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Tremor is a core feature of Parkinson’s disease and the most easily recognized Parkinsonian sign. Nonetheless, its pathophysiology

remains poorly understood. Here, we show that multispectral spiking activity in the posterior-dorso-lateral oscillatory (motor) re-

gion of the subthalamic nucleus distinguishes resting tremor from the other Parkinsonian motor signs and strongly correlates with

its severity. We evaluated microelectrode-spiking activity from the subthalamic dorsolateral oscillatory region of 70 Parkinson’s

disease patients who underwent deep brain stimulation surgery (114 subthalamic nuclei, 166 electrode trajectories). We then inves-

tigated the relationship between patients’ clinical Unified Parkinson’s Disease Rating Scale score and their peak theta (4–7 Hz) and

beta (13–30 Hz) powers. We found a positive correlation between resting tremor and theta activity (r ¼ 0.41, P< 0.01) and a non-

significant negative correlation with beta activity (r ¼ �0.2, P¼ 0.5). Hypothesizing that the two neuronal frequencies mask each

other’s relationship with resting tremor, we created a non-linear model of their proportional spectral powers and investigated its re-

lationship with resting tremor. As hypothesized, patients’ proportional scores correlated better than either theta or beta alone

(r¼ 0.54, P< 0.001). However, theta and beta oscillations were frequently temporally correlated (38/70 patients manifested signifi-

cant positive temporal correlations and 1/70 exhibited significant negative correlation between the two frequency bands). When

comparing theta and beta temporal relationship (r h b) to patients’ resting tremor scores, we found a significant negative correl-

ation between the two (r ¼ �0.38, P< 0.01). Patients manifesting a positive correlation between the two bands (i.e. theta and beta

were likely to appear simultaneously) were found to have lower resting tremor scores than those with near-zero correlation values

(i.e. theta and beta were likely to appear separately). We therefore created a new model incorporating patients’ proportional theta–

beta power and r h bscores to obtain an improved neural correlate of resting tremor (r¼0.62, P< 0.001). We then used the

Akaike and Bayesian information criteria for model selection and found the multispectral model, incorporating theta–beta propor-

tional power and their correlation, to be the best fitting model, with 0.96 and 0.89 probabilities, respectively. Here we found that

as theta increases, beta decreases and the two appear separately—resting tremor is worsened. Our results therefore show that theta

and beta convey information about resting tremor in opposite ways. Furthermore, the finding that theta and beta coactivity is nega-

tively correlated with resting tremor suggests that theta–beta non-linear scale may be a valuable biomarker for Parkinson’s resting

tremor in future adaptive deep brain stimulation techniques.
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Introduction
Four major groups of signs characterize the motor deficits

observed in Parkinson’s disease: loss/slowness of automat-

ic movement (akinesia/bradykinesia), muscle stiffness (ri-

gidity), tremor and postural instability with gait deficits.

Nonetheless, the disease’s clinical phenotype is quite het-

erogeneous, with different signs more or less prominent

or even absent in individual patients (Von Coelln and

Shulman, 2016). To better understand this heterogeneity,

studies have explored the interrelationships between signs

and have identified two subtypes of patients: tremor-dom-

inant and postural instability with gait deficits, also

dominated by bradykinesia and rigidity (Marras and

Lang, 2013; Thenganatt and Jankovic, 2014).

Over the years, accumulating evidence suggests that

tremor signs are independent of the other Parkinsonian

motor signs (Stochl et al., 2008; Helmich et al., 2012). In

addition, extensive clinical data indicate that the different

subtypes have different clinical courses. Not only do

tremor-dominant patients show slower disease progression

and less cognitive decline, but their neuropathology seems

to be different than that of the postural instability with

gait deficits group (Eggers et al., 2011). Furthermore, the

tremor response to dopamine therapy is more erratic

than the response of patients with akinetic-rigid signs

(Sotelo, 1997). Less consistently, some single-photon

emission computed tomography studies have described

higher striatal dopamine uptake in tremor-dominant

patients (Spiegel et al., 2007), whereas others have

reported no significant difference between the tremor-

dominant and postural instability with gait deficits sub-

types (Lee et al., 2019). Recent research indicates that

Parkinson’s motor subtypes are not fixed and that

patients’ subtype may change with disease progression

and treatment (Luo et al., 2019). Nonetheless, patients’

resting tremor (ResT) signs seem to be independent of

the non-tremor signs regardless of subtype.

Parkinsonian signs have been found to correlate with

specific neural oscillatory activity, specifically in the cor-

tex and basal ganglia (Kühn et al., 2006; Chen et al.,

2010; Contarino et al., 2012; Little et al., 2012; Beudel

et al., 2017; Hirschmann et al., 2017). The subthalamic

nucleus (STN), which is one of the major input nuclei to

the basal ganglia (Deffains et al., 2016), is believed to be

at the core of Parkinson’s pathophysiology (Deffains

et al., 2016, 2018). Its posterior-dorso-lateral region is

characterized by increased oscillatory activity, especially

in the theta and beta bands (Kühn et al., 2005;

Weinberger et al., 2006; Trottenberg et al., 2007; Zaidel

et al., 2009, 2010; Contarino et al., 2012). Anatomic

and neurophysiological data suggest that the STN poster-

ior-dorso-lateral region subserves sensory-motor functions

(Monakow et al., 1978; Nambu et al., 1996; Rodriguez-

Oroz et al., 2001; Romanelli et al., 2005; Zaidel et al.,

2010; Haynes and Haber, 2013) and its oscillatory activ-

ity has been found to correlate with various Parkinson’s

disease signs. While tremor signs have been found to cor-

relate with theta activity (Steigerwald et al., 2008;

Contarino et al., 2012; Hirschmann et al., 2017), akin-

esia/bradykinesia and rigidity have been found to correl-

ate with beta activity (Kühn et al., 2006, 2009;

Weinberger et al., 2006; Ray et al., 2008).

