
www.nrronline.orgNEURAL REGENERATION RESEARCH 

408

PERSPECTIVE

Towards frequency adaptation 
for delayed feedback deep brain 
stimulations

In neurodegenerative disorders such as Parkinson’s disease 
(PD), deep brain stimulation (DBS) is a desirable approach when 
the medication is less effective for treating the symptoms. DBS 
incorporates transferring electrical pulses to a specific tissue 
of the central nervous system, obtaining therapeutic results by 
modulating the neuronal activity of that region. DBS has certain 
advantages such as reversibility and adjustability features over 
medication, since the neuronal firing patterns can be recorded 
and used to alter the parameters of the DBS signal (Benabid et 
al., 2009). One of the DBS indications is its ability to suppress the 
abnormal neuronal activity to treat symptoms like tremor, aki-
nesia and dystonia. Although the mechanism of DBS is not fully 
understood, the inhibition of neurons, entrainment of bursting 
neurons and activation of axons has been associated with DBS 
therapy (Chiken and Nambu, 2016). Electric fields induced by 
DBS generally disrupt any abnormal information flow coming 
from the cortex to the basal ganglia neurons. DBS signals also 
increase and regularize the neuronal firing rates by direct activa-
tion of the axons of the stimulated neuron. This regularization 
of neuronal firing rate prohibits the oscillatory and bursting 
abnormalities of the basal ganglia neurons, leading to highly 
therapeutic results in PD. The therapeutic effects of DBS are 
enhanced once it is used in a closed loop paradigm. The cortical 
and pallidal discharge patterns of neurons are more improved 
by closed loop DBS rather than traditional open loop stimula-
tions (Rosin et al., 2011). DBS is mainly targeted at subthalamic 
nucleus (STN) or globus pallidus externa (GPe) cells to disrupt 
the thalamo-cortical synchronizations seen in PD. Therefore, 
the local field potential (LFP) recorded from a population of the 
STN cells is often used as the feedback variable for DBS parame-
trization. Retrospective studies mainly focused on adjusting the 
stimulation amplitude based on the recorded LFP (Popovych et 
al., 2017). However, adapting the frequency of stimulation might 
provide superior results in desynchronizing the coupling pat-
terns of STN-GPe. In addition, high frequency stimulation (HFS) 
typically used in DBS, significantly increases the device battery 
usage. In contrast, adapting the frequency of stimulation to a 
protocol where HFS is only used when high desynchronization is 
needed, can expand the battery lifespan and reduces the necessity 
of costly battery replacement surgeries (Lyons et al., 2004).

Neuronal synchrony: Due to the coupling dynamics of STN 
and GPe neurons, a synchronous burst firing is seen in the STN 
cells. This synchronized dynamic reflects a rhythmic activity in 
the STN neurons, which is observable from the LFP recordings 
and can be used to adjust the stimulation parameters. LFP or the 
power spectral density of the LFP signal as the control variables 
are correlated with tremor and alteration of motor symptoms in 
PD. Moreover, inflections of LFP by the DBS signal are record-
able from the same DBS electrode (Priori et al., 2013).

Closed loop protocols: There are two approaches for closed loop 
DBS where both can optimize the stimulus signal to maintain 
a desired efficiency in terms of desynchronization as neuronal 
activities fluctuate. This is in contrast with open loop stimulation 
where a fixed HFS pulse train is applied to a target within the 
basal ganglia and in some cases it causes tissue damage rather 

than alleviating the symptoms. The first approach for closed loop 
DBS defines a relationship between the measured output and 
the input stimulus. Since the stimulus is a function of the out-
put (LFP) recordings only, other parameters such as the global 
interaction of cells with other regions of the brain are neglected. 
However, in delayed feedback closed loop DBS methods, the 
input stimulus is updated after the output recordings were put 
in a decision state. The decision state is where we define how to 
adjust the input stimuli according to the measured LFP signal for 
better therapeutic results. In this state, often one or a couple of 
parameters of the input stimulus are modified considering more 
general features from the LFP signal such as power density of the 
recorded output and the oscillation frequencies.

Delayed feedback: To date, most of the delayed feedback algo-
rithms focus on updating the amplitude of the stimulation signal 
according to the measured LFP. It has been shown that the power 
spectral density of the LFP signal can be used in a phase response 
curve (PRC) measure in order to deliver the stimulus signal at 
optimum frequencies (Holt et al., 2016). In this method, using the 
subthreshold amplitudes for stimulation provided more compel-
ling reduction of pathological oscillations. However, stimulation 
with a burst of subthreshold amplitude increases the amount of 
energy consumed by the DBS device. In recent studies, the ampli-
tude of the DBS signal was adjusted based on the damped filtered 
LFP signal and a gap was inserted between the phases of each DBS 
pulse. By this pulsatile feedback, the stimulation amplitude would 
have a linear relation with the filtered LFP. The advantage of this 
method is its ability to increase the battery lifespan while provid-
ing an adequate desynchronization (Popovych et al., 2017). Mov-
ing from adjusting the amplitude in feedback loops towards fre-
quency adaptation might contribute to superior tradeoff between 
the desynchronization performance and the battery lifetime. 

