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2 

Abstract 1 

Freezing of gait is a debilitating symptom in advanced Parkinson’s disease and responds 2 



3 

Introduction  1 

Freezing of gait (FOG), defined as the “episodic absence or marked reduction of forward 2 

motion of feet despite the intention to walk”
1
, is one of the most debilitating symptoms in 3 

Parkinson’s disease
2,3

. Although deep brain stimulation (DBS) of the subthalamic nucleus 4 

(STN) well controls cardinal symptoms of Parkinson’s disease such as tremor and motor 5 

fluctuation, current DBS therapy provides modest and highly heterogeneous benefits to 6 

FOG
4–8

. Revealing the neurophysiological patterns directly associated with FOG and the 7 

underlying modulation effects induced by DBS will foster optimized DBS therapy targeting 8 

FOG. 9 

As a higher-level modulator of the supraspinal locomotor network, the primary motor cortex 10 

(M1) participates in the control of gait initiation and gait stability
9,10

. Previous structural MRI 11
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5 

DBS and electrocorticography strip electrode implantation 1 

DBS electrodes were placed in the bilateral STN as previously reported
19

. Briefly, DBS 2 

electrodes (model L301, Pins Medical, China) were implanted into the T2-weighted MRI 3 

identified STN target using a Leksell stereotactic system (Elekta Instrument AB, Stockholm, 4 

Sweden) under local anesthesia. Intraoperative microelectrode recording measuring the 5 

length of the DBS trajectory in the STN and macro-stimulation tests were conducted for 6 

trajectory selection. A CT scan was performed to confirm the location of the lead and to look 7 

for any signs of cerebral hemorrhage after surgery. 8 

The subdural ECoG strip (HKHS, Beijing, China), composed of eight stainless steel contacts 9 

of 4 mm total diameter, 2.5 mm exposed diameter, and 10 mm spacing interval (except one 10 

subject was implanted with the 30 contact strip electrodes with 3 mm total diameter, 1.7 mm 11 

exposed diameter and 5 mm spacing), was placed in the right M1 region through the same 12 

burr hole as the DBS electrodes. Preoperative high-resolution computer tomography (CT) 13 

with the stereotactic frame markers attached was computationally fused to the anatomical T1-14 

weighted MRI, enabling stereotactic planning and confirmation that the distance between the 15 

burr hole and the M1 is within the range of the ECoG strip length. After surgery, the position 16 

of the ECoG strip was confirmed with a CT scan and 3D cortical surface reconstruction
20

. 17 

The exemplary postoperative CT-MRI fused image and the surface reconstruction showing 18 

the position of the ECoG and DBS electrodes are displayed in Fig. 1A, B. ECoG strips were 19 

taken out at the second stage of DBS surgery when the pulse generator connected to DBS 20 

electrodes was implanted. The average duration of lead externalization was 8.9 ± 2.3 days. 21 

No incision infections or other hardware-related complications were observed in the 22 

perioperative period in any of the included patients. 23 

Experimental protocol and motion capture system 24 

Patients started to complete experimental tasks in the gait laboratory 3–5 days after electrode 25 

implantation. All antiparkinsonian medication was stopped at least 12 hours, and stimulation 26 

was stopped 2 hours before all recordings. Motor tasks were conducted under three 27 

conditions; no-stimulation, high-frequency stimulation (HFS, 130 Hz), and low-frequency 28 

stimulation (LFS, 60 Hz). The no-stimulation condition was always tested first, with the order 29 

of HFS and LFS being randomly counterbalanced across patients (HFS first in 9 patients, 30 

LFS first in 7 patients). A 30–60 minutes wash-in period was set to prepare patients for the 31 
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upcoming tasks conducted in stimulation conditions. All subjects were blinded to their 1 

stimulation parameters during the experiment. We used a portable analog stimulator (T901, 2 

Pins Medical, Beijing, China) to deliver square biphasic pulses in a bipolar configuration. 3 

Stimulation bandwidth was always set to 60 μs. Stimulation voltage was optimized according 4 

to the patient’s feedback on motor improvement and the results of simplified motor test 5 

batteries. 6 

Standard experimental tasks started with a 3-min of rest sitting and a 3-min of rest standing 7 

recording. During rest sitting & standing, patients were asked to keep relaxed and look at the 8 

cross sign hanging on the wall approximately 2 meters away. After that, patients were 9 

equipped with 22 sensors in both lower limbs (one in the foot, one in the heel, four in the 10 

shank, four in the thigh, and one in the waist, both sides), and completed a 5-meter back-and-11 

forth (10 meters in total) timed up-and-go task (Fig. 1C). All walkings were captured using 12 

an optoelectronic system (CODA, Charnwood Dynamics Ltd, UK), which computed the 3D 13 

coordinates of the 22 lower limb sensors in real-time with a sampling rate of 100 or 200 Hz. 14 

