differences in circuitry properties of PD patients mani-
festing dramatically different clinical patterns (our cohort did in fact
include subjects whose freezing could be negligible). Moreover, the
difference may be due to a methodological issue, since we have studied
how the stimulation of an area (PPNa) influenced the oscillatory ac-
tivity of another region (STN) instead of intra-STN stimulation.

The analysis of motor performance under PPN-STIM (as reported in
(Galati et al., 2008)) demonstrated the lack of significant changes, in
terms of acute impact on rigidity and on finger tapping sequence. Here,
we documented change of the STN beta band. Our results could appear
contradictory. However, the decrease of the abnormal STN beta band
during a brief PPN stimulation sequence may not be automatically
translated into improving of motor activities (while chronic PPN_STIM,
in combination with submaximal LD, proved to confer a synergistic
significant amelioration of hypokinetic signs (Stefani et al., 2007).

In addition, the STN belongs to a rather complex circuitry. Indeed,
the final motor phenotype is determined by interactions of different
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areas of the circuit, including the DBS-mediated antidromic modulation
of the STN-cortical pathway; our data are limited to the mere interac-
tion between PPNa and the STN and, by default, do not explore more
complex interactions with cortex.

Overall, here we demonstrated for the first time the effect of PPNa-
DBS on STN oscillation patterns, a critical area involved in PD. We
posited a long time ago that the PPNa could be considered a novel
target for PD treatment by mean of DBS. Even if it was not possible to
analyze patient motor scores for a prolonged time due to surgical
concerns, we suggest that PPNa stimulation might provide an addi-
tional tool to influence amelioration of hypokinetic signs, since ab-
normal [} oscillations are associated with motor dysfunction.

A recent review (Thevathasan et al., 2018) suggested that despite
the use of different methods/trajectories hampering a global estimation
of clinical results and limiting the clinical application of PPN surgery,
PPN DBS improved gait freezing, reduced falls with a variable degree of
improvement, and influenced the non-motor symptom profile in se-
lected patients. It is difficult to define whether the specific PD patients
who benefit more from PPN-STIM indeed feature a larger remodulation
of B discharge.

Unfortunately, our original approach (Stefani et al., 2007), based on
complex 4 lead neurosurgery, were not replicated consistently. Instead,
the monolateral implantation of PPNa has been tested by different
groups with conflicting results (Mazzone et al., 2016; Thevathasan
et al., 2018).

Our present findings raise the possibility that the add-on im-
plantation of PPNa might represent an explorable technique in PD pa-
tients previously implanted bilaterally in the STN, the benefits of which
progressively decline in correlation with axial deficit or cognitive de-
cline. This might be adequately tested in protocols of adaptive DBS
ensuring real-time monitoring of electrode LFPs.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nbd.2018.11.006.
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