Frequency of stimulations: It is of great concern to somehow 
control the frequency of stimulation in a delayed feedback man-
ner as various stimulus frequencies often have different thera-
peutic outcomes. While HFS has shown to improve the tremor 
and rigidity symptoms of PD, it fails in enhancing the axial 
symptoms such as gait dysfunction, swallowing and speech prob-
lems (Brozova et al., 2009). Hence, low frequency stimulation 
(LFS) is more promising for axial treatments in PD. To address 
both axial and appendicular symptoms of PD, we must design 
innovative stimulation protocols. Since high and low frequency 
stimulations account for treatments of different symptoms, the 
developing protocols must embody both LFS and HFS. Recently, 
a new stimulation paradigm focused on delivering fixed or ran-
dom various frequencies assuming each frequency is benign for 
an exact symptom in PD (Jia et al., 2017). In this paradigm, LFS 
(60–80 Hz) is assigned for axial symptoms while HFS (> 100 Hz) 
is used for cardinal symptoms such as tremor and bradykinesia. 
The sequence of frequencies were then selected in random orders 
with fixed durations such as HFS-LFS-LFS-HFS. This approach 
might have clinical benefits in terms of expediting abnormalities 
at specific frequencies. However, lack of a feedback control, re-
sults in drawbacks in the desynchronization efficiency. 

Frequency adaptation: We propose new delayed feedback par-
adigms to adapt the frequency of stimulations. First of all, the 
control variable for adjusting the input stimulation signal must 
be defined to capture the synchronization of the STN neurons 
seen in PD. For this, we use the LFP signal filtered by a damped 
harmonic oscillator. This can suppress the need for a constant 
frequency stimulation and provide a reliable control variable for 
desynchronization (Tukhlina et al., 2007). The control variable 
must be time shifted to compensate for the instability often hap-
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A network of STN and GPe cells generates coupled 
oscillation due to PD. These oscillations are measured 
through LFPs (yellow electrode) and filtered by a 
damped harmonic oscillator defining the feedback 
control variable. The frequency of stimulation is then 
adapted based on the amplitude of oscillations. High 
and low amplitudes of the filtered and shifted LFP re-
quire HFS and LFS, respectively. The new stimulation 
signal with adapted frequency is then applied to the 
centric point of the STN population (grey electrode) 
for better desynchronization. The HFS-LFS mixture in 
DBS signal attains lower battery usage. STN: Subtha-
lamic nucleus; GPe: globus pallidus externa; LFP: local 
field potential; HFS: high frequency stimulation; LFS: 
low frequency stimulation; PD: Parkinson’s disease.

pening due to the delayed feedback (Figure 1). The outcome of 
the control variable is then used to alter the stimulation signal 
either by linear or nonlinear techniques. Linear delayed feedback 
provides great desynchronization of oscillatory activities seen 
in PD. However, in some cases it will increment the synchroni-
zation due to various spiking frequencies of the neuronal pop-
ulations. On the other hand, nonlinear delayed feedbacks grant 
robust desynchronization by saturation mechanisms in order to 
suppress the amplitude of oscillations (Popovych et al., 2017). 
The nonlinear delayed feedback does not require time consum-
ing calibration and cannot reinforce synchronization which is 
critical in the DBS procedure. This nonlinear transform is then 
applied on the control variable in order to adjust the parameters 
of the input stimulus signal. We suggest modifying the frequen-
cy parameters of the DBS signal in contrast to the amplitude 
adjustment protocols studied before (Dovzhenok et al., 2013; 
Popovych et al., 2017). The frequency is adapted according to the 
amplitude of the control variable once it is transformed through 
the nonlinear block. This frequency adaptation simply sends HFS 
when there is a boost in synchronization of the STN neurons and 
reduces to LFS as soon as synchronization disappears. Adaptive 
frequency stimulation can also perform with lower amounts of 
stimulus amplitude after a couple of stimulation cycles which 
allows for less battery consumption and lower risk of tissue dam-
age. Figure 1 depicts the entire process from LFP recordings of 
the STN population to defining the feedback protocol and finally 
adapting the frequency of the DBS signal.

Discussion: The clinical indications for DBS therapy include 
controlling symptoms such as tremor, dystonia, movement disor-
ders, depression, epilepsy, chronic pain and amputation. On the 
other hand contraindications of DBS therapy include dementia 
and uncontrolled psychiatric diseases with chances of comorbid 
conditions. Other contraindications and complications include 
hardware discomfort, loss of effect, the necessity of frequently 
undergoing MRI procedure, having cardiac pacemakers and risk 
of not showing promising results in the test stimulations. Adapt-
ing the frequency of stimulation in a delayed feedback paradigm 
shows promising performance in desynchronization and energy 
efficiency compared to amplitude adjustment techniques. There 
are some limitations to delayed feedback protocols in general that 
are worth investigation in the future. All delayed feedback algo-
rithms focus on destabilizing the synchronous state. However, 
the mechanism by which the neuronal population is pushed back 
into synchronization is not fully addressed by delayed feedback 
methods. Another future direction for DBS therapy is to investi-
gate whether the LFP power spectrum can be a biomarker for PD, 
and if so, if it is observable consistently for all patients. Moreover 
the interactions of various oscillations might direct researchers 
to a better understanding of the synchronization mechanism and 
eventually navigate the field into the development of more robust 
feedback and stimulation therapy methods.  
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Figure 1 Frequency adaptation paradigm in a STN-GPe Oscillator.
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