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The closed-loop cortico-subcortical pathways of basal ganglia have been extensively used to describe the physiology of these

centres and to justify the functional disorders of basal ganglia diseases. This approach justifies some experimental and clinical data

but not others, and furthermore, it does not include a number of subcortical circuits that may produce a more complex basal gan-

glia dynamic than that expected for closed-loop linear networks. This work studied the functional connectivity of the main regions

of the basal ganglia motor circuit with magnetic resonance imaging and a new method (functional profile method), which can ana-

lyse the multiple covariant activity of human basal ganglia. The functional profile method identified the most frequent covariant

functional status (profiles) of the basal ganglia motor circuit, ordering them according to their relative frequency and identifying

the most frequent successions between profiles (profile transitions). The functional profile method classified profiles as input profiles

that accept the information coming from other networks, output profiles involved in the output of processed information to other

networks and highly interconnected internal profiles that accept transitions from input profiles and send transitions to output pro-

files. Profile transitions showed a previously unobserved functional dynamic of human basal ganglia, suggesting that the basal gan-

glia motor circuit may work as a dynamic multiple covariance network. The number of internal profiles and internal transitions

showed a striking decrease in patients with Parkinson’s disease, a fact not observed for input and output profiles. This suggests

that basal ganglia of patients with Parkinson’s disease respond to requirements coming from other neuronal networks, but because

the internal processing of information is drastically weakened, its response will be insufficient and perhaps also self-defeating.

These marked effects were found in patients with few motor disorders, suggesting that the functional profile method may be an

early procedure to detect the first stages of the Parkinson’s disease when the motor disorders are not very evident. The multiple co-

variance activity found presents a complementary point of view to the cortico-subcortical closed-loop model of basal ganglia. The

functional profile method may be easily applied to other brain networks, and it may provide additional explanations for the clinical

manifestations of other basal ganglia disorders.
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Abbreviations: BG ¼ basal ganglia; BGmC ¼ basal ganglia motor circuit; BOLD ¼ blood-oxygen-level-dependent imaging; CP ¼
complementary profile; fcMRI ¼ functional connectivity magnetic resonance imaging; FPM ¼ functional profile method; MCA ¼
multiple correspondence analysis; MRI ¼ magnetic resonance imaging; M1 ¼ primary motor cortex; Put ¼ putamen; S1 ¼ primary
somatosensory cortex; Tal ¼ motor thalamus

Introduction
Current models of human basal ganglia (BG) are mainly

based on experimental studies performed in animals dur-

ing the 1980s and 90s, studies suggesting that BG are ba-

sically arranged in closed-loop networks, which receive

cortical inputs and return the processed information to

the cortex (Alexander et al., 1986; Albin et al., 1989;

DeLong, 1990). One of these loops is the BG motor cir-

cuit (BGmC), which moves the information from the pri-

mary motor cortex (M1) to the putamen (Put) and from

this region to the external globus pallidum, subthalamic

nucleus, internal globus pallidum and substantia nigra

(SN). The information processed by these regions goes to

the anterior thalamus [motor thalamus (Tal)] and then

returns to the cortex where it induces a feed-back modu-

lation in the M1 activity. Most models suggest that

motor disorders of Parkinson’s disease (Canavan et al.,

1989; DeLong and Wichmann, 2009; Kravitz et al.,

2010; Cui et al., 2013; Cazorla et al., 2014; Yin, 2014,

2016; Neumann et al., 2018; McCutcheon et al., 2019)

are induced by changes in the excitatory–inhibitory inter-

actions between the consecutive centres of this closed-

loop network. However, this is a simplified view of BG

physiology, which does not include a number of BG

interactions (Redgrave et al., 1992; McHaffie et al.,

2005; Ikemoto et al., 2015; Supplementary Fig. 1) and

which does not explain all motor disorders of

Parkinson’s disease (Canavan et al., 1989; Soares et al.,

2004; DeLong and Wichmann, 2009).

Instead of studying the excitatory–inhibitory interac-

tions between particular BG, this work was aimed at

examining the physiological activity of BG as a result of

the functional co-activation of their main centres. This

approach can be directly performed in the human brain

by using magnetic resonance imaging (MRI) methods

(functional connectivity MRI, fcMRI; Raichle, 1998;

Arthurs and Boniface, 2002; Logothetis, 2002; Logothetis

and Wandell, 2004; Raichle and Mintun, 2006;