Finally, for the past 25 years, deep brain stimulation

(DBS) has been a therapeutic boon to patients with

advanced Parkinson’s disease. Stimulating at the precise

location of STN theta/beta increased oscillatory activities

seems to provide optimal therapeutic relief of patients’

motor signs (Thobois et al., 2006; Maks et al., 2009;

Zaidel et al., 2010). Although the precise mechanisms re-

main to be elucidated, the finding that DBS reduces oscil-

latory activity (in targeted nuclei and networks) is

believed to be a major mechanism driving the therapy

(Tinkhauser et al., 2017).

Understanding the underlying mechanisms of these

signs is therefore imperative for a better understanding of
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the pathophysiology of the disease as well as to tailor

therapeutic neuromodulatory paradigms. To date, despite

sign independency and different neural correlates, no at-

tempt has been made to investigate the relationship and

interplay of multispectral STN oscillations with specific

Parkinson’s disease motor signs, especially with the

tremor phenomenon. For all these reasons, we decided to

analyse the neuronal correlates of Parkinsonian ResT in

the dorsolateral region of the STN.

Materials and methods

Patients

We collected data from 70 Parkinson’s disease patients

(27 females and 43 males) undergoing STN DBS surgery

in our centre, which we used for the analysis and com-

parison of theta and beta activities and their relationship

with ResT. Sixty-eight patients underwent a bilateral sur-

gery and two patients underwent a unilateral surgery. To

ensure quality and sufficient data for analysis, only trajec-

tories crossing the STN for at least 4 mm and having

dorsolateral oscillatory region >2 mm were included. Out

of the 68 patients who underwent a bilateral surgery, 44

qualified for further analysis in both targeted hemispheres

and 24 qualified for further analysis in one (11 presented

with only one STN dorsolateral region that qualified in

length, and 13 underwent staged surgeries, one for each

side, their second surgery was beyond the time frame of

this study). Thus, our neuronal database is composed of

114 STN and 166 STN electrode trajectories.

Patients were preoperatively assessed by a movement

disorder expert during the off state, using the Unified

Parkinson’s Disease Rating Scale (UPDRS) score. Only

patients with complete UPDRS scoring profiles were

included. Using patients’ scores, we created a signs correl-

ation matrix and were able to define four aggregative

sub-scores reflecting ResT, rigidity, akinesia/bradykinesia

and axial signs (Table 1). All aggregative sub-scores were

expressed as the fraction of the patient’s UPDRS sub-

score out of the maximal sub-score possible (maximum

of 20 for both rigidity and ResT, 44 for akinesia/bradyki-

nesia and 16 for axial; e.g. a patient with a ResT score

of 12 would have a per cent-tremor score of 12
20 ¼ 0:6).

Thus, patients’ aggregative clinical scores were all nor-

malized between 0 and 1.

Patients underwent psychological, neurological, anaes-

thesia and surgical assessment and met all the standard

criteria for STN DBS surgery (Lang and Widner, 2002;

Machado et al., 2006). All patients signed a written

informed consent for the surgery that involved microelec-

trode recordings. Use of the data was approved by the

institutional review board of Hadassah University

Hospital, Jerusalem, Israel in accordance with the

Helsinki declaration (reference code: 0168-10-HMO).

Data acquisition and inclusion
criteria

The STN target coordinates were calculated by direct tar-

geting with either 1.5 or 3 Tesla T2 MRI. On the day of

the operation, a CRW stereotactic frame was attached to

the patient and a high-resolution CT was performed. The

T1, T2 MRI sequences were fused with the CT images

(Framelink 4, 5 or Cranial, Medtronic, Minneapolis,

USA) and the frame-based target coordinates and trajec-

tory angles were calculated. For both the left and right

hemispheres, a recording trajectory using one or two par-

allel microelectrodes (separated by 2 mm antero-posterior-

ly in the parasagittal plane) was made starting at 10 mm

above the calculated target (lower third of the dorso-an-

terior-lateral to ventro-posterior-medial span of the STN).

Usually, the hemisphere contra-lateral to the hemi-body

with more severe clinical signs was first explored.

The electrophysiological data were acquired using two

systems: MicroGuide (prior to 2014, n¼ 52 patients,

method described previously by Zaidel et al., 2009) and

Neuro Omega (from 2014 onward, n¼ 18 patients,

Alpha Omega, Nazareth, Israel). In the Neuro Omega

system, raw and spike signals were amplified by 20, and

sampled at 44 kHz by a 16-bit A/D converter (using 6

1.25 V input range; i.e. � 2-lV amplitude resolution).

The raw signal was bandpass filtered from 0.075 to

10 000 Hz, using a hardware 2 and 3 pole Butterworth

filter, respectively. The spiking signal (see exemplary trace

in Fig. 1A) was further bandpass filtered from 300 to

Table 1 Grouping of Parkinson’s disease motor symptoms

Akinesia/Bradykinesia Rigidity Resting tremor Axial

Facial expression

Finger taps

Hand grips

Pronation/supination

Leg agility

Arise from chair

Body bradykinesia

Neck

Upper extremities

Lower extremities

Face

Hands

Feet

Posture

Gait

Postural stability

Speech

Maximal score of 44 Maximal score of 20 Maximal score of 20 Maximal score of 16

PD Motor Symptoms Aggregative Scores. Symptoms were grouped into four groups of motor symptoms. Total score of all included symptoms is 100, action tremor symptoms

were omitted.
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9000 Hz, using a software 4-pole Butterworth filter. STN

border and subdomains localization was determined

intra-operatively by an expert neurophysiologist who

inspected the microelectrode recorded traces. This was

further confirmed by an automated computer-based

Hidden Markov Model (HMM) analysis (Moran et al.,

2006; Zaidel et al., 2009; Valsky et al., 2017), which

was used to define the borders of both the STN and its

dorsolateral region for the purpose of this research.

Patients’ level of alertness was continuously assessed and

if drowsy, the patient was addressed and woken up

through conversation by a member of the surgical team.

Anti-Parkinsonian medications were discontinued at least

12 h prior to surgery.