Each back-and-forth walking was counted as one walking trial. In each stimulation condition, 15 

patients completed at least four trials of normal walking. As opposed to the “normal 16 

walking,” patients also completed at least four trials of “dual-tasking walking,” during which 17 

patients were asked to perform extra cognitive tasks while walking. Cognitive tasks were 18 

randomly assigned, including calculation, listing animal names, and transferring coins 19 

between hands. The whole course of the motor experiment was completed OFF-medication 20 

and was video recorded using a wide-angle camera synchronized with motion tracking. 21 

Determination and quantification of freezing 22 

Two independent raters clinically assessed all walking trials by examining the raw video 23 

recordings and the optoelectronics-based lower limb motion track replays. The two raters 24 

each gave judgments on whether a trial contained freezing and when the freezing occurred. 25 

We also adopted a freezing index (FI) approach to objectively determine and quantify 26 

freezings
21

, and deposited the code for computing FI from 3D optoelectronics data on 27 

https://github.com/zixiao-yin/ecogFog. Briefly, we first transformed the coordinate data 28 

recorded by the optoelectronic sensors to acceleration data by calculating differencing twice 29 

(Python function diff). Spectrum analysis was then performed on the transformed acceleration 30 

data with respect to the forward walking direction using the fast Fourier transform
13

. The FI 31 

was computed as the ratio of power between the “freezing band” (3-8 Hz) and the 32 
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“locomotion band” (0–3 Hz)
21

 in a 6s-sliding window centered in t with a step size of 0.1 s. 1 

The final FI was the average of eight sensor channels that were least contaminated (four on 2 

each side, including foot, shank, thigh, and waist). A “freezing threshold” was set to “3”
21

. 3 

Notably, because FI is a dynamic measurement, we defined that if FI dropped from above “3” 4 

to a value between “2” and “3” and then rose back to above “3”, this was considered as one 5 

continuous freezing event rather than two. But if the FI dropped from above “3” to a value 6 

lower than “2”, this marked the end of the freezing. Setting “2” as a “lower freezing 7 

threshold” was based on evidence that the lowest individual freezing threshold is around 8 

“2”
22

. The period lasting from the first to the last time point where FI is above “3” in a 9 

freezing event was referred to as the duration of a freezing event (Fig. 1D). In each trial, the 10 

number of freezing and the duration of each freezing event were counted and calculated. In 11 

addition, we classified each walking trial as a freezing trial or a nonfreezing trial based on 12 

whether it contained a freezing event. Only trials with consistent judgments between 13 

subjective and objective assessments were qualified for further analysis. Inconsistent trials 14 

were excluded, as their uncertainty may contaminate both the freezing and nonfreezing 15 

groups. 16 

Potential recordings and contact selection 17 

The JE-212 amplifier (Nihon Kohden, Tokyo, Japan) was used to record common average 18 

ECoG potentials. A cup Ag/AgCl electroencephalogram electrode placed on the subject’s 19 

forehead was set as the ground. Signals were recorded at a sampling rate of 2,000 Hz, 20 

bandpass filtered at 0.08 and 600 Hz, and amplified ×195. We used a DC channel to 21 

synchronize ECoG potentials and the optoelectronic motion capture system. In the offline 22 

analysis, the ECoG potentials of each contact were re-referenced to its closest contact, 23 

resulting in seven bipolar cortical channels. We used a notch filter (Butterworth filter, 24 

bandwidth = 4 Hz, order = 3) to reject the ambient noise of 50 Hz and harmonics and the 25 

stimulation artifact of 60/130 Hz and harmonics. Signals were downsampled to 1,000 Hz for 26 

further analysis. Out of the seven bipolar channels, the channel selected for analysis was 27 

constituted by the contact pair where at least one of the contacts was landed on M1. This 28 

could be the premotor-M1, the M1-M1, or the M1-S1 contact pairs, depending on which pair 29 

demonstrated the highest PAC during rest siting
17

. The coordinates of the selected contact 30 

pairs covering M1 for each subject are shown in Supplementary Table 1. In addition, the 31 
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S1-post S1 contact pair was selected as a control channel, which represented signals that were 1 

irrelevant to the motor cortex. 2 

Power spectral density calculation 3
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9 

Supplementary Fig. 1A, B show that the 10s-window MIs were highly linearly correlated 1 

with the 30s-window MIs in both the trial wise correlation (Spearman r = 0.88, P < 0.001) 2 

and the subject wise correlation (Spearman r = 0.97, P < 0.001). PAC statistics were then 3 

compared among the standing, freezing, and nonfreezing trials. 4 

Episode analysis 5 

It should be noted that in freezing trials, it was not the case that at all time points the subject 6 

was under freezing. Instead, a freezing trial contained both the episodes where the subject 7 

was freezing and episodes where the subject was walking stably. Thus, in each freezing trial, 8 

we extracted a continuous 5 s nonfreezing-episode with the lowest average FI and termed it 9 

as the freezing trials’ nonfreezing episode (FN), which best represented a period of clear, 10 

rhythmic walking in a freezing trial. Besides, the freezing episode, where FI exceeded three, 11 

in a freezing trial was extracted and termed as the freezing trials’ freezing episode (FF). For 12 

nonfreezing trials, a continuous 5 s episode with the lowest average FI was also extracted and 13 

termed as the nonfreezing trials’ normal walking episode (NN), served as a control. The 14 

schematic diagram of the episode extraction is shown in Fig. 3A, B. Episodes with the same 15 

type extracted from trials in the same stimulation condition were concatenated for each 16 

subject. A 10 s sliding window with a 1 s step size was employed for PAC computation to 17 

improve data utilization. In the comparison of PAC between the three types of episodes, an 18 

inner-subject normalization was made by calculating the percentage relative change with 19 

respect to NN and scaling to the max value:  20 

                             
           

