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Dear Editor,

High-frequency deep brain stimulation (HFS-DBS) of the sub
thalamic nucleus (STN) or internal segment of the globus pallidus (GPi) 
significantly alleviates motor complications in advanced Parkinson’s 
disease (PD). However, axial symptoms—such as gait disturbances, 
postural instability, and freezing of gait (FOG)—often respond variably 
and may even worsen with standard HFS settings [1]. Low-frequency 
stimulation (LFS, ≤80 Hz) has been explored as an alternative strategy 
to improve axial symptoms in PD patients. However, its efficacy is 
heterogeneous, with some patients benefiting and others showing no 
improvement or even worsening of appendicular symptoms such as 
tremor [2]. This variability largely reflects methodological differences 
across studies, particularly in managing total electrical energy delivered 
(TEED), the limited use of objective gait and posture measures, and the 
reliance on small, single-center, single-blind crossover designs [3]. To 
address these limitations, we conducted a two-center, randomized, 
double-blind, crossover study in PD patients to compare the short-term 
effects of LFS (60 Hz) versus HFS (130 Hz) on gait, posture, and other 
axial symptoms, while adjusting stimulation parameters to maintain 
TEED constant across conditions.

Twenty patients who had received STN or GPi DBS implants at least 
one year earlier were evaluated in the OFF-medication state following a 
12-h withdrawal of antiparkinsonian medications. They attended two 
visits one week apart, during which stimulation conditions were applied 
in randomized order, with parameters adjusted to maintain constant 
TEED calculated in constant-current mode as follows [4]: 

TEED=
(
Current2*Impedance*Frequency*PulseWidth

)

At each visit, patients were assessed in both OFF- and ON-DBS states 
by blinded neurologists using the Movement Disorder Society Unified 
Parkinson’s Disease Rating Scale (MDS-UPDRS) part III, the Berg Bal
ance Scale (BBS), inertial-sensor-based Timed Up and Go (TUG) test, and 
static posturography, while stimulation was adjusted by a separate 
examiner. At baseline, the Freezing of Gait Questionnaire (FOGQ) and 

MDS-UPDRS part II were administered, and PD phenotypes were clas
sified as described in Ref. [5] (Supplementary Materials).

Both LFS and HFS elicited significant improvements in MDS-UPDRS 
part III relative to baseline (F(1, 19) = 21.18, p < 0.001), with estimated 
marginal means showing a reduction of 15.4 points (SE = 3.35; 95% CI: 
− 22.1 to − 8.73) (Fig. 1A). BBS scores also improved significantly (F(1, 

19) = 29.35, p < 0.001), with an estimated marginal mean increase of 
6.57 points (SE = 1.21; 95% CI: 4.16 to 9.00). No significant differences 
were observed between LFS and HFS for either measure. The effects of 
LFS and HFS were also examined separately for each individual clinical 
feature of PD—FOG, tremor, postural instability and gait difficulty, 
bradykinesia, and rigidity—with significant improvements observed in 
all, but no differences between the two stimulation frequencies. TUG 
total duration also decreased significantly (F(1, 19) = 17.54, p < 0.001), 
with estimated marginal means showing a reduction of 2.57 seconds (SE 
= 0.61; 95% CI: − 3.81 to − 1.34) across both stimulation conditions 
(Fig. 1B). Conversely, no pre-to-post changes in posturographic mea
sures were observed for either HSF or LFS. Finally, stimulation target, 
PD phenotype, and FOG severity did not significantly affect any outcome 
measures when included as between-subject factors (Supplementary 
Materials).

Our findings suggest that, under TEED-matched conditions, LFS does 
not provide superior benefits over HFS in alleviating axial symptoms in 
the DBS-ON/medication-OFF state. Mechanistically, LFS may better 
engage mesencephalic structures implicated in locomotor control or 
modulate fiber pathways relevant to posture and gait. Among these, the 
pedunculopontine nucleus (PPN)—located in the caudal pontome
sencephalic tegmentum approximately 5 mm from the STN—is partic
ularly relevant for axial motor control, given its widespread projections 
to both the cortex and spinal cord [6]. LFS of the STN may affect PPN 
activity indirectly, either through passive current spread or via existing 
anatomical connections between the two structures [7]. Research in 
animal models found that only stimulation at 60 Hz—not at either 10 Hz 
or 130 Hz—was capable of synchronizing neuronal firing patterns 
within the PPN [8]. These observations raise the possibility that 
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STN-LFS may facilitate PPN-related networks, thereby contributing to 
improvements in axial symptoms such as FOG. Nevertheless, evidence 
regarding LFS remains inconclusive, with some studies demonstrating 
improvements in axial symptoms, whereas others report minimal or no 
benefit [2]. A critical limitation of previous studies is that reducing 
frequency without a compensatory amplitude adjustment may result in 
subtherapeutic stimulation, potentially confounding the interpretation 
of frequency-dependent effects [3]. Our study directly addresses this 
issue by maintaining TEED constant across stimulation conditions, 
thereby enabling a more rigorous examination of frequency-specific 
outcomes.

The lack of a significant difference between HFS and LFS across 
clinical and biomechanical measures suggests that, when TEED is 
maintained, frequency alone does not differentially impact short-term 
motor performance in the OFF-medication state. Consistent with this, 
a recent meta-analysis reported benefits of LFS for axial symptoms in the 
ON- but not OFF-medication state, suggesting that frequency-dependent 
modulation of axial symptoms may require the synergistic effects of 
dopaminergic therapy [9]. This finding warrants further studies 
comparing ON- and OFF-medication states under TEED-controlled 
conditions. The absence of frequency-specific effects raises several 
important considerations for DBS programming. One interpretation is 
that TEED—not frequency—is the principal determinant of stimulation 
efficacy. Alternatively individual factors such as electrode placement, 
PD phenotype, and disease progression may influence responsiveness to 
frequency modulation. Notably, our additional analyses did not reveal 
significant moderation of stimulation effects by target, clinical pheno
type, or FOG severity, although larger and more heterogeneous cohorts 
may be needed to detect such interactions. It is also possible that the 
efficacy of LFS is state-dependent, emerging only duringvoluntary 
movement. Indeed, neurophysiological studies suggest that pathological 
low-frequency oscillations in the STN are associated with gait distur
bances, and modulating these rhythms may help engage brainstem lo
comotor networks [10]. This opens avenues for exploring adaptive DBS 
approaches, where stimulation parameters dynamically adjust in 
response to movement or neural biomarkers. Future research should 
investigate the interaction between stimulation frequency, medication 
state, and patient-specific factors, and consider adaptive or 
task-contingent DBS strategies to optimize treatment of axial symptoms 
in PD.
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