Macro-stimulation was tested at the ventral border of

the oscillatory domain of the STN. If the two micro-

electrodes crossed >4 mm STN, the trajectory with the

largest STN length and oscillatory domain was the first

to be tested. If the therapeutic window was not adequate,

macro-stimulation was performed with the other micro-

electrode and at different depths. The final location of

the permanent implanted lead was based on the results of

MERs, and the results of macro-stimulation. The perman-

ent lead was implanted such that the ventral edge of the

desired contact (second contact from below; e.g. contact

#1 in Medtronic 3789 lead) was positioned at the loca-

tion of the stimulation testing; i.e. usually at the lower

border of the STN dorsolateral region (Zaidel et al.,

2010). Postoperative CT imaging was fused with the pre-

operative MRI to confirm that the electrode location was

within the image-defined STN.

Recordings from the STN had to satisfy inclusion crite-

ria detailed below. Since we were interested in spiking ac-

tivity at the population level, we assessed the oscillatory

characteristics of multi-unit spiking activity (band-passed

between 300 and 6000 Hz) using its power spectral dens-

ity. Analysis of the multi-unit activity instead of the on-

line or offline isolated single-spike analysis reduced the

operating room recording time (no need for optimization

of the microelectrode positioning) but still provided us

with valuable information on background activity and

spiking activity at the population level.

Operating room recordings are often unstable (due to

brain tissue movement in relation to the electrode tip,

neuronal injuries, etc.); therefore, all recording traces

were subjected to a two-stage signal stability screening

test. First, to ensure data credibility and appropriate fre-

quency resolution, all segments shorter than 4 s were

excluded. Second, qualifying data traces were analysed

for recording stability. Each data trace was segmented

into consecutive 50 ms long bins and their root mean

square value calculated. A section of the trace was con-

sidered stable if all corresponding segment values lay

within 3 SDs of the median. The longest stable section of

the data trace was then selected for further analysis, and

the rest of the trace was discarded. These selected stable

sections had to be longer than 4 s in length. This type of

stability analysis rejects infrequent events such as glitches

(spurious electronic signals caused by brief, unwanted

surges of electric power) or cell injury but does not reject

>1 Hz oscillatory activity (Zaidel et al., 2010).

Spectral analysis

To assess the low-frequency modulations of the high-fre-

quency spiking discharge, we employed the full-wave rec-

tification method (Journee, 1983; Myers et al., 2003;

Moran et al., 2008); i.e. analysis of the absolute value of

the band-passed filtered analogue signal (Fig. 1A and B).

This was followed by subtraction of the mean to remove

the DC component, which was created by the signal rec-

tification, i.e. ½x ið ÞFWR ¼ jxðiÞj � xh i�. Using the rectified

signal, which follows the envelope of multi-unit activity,

we were able to detect periodic oscillations with frequen-

cies below the range of the operating room band-pass fil-

ter (250–6000 Hz) built into the MicroGuide system. The

data acquired from the 18 patients undergoing surgery

using the newer Neuro Omega system (with a broader

built-in band-pass filter) were filtered offline in the same

manner (250–6000 Hz) to represent the same type of ac-

tivity as the MicroGuide system. Since the local field po-

tential frequency domain was filtered out, our resulting

Figure 1 Exemplary recording segment and spectral

analysis of a single patient. (A) Recording segment expressing

elevated theta (oscillatory) spiking activity. (B) The same segment

rectified (showing 2 s for clarity). (C) Power spectrum density

(PSD) of the rectified segment. (D) The same PSD represented

using the z-score. (E) Average PSD of the patient’s STN DLOR

spiking recordings (n¼ 12 segments, with mean recording length of

10.35 s, total recording time 124.2 s), blue and red circles represent

the patient’s peak theta and beta power, respectively.
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power spectrum density only represents spiking activity

(Supplementary Fig. 1).

Oscillatory characteristics were assessed using the

power spectrum density of the full-wave rectified signal.

Each trace’s power spectral density was calculated using

the Welch method, with a 2 s Hanning window, 50%

overlap and 0.5 Hz resolution (Fig. 1C). Artificial changes

in the recorded voltage and its calculated power may

arise due to minor inconsistencies of impedance across

different electrodes and patients. Furthermore, as the elec-

trode progresses through the tissue, the total power of

the recorded signal may vary. In order to control for

these confounding effects and enable comparability across

different patients, we normalized the data by the z-score

method (Fig. 1D). Since dividing by the SD of the entire

signal may cause an undesired interaction between theta

and beta powers, each power spectrum density segment

was normalized by its tail’s (31–100 Hz) SD value

(Supplementary Figs 2 and 3). Finally, averaging over all

patients’ electrode trajectories (that met the inclusion cri-

teria, mean recording time of 519 s/patient), patients’

mean power spectral density was calculated. Patients’

peak theta and beta activities were defined as the stron-

gest power in each frequency range (Fig. 1E).

Theta–beta temporal correlation

To assess the temporal relationship between the two

bands, patients’ STN recordings were divided into non-

overlapping 2-s-long segments. All patients had at least

100 recording seconds, resulting in at least 50 recording

segments. Each segment was evaluated for its power spec-

tral density using a windowed fast Fourier transform,

with a 2 s Hanning window and 0.5 Hz resolution. Power

spectral densities were then z-scored as detailed above.

Each segment’s power spectral density peak theta and

beta powers were determined and the correlation between

the two vectors containing the band powers was

evaluated.

Statistical analysis

For correlation analyses, the correlation coefficient is rep-

resented by the letter ‘r’. The corresponding probability

value, P, is the probability of getting ‘r’ as large as the

observed value by random chance when the true correl-

ation is zero and was computed by transforming the cor-

relation to create a t-statistic. When there were multiple

comparisons, the Bonferroni correction was used (i.e. the

obtained P-value was multiplied by the number of com-

parisons) before significance testing (P< 0.05) and is pre-

sented as such. For the calculation of correlation

averages, correlation values were z-transformed, then the

average and SD were calculated and reversed back using

the inverse z-transform. To compare different linear mod-

els, we used two information criteria for model selection,

the Akaike information criterion and the Bayesian

information criterion. We then calculated each model’s

weight. Model weight can be interpreted as the probabil-

ity that it is the best model, given the data and the set of

candidate models (Burnham and Anderson, 2002) to find

the best-fitting model.