                  
      

Where “abs” represents the absolute value, with k = {FN, FF}. 21 

Analysis on dual-tasking and stimulation 22 

Freezing severity and PAC statistics were compared between dual-task and no-task 23 

conditions, and stimulation and no-stimulation conditions. Condition-wise freezing severity 24 

was measured using three indices: (1) freezing time proportion, referred to as the proportion 25 

of the total duration of freezing to the total time spent on walking; (2) freezing frequency per 26 

trial, calculated by dividing the total count of freezing by the total count of trials performed; 27 

and (3) duration per freezing, calculated by dividing the total duration of freezing by the total 28 
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count of freezing. Condition-wise PAC was calculated by averaging PAC in trials that were 1 

performed under the same condition. In analyzing the effect of stimulation, we further 2 

correlated the stimulation-induced improvement of freeing severity to the stimulation-3 

induced reduction of PAC. The improvement/reduction was normalized by calculating 4 

percentage change with respect to the no-stimulation condition for each subject: 5 

                    
                  

            
      

Where “value” represents the three indices of freezing severity and PAC, “abs” represents the 6 

absolute value, “NS” represents the no-stimulation condition, and “STIM” represents the 7 

stimulation condition. 8 

Statistical analysis 9 

Statistical analyses were performed using nonparametric tests whenever possible (signed-10 

rank tests, Kruskal-Wallis test, Friedman test, and Spearman’s correlation) because of the 11 

non-normal distribution of most studied variables. Linear mixed effect (LME) model was 12 

used for repeated measures data where the subject was a random effect, and a random 13 

intercept was utilized. A 2-tailed P-value < 0.05 was considered significant, with multiple 14 

comparisons corrected using the Bonferroni correction. All statistical analyses were 15 

performed using Python 3. 16 

Data availability  17 

All relevant codes reported in the paper can be freely accessed without restriction. The raw 18 

data that support the findings of this study are available from the corresponding author upon 19 

reasonable request after approval of local IRB. 20 

Results  21 

Overall, 16 patients were included in this study and were implanted with the ECoG and DBS 22 

electrodes (see Figure 1A, B for exemplar electrode locations of sub5). Table 1 summarizes 23 

the demographics, outcomes of motor assessments, and stimulation parameters used during 24 

lead externalization. The 16 subjects were on average 66.1 years old, with an average disease 25 

duration of 9.3 years. The average preoperative MDS-UPDRS III scored 50.1 in the OFF-26 
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medication state, which was reduced to 25.1 in the ON-stimulation/OFF-medication state, 1 

rendering an average motor improvement of 49.9%. Two subjects were excluded from later 2 

analyses: sub7 was unable to complete the required number of walking trials due to severe 3 

gait problems, and sub10’s subdural electrode was shifted, not covering M1. Thus, the 4 

electrophysiology and motion data from the remaining 14 subjects were analyzed. A total of 5 

451 walking trials at a self-selected pace were completed by the 14 patients (Fig. 1C). After 6 

independent subjective and objective inspections, consensus between the two approaches was 7 

reached in 407 trials on whether the trial contained freezing (inter-rater reliability = 90.2%). 8 

Among the 407 trials, 114 were freezing trials with an average trial duration of 85.9 s, 9 

including 294 freezing events with average event duration of 11.5 s and a total freezing 10 

duration of 3,384 s, and 293 were nonfreezing trials, with an average trial duration of 24.1 s 11 

and a total walking duration of 7,073 s. All recordings were conducted in the OFF-medication 12 

state. 13



12 

higher freezing severity than no-task trials (P = 0.041 for freezing time proportion, P = 0.009 1 

for freezing frequency, signed-rank test, Fig. 2D). But interestingly, dual-task trials had 2 

similar PAC levels to no-task trials (P = 0.278, signed-rank test, Fig. 2E), and dual tasking 3 

itself was not correlated with high PAC level (Spearman r = 0.030, P = 0.583). If we 4 

controlled the factor of freezing by analyzing only the nonfreezing trials, we found that dual-5 

task nonfreezing trials had even significantly lower PAC than no-task trials (P = 0.006, 6 

signed-rank test, Fig. 2F). These results indicated that PAC and dual tasking were not 7 