Rodriguez-Sabate et al., 2017b, 2019a). Correlation

methods are the most common procedures used to ana-

lyse fcMRI data (Fox and Raichle, 2007; Zhang et al.,

2010; Rodriguez-Sabate et al., 2017b, 2019b), but they

need some requirements (e.g. linear behaviour, normality

and stationarity of data) that are not always met in neur-

onal networks (Eklund et al., 2018; Olszowy et al.,

2019). In addition, correlation methods can identify the

functional interaction between two nuclei, but they are

not the best approach to study the simultaneous inter-

action of multiple BG areas. Other methods such as the

independent component analysis (Damoiseaux et al.,

2006; Goebel et al., 2006; Fox and Raichle, 2007) and

data-driven sparse general linear model (Lee et al., 2011;

Su et al., 2016) can simultaneously work with multiple
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regions, but they generally assume a linear interaction be-

tween nuclei, which is uncommon in BG (Marceglia

et al., 2006; Schroll and Hamker, 2013; Rodriguez-

Sabate et al., 2017a) where neurons often display a non-

linear dynamic (Rodriguez et al., 2003a, b, c). We have

recently introduced a non-linear multifactorial method

based on the multiple correspondence analysis (MCA),

which showed previously unnoticed multiple covariant be-

haviour of BG (Rodriguez-Sabate et al., 2017a, 2019a).

However, MCA has three key limitations, it is an ex-

ploratory method, which does not provide statistical

results, it can only identify a small portion of the multi-

centre interactions (the number of interactions is always

lower than the number of studied nuclei) and it does not

provide information about the time dynamic of BG inter-

actions. The present study introduces a new analytical

procedure [functional profile method (FPM)] that over-

comes these limitations because it does not assume nor-

mality or stationarity in fcMRI data, it can work with

non-linear multiple interactions, it can be used to study

the time dynamic of brain interactions and it allows the

statistical contrast of results. FPM was used to analyse

the dynamic of the functional co-activation of the BGmC

and to study the action of Parkinson’s disease on this

dynamic.

Methods

Participants

Twenty patients with idiopathic Parkinson’s disease (10

males and 10 females between 35 and 72 years of age)

and no evidence of dementia (tested with the Montreal

Cognitive Assessment and the Mini–Mental State

Examination) and twenty control subjects (10 males and

10 females between 36 and 69 years of age) with no his-

tory of neurological or mental diseases were included in

the study. All patients had a diagnosis of idiopathic

Parkinson’s disease, which was based on their medical

history, physical and neurological examinations, response

to levodopa or dopaminergic drugs and laboratory tests

and MRI scans, which ruled out other diseases (they

were diagnosed by two experienced neurologists; F.M.

and J.N.L.). The severity of motor disorders was assessed

with the Hoehn & Yahr, the Schwab and England and

the Unified Parkinson’s Disease Rating Scale III scales,

which were used to select patients with a short evolution

of Parkinson’s disease (<2 years) and a slight to moderate

motor alteration during the ‘on’ medication state. The

impact of medication on the results was reduced by with-

drawing the anti-Parkinson drugs 24 h before the study

onset. Written informed consent was provided by all par-

ticipants, and all procedures were in accordance with

the ethical standards of the Declaration of Helsinki

and its later amendments or comparable standards. The

study was approved by an institutional review board

(Institutional Human Studies Committee of La Laguna

University).

Data collection

The basic experimental procedures were similar to those

reported in recent studies (Rodriguez-Sabate et al., 2015,

2017b). Blood-oxygen-level-dependent imaging (BOLD)

contrast images (4 mm � 4 mm � 4 mm voxels in-plane

resolution; echo-planar imaging with repetition time 1.6 s;

echo time 21.6 ms; flip angle 90�) were recorded in a

block of 200 volumes (volumes 1–10 of the block were

removed). fMRI data were co-registered with 3D anatom-

ical images (1 mm � 1 mm � 1 mm voxel resolution;

repetition time 7.6 ms; echo time 1.6 ms; flip angle 12�;

250 mm � 250 mm field of view; 256 � 256 sampling

matrix). A representative region of interest of each BG

was located on a subject-by-subject basis by considering:

(i) the Talairach coordinates, (ii) the shape of the nucleus

and (iii) the anatomical relationship of the nucleus with

neighbouring structures. All regions were identified in

coronal slices located 4–27 mm posterior to the anterior

commissure and according to a previously reported pro-

cedure (Rodriguez-Sabate et al., 2017b). All data sets

were normalized to the Talairach space.

Data preprocessing

The data preprocessing included a slice scan time correc-

tion, a 3D motion correction and a time filter, which

eliminates frequencies <0.009 Hz. Studies with images

showing a displacement of >0.5 mm or a rotation of

>0.5� were removed. No spatial smoothing was per-

formed. Residual motion artefacts and physiological sig-

nals unrelated to neural activity (e.g. respiration, cardiac

activity) were removed by regressing the BOLD signals

recorded throughout the brain with the mean average of

the BOLD signals recorded in white matter and brain

ventricles (Jo et al., 2013; Power et al., 2014).