Data availability

Data analysis was carried out using custom MATLAB

software, (MATLAB V8.4, Mathworks, Natick, MA).

Code can be found on our lab’s web site http://basalgan

glia.huji.ac.il.

Results

Parkinson’s resting tremor is an
independent motor sign

To study the relationship between Parkinson’s disease

motor signs, we created a correlation matrix of patients’

UPDRS motor scores. Two seemingly separate groups of

signs appeared to emerge from the correlation matrix:

tremor and non-tremor (Fig. 2A and Supplementary Fig.

4). The tremor UPDRS score is composed of two types

of tremor: ResT and action tremor (ActT). Analysis of

the relationship between tremor and non-tremor subcate-

gories showed that ActT correlation values with the non-

tremor sign are significantly higher than those of ResT

(Fig. 2B), setting ActT apart from the ResT group.

The differentiation between AcT and ResT was further

strengthened by the subcategories’ relationship with neur-

al activity. A comparison of patients’ theta activity with

their preoperative UPDRS off scores revealed a significant

correlation between each ResT subcategory and patients’

averaged theta activity (Fig. 2C). On the other hand,

ActT was not significantly correlated with this activity

(r¼ 0.12, P> 0.05, P-values were Bonferroni corrected

due to five comparisons of theta activity with tremor sub-

categories and ResT). We therefore categorized ResT as a

separate group, excluding ActT (Table 1). This group

was found to have no significant correlation with any of

the other aggregative group scores (Fig. 2D–F).

We further investigated the relationship between ResT

and non-tremor groups of signs using Fisher’s exact test

of independence. For that purpose, we divided the

patients into two groups, as a function of their signs’ se-

verity (i.e. akinesia/bradykinesia, rigidity, ResT and axial).

Patients with individual scores above the population

mean (the same results were obtained using the popula-

tion median) were considered as having high values and

those with values below the population mean were con-

sidered as having low values (Supplementary Table 1). A

Fisher’s exact test of independence between ResT and

other sign groups did not reject the null hypothesis (H0:

the two variables are independent) for any of the group

pairs (all P-values were greater than 0.05). While our
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inability to reject the null hypothesis does not prove

that they are independent, it does provide support for the

hypothesis that ResT is an independent Parkinson’s dis-

ease sign.

Theta and beta oscillations have
opposing relationships with resting
tremor signs

After identifying ResT as an independent sign, we then

examined its neural correlates. For that purpose, we

recorded STN spiking activity of 70 Parkinson’s disease

patients undergoing DBS surgery (total of 114 STNs, and

166 STN electrode trajectories) and calculated their peak

theta and beta oscillation powers. A comparison of

patients’ peak theta power with their aggregative ResT

scores indicated that the two were significantly correlated

(rh;ResT ¼ 0.41, r2
h;ResT ¼ 0:17; P < 0:01, Fig. 3A). This

finding is in line with previous reports (Hutchison et al.,

1997; Amtage et al., 2008). On the other hand, a com-

parison of beta activity with ResT, while not yielding

a significant correlation, (rb;ResT ¼ �0:2; r2
b;ResT ¼ 0:04;

P > 0:05) was suggestive of a tendency towards a nega-

tive relationship (Fig. 3B, P-values were Bonferroni

Figure 2 Parkinson’s resting tremor is independent of the

non-tremor motor signs. (A) Sign correlation matrix,

representing Pearson’s correlation coefficient [colour scale (blue to

yellow) from zero to one; although r values range from minus to

plus one, no negative values were found]. (B) Boxplot representing

the correlation values of tremor subcategories with non-tremor

subcategories (14 correlation values in each group). Red lines

represent the median, blue box represents the first and third

quartiles, and maximum and minimum values are indicated by the

edges. (C) Correlation values of the tremor subcategories with

theta spiking activity. Asterisks represent significant results

(*P< 0.05, **P< 0.01, ***P< 0.001). (D) Scatterplot of patients’

resting tremor score versus rigidity score (patients’ scores were

calculated as the individual score in a certain category divided by

the maximal score possible in that category). (E) Scatter plot of

patients’ resting tremor score versus bradykinesia score. (F)

Scatterplot of patients’ resting tremor score versus axial score.

Correlation values and their corresponding P-values are

represented by r and P, respectively, n¼ 70 patients.

Figure 3 Theta and beta oscillations have opposing

relationships with resting tremor signs. (A) Scatterplot of

patients’ mean theta oscillations power versus their rest tremor

score. (B) Scatterplot of patients’ mean beta oscillations power

versus their rest tremor score. (C) Scatterplot of patients’ theta–

beta proportional power (Chb ¼ h�b
hþb) versus their resting tremor

score. Correlation values and their corresponding P-values

(Bonferroni corrected, presented P-values ¼ calculated P-value

multiplied by five) are represented by r and P, respectively. Arrows

indicate the location of the exemplary patient (Fig. 1) on the graphs.
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corrected due to five comparisons of ResT with the neur-

al data: theta, beta, Chb, rhb and chb � rhb).

The seemingly opposing relationship between STN spik-

ing theta and beta activities with ResT led us to investi-

gate their interplay. For if the two are strongly positively

or negatively correlated, little added information can be

attained from their combined activity. However, if the

two activities have no or minimal correlation, their com-

bined activity should carry significantly more information

than either alone, thus potentially be a better neural cor-

relate for ResT.

To test this hypothesis, we constructed a score aimed

to scale theta–beta combined activities:

Chb ¼
h� b
hþ b

: (1)

This non-linear score scales their activities between �1

and 1; patients with strong beta and weak theta activity

will be closer to �1, whereas patients with similar activ-

ity powers will be around 0 and patients with stronger

theta than beta activity will be closer to 1.

Comparing Chb with patients’ UPDRS scores, we were

able to better predict their ResT scores, and found a

higher correlation value than theta activity alone

½rChb;ResT ¼ 0:54, r2
Chb;ResT ¼ 0:3; P< 0.001, P-value

Bonferroni corrected (multiplied by five), Fig. 3C].