directly associated, but may interact in a more complex way. 8 

Given that PAC in M1 can be related to bradykinesia in Parkinson’s disease
15

, we assessed if 9 

higher PAC during freezing trials could be induced by the reduced walking velocity per se 10 

rather than freezing. We instructed five subjects to complete extra trials of intentionally fast- 11 

and slow-velocity walking, and controlled the factor of freezing by analyzing nonfreezing 12 

trials only (n = 72). We found that the average speed (total distance/total time) was 13 

significantly different among fast-, normal- and slow-speed trials (tested through LME 14 

models, Supplementary Fig. 4A), while no difference was observed in PAC 15 

(Supplementary Fig. 4B, C). This suggested that PAC was not directly associated with 16 

walking velocity, and the higher PAC observed in freezing trials was unlikely to be induced 17 

by velocity change. 18 

Nonfreezing episodes in freezing trials also had higher PAC, 19 

which predicted freezing severity 20 

There are two explanations for the observed high PAC in freezing trials. First, PAC peaked 21 

only when freezing occurred while maintaining a normal level during nonfreezing walking. 22 

Second, PAC was constantly at an abnormally higher level during freezing trials, not limited 23 

to the period where freezing occurred. To investigate, we compared PAC levels between 24 

different walking episodes (Fig. 3A, B). We found that PACs of the FN and FF were in 25 

similar levels (P = 0.147, signed-rank test), while both were significantly higher than that of 26 

the NN (P = 0.003 for FN, P = 0.007 for FF, signed-rank test, Fig. 3C). This trend was 27 

evident in almost each subject (Fig. 3D) and also held true after correcting the different FI 28 

level using LME model (FN vs. NN: β = 0.427, 95% CI = 0.104 to 0.749, P = 0.010; FF vs. 29 

NN: β = 0.615, 95% CI = 0.060 to 1.170, P = 0.030). These results indicated the nonfreezing 30 

walking episodes in freezing trials were also electrophysiologically abnormal. 31 
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13 

To investigate how different walking episodes were related to clinical freezings, we 1 

correlated the PAC in episodes of rest standing (PACstand), stable walking (FN and NN, 2 

PACstable), and unstable walking (FF, and 5 s with highest FI in the nonfreezing trial, 3 

PACunstable, Fig. 4A) to the three indices of freezing severity after regressing out the effect of 4 

subjects using LME models. We observed that PACstable, but not PACunstable, were 5 

significantly correlated with all three indices of freezing severity (Bonferroni corrected P < 6 

0.05, Fig. 4B-D). 7 

The influence of DBS on PAC and freezing 8 

We next explored how STN-DBS may act on M1 PAC and freezing severity. Given that we 9 

did not observe significant differences between HFS and LFS conditions in any of the trial-10 

PAC, episode-PAC, and freezing severity (although a trend favoring LFS manifested as lower 11 

trial PAC and less freezing were observed, Supplementary Fig. 5A-C), HFS and LFS are 12 

collectively referred to as STIM in further analysis. We found that stimulation significantly 13 

reduced the three types of PAC and simultaneously alleviated freezing severity measured 14 

through the three aforementioned indices (Fig. 5A, B). When we further correlated the STIM-15 

induced PAC reduction to the STIM-induced percentage improvement of freezing severity, 16 

only PACstable remained significant in all three indices of freezing measurements (Bonferroni 17 

corrected P < 0.05, Fig. 5C-E). These results suggested that STN-DBS improved FOG by 18 

reducing PAC during stable walking. 19 

It's also interesting to note, even in STIM trials that were at a similar PAC level to no-20 

stimulation trials (by picking out PAC-matched trials with z-scored PAC between 0-0.4, P = 21 

0.455, signed-rank test, Fig. 6A, B), clinical freezing was still significantly improved in these 22 

STIM trails as compared to no-stimulation trials (Fig. 6C-E). These results suggested that the 23 

freezing alleviation induced by STN-DBS was not due solely to the PAC reduction. Other 24 

modulation ways may also be in play here, such as elevating cortical resistance to excessive 25 

PAC. 26 

The “bandwidth model” of FOG 27 

Finally, based on the above findings, we formalized a theoretical “bandwidth model” of FOG 28 

to organically explain these observations (Fig. 7). The “bandwidth” mimics the processing 29 

resource in human brains. The model consists of three main elements, (I) the baseline 30 
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occupation, (II) the dynamic fluctuation, and (III) the bandwidth limit. The “baseline 1 

occupation” depicts the occupation of cortical processing resources by the elevated neuronal 2 

synchrony, which can be quantified through M1 PAC and reflects the degree of motor 3 

impairment under a certain condition. The “dynamic fluctuation” reflects the instantaneous 4 

cognitive burden, which changes dynamically with time. And the “bandwidth limit” defines a 5 

threshold when it is exceeded, information processing overloads and freezing occurs. The 6 

blank zone laid between the bandwidth limit and baseline occupation is the “available 7 

bandwidth,” whose area represents the instant available neural processing resource. STN-8 