Functional profile method

To identify the most frequent coinciding patterns of BG

activity (BG activity profiles), BOLD data were normal-

ized and binarized. Data were normalized by multiplying

them by 100 and dividing the result by the mean average

value of all the data recorded in the same area of the

same subject. Thus, the normalized BOLD data of an

area always fluctuated �100 and represent, in percentage

terms, the fluctuation of the BOLD signal around the

mean BOLD value of the region of interest, which repre-

sents the functional activity of the area (see Fig. 1A). The

binarization was performed by replacing each normalized

data >100 with the number 1 and those �100 with the

number 0 (see Fig. 1B). Thus, the functional status of the

BGmC at each time point was compiled in a single byte

[the first-left bit occupied by the M1 and the following

bits were occupied by the primary somatosensory cortex
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(S1), Put, external globus pallidum, subthalamic nucleus,

internal globus pallidum, substantia nigra and Tal succes-

sively] whose binary numbers represented the low (0)/

high (1) activity of particular BGmC areas. These func-

tional bytes were included in a ‘contingence table’ (see

Fig. 1C), which had all the BG profiles of each subject

ordered according to their presentation (1.6 s between

successive profiles). The number of times that each BG

profile was found in the contingence table was then

introduced in the ‘frequency table’ (see Fig. 1D), where

each profile occupied a different row. Because the pos-

sible number of different functional status for a 1-byte

profile is 256, this was also the number of rows in the

frequency table. In this table, the BG profiles were

ordered according to their relative frequency. Two

expected profiles were computed, such as the theoretical

profile and the simulated expected profile. The theoretical

profile assumes that all profiles are displayed at random,

and that each particular profile will be found once every

256 profiles. Simulated profiles were computed by a ran-

dom generation of the same number of profiles recorded

in the actual study. For this simulation, the high (1) and

low (0) status of each position of each profile byte was

estimated by the random generation of a number between

0 and 1, with those numbers >0.5 being replaced by the

number 1 and those <0.5 being replaced by the number

0. Ten contingence tables were simulated with this pro-

cedure, with the mean value of the number of times each

profile was found in these simulated contingence tables

being used to compute the simulated frequency table.

The number of times that each profile was followed by

each of the other profiles was computed and entered in

the ‘transition table’ (see Fig. 1E). Profiles that persisted

for more than one time interval (>1.6 s) were recorded in

Figure 1 FPM. The BOLD signal of ROIs was normalized (around their mean value) and categorized (binarized by replacing

data higher than the mean value with the number 1 and those lower or equal to the mean value with the number 0). Thus, the

functional profiles of all BG at any time point were represented by a single byte (each of the eight brain regions studied provided a 0 or a 1 to

one of the 8 bits of the byte). The ‘contingence table’ was made with the representative bytes of the functional status of BG recorded during

successive time intervals (1.6 s time resolution in this study). The number of times each particular BG profile was computed during the whole

recording was then used to build the ‘frequency table’. In this table, the BG profiles are ordered according their relative frequency. The number

of times that each profile was followed by each of the other profiles was introduced in the ‘transition table’, and profile transitions with a

frequency higher than that expected at random were included in the ‘transition matrix’. The v2 test was used to establish differences between

the control group and the randomly simulated group or between the control group and the Parkinson’s disease group, comparisons that were

performed for both profiles and profile transitions. ROIs ¼ regions of interest.
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the transition table as self-transitions. The transition table

has 256 rows (initial profiles) � 256 columns (final pro-

file), and the number of different possible transitions is

65 536 (for 1-byte profiles). The initial representation of

the significant transitions was made with the Grafos pro-

gramme (v1.3.5. by A. Rodriguez Villalobos).

Statistical analysis

The statistical significance of the presentation frequency

of each profile was computed by a v2 test where the

number of actual frequencies (found profiles) was con-

trasted with those expected at random (theoretical or

simulated). The same procedure was used to establish

statistical differences between the relative frequency of

each profile in the control subjects (expected profiles) and

patients with Parkinson’s disease (found profiles). The

statistical value of the number of transitions between

each two particular profiles was computed by a v2 test

where the number of actual transitions (found transitions)

was contrasted with the number of the same transitions

found in a succession of profiles computed by the simula-

tion procedure commented above. The same v2 procedure

was used to establish statistical differences between the

relative frequency of each transition in control subjects

(expected transitions) and patients with Parkinson’s dis-

ease (found transitions).

Data availability

Anonymized data may be made available upon reason-

able request to the corresponding author.

