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Parkinson’s Disease (PD)
Germaine Hiu-Fai Chan

Abstract

Historically, the success of DBS depends on the accuracy of electrode localization 
in neuroanatomical structures. With time, diffusion-weighted magnetic resonance 
imaging (MRI) and functional MRI have been introduced to study the structural con-
nectivity and functional connectivity in patients with neurodegenerative disorders 
such as PD. Unlike the traditional lesion-based stimulation theory, this new network 
stimulation theory suggested that stimulation of specific brain circuits can modu-
late the pathological network and restore it to its physiological state, hence causing 
normalization of human brain connectome in PD patients. In this review, we discuss 
the feasibility of network-based stimulation and the use of connectomic DBS in PD.

Keywords: connectome, deep brain stimulation, Parkinson’s disease

1. Introduction

Parkinson’s disease (PD) is the second commonest neurodegenerative disease 
affecting both motor and non-motor domains [1]. It affects 1 to 2% of persons over 
the age of 60 years [2]. At present, no treatment is available to stop or slow down 
disease progression. However, currently available therapies can offer symptomatic 
relief to the patients [1]. In general, with the use of oral dopaminergic treatment, 
their symptoms can be controlled for a few years after symptom onset before develop-
ing motor and non-motor complications [1, 3]. Device-aided therapies, especially 
deep brain stimulation (DBS), have been used in the management of advanced PD 
when oral pharmacological treatment is no longer sufficient to control the symptoms 
or when the patients cannot tolerate the drugs [4–9].

The success of DBS surgery depends on appropriate candidate selection, accuracy 
of localization of electrodes and optimal DBS programming and medication titration 
[10, 11]. Okun et al. reported that 46% of patients with referred DBS failure were 
found to have suboptimal lead placement. Among these patients with lead misplace-
ment, 52% improved with lead replacement [10]. This highlights the importance of 
precise electrode localization in DBS surgery.



Advances in Electroencephalography and Brain Connectome

2

Historically, subthalamic nucleus (STN) and globus pallidus internus (GPi) are 
common surgical targets in PD patients undergoing DBS surgery [12–18]. Although 
neurostimulation at these surgical targets can improve motor function and may 
lead to a reduction in dopaminergic medication dosage, a few issues have been 
reported with the implantation of neurostimulators at STN and GPi. First, these 
surgical targets such as STN, though small, were found to be divided into functional 
subzones [19–21]. Therefore, even with precise electrode localization, patients 
undergoing DBS surgeries can develop neuropsychiatric complications. Lambert 
et al. showed that the STN was divided into 3 functional subzones (anterior: “lim-
bic” subzone; middle: “associative” subzone; posterior: “motor” subzone) with the 
use of diffusion weighted imaging (DWI) [19]. Ewert et al. revealed that the GPi 
can divided into 7 subzones (motor, premotor, sensory, prefrontal, posterior pari-
etal, temporal and occipital), of which motor, premotor and sensory subzones are 
grouped together as the sensorimotor functional zone and lie in the posterior third 
of the GPi [21]. Second, these surgical targets are small and close to other salient 
anatomical structures in the brain. Let us take the STN as an example. The STN is 
small (12 × 5 × 3 mm3) and lies next to structures such as internal capsule, medial 
lemniscus, corticospinal tract, and red nucleus. With suboptimal electrode place-
ment or overstimulation, electrical current can be spread to these adjacent structures, 
resulting in side effects (Table 1) [22]. Third, even though STN and GPi are known 
to be effective targets in relieving PD symptoms, different symptom may have small 
difference in the site for effective neurostimulation [23]. On the contrary, lesions 
from different brain locations can result in similar symptoms [24]. Therefore, PD DBS 
surgeries at these conventional surgical targets, even if the localization is accurate, 
can vary in treatment response. Furthermore, a PD patient may have more than one 
symptom, either motor or non-motor symptom, and so neurostimulation at one 
surgical target may not be sufficient to alleviate his symptoms.