DBS exerts therapeutic effects on FOG by both reducing the baseline occupation and 9 

elevating the bandwidth limit. 10 

Discussion  11 

In this study, leveraging direct motor cortex recording, 3D-motion tracking, and walking task 12 

trials, we demonstrate that (I) freezing trials had higher PAC in M1, and the high PAC was 13 

not induced by dual-tasking or velocity change; (II) nonfreezing episodes in freezing trials 14 

also had excessive PAC, which predicted freezing severity; and (III) STN-DBS reduced PAC 15 

and alleviated clinical freezing, while the PAC reduction was not the only cause of freezing 16 

alleviation. A “bandwidth model” was further proposed to explain the occurrence and 17 

treatment of FOG. 18 

We linked our observations to the model as follows. (I) Observed phenomenon: M1 PAC was 19 

significantly and constantly higher in freezing trials than in nonfreezing trials (Fig. 2, 3) and 20 

was correlated with freezing severity during stable walking (Fig. 4). Reflected in the model: 21 

M1 PAC was indicative of the baseline occupation. When holding the dynamic fluctuation 22 

and bandwidth limit on, the higher the baseline occupation was, the higher the chance 23 

freezings were to occur. (II) Observed phenomenon: freezings were more likely to occur 24 

during dual-task trials, which, however, were not associated with high PAC. Contrarily, if 25 

picking only the nonfreezing trials, dual-tasks were accompanied with a lower PAC (Fig. 2 26 

D-F). Reflected in the model: a higher chance of freezing in dual-task trials was the result of 27 

the elevated dynamic fluctuation rather than the baseline occupation. While due to the larger 28 

fluctuation, only trials with low baseline occupation could avoid exceeding bandwidth limit, 29 

resulting in the observed low PAC in nonfreezing dual-task trials. (III) Observed 30 

phenomenon: stimulation significantly reduced PAC while simultaneously improving 31 
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15 

freezing. The STIM-induced reduction of PAC was correlated with the STIM-induced 1 

improvement of freezing (Fig. 5). Reflected in the model: stimulation reduced baseline 2 

occupation, and whose reduction should be in accordance with the lowering of freezing 3 

probability when the dynamic fluctuation and bandwidth limit were kept generally constant. 4 

(IV) Observed phenomenon: STIM trials had lower freezing severity than NS trials even 5 

when under similar levels of PAC (Fig. 6). Reflected in the model: except for reducing 6 

baseline occupation, DBS improved FOG also through enhancing bandwidth limit. 7 

To our knowledge, four classical models have been proposed hypothesizing the mechanisms 8 

of FOG
28

. (I) The “threshold model”
29

 indicates that the motor deficits such as reduced stride 9 

amplitude and asymmetrical step sizes could accumulate during walking. When accumulated 10 

motor abnormality reaches a threshold, FOG occurs. (II) The “cognitive model”
30

 holds that 11 

FOG is triggered by impaired conflict resolution and is exacerbated by freezing-related 12 

executive dysfunction. One evidence is that freezers could have higher variability than non-13 

freezers in selecting swing limb when initiating gait
31

. (III) The “decoupling model”
32

 14 

stresses that the decoupling between perceived movement intention and the actual release of 15 

gait initiation results in FOG. This explains why patients describe freezing as having “their 16 

feet glued to the ground.” (IV) The “interference model”
33

 explains the occurrence of FOG as 17 

the breakdown of parallel information processing of motor, cognitive and limbic circuits. 18 

Increasing the number or the difficulty of concurrent tasks could induce FOG. Notably, most 19 

models focused on a feature of freezing and explained changes in other features as secondary. 20 

By comparison, the “interference model” gave a more comprehensive picture stressing the 21 

joint participation of motor, cognitive, and limbic circuits in FOG, which was further 22 

supported by later studies
34–36

. 23 

One novel aspect of our model is that it provides an approach, i.e., PAC in M1, to 24 

quantitatively track dynamic changes of the motor circuit in the occurrence of FOG. 25 

Previously, abnormal PAC has been documented in the M1 area in both animal models and 26 

humans with Parkinson’s disease. It was shown that beta-gamma PAC is correlated with the 27 

severity of bradykinesia and decreases during movement
17,37,38

. In our study, we also 28 

observed reduced PAC during walking as compared to standing. We hypothesize that the 29 

release of cortical broad-gamma amplitude from low oscillation phases may facilitate the 30 

motor execution
39

. While by demonstrating that trials with significantly different walking 31 

velocities had similar PAC as long as freezing was not occurred (Supplementary Fig. 3), we 32 

showed that PAC was not a mere reflection of movement intensity but did indicate motor 33 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ac121/6571081 by N
STL N

on-Subscriber M
em

ber Adm
in C

enter user on 20 April 2022



16 

impairments related to FOG. PAC as one class of cross-frequency-coupling is considered a 1 

vital fundamental mechanism underlying information processing
16

. In normal states, the 2 

modulation of the high-frequency amplitude by the low-frequency rhythms is highly dynamic 3 