Results
The location of regions of interest (Supplementary Table

1 shows the mean value and standard error for the

studied persons) and the age of patients with Parkinson’s

disease (55.3 6 7.2 years; mean 6 standard error) and

controls (56.7 6 8.2 years) showed no statistical differen-

ces. All patients with Parkinson’s disease showed an

early-to-mid clinical motor stage in the Hoehn and Yahr

(1.50 6 0.18; all patients had a scale stage of I or II),

Unified Parkinson’s Disease Rating Scale III

(12.12 6 1.61) and Schwab and England (92 6 2.6) scales.

Akinesia was the predominant symptom, with all patients

showing an obvious delay in movement initiation and a

low expression of tremor. Neither patients nor aged-

matched controls showed dementia (Montreal Cognitive

Assessment >26 and Mini–Mental State Examination

>27) or abnormalities in the MRI studies. Data from one

patient with Parkinson’s disease and one control subject

were excluded from the analysis due to excessive motion

during the MRI recordings.

Profiles: the effect of Parkinson’s
disease

Figure 2A and B shows the distribution of the BG pro-

files in the control and Parkinson’s disease groups, re-

spectively (values represent the percentage of total

profiles). The red lines show the distribution of the 256

possible profiles of actual data ordered from the most

frequent—left side—to the less frequent—right side—pro-

file (the x-axis shows the position of the profile according

to its frequency and the y-axis shows the frequency of

each profile as a percentage of total profiles— ‘relative

frequency’). The blue lines show the same distribution

but for randomly simulated profiles (these data were also

ordered according to their frequency). The green lines

show the probability values (P computed with a v2 test)

found between the frequency of real and randomly simu-

lated profiles. These figures show that the frequency of

some BG profiles was much higher than that expected at

random (P< 0.0001), whereas other profiles were seldom

observed or never appeared (P< 0.001). This asymmetric-

al distribution of BG profiles was found in both the con-

trol and Parkinson’s disease groups. This initial analysis

shows that BG activity facilitates some BG profiles (co-

variant profiles) but prevents others.

Figure 2C also shows the frequency of profiles, but

now the x-axis shows the byte corresponding to each

profile (from 00000000 to 11111111) in a decimal base

(from 0 to 255) and the y-axis shows the relative fre-

quency of profiles. The black line shows the distribution

of simulated profiles (all �0.39%), the blue line shows

the distribution of profiles in the control group, and the

red lines show the distribution of profiles in the

Parkinson’s disease group. Both control and Parkinson’s

disease groups showed some profiles with a frequency

much higher than that expected at random (peaks of

Fig. 2C). The correlation of the frequency profiles of

both groups (Fig. 2D) shows that profiles with the high-

est frequency in the control group were also those with

the highest frequency in the Parkinson’s disease group.

However, a more detailed view of the frequency of pro-

files shows some differences between groups. Figure 2E

presents the frequency order of the 50 most frequent pro-

files in controls and patients with Parkinson’s disease.

This figure shows that the four most frequent profiles in

the control group were also the four most frequent pro-

files in the Parkinson’s disease group. However, some

profiles found in the 10 most frequent profiles of control

subjects were observed in more posterior positions in the

Parkinson’s disease group and profiles that were less fre-

quent in controls were observed within the most frequent

profiles of patients with Parkinson’s disease. These obser-

vations suggest that the relative frequency of covariant

profiles of BG is not exactly the same in controls and

patients with Parkinson’s disease. This can also be

observed in the central graph of Fig. 3 where the relative

frequency of profiles can be compared (profiles are
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ordered according to their relative frequency in the con-

trol group). The high status of each BGmC region in

each profile is indicated in the ‘profile byte’ by the num-

ber 1, and the low status is indicated by the number 0

(the position of each area in the profile byte is shown in

the yellow square located in the centre of the figure). The

frequency of profiles found in the control group is indi-

cated with white circles, the frequency of profiles in the

Parkinson’s disease group is indicated with black circles

and the frequency of random-simulated profiles is indi-

cated with white triangles. All these high-frequency pro-

files showed, in both groups, a frequency higher than

that found in random-simulated profiles (P< 0.0001).

The frequency of many of the first 10 profiles was higher

in the control group than in the Parkinson’s disease

group (11000000, 00111111, 00011111, 10000000 and

11100001), and the frequency of most profiles between

16 and 25 was higher in the Parkinson’s disease group

than in the control group (e.g. 00000001, 11110100 and

11010000).