Furthermore, there was no correlation between the multi-

spectral model and any of the other signs, making it spe-

cific to ResT signs (Supplementary Fig. 5). Taken

together, these results strengthen the hypothesis that STN

spiking theta and beta activities convey information

about ResT in opposite, but not redundant, ways.

Theta–beta co-activation reduces
resting tremor signs

To better understand theta–beta combined activities and

their relationship with ResT, we explored their inter-

action in the time domain. To do so, we divided patient

recordings into 2-s-long segments and calculated their

power spectral densities. Each segment peak theta and

beta powers were found and their linear correlation

(across all 2-s-long segments of each patient), rhb, was

evaluated (see examples in Fig. 4A–C). rhb thus provides

a measure for theta–beta co-activation in a single patient.

Our patients tended to have weak positive correlation

values between their STN theta and beta activities

(mean6SEM ¼ 0:15 6 0:016). While most patients were

found to have significant positive correlations (n¼ 38),

one patient exhibited a significant negative correlation,

and 31 had no significant correlation between their theta

and beta activities.

Since theta–beta combined activities score ðChbÞ was

strongly correlated with ResT, we investigated whether their

co-activation (rhbÞ would influence these signs. We found a

significant negative correlation between theta–beta

correlation (rhb) and ResT ½rrh;b;ResT ¼ �0:38;

r2
rh;b;ResT ¼ 0:15; P < 0:01; P-value Bonferroni corrected

(multiplied by five), Fig. 4D]. In other words, patients who

tended to experience theta and beta simultaneously (i.e.

theta and beta were correlated) were likely to have lower

ResT scores than those who experienced them separately

(i.e. theta and beta were not correlated). This result

strengthens the hypothesis that the two oscillation bands

convey information of ResT in opposite ways, possibly can-

celling each other out.

Theta and beta proportional power

and co-activation level best models

resting tremor signs

Up to now, we were able to isolate two fundamental

parameters that correlate with Parkinson’s ResT: (i)

theta–beta combined activities, represented by their pro-

portional powers Ch;b and (ii) theta–beta temporal rela-

tionship, represented by their temporal correlation rh;b.

Searching for an even better model for the prediction of

ResT, we constructed a model incorporating the two

parameters (Chb and rhb).

These two parameters may be interconnected, such that

one robustly influences the other. To test for this eventu-

ality, we explored the relationship between patients’ peak

neural power (i.e. theta and beta powers) and their rh;b

values. We found no significant correlation between rhb

and the power values—differentiating the two neural

parameters (Supplementary Fig. 6). This differentiation

allowed us to explore their combined relationship with

ResT. For if the two are independent, their joint informa-

tion on ResT should be greater than their separate

parts—producing a better predictive model.

We therefore incorporated theta–beta correlation, rhb,

into theta–beta combined activities score, Chb.

Incorporating rhb to Chb is especially attractive since

both parameters share the same value range between �1

and 1.

Chb � rhb: (2)

This model was found to achieve higher correlation

values with ResT than either theta or theta–beta

combined activity models ½r ¼ 0:62; r2 ¼ 0:38;

p < 0:001; P-value Bonferroni corrected (multiplied by

five), Fig. 5].

Since it is possible to increase the prediction likelihood

by adding parameters, which may lead to overfitting, we

used the linear regression technique for comparison of

the different models. Due to Chb design (i.e. the inability

to separate theta and beta), we used an alternative scale

that is almost identical to Chb (r ¼ 0:998; p < 0:001,

Supplementary Fig. 7), log10
h
b. The logarithmic scale, just

like Chb, scales the two activities around zero and allows

separation of the two parameters.
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log10

h
b
¼ log10h� log10b: (3)

We therefore constructed five different predictive mod-

els for ResT (b0 is an intersection parameter added to im-

prove model fit; all ‘b’ coefficients can be positive or

negative):

(1) b0 þ b1 � h
(2) b0 þ b1 � b
(3) b0 þ b1 � rhb

(4) b0 þ b1 � log10hþ b2 � log10b
(5) b0 þ b1 � log10hþ b2 � log10bþ b3 � rhb

and compared them using two information criteria for

model selection, the Akaike and Bayesian information cri-

teria, to find the best-fitting model (Table 2). These infor-

mation criteria introduce a penalty term for the number

of parameters in the model (Bayesian penalty term is

larger than Akaike). Calculating the Akaike, and the

rounded Bayesian model weights (Burnham and

Anderson, 2002), we found the fifth model (using theta–

beta combined activities and their correlation) to be the

best model with 0.96 and 0.89 probabilities, respectively

(Table 2).

Since Parkinson’s disease is an asymmetric disease, we

tested these five predictive models using neural data from

the contralateral side to the affected limb. We compared

neural activity from the left side of the STN to right-

sided ResT in 62 patients who had available data, and

the right side of the STN to left-sided ResT in 52

patients with available data (Supplementary Fig. 8). This

sided analysis provided similar results to those presented

throughout this paper.

Discussion
Parkinson’s disease is manifested in a variety of motor

and non-motor signs and symptoms. It is increasingly

Figure 4 Theta–beta temporal correlation is negatively correlated with resting tremor signs. (A–C) Scatterplots of theta versus

beta powers calculated for all non-overlapping 2-s recording segments from three different patients (each circle represents the peak theta and

peak beta powers calculated from a single 2-s long segment). (A) A patient with a positive relationship between theta and beta, (B) a patient

with no significant correlation between theta and beta and (C) a patient with a negative relationship between theta and beta. (D) Scatterplot of

theta and beta correlation value (rhb) versus patients’ resting tremor scores. Arrows indicate the location of the exemplary patients on the graph.
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evident that its heterogeneous manifestation results in a

variety of clinical and pathological phenotypes. Due to

this heterogeneity, many attempts to divide Parkinson’s

disease patients into groups have been made (Marras and

Lang, 2013; Thenganatt and Jankovic, 2014). Data-

driven approaches using cluster analysis have identified

two motor subtypes, tremor-dominant and postural in-

stability with gait deficits, also dominated by bradykine-

sia and rigidity (Thenganatt and Jankovic, 2014). This

dichotomy of motor signs is further strengthened by the

demonstration that tremor signs are independent of the

other Parkinsonian signs (Stochl et al., 2008).