and task-specific
17,40

. In the pathological PD OFF state, perpetually elevated M1 PAC may 4 

reflect a restricted cortical activation state in which M1 neurons are not able to respond 5 

dynamically to communication across other cortical and subcortical circuits. Given that M1 is 6 

a crucial node in human gait physiology
10

, a pathological hypersynchrony in M1, through 7 

entrainment and phase locking of the broad-gamma activity to the beta carrier rhythm, could 8 

underpin the pathological basis for FOG in PD. Alternatively, elevated PAC may reflect 9 

changes in the sharpness and asymmetry of cortical beta band waves, representing the 10 

excessive neural synchrony in the basal ganglia-thalamocortical loop
41,42

. Here, our data 11 

reveal moderate correlations of PAC and beta waveform shape and sharpness asymmetry 12 

measures (Supplementary Figure 6). This suggests, neither mechanism alone can explain 13 

PAC in our study and that either one demonstrates a form of excessive synchrony in M1 and 14 

could be relevant to the pathology of FOG. 15 

On the other hand, the quantification of motor circuit abnormality makes it possible to further 16 

investigate how specifically motor dysfunction interacts with cognitive burdens during 17 

freezing, therefore extending the classical “interference model” of FOG. By showing that 18 

dual tasking did not directly impact the strength of PAC in M1, while only trials with low 19 

PAC could resist freezing when performing extra concurrent tasks, we reveal that motor and 20 

cognitive processing are actually competing for finite computational capacity. Both walking 21 

and dual tasking require cortical processing resources, while the elevation of PAC due to the 22 

parkinsonian state makes walking take more resources. This leads to a corresponding 23 

decrease of available resources for cognitive processing, increases the probability of 24 

“information overload,” and ultimately causes FOG. 25 

Our model also explains how STN-DBS may act on the pathology of FOG. Previous reports 26 

focused more on the direct improvement on motor function, suggesting that STN-DBS may 27 

exert its effect on freezing through improving overall gait speed, stride length, trunk flexion, 28 

or anticipatory postural adjustments
43–46

. Our model integrates motor improvement into a 29 

larger explanatory framework. Loss of dopamine can lead to changes in local and distant 30 

neural population activity
47,48

. DBS can disrupt abnormal information flow in basal ganglia 31 

circuits, potentially by dissociating input and output signals of the STN
49,50

. This may result 32 

in the restoration of a normalized cortical activity pattern. Besides, the antidromic activation 33 
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of the cortico-STN fibers through DBS may desynchronize cortical neurons
51,52

 and increase 1 

their ability to transfer information individually, leading to higher information-coding 2 

capacity
53,54

. These effects, presented as the improved motor function and the lower cortical 3 

PAC (analogs to lower baseline occupation), contribute to enlarged disposable computational 4 

capacity (analogs to higher available bandwidth) that can be used to deal with dynamic 5 

cognitive burdens and therefore reduces freezing probability. Notably, since the STN is also 6 

actively involved in cognitive processings
55

, investigating whether STN-DBS eases freezing 7 

also through modulating cognitive circuit (i.e., the dynamic fluctuation in our model) is 8 

warranted in the future. 9 

Besides, our results provide evidence supporting the clinical utility of M1 PAC as a reliable 10 

feedback biomarker in the development of symptom-specific adaptive DBS. In previous 11 

reports, cortical PAC in human was almost exclusively recorded though ECoG in 12 

intraoperative settings
17,56,57

 or through high-density scalp EEG
58,59

. While in both scenarios, 13 

a considerable extent of fixation/stationary is needed. It is understudied how PAC responds to 14 

and whether PAC can be measured during naturalistic movement
60

. Our data demonstrate that 15 

although general movement (i.e., walking) significantly reduced PAC compared to resting, 16 

the reduced PAC still indicates pathological conditions and responses to therapeutic DBS. 17 

Notably, results obtained in this study were based on PAC calculated in a 10 s window. In 18 

developing adaptive DBS, this slower control strategy, as opposed to the fast time scale burst-19 

detecting strategy
61,62

, may better track motor fluctuations over a period of time
63

. The latest 20 

Summit RC+S (Medtronic) study
64

 employed a feedback time scale of 2-10 min in chronic 21 

at-home recordings. Longer data segment increases the signal-to-noise ratio helping better 22 

differentiate pathological from the physiological state, which may also be applied to PAC 23 

indices (e.g., PAC computed in 30 s window is approximately three times the PAC computed 24 

in 10 s window, supplementary Fig. 1). Overall, this study provides a neurophysiology 25 

approach to quantify the severity of motor abnormality in FOG. But notably, PAC in M1 26 

cannot model the dynamic change of cognitive burden, which also plays a vital role in the 27 

occurrence of FOG. In fact, as per our model, it is the dynamic fluctuation, but not baseline 28 

occupation decides the exact time point freezing occurs when keeping bandwidth limit 29 

constant. Therefore, future studies tracking changes in the cognitive/limbic circuit during 30 

freezing, e.g., through recording heart rate change
65

, or neural activities from the prefrontal 31 

cortex
34

, would immensely enrich the proposed model. 32 
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In conclusion, this study highlighted the key role of M1-PAC in the occurrence and treatment 1 

of FOG. Based on this, the proposed “bandwidth model” adequately explains the multi-circuit 2 

pathology of FOG, uncovers the potential mechanism by which STN-DBS alleviates FOG, 3 

and may foster next-generation neuromodulation therapies targeting gait freezing in 4 

parkinsonian patients. 5 
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Figure legends 1 