In the peripheral diagrams of the Fig. 3, the profile

byte is accompanied by a picture, which includes the

high-status regions within a brown area. For example,

the profile byte 00111111 indicates that all BG are in a

Figure 2 Distribution of BG profiles according to their relative frequency. (A and B) The distribution of the BG profiles in the control

and Parkinson’s disease groups, respectively (values represent the percentage of total profiles). The red lines show the distribution of actual

profiles ordered from the most frequent—left side—to the less frequent—right side—profile. The blue lines show the same distribution but for

randomly simulated profiles. The green lines show the probability values (P computed with a v2 test) found between the frequency of real and

randomly simulated profiles. Whereas some profiles showed a frequency higher than that expected at random (P< 0.0001), others showed a

frequency lower than that expected at random (P< 0.001). This asymmetrical distribution of BG profiles was found in both the control (A) and

Parkinson’s disease (B) groups. In C, the x-axis is the profile byte represented in a decimal base and the y-axis is the frequency of each profile as

a percentage of total profiles (relative frequency). The black line shows the distribution of simulated profiles (all �0.39%), the blue line shows the

distribution of profiles in the control group, and the red lines show the distribution of profiles in the Parkinson’s disease group. (D) The control

(y-axis) and Parkinson’s disease (x-axis) relationship of profiles according to their position in the ranking of the most frequent profiles. (E) The

frequency order of the 50 most frequent profiles in controls and patients with Parkinson’s disease.
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high status and cortical areas in a low status, 11000000

indicates that all BG are in a low status and cortical

areas are in a high status, 00000000 indicates that all

areas are in a low status and 11100000 indicates that

M1, S1 and Put are in a high status and the other areas

are in a low status. These diagrams also include the fre-

quency position of each profile. The numbers included in

the pictures of each profile indicate the frequency order

of profiles in the control group (left-side number) and in

the Parkinson’s disease group (right-side number). For in-

stance, the 11000000 profile was in the first frequency

position in the control group and in the third frequency

position in the Parkinson’s disease group, which agrees

with the fact that the frequency of this profile was higher

in controls than in patients with Parkinson’s disease. The

00000001 profile, another example, occupied the fre-

quency 16 in controls and 5 in patients with Parkinson’s

disease, which agrees with the higher frequency found for

this profile in the Parkinson’s disease group than in the

control group.

A striking and unexpected finding was that practically

all high-frequency profiles showed a complementary high-

frequency profile with exactly the opposite high/low

status of their BG areas [complementary profile (CP)]. In

the peripheral diagrams of Fig. 3, CPs are grouped within

green areas limited by a dashed line. 11000000/

00111111 profiles and 11111111/00000000 profiles, the

four most frequent profiles, were grouped within CP1

and CP2, respectively. The profiles grouped in other CPs

did not always have a similar frequency and their fre-

quency position was not always consecutive (e.g. the pos-

ition of the 10111111 and 01000000 CPs in the control

group was 7 and 12, respectively).

Transitions between profiles: the
effect of Parkinson’s disease

Profiles showed complex successions (transitions) whose

dynamic is not obvious with direct observation

(Supplementary Video 1 shows an example of the dynam-

ic of the profile transitions recorded in a subject of the

control group). The first step to study transitions was to

classify profiles according to their input/output transi-

tions. The following three main profiles were identified:

the ‘input profile’ showing high-frequency and statistically

significant output transitions to other particular profiles

Figure 3 Frequency distribution of the most common BG profiles. The distribution of the most common profiles is shown in the

centre (ordered according to their relative frequency in the control group). The frequency of each profile is indicated with white circles (control

group), black circles (Parkinson group) and white triangles (random-simulated profiles). The profile byte shows the high/low status of each region

in each profile (see the yellow square in the centre of the figure). In the peripheral diagrams, profile bytes are accompanied with a picture

including the high-status areas within a brown area. In these pictures, profiles were grouped within green areas according to their

complementary nature (CPs are those showing exactly opposite high/low status). Numbers included inside each peripheral picture indicate the

frequency order of the profile byte in the control (first number) and Parkinson’s disease (second number) groups. GPe ¼ external globus

pallidum; STN ¼ subthalamic nucleus; GPi ¼ internal globus pallidum; SN ¼ substantia nigra.
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(P< 0.001) but not significant input transitions coming

from other areas of the BGmC, the ‘output profile’ show-

ing input but not output high-frequency transitions and

the ‘internal profile’ showing both input and output high-

frequency transitions. Most internal profiles showed input

transitions from input profiles, output transitions to out-

put profiles and input and output transitions with other

internal profiles. No significant transitions were found be-

tween random-simulated profiles.

Profile transitions with statistical value (P< 0.001) are

indicated by arrows in Fig. 4, where they project from

an origin profile to a destination profile. Some input pro-

files showed direct transitions to output profiles, thus

bypassing the internal profiles (bypass transitions).

Figure 4A and B presents the bypass transitions in con-

trols and patients with Parkinson’s disease, respectively.

Although the number of input profiles (4 in controls and

6 in patients with Parkinson’s disease), output profiles (9

in controls and 7 in patients with Parkinson’s disease)

and bypass transitions (10 in controls and 10 in patients

with Parkinson’s disease) was similar in both groups, the

origin profile and destination profile of transitions, which

reached statistical significance, were different in the con-

trol and Parkinson’s disease groups. Only one input pro-

file (00000001) and two output profiles (00000000 and

11111111) reached statistical value in both groups.