Unfortunately, the pathogenic and pathophysiological

mechanisms underlying this heterogeneity remain unclear.

Here, we were able to frame a subset of Parkinson’s dis-

ease motor signs, ResT, and identify a unique and highly

predictive neural correlate. These results provide further

support for the dichotomy between tremor and non-

tremor signs and suggest a possible separate neural

mechanism.

Parkinson’s resting tremor is
independent of the non-tremor
motor signs

Over the years, data have suggested that Parkinson’s dis-

ease ResT is independent of its non-tremor signs (Stochl

et al., 2008; Helmich et al., 2012). Here we used the

UPDRS motor score to study signs relationship using the

70 patients in our dataset. The UPDRS motor score con-

sists of 18 subcategories (excluding left and right differen-

ces) that are traditionally categorized into four groups of

signs: bradykinesia/akinesia, rigidity, tremor and postural

instability with gait deficits. These groups of signs are the

manifestation of Parkinson’s disease motor pathology and

may therefore provide clues to the relationship between

pathological mechanisms. Each pair of signs may have a

positive, a negative or no relationship. A positive rela-

tionship may result from (i) shared neural mechanism/s,

(ii) separate mechanisms that are positively correlated or

(iii) a cascade of neural mechanisms (A!B). A negative

relationship could simply result from the above-men-

tioned mirror image.

While both positively and negatively correlated signs

could hint at a joint underlying mechanism, or a relation-

ship between them, independent signs are likely to have

independent mechanisms. Here, we found ResT signs to

be strongly correlated with each other while having no

correlation with the non-tremor signs. Furthermore, we

were not able to reject the hypothesis that ResT is inde-

pendent of the other signs using Fisher’s exact test of in-

dependence. These results, together with previous work

(Stochl et al., 2008; Helmich et al., 2012), suggest that

Parkinson’s disease ResT is independent of the other

Parkinsonian motor-signs and is probably manifested by

a neural mechanism independent of the non-tremor signs.

ActT on the other hand, while having a positive correl-

ation with ResT, was found to be significantly correlated

with non-tremor signs as well. This finding suggests that

ActT, unlike ResT, is not independent of the non-tremor

signs. ActT’s dual-positive relationship with both ResT

and akinetic-rigid signs may suggest pathological com-

plexity. ActT could therefore be the result of a separate

neural mechanism positively correlated with both ResT

and bradykinesia-rigidity signs, or a manifestation of sev-

eral shared mechanisms of both these signs (Dirkx et al.,

2018; Hassan, 2018; Helmich, 2018).

Theta and beta oscillations have

opposing relationships with resting

tremor signs

Theta and beta activities are the two main oscillatory

bands found in the STN posterior-dorso-lateral region.

These two bands have been studied extensively and have

generally been found to have opposing relationships with

motor activity. Whereas beta oscillatory activity is

reduced during movement and correlated with lack of

movement (e.g. akinesia), theta was found to be elevated

during movement and tremor (Steigerwald et al., 2008;

Contarino et al., 2012; Shine et al., 2014; Hirschmann

et al., 2017; Chen et al., 2019).

In line with previous reports, when exploring the rela-

tionship between neural spiking activity and motor signs

we found a significant positive correlation between STN

theta and ResT. On the other hand, ActT was found to

have no correlation with theta activity. ActT’s positive

correlation with the non-tremor group of signs and lack

of correlation with STNs spiking theta activity further

differentiates it from the ResT group and lends weight to

Figure 5 Theta and beta proportional power and temporal

co-activation best predict resting tremor severity. (A)

Scatterplot of patients’ unified model (Chb � rhb) versus their ResT

score. (B) Comparing correlation values of the different predictors

(theta power, chb, and chb � rhb) with ResT score. Asterisks

represent significant differences (P< 0.05, P< 0.01).
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the hypothesis that ActT is governed by a separate neural

mechanism.

Unlike theta, there was no significant correlation be-

tween beta activity and ResT. Nonetheless, consistent

with previous research (Hirschmann et al., 2016, 2017;

Qasim et al., 2016), there seemed to be a negative trend

between the two. We hypothesized that beta may have a

negative effect on ResT which is masked by theta’s more

dominant relationship. To test this hypothesis, we created

a scale of theta–beta combined activities, Chb ¼ h�b
hþb.

Indeed, the relationship between Ch;b and ResT was

much stronger than theta’s relationship alone

(rCh;b;tremor ¼ 0:54; P < 0:001). This result further sup-

ports our hypothesis and supports the notion of the two

bands opposite relationships with ResT.

Theta–beta co-activation reduces
resting tremor signs

We showed that STN spiking theta and beta activities have

opposite relationships with ResT and that their combined

activity is highly predictive of it. Nonetheless, the effect of

theta and beta temporal interactions on these signs remains

unclear. Moran et al. (2008) showed that while neurons

firing at theta frequency are observed to oscillate more epi-

sodically and less coherently with their background activity,

beta oscillating neurons oscillate coherently with their back-

ground activity for longer periods. If the two oscillating

activities arise from two separate neuronal populations, this

would suggest that the two populations are driven by dif-

ferent local functional neuronal organizations. For this pur-

pose, we examined patients’ theta–beta correlation and

explored its interaction with ResT.

We found that theta–beta temporal relationship varied

across patients, expressing positive, negative or zero cor-

relation between the two bands. While most patients

exhibited positive correlation between the two, patients’

variation and generally weak correlation values support

the hypothesis that the two bands are generated by separ-

ate neural mechanisms. For if theta and beta were gener-

ated by the same neural mechanism, or by opposing

mechanisms, one would expect to see positively or nega-

tively strong correlation values across the entire dataset.