Figure 1 Electrode localization, experimental setup, and representation of the freezing 2 

index. (A) Localization of electrocorticography (ECoG) electrodes. The eight contacts (C1-3 

C8) are visualized in the merged image of preoperative MRI and postoperative CT (left). C8 4 

is the contact closest to the DBS bone hole. The white arrow points to the primary motor 5 

cortex. A reconstruction of the cortex and the eight contacts relative to the primary motor 6 

cortex (black arrow) is shown in the right figure. (B) Localization of the STN electrodes 7 

(white arrow) in the merged image of preoperative MRI and postoperative CT. (C) 8 

Experimental setup and protocol. Patients were asked to walk barefoot while completing a 9 

10-meter (5 meters one way) back-and-forth timed up-and-go task at a self-selected pace with 10 

sensors attached to the lower limbs. The instant coordinates of the sensor were captured 11 

through an optoelectronic motion tracking system hanging on walls on both sides. 12 

Synchronized ECoG potentials were recorded through an extended cable. (D) The 13 

representative diagram of the freezing index (FI). The blue line represents the vertical 14 

position of the foot. The green line represents the forward position of the foot. The red line 15 

represents the FI. When the vertical kinematic rhythm becomes irregular and the forward 16 

motion stagnates, FI rises and exceeds the 3-point threshold (solid black line). Notably, if the 17 

FI drops below “3” but then rises back, with the lowest value still over “2” (gray dashed line), 18 

we consider this as one continuous freezing event rather than two. Thus, the diagram shows 19 

one continuous freezing event lasting from time point I to time point III. Because FI does not 20 

drop below “2”, time point II does not mark the end of this freezing event. 21 

Figure 2 Freezing trials have higher M1 PAC than nonfreezing trials. (A) 22 

Comodulograms showing group-level M1 beta-gamma PAC in rest standing (left), freezing 23 

(middle), and nonfreezing (right) trials. Deep colors indicate high PAC. (B) Box plots 24 

indicating the comparison of PAC between rest standing, freezing, and nonfreezing trials, 25 

which was tested using the Wilcoxon signed-rank test. The upper right plot shows the paired-26 

comparison results. Each dot represents a patient. Dots landed above the gray dashed line 27 

have higher PACs in freezing trials (PACfreezing). Dots landed below the gray dashed line have 28 

higher PACs in nonfreezing trials (PACnonfreezing). (C) Examples show the distributions of 29 

amplitude and preferred phase of the coupling in rest standing (red), freezing (orange), and 30 

nonfreezing trials (blue). These data are based on sub8, which is represented by the dot 31 

marked with a red dashed box in Figure 2B upper right plot. (D) Box plots comparing 32 

freezing time proportion, freezing frequency, and duration per freezing between dual-tasking 33 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ac121/6571081 by N
STL N

on-Subscriber M
em

ber Adm
in C

enter user on 20 April 2022



27 

and no-task trials. (E) Box plots comparing PAC between dual-tasking and no-task 1 

conditions in all trials. (F) Box plots comparing PAC between dual-tasking and no-task 2 

conditions in nonfreezing trials. In box plots, the lower and upper borders of the box 3 

represent the 25
th

 and 75
th

 percentiles, respectively. The centerline represents the median. The 4 

whiskers extend to the smallest and largest data points that are not outliers (1.5 times the 5 

interquartile range). Significant P values after Bonferroni correction are indicated. 
**

P < 0.01, 6 

*
P < 0.05, signed-rank test. 7 

Figure 3 Nonfreezing episodes in freezing trials also have higher PAC in M1. (A) 8 

Schematic diagram depicting the slicing of nonfreezing episodes (marked in orange, FN) and 9 

freezing episodes (marked in red, FF) in freezing trials. The blue line represents the vertical 10 

position of the foot, and the red line represents the freezing index (FI). (B) Schematic 11 

diagram depicting the slicing of normal-walking episodes (marked in blue, NN) in 12 

nonfreezing trials. (C) Violin plots indicate the comparison of relative PAC change between 13 

FN, FF, and NN episodes. The relative change was calculated as the percentage change with 14 

respect to NN scaling to the max value. Violin plots outline illustrate kernel probability 15 

density, with overlaid box plots using the same conventions as in Figure 2B. (D) A similar 16 

neurophysiological pattern that was characterized by higher M1 PAC in FN and FF episodes 17 

was presented in all subjects. 
**

P < 0.01, signed-rank test. 18 

Figure 4 PAC during stable walking is correlated with freezing severity. (A) Distribution 19 

of condition-wise PACs during pre-walking standing (PACstand, left), stable walking 20 