Electrode location / Direction of current spread Anatomical structures affected Clinical effects

STN DBS

Optimal location STN Dyskinesia

Too inferior / medial Oculomotor fibers Diplopia

Too posterior / medial Medial lemniscus Paraesthesia

Too anterior / lateral Internal capsule
Corticospinal fibers

Tonic muscle 
contraction

Too anterior / lateral Internal capsule
Corticobulbar fibers

Dysarthria

Too inferior Cerebellothalamic tract Ataxia

Too inferior Substantia nigra Mood changes

GPi DBS

Too posterior / medial Internal capsule Tonic muscle 
contraction

Too posterior / medial Internal capsule
Corticobulbar fibers

Dysarthria

Too inferior Optic tract Visual phenomena

Table 1. 
Side effects of STN / GPi DBS with respect to the anatomy of the surgical targets [22].



3

Perspective Chapter: Functional Human Brain Connectome in Deep Brain Stimulation (DBS)…
DOI: http://dx.doi.org/10.5772/intechopen.109855

To better control symptoms with DBS surgery, researchers have explored the 
possibility of better localizing the sites responsible for patients’ symptoms and linking 
these sites together to form a circuit or network. It has been postulated that if a circuit 
connecting these sites can be mapped out for each patient individually, stimulating 
the circuit, instead of the traditional way of stimulating the anatomical structure, 
may be a better therapeutic option.

In this review, we will discuss

• The concept of human connectome

• The concept of normative connectome

• The application of normative connectome in neuromodulation

• Connectomic DBS in PD

2. The concept of human connectome

According to the classical teaching, localization of lesions in the nervous system 
accounts for most of the neurological features. In reality, we found that this approach 
has some limitations. First, lesion-based localization approach is occasionally unclear. 
Lesions causing the same symptom can occur in various parts in the brain, whereas one 
cerebral lesion can result in different neurological symptoms. As a result, the relationship 
between neurological symptoms and lesion location is not often straightforward [25–27]. 
Second, it is not uncommon to have patients with complex neurological and psychiatric 
symptoms unable to find obvious cerebral lesions from neuroimaging [27]. Therefore, it 
has been speculated that these neurological symptoms, instead of resulting from overt 
lesions in the nervous system, may be caused by disruption of anatomical and functional 
networks created by interacting neural elements, which are at a more microscopic level.

To study the human brain network, we have to understand the concept of human 
connectome. The human connectome is defined as “a comprehensive structural 
description of the network and connections forming the human brain.” [25, 26] In 
general, the term “connectome” has three major components.

First, the connectome is a description of structures and studies the set of physical 
links between neural elements. To examine the connections between neural elements, 
we need to look at both structural and functional connectivity.

Structural connectivity offers a consistent anatomical description of structural connec-
tions within the nervous system. At the micro- and meso-scales, structural connectivity 
reveals synaptic coupling between cells or long-distance axonal projections between 
neuronal populations [28, 29]. On the other hand, at the macroscale, structural con-
nectivity points to large, myelinated white matter fiber bundles, which can be visualized 
with diffusion-weighted MRI data using the tractography software packages [30, 31].

As for functional connectivity, it means correlations in activation among spatially 
distinct brain regions, either in a resting state or with external stimuli, and can be 
measured as the bivariate correlation of their activities when using functional MRI 
data [26, 32–34].

Second, the connectome is merely a description of brain connectivity across mul-
tiple spatial scales. However, it does not offer all the information of cells and synapses 
at the microscale level [26].
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Thirdly and most importantly, the concept of the connectome is that it is a descrip-
tion of a neural network [26]. With the use of mathematical and statistical approaches, 
the connectome is an object that fits within a larger theoretical framework, thereby 
linking neuroscience to network science and complex systems [26].

