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Cognitive impairment is a critical non-motor symptom of Parkinson’s Disease 
(PD) that profoundly affects patients’ quality of life. Magnetic Resonance Imaging 
(MRI) has emerged as a valuable tool for investigating the structural and functional 
brain changes associated with cognitive impairment in PD (PD-CI). MRI techniques 
enable the precise identification and monitoring of the onset and progression 
of cognitive deficits in PD. This review synthesizes recent literature on the use 
of MRI-based techniques, including voxel-based morphometry, diffusion tensor 
imaging, and functional MRI, in the study of PD-CI. By examining these imaging 
modalities, the article aims to elucidate the patterns of brain structural and 
functional alterations in PD-CI, offering critical insights that can inform clinical 
management and therapeutic strategies. In particular, this review provides a novel 
synthesis of recent advancements in understanding how specific MRI metrics, 
such as amplitude of low-frequency fluctuations, regional homogeneity, and 
functional connectivity, contribute to early detection and personalized treatment 
approaches for PD-CI. The integration of findings from these studies enhances our 
understanding of the neural mechanisms underlying cognitive impairment in PD 
and highlights the potential of MRI as a supportive tool in the clinical assessment 
and treatment of PD-CI.
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1 Introduction

Parkinson’s Disease (PD) is a neurodegenerative disorder characterized by rapid 
progression and a significant increase in incidence and prevalence over the past two decades 
(Nemade et al., 2021; Dorsey and Bloem, 2018). The risk of PD escalates with age, and it is 
more commonly observed in males compared to females, with a male-to-female ratio of 
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approximately 1.4:1. While approximately 5–10% of PD cases are 
monogenic and follow Mendelian inheritance patterns, the majority 
are sporadic, with unclear etiology potentially involving a complex 
interplay of genetic and environmental risk factors (Deng et al., 2018; 
Kouli et al., 2018; Kalinderi et al., 2016).

Cognitive impairment (CI) is a frequent non-motor manifestation 
of PD, affecting a considerable proportion of patients. Research 
indicates that the prevalence of cognitive impairment in PD patients 
is approximately six times higher than that observed in the general 
population (Suo et al., 2022; Jurcau and Nunkoo, 2021). CI in PD can 
be  categorized into subjective cognitive decline, mild cognitive 
impairment specific to PD (PD-MCI), and Parkinson’s Disease 
Dementia (PDD) based on its severity (Aarsland et al., 2021). It is 
reported that about 26% of PD patients exhibit PD-MCI, with 
prevalence rates rising to 55% among those with a disease duration of 
over 10 years (Litvan et al., 2012; Domellöf et al., 2015; Wood et al., 
2016). Furthermore, longitudinal studies have shown that 59% of 
PD-MCI patients progress to dementia within 1 year, highlighting the 
heightened risk of dementia associated with persistent cognitive 
impairment in PD (Aarsland et al., 2010; Janvin et al., 2003; Pedersen 
et al., 2017). Cognitive impairment significantly affects the quality of 
life of individuals with PD, emphasizing the critical need for early 
detection and prediction of its progression to improve clinical 
outcomes (Vasconcellos et al., 2019).

Magnetic resonance imaging (MRI) is a non-invasive imaging 
modality widely used in neuroscience to evaluate brain structure, 
function, and neurochemistry (Achard and Bullmore, 2007). Through 
MRI, researchers can correlate structural and functional brain 
measurements with behavioral outcomes or clinical symptoms, 
offering insights into the potential neural mechanisms underlying 
various clinical presentations of PD (Brown et al., 2016). MRI plays a 
crucial role in clinical settings by enhancing the accuracy of 
diagnosing PD and differentiating its subtypes (Heim et al., 2017). 
Advanced MRI techniques, including Voxel-Based Morphometry 
(VBM), Diffusion Tensor Imaging (DTI), and Functional MRI (fMRI), 
are employed to identify and monitor changes in brain structure and 
function in patients with PD-CI (Figure 1). These imaging methods 
provide valuable information that aids in the early identification of 
cognitive impairment in PD and contributes to the development of 
targeted therapeutic interventions. By utilizing these advanced MRI 
techniques, researchers and clinicians can deepen their understanding 
of the neural underpinnings of cognitive impairment in PD, ultimately 
supporting improved diagnostic and treatment strategies.