We therefore compared these temporal interactions

with patients’ ResT scores and found a significant

negative correlation between these parameters

(rrh;b;tremor ¼ �0:38; P < 0:01). Patients with low ResT

scores tended to have stronger correlation values between

theta and beta activities than those with high ResT

scores. In other words, patients who experienced theta

and beta simultaneously were more likely to have low

ResT scores than those who experienced them separately.

One of the main characteristics of Parkinson’s ResT is

its reduction during movement of the upper limbs. One

might therefore expect to see an accompanying reduction

in theta activity. However, theta has been found to be

elevated during movement (Shine et al., 2014; Chen

et al., 2019), whereas beta reduced during movement and

elevated during steady contractions (Sanes and

Donoghue, 1993; Baker et al., 1997; Kilner et al., 1998;

Riddle and Baker, 2006; Baker, 2007; Klostermann et al.,

2007; Chakarov et al., 2009). Furthermore, Parkinson’s

disease patients experiencing freezing of gait are found to

manifest increased theta–beta synchrony and elevation of

both activities (Shine et al., 2014; Chen et al., 2019).

These findings suggest that during goal-directed move-

ment, theta increases and beta decreases, but as the

movement stops, beta increases.

In addition to these results, when exploring tremor, we

found strong correlation between theta–beta combined

activities and patients’ ResT scores (patients with higher

theta than beta power tended to have higher ResT scores

than patients with higher beta than theta power).

Furthermore, we found a negative correlation between

patients’ temporal theta–beta correlation and their ResT

scores. These findings, similar to the findings during

movement, suggest that theta increases and beta decreases

during ResT, but as the tremor stops, beta increases.

The results reported by Moran et al. (2008), together

with ours may suggest that these two activities are gener-

ated by separate neuronal groups. Whereas a cause and

effect relationship cannot be inferred by our results, we

suggest that theta acts as a general ‘go’ signal, whereas

beta acts as a ‘stop’ signal. Thus, during goal-directed

movement, the increase in theta and decrease in beta

does not create tremor, but when stationary, the hyper-

kinetic oscillatory state creates tremor. If so, it is possible

that this reflects the system’s attempt to resolve the im-

balance created by one of the oscillating neuronal groups

by modulating the other.

Table 2 Results of AIC and BIC analysis for five competing models

Model Pari logðLiÞ AICi DiðAICÞ wiðAICÞ BICi Di BICð Þ wiðBICÞ

h 1 4.96 �5.93 16.46 2.55e�4 �1.43 11.97 0.002

b 1 �0.16 4.32 26.71 1.52e�6 8.81 22.21 1.34e�5

rh;b 1 3.98 �3.96 18.43 9.57e�5 0.54 13.94 8.4e�4

log10h; log10b 2 10.94 �15.87 6.52 0.037 �9.13 4.27 0.1

log10h; log10b and rhb 3 15.2 �22.39 0.0 0.96 �13.4 0.0 0.89

# Pari ¼ number of estimated parameters for model i; log Lið Þ ¼ natural logarithm of the maximum likelihood for model i; Di AICð Þ ¼ ½AICi �min AICð Þ�; wi AICð Þ ¼ the rounded

Akaike weights; Di BICð Þ ¼ ½BICi �min BICð Þ�; wi BICð Þ ¼ the rounded BIC model weights (or ‘Schwarz weights’).

10 | BRAIN COMMUNICATIONS 2020: Page 10 of 13 N. Asch et al.



Theta and beta proportional power
and temporal co-activation best
predict resting tremor severity

Whereas beta was found to be uncorrelated with ResT,

its non-linear subtraction from theta improved correlation

values. Furthermore, patients’ theta–beta correlation was

negatively correlated with their ResT score. Patients who

experienced theta and beta separately were more likely to

have higher ResT scores and vice versa. These results are

complementary, suggesting that STN spiking theta and

beta activities are inherently opposite in their relationship

with ResT.

To construct an improved model incorporating the two

parameters (Chb and rhb), we tested whether theta–beta

correlation was affected by either theta or beta powers.

We found no significant correlation between theta–beta

correlation values and their individual powers

(Supplementary Fig. 6). This result paved the way for the

construction of a model consisting of the two parameters:

theta–beta combined activities and theta–beta correlation.

This model was found to be a significantly better predict-

or of ResT, achieving significantly higher correlation val-

ues than either theta or theta–beta combined activities as

predictors (Fig. 5).

To better compare the different models and correct for

the added parameters, we used a linear regression tool

for model assessment. Comparing the five predictive mod-

els, we found that the model consisting of all three

parameters (theta, beta and theta–beta correlation) best

predicts ResT than all other tested models, using both

the Akaike and the Bayesian information criteria with

0.96 and 0.89 probabilities, respectively (Table 2).

The selected model provides a scale for patients’ theta–

beta combined activities and their temporal interplay.

Showing that high theta and low, temporally dissociated,

beta activities are strongly correlated with ResT. Even

though our model is strictly correlative, taking together

this and previous works, we hypothesize that STN spik-

ing theta activity drives ResT whereas beta acts to stop

it. Thus, when the ‘brake’ (beta) is lifted—tremor wor-

sens. These results shed new light on Parkinson’s disease

ResT pathophysiology and could hopefully be used in the

future as a sign-specific biomarker.

Clinical importance and
conclusions
Here we showed that multispectral STN spiking oscilla-

tory activity is highly correlative with and specific to

Parkinson’s ResT. Our results lend weight to the hypoth-

esis that theta and beta play opposite roles in ResT elec-

trophysiology and that their combined activity better

predicts ResT than either alone. We further found that

their temporal correlation is a good indicator of these

signs. The more the two oscillations were out of sync

(i.e. each appearing by itself), the more likely the patient

had high ResT. Finally, we constructed a non-linear

multispectral representation of these neural activities to

create an improved biomarker for ResT.

While a cause and effect relationship has yet to be

established, recent research has found supporting evidence

for the hypothesis that local field potential beta activity is

the effector causing some of the Parkinsonian signs

(Tinkhauser et al., 2017; Velisar et al., 2019). If such

cause and effect relationship exists for the neural corre-

lates of tremor as well, they could be harnessed for better

treatment options.