3. Approach to mapping the human connectome

As discussed in last section, the human connectome is a structural description of 
the neural network and connections across multiple spatial scales. In general, there 
are three scales of organization within the human brain [26]:

• The microscale of single neurons and synapses [35, 36]

• The mesoscale of neuronal populations and their interconnecting circuitry [37–39]

• The macroscale of anatomically distinct brain regions and pathways

Mapping of the connectome at the first two levels usually occurs in animal models 
and is conducted in experimental trials. In this review, we will focus on the mapping 
of the human connectome at the macroscale.

At present, MRI has been used as a non-invasive tool for mapping of large-scale 
structural connections in the human brain [26, 27]. Both structural and functional 
connectivity need to be studied in detail.

Structural connectivity is usually assessed by diffusion-weighted MRI sequences, 
followed by probabilistic tractography, because water moves more freely along white 
matter fiber bundles than across them and so white matter pathways can be recon-
structed, thereby identifying fibers that pass between various brain regions [27].

In contrast, resting state functional MRI (rfMRI) is frequently used to study 
functional connectivity. It examines the blood oxygen level dependent (BOLD) signal, 
which serves as an indirect marker of neuronal activity [27, 34]. When brain activity 
increases, blood flow and glucose consumption increase much more than oxygen 
consumption. Therefore, the amount of deoxygenated hemoglobin decreases in the 
region of increased activity and the BOLD signal is enhanced [40]. Functional con-
nectivity is defined as the statistical association between time-series of anatomically 
distinct brain regions, which in functional MRI is typically calculated as zero-lag cor-
relation. In other words, if two brain regions have BOLD signals that are correlated, 
they are functionally connected [34].

With the use of diffusion-weighted MRI and functional MRI, the functional 
human connectome can be mapped out at the macroscale [25, 27]. The approach to 
mapping the human connectome is outlined as follows (Figure 1) [25].

Step 1:
First, diffusion-weighted MRI, followed by probabilistic tractography of thala-

mocortical tracts and corticocortical interareal pathways, should be performed to aid 
in the parcellation of the human brain, thereby creating a voxel-wise probabilistic 
all-to-all structural connectivity matrix.

Step 2:
Second, a correlation analysis of spatially registered resting state and/or task-

based functional MRI recorded in the same person is then accomplished to construct 
a voxel-wise all-to-all functional connectivity matrix for the human brain.
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Step 3:
Subsequently, a cluster analysis of correspondences between the structural and 

functional connectivity matrix obtained from the last two steps is carried out. With that, 
the human brain regions of consistent structure-function relationships can be found.

In this way, it is possible for us to map out the human connectome. To further 
improve the quality of the connectome, we may need to compare the mapped network 
with animal models to look for correspondences and deviations. Also, the predictions 
generated from the structural-functional connectivity matrix can be validated with 
specific stimulation techniques.

4. Normative connectome and the human connectome project (HCP)

Even though human connectome is a big step in enhancing localization in the 
nervous system, it is time-consuming, expensive and may be exhausting to the 
patients because they have to go through a lengthy process of image acquisitions with 
functional MRI and diffusion-weighted MRI. In fact, in a clinical imaging context, 
the human connectomes can be studied with either individual MRI data or the MRI 
data from a group of individuals. The latter approach gives rise to an idea known as a 
normative connectome, which is described as an average or generalized wiring diagram 
of the human brain [27].

Normative connectome can be useful in those who fail to obtain their own con-
nectomes [27]. For instance, in PD patients with severe tremor or dyskinesia, they 
may not be able to obtain good-quality MRI images without motion artifacts. Besides, 
in those patients with cerebral lesions such as cerebrovascular accident, they may not 
be able to obtain their own connectome even if they can tolerate the long procedure of 
image acquisition. It is because with previous cerebral insults, that specific region(s) 
in the brain may have been damaged, thereby disrupting the cerebral circuitry 
focally and making it impossible to map out the functional connectivity accurately. 
Nevertheless, normative connectome, which is obtained from group MRI data, cannot 

Figure 1. 
Using the human brain connectome to localize symptoms [27].



Advances in Electroencephalography and Brain Connectome

6

provide each individual information of connectivity of his own brain, and may not 
reflect his actual situation. It can vary with age, gender, body mass index and neuro-
logical diseases [41–46].