2 Brain structural changes in PD-CI

2.1 Imaging techniques in PD-CI research

VBM and DTI are prominent MRI techniques utilized to assess 
brain structural changes in neurodegenerative disorders, including PD 
and its cognitive manifestations such as PDD and mild cognitive 
impairment (MCI) (Pan et al., 2013; Wu et al., 2018). VBM quantifies 
gray matter volume and morphology, while DTI provides insights into 
white matter microstructural integrity, making them essential tools 
for exploring the neuropathological underpinnings of PD-CI.

VBM enables the quantitative analysis of gray matter volume, 
providing detailed insights into localized cortical atrophy in PD-CI 
(Wu et al., 2018). Its strength lies in its capacity to precisely identify 
structural abnormalities related to cognitive decline. However, VBM 
results may be  influenced by the inherent variability in image 
preprocessing and normalization protocols, which can affect cross-
study comparisons (Wu et al., 2018). Additionally, VBM is limited in 
its ability to investigate white matter changes, thus providing an 
incomplete picture of the neural degeneration in PD-CI (Wu 
et al., 2018).

DTI offers valuable insights into white matter microstructure, 
which is often compromised in PD-CI (Zhang et al., 2015). Its 
ability to detect subtle microstructural changes, even in the 
absence of significant gray matter atrophy, makes DTI particularly 
useful for identifying early markers of cognitive decline (Agosta 
et  al., 2014). However, the technique’s sensitivity to motion 
artifacts and its limitations in resolving complex fiber architecture, 
such as in areas of crossing fibers, can complicate data 
interpretation. Despite these limitations, DTI serves as a critical 
complement to VBM, providing a fuller understanding of the 
structural underpinnings of PD-CI.

2.2 Gray matter changes in PD and PD-MCI

Zhang et al. (2015) applied VBM to compare gray matter volumes 
between PD patients with and without MCI and healthy controls. The 
study identified extensive cortical atrophy in PD patients relative to 
controls, particularly in the temporal, occipital, parietal, and frontal 
lobes, as well as the right insular cortex, cerebellar posterior lobe, and 
left caudate nucleus. In PD-MCI patients, significant gray matter 
reduction was observed in regions including the bilateral cingulate 
gyrus, lingual gyrus, left anterior cingulate cortex, insula, right 
superior temporal gyrus, orbitofrontal cortex, central gyrus, and 
precuneus, highlighting these areas as potential contributors to 
cognitive decline in PD.

2.3 Specific Gray matter alterations in 
PD-MCI

Among hospitalized PD patients, those with MCI exhibited 
further gray matter reduction in the anterior cingulate gyrus, middle 
temporal gyrus, right precuneus, orbitofrontal cortex, and left 
cingulate gyrus compared to PD patients without MCI. These findings 
suggest a pattern of cortical atrophy that may underlie cognitive 
impairment in PD, particularly implicating the temporoparietal 
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association cortex, right orbitofrontal cortex, and middle temporal 
gyrus as critical regions involved in the cognitive deficits observed 
in PD-MCI.

2.4 White matter integrity and olfactory 
dysfunction in PD-MCI

Stewart et al. (2023) investigated the association between cognitive 
impairment, olfactory dysfunction, and white matter integrity in early 
PD patients using DTI. The study focused on the anterior olfactory 
structures (AOS), finding that PD-MCI patients had significantly 
poorer olfactory function and exhibited abnormalities across all DTI 
metrics in the AOS compared to PD patients without cognitive 
impairment. These results imply that olfactory deficits and disrupted 
white matter integrity in olfactory regions could serve as early 
biomarkers for cognitive decline in PD-MCI (Figure 1).

2.5 Implications for PD-CI pathogenesis

The combined findings from these studies underscore the role of 
widespread gray matter atrophy and white matter microstructural 
changes as key features of cognitive impairment in PD. The 
identification of specific brain regions associated with these changes 
enhances our understanding of the neural substrates of PD-CI and 
suggests potential targets for future research and therapeutic 
intervention. Further exploration of these neuroimaging biomarkers 

could contribute to earlier diagnosis and more personalized 
management strategies for cognitive impairment in PD.

3 Brain functional changes in PD-CI

3.1 Overview of fMRI techniques in PD-CI

FMRI is a crucial tool for investigating the brain functional 
alterations associated with PD-CI (Baggio et al., 2014). Two primary 
fMRI modalities are commonly employed in research: resting-state fMRI 
(rs-fMRI) and task-based fMRI (ts-fMRI). Each modality offers distinct 
insights into the neural mechanisms underlying cognitive decline in PD, 
making them complementary methods in understanding PD-CI.