Figure 4C and D presents the input (red arrows) and out-

put (green arrows) transitions of internal profiles. The in-

put profiles (pink circles) showing three or more

transitions to internal profiles will be referred to below

as ‘hub input profiles’ (white circles). The number of in-

put profiles with transitions to the internal profiles (yel-

low circles) decreased in patients with Parkinson’s disease

with respect to controls (decreased from 5 to 3 transi-

tions), a fact that also occurred with the hub of input

profiles, which decreased from 2 to 1. The number of

transitions from input profiles to internal profiles (red

arrows) decreased from 13 in controls to 5 in patients

with Parkinson’s disease. However, the number of transi-

tions from internal profiles to output profiles (green

circles) increased from 18 in controls to 25 in patients

with Parkinson’s disease (green arrows). These data sug-

gest that internal profiles of patients with Parkinson’s dis-

ease received less input transitions but sent more output

transitions than controls. 11111111 and 00000000 out-

put profiles received three or more transitions in both

control and patients with Parkinson’s disease (most other

output profiles received only one transition), being

referred to below as ‘hub output profiles’ (cyan circles).

Because the high density of transitions between internal

Figure 4 Profile transitions in the control (A and C) and Parkinson’s disease (B and D) groups. Profile transitions with statistical

value (P< 0.001) are shown with arrows, which project from the origin profile to the destination profile. Input profiles are included within pink

circles, output profiles are included within green circles and internal profiles are included within yellow circles. Input profiles showing three or

more transitions to internal profiles (hub input profiles) are shown within white circles, and output profiles receiving three or more transitions

from internal profiles (hub output profiles) are shown within cyan circles. Bypass transitions directly connecting input and output profiles are

shown with black arrows in A and B. Input transitions connecting input profiles with internal profiles are shown with red arrows in C and D.

Output transitions connecting internal profiles with output profiles are shown with green arrows in C and D. Internal transitions connecting

some internal profiles with others are shown by thin black lines in C and D. The high/low status of each region in profile bytes is indicated

according to the position shown in the bottom-right corner of the figure.
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profiles (internal transitions) hinders their perception in

this figure, they are represented with thin black lines and

may be better observed in Fig. 5.

Figure 5 shows the internal transitions in controls (top)

and patients with Parkinson’s disease (bottom). Internal

profiles are shown within yellow circles except for those

with more than five transitions, which are shown within

cyan circles and will be referred to below as ‘hub of in-

ternal profiles’. Profiles with activation of cortical regions

are located above the red-dotted line of this figure (cor-

tical stream), and those with non-active cortical areas are

located below the red-dotted line (subcortical stream).

The number included in each arrow indicates the relative

relevance of the transition (it shows the percentage of all

transitions generated from the origin profile, which pro-

jected to the target profile of the arrow). For instance,

the 11000001 ! 11000000 transition represents 14.7%

of all transitions originating from the 11000001 profile

(transitions between random-simulated profiles are

�0.39%). Patients with Parkinson’s disease showed a low

number of internal profiles and a very low number of in-

ternal transitions regarding control subjects (Fig. 5, bot-

tom). Thirteen internal profiles were found in the control

group, while only seven internal profiles reached statistic-

al significance in the Parkinson’s disease group. The num-

ber of internal transitions with statistical significance was

Figure 5 Profile transitions between internal profiles in the control (top) and Parkinson’s disease (bottom) groups. Profile

transitions with statistical value (P< 0.001) are shown with arrows, which project from the origin profile to the destination profile. Internal

profiles are included within pink circles, but those internal profiles showing more than three transitions (hub internal profiles) are shown within

cyan circles. Transitions between profiles with activation of cortical regions (cortical stream) are shown above the red-dotted line, and

transitions between profiles without activation of cortical regions (subcortical stream) are shown below the red-dotted line. The number of

arrows shows the percentage of all transitions generated from the origin profile, which projected to the target profile of the arrow. The high/low

status of each region in profile bytes is indicated according to the position shown in the bottom-right corner of the figure.
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26 in controls and 8 in patients with Parkinson’s disease.

The number of internal-profile hubs was 3 in controls

and 0 in patients with Parkinson’s disease. Nine internal

profiles showed reciprocal transitions in the control

group, a number that decreased to 4 in patients with

Parkinson’s disease. Finally, all the internal profiles of

controls were directly or indirectly connected by internal

transitions. These ‘trans-streams transitions’ were not

found in patients with Parkinson’s disease, who showed a

full segregation of the cortical (located above the red line

in Fig. 5) and subcortical (located below the red line in

Fig. 5) streams.