As such, research studying normative connectome of the human brain has grown 
in number over the last five to ten years and the Human Connectome Project (HCP) is 
a good example. It is a large-scale project conducted in the U.S. to examine the human 
brain circuits and their relationship to behavior in a large population of healthy adults 
at a macroscopic level [27, 47, 48]. Clinical and neuroimaging information obtained in 
this project were listed out as follows [47–49].

• Multimodal neuroimaging with 3 T/7 T MRI scanners: structural, functional, 
and diffusion-weighted MRI

• Magnetoencephalography

• Genetic analyses

• Behavioral assessment

5. Applications of normative connectome (including DBS)

As a powerful tool to study the intriguing network in the brain, normative 
connectome can be used in different areas.

First, normative connectome can unveil the underlying complicated pathways of 
various neurological and psychiatric diseases and so may bring insights to the identi-
fication of new treatment targets. Let us take Figure 1 as an example. By mapping the 
connectomes of a group of patients with visual hallucination, lesions that cause the 
symptom were found to be connected to the occipital cortex. This aid in the discovery 
of novel treatment targets, as in this example, transcranial magnetic stimulation at 
the occipital cortex can suppress visual hallucination [50].

Second, normative connectome can enhance surgical precision and hence improve 
treatment outcome of different neurosurgical procedures. For instance, for glioma 
patients who plan for resection surgery, the application of normative connectome 
can help in the identification of eloquent areas and motor tracts before operation, 
hence reducing the number of intra-operative stimulations required to safely confirm 
a tract, decreasing the likelihood of disruptive seizures, lowering the risks of post-
operative neurological deficits, facilitating the resection, and making patients more 
comfortable during the operation [51, 52]. Epilepsy surgery is another example. It 
has been reported that with the use of connectome, the surgical outcome of epilepsy 
surgery can be improved and the risks of post-operative neurocognitive sequelae, 
including memory and language impairment, can be reduced [53–56].

Last but not the least, normative connectome has been used widely in the field of 
neuromodulation, especially DBS. Theoretically, DBS works by depolarization block-
ade, synaptic inhibition and depression, as well as, stimulation-induced modulation 
of pathological network activity, of which is regarded the most important mechanism 
of action [57, 58]. Thus, when normative connectome allows us to map out the patho-
logical pathways in the brain, stimulation at certain points along the circuits may 
restore the disrupted information flow and so alleviate patients’ symptoms. Besides, 
DBS electrodes, which function as probes, can become seeds or regions-of-interest 
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(ROIs) when they are used to compute their connectivity profiles with normative 
connectome to perform network-based analyses. In this way, we can identify the 
optimal site for stimulation and avoid undesirable side effects, thereby facilitating 
DBS programming and improving surgical outcome [59].

6. How to perform connectomic analyses in patients with DBS implanted

Assuming that there is no significant difference between the patient’s brain and 
an average brain, normative connectomic analysis can be conducted to study the 
patient’s connectivity profile that his neurostimulator may modulate. Unlike indi-
vidual connectomic analysis, either structural or functional MRI data is enough for 
normative connectomic analysis. In other words, either diffusion-weighted MRI with 
tractography or functional MRI is required for normative connectomic analysis. With 
this network analysis, the precision of pre-operative targeting and post-operative 
programming can be enhanced [23, 60, 61].

The approach to conduct connectomic analysis in a patient with DBS implanted is 
described as follows (Figure 2) [23, 60, 61].

Step 1: co-registration.
Before DBS surgery, structural MRI brain, as well as diffusion-weighted or func-

tional MRI brain is performed. After surgery, a computed tomography (CT) of the 
brain is done. The post-operative CT brain is then co-registered to the pre-operative 
MRI brain, preferably with brain shift correction and spatial normalization.