VBM is an imaging analysis technique that quantifies differences 
in brain anatomy by measuring gray matter volume across individuals 
(Sivaranjini and Sujatha, 2024). It is particularly effective in identifying 
structural changes, such as atrophy in brain regions, in patients with 
neurodegenerative diseases, including PD-CI (Sivaranjini and 
Sujatha, 2024).

DTI is another MRI technique that assesses the diffusion of water 
molecules in brain tissue, allowing for the evaluation of white matter 
integrity (Wang et al., 2020). This method is valuable for detecting 
subtle changes in white matter, which are often associated with 
cognitive decline in PD (Wang et al., 2020).

In the context of functional brain activity, amplitude of 
low-frequency fluctuations (ALFF) measures the amplitude of 
spontaneous low-frequency fluctuations during rs-fMRI (Wang et al., 

FIGURE 1

FMRI of brain structure and function in PD-C1.
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2018). This analysis detects regional brain activity changes, which are 
particularly relevant in assessing cognitive impairments in PD-CI 
(Wang et al., 2018).

Regional homogeneity (ReHo) evaluates the synchronization of 
brain activity across neighboring voxels, providing insights into local 
brain connectivity. Alterations in ReHo can signal disruptions in 
functional networks, which are commonly observed in PD-CI (Li 
et al., 2020).

Functional connectivity (FC) assesses the temporal correlation 
between spatially distant brain regions, highlighting how different 
parts of the brain communicate. FC analysis is particularly useful in 
identifying network disruptions, a hallmark of PD-CI (Amboni 
et al., 2015).

Rs-fMRI captures spontaneous brain activity while the subject is 
at rest, relying on blood oxygen level-dependent (BOLD) signal 
fluctuations to assess intrinsic brain networks like the default mode 
network (DMN) (Day et al., 2019). Rs-fMRI is highly effective for 
detecting disruptions in FC within these networks, which are often 
implicated in PD-CI. Additionally, rs-fMRI can identify 
compensatory mechanisms, where increased activity in specific 
regions reflects the brain’s attempts to counterbalance cognitive 
deficits (Kaut et  al., 2020). Since rs-fMRI does not rely on task 
performance, it is particularly sensitive to early functional changes 
that might go undetected during cognitive tasks.

On the other hand, ts-fMRI examines brain activation patterns in 
response to specific cognitive tasks or stimuli. It provides a more 
targeted approach, allowing researchers to observe how task-related 
brain regions function and how these processes deteriorate in PD-CI 
(Baggio and Junqué, 2019). Ts-fMRI is particularly useful for isolating 
the neural dynamics related to specific cognitive functions, such as 
memory or attention. While both rs-fMRI and ts-fMRI can detect 
compensatory mechanisms, rs-fMRI tends to be more sensitive to early 
intrinsic changes since it captures spontaneous brain activity without 
the need for external stimuli (Baggio and Junqué, 2019).

Key analysis methods used in rs-fMRI include ALFF, ReHo, 
and FC. These metrics help provide a comprehensive view of how 
brain regions synchronize and communicate, thus revealing 
detailed patterns of how functional networks are disrupted in 
PD-CI (Sun et al., 2021; Ten Kate et al., 2018; Hao et al., 2022; Li 
et  al., 2021) (Figure  1). In contrast, ts-fMRI focuses on task-
induced activations, which helps pinpoint which specific brain 
functions are compromised by PD (Kang et  al., 2021)  
(Figure 1).

Despite the valuable insights both modalities offer, they have 
limitations. Rs-fMRI excels in detecting intrinsic network dysfunction 
without external stimuli, making it particularly useful for identifying 
early cognitive impairments (Lemée et al., 2019). Ts-fMRI, however, 
provides a focused analysis of brain activity during specific tasks. Both 
modalities face challenges, such as fMRI’s relatively low spatial 
resolution, which may obscure subtle neural activity (Smith et al., 
2011). Moreover, they are susceptible to artifacts from head motion 
and physiological noise, potentially reducing the reliability of 
connectivity measurements (Smith et  al., 2011). Additionally, 
interpreting fMRI data is complex due to the intricate interactions 
between various brain regions and networks (Smith et al., 2011).

Nevertheless, fMRI remains an indispensable tool for 
understanding the dynamic functional changes that accompany 

cognitive decline in PD. It provides valuable insights into the 
underlying neural mechanisms of PD-CI, supporting ongoing 
advancements in research and clinical practice.