Discussion
The present work examined the physiological activity of

the human BGmC with fcMRI and the FPM, which is a

new analytical approach. The FPM identified a number

of multiple co-activations of BG (profiles), which dis-

played an intricate time dynamic (profile transitions) pre-

viously unobserved with other methods. Both the

frequency of profiles and the dynamic of profile transi-

tions showed marked disruptions in patients with

Parkinson’s disease.

Methodological considerations

Although MCA has several advantages to study the glo-

bal dynamic of BG (Rodriguez-Sabate et al., 2017a,

2019a), there are some limitations that constrain its suc-

cess. MCA can only identify a portion of BG interactions

(seven global interactions in our previous study), it does

not provide information about the functional dynamic of

BG and it is an exploratory method without statistical

verification of results (Rodriguez-Sabate et al., 2017a,

2019a). The FPM overcomes these limitations, identifying

with statistical criteria a number of different functional

associations of BGmC areas (profiles) and showing a dy-

namic view of the BG activity (profile transitions) not

provided by MCA or other multivariate methods.

However, the FPM also has some limitations that should

be taken into account in fcMRI studies. The time reso-

lution and space resolution of fcMRI prevent the FPM

from studying the fast interactions of small populations

of cells, and so neither the fast excitatory/inhibitory inter-

actions nor the structural connections of BG can be

studied with fcMRI/FPM. The FPM can identify the co-

activations of BG regions (profiles) and the time succes-

sions between these profiles (profile transitions), which

appear with a frequency higher than that expected at

random. It would be interesting to establish relationships

between the present model and the closed-loop model of

BG, and some of the following comments show our inter-

est in doing this. However, both models describe BG ac-

tivity from a different point of view and these comments

should be considered as possible associations but not as

proof of direct relationships between both functional

perspectives.

Profiles and profile transitions in
the basal ganglia motor circuit

‘11000000’ (cortical areas activated and BG inactivated)

and ‘00111111’ (cortical areas inactivated and BG acti-

vated) were the most frequent profiles of the BGmC.

These profiles correspond with the functional configura-

tions previously isolated in the first and second dimen-

sions of MCA, the two most relevant dimensions for this

analytical method (Rodriguez-Sabate et al., 2019a).

11000000 and 00111111 profiles had a complementary

distribution (CP1), a puzzling fact also found in other

high-frequency profiles (CP2 to CP13). The finding of

complementarity profiles could be associated to some

kind of rebound response, which substitutes the high/low

functional status of BG for its opposite status. However,

CPs never showed significant transitions between one an-

other, which do not support this hypothesis. In fact,

11000000 and 00111111 behaved as a hub for internal

profiles, displaying numerous transitions with other in-

ternal profiles and no direct transitions between them

(Fig. 5, top). The global dynamic of the internal profiles

of BGmC was segregated in two main components: a

cortical stream around the 11000000 (and 11100001)

and a subcortical stream around the 00111111. Although

the profiles of these streams showed preferred transitions

with other profiles of the same stream, they also

displayed transitions to profiles of the other stream

(trans-stream transitions), suggesting that information

flows between both streams.

The ‘00000000’ (all the BCmC inactivated) and

‘11111111’ (all the BCmC activated) CPs (CP2) were the

third and fourth most frequent profiles, working as out-

put-profile hubs that received the highest number of tran-

sitions. With the exception of 11111111 and 00000000

profiles, practically all the other output profiles only

received a single transition from the internal profiles, a

fact observed in controls (Fig. 4C) and patients with

Parkinson’s disease (Fig. 4D). 11111111 and 00000000

received transitions from several internal profiles of both

steams, thus working as a common way out for the in-

formation processed by any of the internal profile

streams.

‘CP3’ and ‘CP9’ present alternating activations of the

cortical areas and BG. These cortical activations were

accompanied by the synchronous activation of the Put

(CP3) or the thalamus (CP9). Bearing in mind the struc-

tural relationships between the cortex and BG, the CP3

profiles could be involved in the arrival of cortical infor-

mation to the BG and the CP9 profiles could be involved

in the return of BG information to the cortex. ‘CP6’ and

‘CP8’ provide an alternative way to relate the input/out-

put centres of BG with the other regions of the BGmC.

CP8 shows an alternation between a Put/Tal co-activation

10 | BRAIN COMMUNICATIONS 2020: Page 10 of 13 C. Rodriguez-Sabate et al.