(PACstable middle), and unstable walking (PACunstable right). (B) Regression plots showing the 21 

correlation between PACstand and the freezing time proportion (upper), freezing frequency 22 

(middle), and duration per freezing (lower). (C) Regression plots showing the correlation 23 

between PACstable and the freezing time proportion (upper), freezing frequency (middle), and 24 

duration per freezing (lower). (D) Regression plots showing the correlation between 25 

PACunstable and the freezing time proportion (upper), freezing frequency (middle), and 26 

duration per freezing (lower). Note, that each patient has three data points resulting in 14 x 3 27 

PAC values (N = 42), as PAC was calculated in three stimulation conditions (i.e., HFS, LFS, 28 

and no-stimulation). Statistical dependence within subjects was accounted for using linear 29 

mixed-effects models. Significant correlations after Bonferroni correction are marked in red. 30 

Figure 5 The reduction of PACstable predicts the improvement of freezing severity 31 

induced by DBS. (A) Box plots comparing PACstand, PACstable, and PACunstable between no-32 
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stimulation (NS) and stimulation (STIM) conditions. (B) Box plots comparing freezing time 1 

proportion, freezing frequency, and duration per freezing between NS and STIM conditions. 2 

Same conventions as in Figure 2B. 
**

P < 0.01, 
*
P < 0.05, signed-rank test. (C) Regression 3 

plots showing the correlation between the percentage change of PACstand and the percentage 4 

change of freezing time proportion (upper), freezing frequency (middle), and duration per 5 

freezing (lower). (D) Regression plots showing the correlation between the percentage 6 

change of PACstable and the percentage change of freezing time proportion (upper), freezing 7 

frequency (middle), and freezing duration (lower). (E) Regression plots showing the 8 

correlation between the percentage change of PACunstable and the percentage change of 9 

freezing time proportion (upper), freezing frequency (middle), and duration per freezing 10 

(lower). Note, that each patient has two data points resulting in 14 x 2 PAC values (N = 28), 11 

as the reduction 
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Table 1 Demographics of the 16 FOG patients 1 
Patient Age/gender DD 

(years) 

LEDD FOGQ MDS-

UPDRS 
a 

MDS-

UPDRS 
b 

MDS-

UPDRS 
c 

HFS 

voltage 
(V) d 

LFS 

voltage 
(V) e 

Stimulation 

contacts 

Sub1 72/F 10 675 10 47 28 24 3.0 3.3 2-4+, 6-8+ 

Sub2 60/F 7 750 20 47 24 31 2.5 2.7 2-4+, 6-8+ 

Sub3 57/F 5 375 14 49 24 34 2.7 2.7 2-4+, 6-8+ 

Sub4 66/F 10 513 21 61 22 42 2.8 2.8 2-4+, 6-8+ 

Sub5 53/M 12 1100 24 79 25 31 2.1 1.8 3-1+, 7-5+ 

Sub6 70/M 12 688 17 70 37 28 2.8 2.8 2-4+, 6-8+ 

Sub7 73/F 9 1439 20 51 27 46 2.1 2.1 4-3+, 8-7+ 

Sub8 67/F 6 500 22 52 30 26 3.0 3.2 2-4+, 6-8+ 

Sub9 59/F 9 700 16 46 21 11 2.8 2.8 2-4+, 6-8+ 

Sub10 78/M 5 550 18 58 24 27 2.2 2.2 1-3+, 5-7+ 

Sub11 76/M 8 1351 13 41 11 10 3.0 3.2 2-4+, 6-8+ 

Sub12 66/F 15 669 13 55 8 21 3.5 3.5 2-4+, 6-8+ 

Sub13 61/M 7 1150 22 37 18 22 2.4 3.5 4-1+, 8-5+ 

Sub14 66/F 15 925 20 39 20 27 2.3 2.3 4-2+, 8-6+ 

Sub15 67/M 10 913 16 42 20 10 2.5 2.5 2-4+, 6-8+ 

Sub16 67/F 9 1000 15 27 5 13 3.0 3.5 1-3+, 6-8+ 

FOG: freezing of gait; DD: disease duration; LEDD: levodopa equivalent daily dose; FOGQ: freezing of gait questionnaire; MDS-UPDRS: 2 
MDS-Unified Parkinson's Disease Rating Scale; HFS: high frequency stimulation; LFS: low frequency stimulation. 3 
a Baseline off-medication score. 4 
b Baseline on-medication score. 5 
c One month postoperative on-stimulation off-medication score. 6 
d Stimulation frequency and pulse width for high frequency stimulation: 130 Hz and 60 μs. 7 
e Stimulation frequency and pulse width for low frequency stimulation: 60 Hz and 60 μs. 8 
  9 
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