3.2 Resting-state functional changes

3.2.1 ALFF findings in PD-MCI
Wang et al. (2018) employed ALFF to measure spontaneous 

neural activity across PD patients with normal cognition 
(PD-NC), PD-MCI, and healthy controls (HC). Both PD groups 
exhibited reduced ALFF in the occipital regions (Calcarine_R/
Cuneus_R) compared to HC, suggesting altered basal neural 
activity. Notably, PD-MCI patients demonstrated increased ALFF 
in the right inferior frontal gyrus (Frontal_Inf_Oper_R) relative 
to HC and PD-NC, potentially indicating compensatory 
hyperactivity linked to cognitive challenges. A positive correlation 
between ALFF in Frontal_Inf_Oper_R and Unified Parkinson’s 
Disease Rating Scale scores, alongside a weak negative correlation 
with the Montreal Cognitive Assessment (MoCA) score, suggests 
this hyperactivity may reflect early compensatory mechanisms 
in PD-MCI.

3.2.2 Frequency-dependent neural activity 
alterations

Rong et  al. (2021) explored frequency-specific neural activity 
changes using fractional ALFF (fALFF) and degree centrality (DC) 
metrics in PD-MCI. The study found that these measures varied with 
specific frequency bands, revealing distinct patterns of disruption that 
differentiated PD-MCI from PD-NC. These results suggest that 
frequency-dependent abnormalities in neural activity may serve as 
useful biomarkers for identifying and characterizing cognitive 
impairment in PD.

3.2.3 ReHo findings in PD-MCI
Li et  al. (2020) investigated ReHo, a measure of local 

synchronization of brain activity, in PD patients using rs-fMRI. The 
study found that compared to HC, PD patients showed reduced 
ReHo in the left posterior cerebellum, while PD-MCI patients had 
increased ReHo in the marginal lobes and bilateral precuneus/left 
superior parietal lobule, along with decreased ReHo in the left 
insula. The negative correlation between ReHo in the left precuneus 
and cognitive scores, along with a positive correlation in the left 
insula, indicates that PD-MCI is associated with disrupted local 
synchronization, particularly in regions implicated in 
cognitive processing.

3.3 Task-state functional changes

3.3.1 Alterations in ReHo and the default mode 
network (DMN)

A study by Xing et al. (2021) assessed ReHo changes in PD-CI 
relative to PD-NC and HC, identifying elevated ReHo in the right 
middle frontal gyrus (MFG) and reduced ReHo in the left 
precuneus, bilateral inferior parietal lobule (IPL), and right 
posterior cingulate gyrus (PCG) in PD-NC compared to 
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HC. PD-MCI patients exhibited increased ReHo in the right PCG, 
left middle occipital gyrus (MOG), and IPL. These findings suggest 
that reduced ReHo within the DMN may precede cognitive 
impairment onset, with compensatory increases in ReHo in areas 
such as the right MFG potentially reflecting adaptive responses to 
early cognitive decline.

3.3.2 FC alterations in cognitive networks
Wang et  al. (2021) explored FC changes in the posterior 

cingulate cortex (PCC), a key node of the DMN, among PD-MCI 
patients. Compared to PD-NC and HC, PD-MCI patients showed 
reduced FC in the bilateral precuneus, a region critically involved in 
cognitive functions. The decreased FC was associated with poorer 
cognitive performance, underscoring the role of the precuneus and 
broader DMN disruptions in the pathogenesis of cognitive 
impairment in PD.

3.3.3 Compensatory mechanisms in working 
memory tasks

Hattori et  al. (2022) investigated neural responses during 
working memory (WM) tasks across PD patients with varying 
cognitive statuses. The study found that PD patients with normal 
cognition maintained WM performance through excessive 
activation in moderate and high WM load tasks, indicating 
compensatory neural mechanisms. In contrast, PD-MCI and PDD 
patients exhibited excessive activation even during low WM load 
tasks, suggesting a depletion of neural resources and impaired WM 
performance. Key brain regions implicated included the bilateral 
dorsolateral prefrontal cortex, frontal eye field, inferior/superior 
parietal lobules, and caudate nucleus, reflecting the differential 
recruitment of neural circuits depending on cognitive status and 
task demands.

4 Limitations and future directions

Despite the advancements in understanding the neural correlates 
of PD-CI using MRI techniques, several limitations remain in 
current research.