Delivering continuous, high-frequency electrical stimula-

tion to either the STN or globus pallidus interna DBS

ameliorates Parkinson’s disease motor signs. The underly-

ing mechanism of this therapy is still debated. Either

way, DBS is observed to reduce oscillatory activity in tar-

get loci and the amelioration of synchronous oscillations

is believed to be a major mechanism underlying the suc-

cess of this technique (Tinkhauser et al., 2017; Velisar

et al., 2019). Although highly effective, conventional DBS

ignores fluctuations in patients’ condition and is power

hungry, shortening pacemaker longevity. It has been sug-

gested that adaptive DBS might resolve these problems by

using feedback about the state of relevant neural circuits

to control stimulation parameters (Rosin et al., 2011;

Rosa et al., 2015; Tinkhauser et al., 2017). To this end,

adaptive DBS trials have sought to detect changes in local

field potential beta activity, primarily correlated with bra-

dykinesia and rigidity signs. Velisar et al. (2019) found

that the resting state beta band power is similar in brady-

kinesia and tremor dominant cases, making it a good

candidate for adaptive DBS for both group types.

Attempting to keep beta power within a desired window,

they used a dual-threshold algorithm changing stimula-

tion voltage inversely to the measured beta power. While

achieving outstanding results for both groups, in one case

the progressive decrease in beta band power was associ-

ated with the reappearance of ResT, as predicted by the

current study. We therefore hope that in the future, the

multispectral model presented here would be tested along

with other models, for adaptive DBS, tailored for specific

Parkinson’s disease signs.

Supplementary material
Supplementary material is available at Brain

Communications online.

Funding
This study was supported by a grant of the Rostrees

foundation (to H.B.).

h/b oscillations and Parkinson’s tremor BRAIN COMMUNICATIONS 2020: Page 11 of 13 | 11

https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa074#supplementary-data
https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa074#supplementary-data


Competing interests
The authors report no competing interests.

References
Amtage F, Henschel K, Schelter B, Vesper J, Timmer J, Lücking CH,

et al. Tremor-correlated neuronal activity in the subthalamic nucleus

of Parkinsonian patients. Neurosci Lett 2008; 442: 195–9.

Baker SN. Oscillatory interactions between sensorimotor cortex and

the periphery. Curr Opin Neurobiol 2007; 17: 649–55.
Baker SN, Olivier E, Lemon RN. Coherent oscillations in monkey

motor cortex and hand muscle EMG show task-dependent modula-

tion. J Physiol 1997; 501: 225–41.
Beudel M, Oswal A, Jha A, Foltynie T, Zrinzo L, Hariz M, et al.

Oscillatory beta power correlates with akinesia-rigidity in the

Parkinsonian subthalamic nucleus. Mov Disord 2017; 32: 174–5.

Burnham K, Anderson D. Model selection and multimodel inference.
2nd edn. New York, NY: Springer-Verlag New York Inc.; 2002.

Chakarov V, Naranjo JR, Schulte-Mönting J, Omlor W, Huethe F,

Kristeva R. Beta-range EEG-EMG coherence with isometric compen-

sation for increasing modulated low-level forces. J Neurophysiol

2009; 102: 1115–20.

Chen CC, Hsu YT, Chan HL, Chiou SM, Tu PH, Lee ST, et al.

Complexity of subthalamic 13-35Hz oscillatory activity directly cor-

relates with clinical impairment in patients with Parkinson’s disease.

Exp Neurol 2010; 224: 234–40.

Chen C-C, Yeh C-H, Chan H-L, Chang Y-J, Tu P-H, Yeh C-H, et al.

Subthalamic nucleus oscillations correlate with vulnerability to freez-

ing of gait in patients with Parkinson’s disease. Neurobiol Dis 2019;

132: 104605.
Contarino MF, Bour LJ, Bot M, Van Den Munckhof P, Speelman JD,

Schuurman PR, et al. Tremor-specific neuronal oscillation pattern in

dorsal subthalamic nucleus of Parkinsonian patients. Brain Stimul

2012; 5: 305–14.

Deffains M, Iskhakova L, Katabi S, Haber SN, Israel Z, Bergman H.

Subthalamic, not striatal, activity correlates with basal ganglia

downstream activity in normal and parkinsonian monkeys. Elife

2016; 5: 1–38.
Deffains M, Iskhakova L, Katabi S, Israel Z, Bergman H. Longer beta

oscillatory episodes reliably identify pathological subthalamic activ-

ity in Parkinsonism. Mov Disord 2018; 00: 1–10. Please provide the

missing volume number for Refs. [Deffains et al. 2018; Tinkhauser

et al. 2017 and Luo et al. 2019].
Dirkx MF, Zach H, Bloem BR, Hallett M, Helmich RC. The nature of

postural tremor in Parkinson disease. Neurology 2018; 90:

e1095–102.

Eggers C, Kahraman D, Fink GR, Schmidt M, Timmermann L.

Akinetic-rigid and tremor-dominant Parkinson’s disease patients

show different patterns of FP-CIT Single photon emission computed

tomography. Mov Disord 2011; 26: 416–23.
Fahn S. Description of Parkinson’s disease as a clinical syndrome. Ann

New York Acad Sci 2006; 991: 1–14.
Hassan A. No handshake agreement on postural tremor subtypes in

Parkinson disease? Neurology 2018; 90: 581–2.

Haynes WIA, Haber SN. The organization of prefrontal-subthalamic

inputs in primates provides an anatomical substrate for both func-

tional specificity and integration: implications for basal ganglia mod-

els and deep brain stimulation. J Neurosci 2013; 33: 4804–14.
Helmich RC. The cerebral basis of Parkinsonian tremor: a network

perspective. Mov Disord 2018; 33: 219–31.

Helmich RC, Hallett M, Deuschl G, Toni I, Bloem BR. Cerebral causes

and consequences of parkinsonian resting tremor: A tale of two cir-

cuits? Brain 2012; 135: 3206–26.
Hirschmann J, Butz M, Hartmann CJ, Hoogenboom N, Özkurt TE,
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