Step 2: electrode localization.
After co-registration of pre-operative and post-operative neuroimages, the elec-

trodes can be localized while the adjacent neuroanatomical structures are identified.
Step 3: estimation of volume of tissue activated (VTA).
The VTA is an estimate of the volume and shape of the distribution of electrical 

signal stimulating brain tissues when the contact on a DBS electrode is activated. It 
depends on the composition of settings of the electrode contacts and implanted pulse 

Figure 2. 
The approach to perform connectomic analysis in a patient with DBS implanted.



Advances in Electroencephalography and Brain Connectome

8

generator, e.g., the number and locations of activated contacts, impedance, voltage, 
pulse width, or frequency [62, 63].

After the localization of DBS electrode, the VTA is estimated with the activated 
contact(s) on the DBS electrode identified. The physician can choose the electrode 
contact(s) stimulated with monopolar stimulation and decide the stimulation pro-
gramming setting. The VAT will be estimated according to the DBS programming 
parameters.

Step 4: calculation of connectivity profile from seed region.
When a region-of-interest (ROI) has been identified, it can be used as a seed 

within specific functional or structural normative connectomes to work out its 
functional or structural connectivity, respectively. Usually, the VTA of a specific DBS 
electrode is selected as the seed.

Step 5: analysis of the relationship of DBS site connectivity with clinical 
outcome.

Finally, a statistical analysis is conducted to investigate if there is a relationship 
between DBS site connectivity and clinical outcome, which can be symptom improve-
ment or side effects.

7. Connectomic DBS in PD

Indeed, the use of human connectome has been studied extensively in the field 
of DBS surgery, especially for major movement disorder indications such as PD. In 
general, electrode localization is important in the success of surgery. Historically, 
lesion-based localization at surgical targets, namely STN or GPi, is found to improve 
motor symptoms in PD patients. However, as increasing evidence points out that DBS 
works by restoring the connectivity of abnormal networks to a physiological state, 
[57, 58] more studies have investigated the relationship between connectivity-based 
localization and treatment outcome of DBS surgery. Horn et al. reported that with 
the use of normative connectome, structural connectivity to supplementary motor 
area (SMA), superior frontal gyrus and cerebellum were associated with good clinical 
response. Also, structural and functional connectivity were independent predictors 
of clinical improvement of STN DBS [45].

Next, it has been postulated that if different surgical targets would modulate the 
same circuit in PD patients and affect treatment response. Sobesky et al. showed 
that based on normative connectome atlas, connectivity profiles seeding from either 
STN or GPi DBS electrodes were highly similar, suggesting that irrespective of the 
surgical target, the network modulated by DBS largely overlaps [64]. Moreover, in 
both groups, functional connectivity to the frontal lobe, especially SMA and adjacent 
cingulate, middle and inferior temporal gyri, inferior parietal gyri and motor cer-
ebellum were associated with good clinical outcome [64]. Nonetheless, despite the 
marked similarity in the circuitry modulated by both DBS, the treatment response in 
the two groups varied. For bradykinesia-rigidity symptoms, connectivity profile was 
associated with significant improvement and shared considerable similarity in both 
groups. In contrast, the results for tremor were different, suggesting that the net-
works modulated by effective neurostimulation at different targets, though similar, 
may have a small discrepancy [64].

Electrophysiological data has long been used as markers for lesion-based neuro-
modulation surgeries in PD. For example, local field potential (LFP) can serve as a 
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tool for brain sensing in PD patients with DBS implanted at STN, thereby facilitating 
DBS programming and medication titration. Increased beta activities were observed 
in the hypodopaminergic state when the patients suffer from bradykinesia and 
rigidity and could be suppressed by DBS and dopaminergic medications. On the other 
hand, increased gamma activities were seen in times of dyskinesia [65–69]. However, 
in patients with connectivity-based stimulation, will the electrophysiological data 
correlate with the connectivity profile? Accolla et al. described that beta oscilla-
tions were detected in the cerebral circuit projecting from the STN to the motor and 
premotor cortical areas in PD patients [70]. Besides, Hirschmann et al. reported that 
with the use of magnetoencephalography (MEG), local field potential (LFP) and 
electromyogram (EMG), elevated beta coherence was found between M1 and STN in 
PD patients, which could be suppressed with administration of levodopa [71]. These 
findings suggested a link between electrophysiology data and connectivity-based 
stimulation.