(with the other inactive BGmC regions) and a Put/Tal co-

inactivation (with the other active regions), which could

involve the excitatory Tal ! Put projection. CP6 shows

an alternation in the co-activation/co-inactivation of Put/

Tal/M1/S1, which could be linked to the excitatory pro-

jection from the Tal to the cortex and from the cortex to

external globus pallidum. Thus, the input–output centres

of BG may be functionally linked in two main ways, one

using direct projections (CP8) and the other using indirect

projections through the cortex (CP6). However, and as

commented above, these are only possible relationships

between the excitatory–inhibitory closed-loop model of

BG and the present co-activation model and no proof of

these relationships is provided here.

Profile transitions in Parkinson’s
disease

Control subjects showed massive transitions between the

internal profiles of the cortical and subcortical streams

(six transitions), a fact not observed in patients with

Parkinson’s disease whose internal-profile hubs disap-

peared and whose transitions between cortical and sub-

cortical streams vanished. These findings and the marked

reduction in the number of internal profiles observed in

patients with Parkinson’s disease suggest a profound ef-

fect of Parkinson’s disease on the covariant activity of

BG. These differences were observed in patients with few

motor disorders suggesting that the fcMRI/FPM method

could be useful for the early diagnosis of Parkinson’s

disease.

The particular role of each profile transition in the BG

functions and in the motor and non-motor disorders of

Parkinson’s disease needs further specific studies. The

BGmC is involved in different functions including the se-

lection of motor tasks, the control of different reflexes or

the modulation of the muscle tone, functions that are

also performed in subjects at rest (Cham et al., 2007;

Schwarz and Peever, 2011; Fearon et al., 2015; Mellone

et al., 2016). The specific procedures used by the BGmC

nuclei to perform these tasks are presently unknown, and

they could involve alterations in the assembly of profiles

or in the preparation of profile transitions. Functional

profiles could be associated with particular tasks. During

daily living activities, people are normally fluctuating be-

tween different mental and motor tasks, a fact that also

occurs in resting people and during the realization of

MRI studies (e.g. modulation of muscle tone, reflexes

and body posture). Thus, it is possible that the incidental

involuntary activation of these tasks may be associated

with the fluctuation of functional profiles observed here.

Many Parkinson’s disease disorders that are present dur-

ing the resting intervals (hypertonia, tremor, dysreflexia,

alterations of different mental functions, etc.; Wright

et al., 2007; Lucza et al., 2015; Mellone et al., 2016;

Weil et al., 2019) could be associated with the restriction

of functional profiles and profile transitions observed

here in patients with Parkinson’s disease.

Basal ganglia as a covariant
network

The new method introduced here proved useful to study

the multiple covariant behaviour of human BG. The ana-

lysis of covariance has proved successful to study differ-

ent complex systems and is the main methodological tool

in disciplines as consolidated as quantum electrodynamics

and molecular biology or as promising as quantum grav-

ity (Shen and Li, 2016). This approach is particularly

useful when it is not possible to access all the variables

that are involved in the process under study, a fact that

clearly occurs in the human brain. BG are composed of

many millions of neurons, each of which are intercon-

nected with hundreds of other neurons by thousands of

synapses and millions of receptors. The system is enor-

mously complex and its individual components cannot be

currently monitored and will probably not be monitored

for many years. Thus, we are obliged to use simplified

models suitable for making reliable estimates of BG

activity.

Covariant models describe the behaviour of complex

systems as changes in the functional arrangement of their

variables or components, which is represented here by

the profile transitions. The present multiple covariant

model of BG is based on data directly obtained from the

human brain, providing actual probabilities for the transi-

tions performed between each of the possible functional

profiles of the system. These advantages are obtained at

the expense of a marked reduction and simplification of

the BG networks. Instead of bioelectric signals, we used

the BOLD signals that are indirect indicators of energy

consumption of brain areas. Thus, it is assumed that

brain nuclei involved in the processing of current infor-

mation need more energy and can be identified with the

BOLD signal. To record the BOLD signal from hundreds

of thousands of places in the brain requires long time

intervals, even for such advanced technologies such as

MRI. Thus, this covariant model is based on the slow

fluctuation of brain activity that persists for 1.6 s or

more. Most behavioural patterns require several seconds

to complete (e.g. to say something or to write a note in

the mobile), but they involve a number of sub-tasks,

which may be done in fractions of a second and that are

performed in time intervals shorter than the temporal

resolution of the MRI. Thus, the covariant model does

not provide information about the mechanisms involved

in the sub-components of particular tasks. It only can

provide information about the involvement of particular

functional conformations (profiles) of the brain areas of a

network in a particular task. As commented above, the

parkinsonian brain shows marked changes in the fre-

quency of profiles and profile transitions. Another poten-

tial use of the covariant model of BG could be the
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diagnosis and prognosis of the clinical evolution of

Parkinson’s disease, and perhaps the identification of pro-

files and profile transitions involved in its clinical

disturbances.

Supplementary material
Supplementary material is available at Brain

Communications online.
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