4.1 Need for longitudinal studies

A significant limitation is the lack of longitudinal studies that 
compare different stages of PD-CI. Such studies are crucial for 
understanding the progression of cognitive impairment over time 
and how it may be influenced by compensatory mechanisms or 
the effects of treatment. Future research should aim to include 
longitudinal designs to better capture the dynamic changes in 
brain structure and function associated with the progression of 
PD-CI. Specifically, studies could focus on tracking individual 
patients over several years, monitoring how their brain 
connectivity patterns change, and identifying early biomarkers 
for cognitive decline. Additionally, longitudinal imaging studies 
combined with cognitive assessments may help differentiate the 
trajectories of MCI from those leading to dementia, thus 
informing personalized therapeutic strategies.

4.2 Limited task-state fMRI research

There is a notable scarcity of ts-fMRI studies focused on PD-CI 
conducted by both domestic and international researchers. Ts-fMRI 
is valuable for assessing brain activation patterns during specific 
cognitive tasks, yet its application in PD-CI remains underexplored. 
Future studies should prioritize ts-fMRI experiments, particularly 
those examining the effects of cognitive tasks, attention, and motor 
training, to provide a more comprehensive understanding of 
functional alterations in PD-CI. A potential direction would be to 
design ts-fMRI protocols that target specific cognitive domains, such 
as working memory, executive function, and visuospatial abilities, 
which are frequently impaired in PD-CI. Comparing brain activation 
patterns across different cognitive loads could reveal the compensatory 
mechanisms engaged by PD-CI patients and inform tailored 
interventions that strengthen cognitive resilience.

4.3 Variation in MRI techniques

Different MRI techniques, such as VBM, DTI, rs-fMRI, and 
ts-fMRI, each offer unique insights into brain structure and function in 
PD-CI. However, these techniques emphasize different aspects of brain 
alterations, and there is currently no consensus on which single 
technique or combination of techniques provides the most accurate 
predictive value for cognitive impairment in PD. Future research should 
focus on systematically comparing these techniques or exploring 
integrated approaches to identify the most effective diagnostic and 
prognostic tools for PD-CI. Multimodal imaging studies that combine 
structural and functional MRI data could provide more comprehensive 
biomarkers for early cognitive decline in PD. Moreover, machine 
learning algorithms could be employed to integrate data from multiple 
modalities and enhance diagnostic accuracy.

4.4 Potential for advancements in MRI 
technology

As MRI technology continues to evolve, there is significant 
potential for further advancements in the diagnosis and treatment 
of PD-CI. Enhanced imaging resolution, more sophisticated 
analysis methods, and the development of multimodal imaging 
approaches could provide deeper insights into the neurobiological 
mechanisms underlying cognitive impairment in PD. Future 
research should leverage these technological advancements to 
improve the clinical application of MRI in the management of 
PD-CI. For example, high-field MRI scanners could offer more 
detailed structural and functional brain images, allowing for the 
detection of subtle changes that are currently missed by 
conventional MRI. Additionally, the integration of MRI with other 
imaging modalities, such as positron emission tomography, may 
help identify neurochemical changes alongside structural and 
functional alterations in the brain.

Addressing these limitations will be critical for advancing our 
understanding of PD-CI and improving diagnostic and 
therapeutic strategies through the continued development of 
MRI technology.
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5 Summary

In summary, the use of MRI technology has significantly 
advanced the understanding of brain structural and functional 
alterations in patients with PD-CI. VBM has been instrumental in 
identifying gray matter atrophy in brain regions that are closely 
associated with cognitive decline, such as the temporal and frontal 
lobes, cingulate cortex, and insula. DTI has provided insights into 
microstructural changes in white matter tracts, revealing disruptions 
that may contribute to cognitive deficits in PD-CI. Rs-fMRI studies 
have shown altered functional connectivity and activity in key brain 
regions including the frontal gyrus, cingulate gyrus, insula, precentral 
gyrus, precuneus, and inferior parietal lobule, highlighting changes 
in the intrinsic functional networks of the brain. Ts-fMRI has 
demonstrated excessive activation in neural circuits during working 
memory tasks, suggesting compensatory mechanisms or neural 
inefficiencies in PD-CI patients. Collectively, these MRI findings 
enhance the prediction and diagnosis of cognitive impairment in PD, 
offering valuable imaging biomarkers that could inform clinical 
strategies aimed at mitigating disease progression and tailoring 
therapeutic interventions. Addressing these findings could support 
the development of more effective diagnostic criteria and treatment 
plans, ultimately improving patient outcomes in PD-CI.
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