As such, connectomic DBS seems to be a reasonable and effective therapeutic 
option for advanced PD patients. Growing evidence has showed that depending on 
the symptoms, connectomic DBS can act on different circuits in the brain. In this 
way, the neuromodulation surgery can affect both motor and non-motor functions 
(Table 2) [23, 45, 61, 72–79].

Study DBS 

target

Number 

of subjects

Type of connectome Major findings

Motor effects

Horn et al. [23] STN 51 Structural connectivity VTAs connecting to SMA 
correlated to clinical motor 
improvement

Treu et al. [61] STN 51 Structural connectivity VTAs connecting to M1 / S1 
negatively correlated with 
motor outcome.

Horn et al. [45] STN 95 • Structural connectivity

• Functional connectivity

• VTA structural connectiv-
ity with SMA associated 
with clinical motor 
improvement

• Functional connectiv-
ity with M1 associated 
with clinical motor 
improvement.

Tsuboi et al. [72] GPi 16 • Structural connectivity

• Functional connectivity

• Stimulation induced 
dyskinesia (SID) VTAs 
significantly associated 
with higher structural con-
nectivity to the associative 
cortex and SMA / premotor 
cortex.

• Non-SID VTAs associated 
with greater connectivity 
to the primary sensory 
cortex, cerebellum, 
subthalamic nucleus, and 
motor thalamus.
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8. Conclusion

In conclusion, connectomic DBS, which makes use of circuitry-based stimulation 
technique rather than lesion-based stimulation technique, has revolutionized the field 
of neuromodulation surgery. By stimulating patient-specific circuits, this surgery 
enables us to offer a more precise management approach while avoiding undesir-
able side effects. In addition, with the advent of normative connectome obtained 

Study DBS 

target

Number 

of subjects

Type of connectome Major findings

Lofredi et al. [73] STN 17 Structural connectivity VTAs connecting to the 
pre-SMA and inferior frontal 
gyrus of the right hemisphere 
correlated with stimulation-
induced movement 
inhibition.

de Almeida Marcelino 
et al. [74]

STN 20 Functional connectivity VTAs connecting to M1 
and cerebellar hemispheres 
correlated with motor 
learning improvement.

Avecillas-Chasin et al. 
[75]

STN 43 Structural connectivity • Stimulation zones related 
to rigidity and tremor 
improvement involved 
pallidofugal pathway.

• Stimulation zones related 
to bradykinesia improve-
ment involved nigrofugal 
pathway.

Lizarraga et al. [76] STN 1 Structural connectivity VTAs associated with a 
greater degree of lateral 
deviation (Pisa syndrome) 
associated with increased 
white matter streamlines.

Non-motor effects

Irmen et al. [77] STN 116 Structural connectivity VTAs connecting to left 
prefrontal cortex associated 
with worsening of depressive 
symptoms.

Cury et al. [78] STN 32 Structural connectivity VTAs connecting to a 
distributed network of 
sensory brain regions 
(prefrontal, insular and 
cingulate cortex, and 
postcentral gyrus) inversely 
correlated with pain intensity 
improvement.

Mosley et al. [79] STN 55 Structural connectivity VTAs connecting to the 
prefrontal cortex (especially 
the orbitofrontal cortex) 
related to impulsivity

Table 2. 
Clinical effects of connectomic DBS in PD.
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by grouped data, it simplifies the complicated procedure of connectome mapping, 
trajectory planning and DBS programming, making it more user-friendly to the 
neurosurgeons and neurologists. Furthermore, connectomic mapping allows us to 
map out symptom-specific circuits for each patient individually and check for the 
overlap of these circuits. In this way, connectomic DBS surgery can be tailormade for 
each patient and become “bespoke surgery” that can address their own needs.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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