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Background: The clinical pictures of essential tremor (ET) and Parkinson’s disease (PD) are often quite mimic at the early stage, and 
longstanding ET may ultimately develop to PD, that is, PD with “antecedent ET”. Early diagnosis and differentiation of the two are 
essential for predicting disease progression and formulating individualized treatment plans. However, current approaches remain 
challenging. This study aimed at determining the morphological, microstructural and iron-related changes in these patients’ brains 
using multimodal magnetic resonance imaging (MRI).
Methods: We reviewed a kindred with ET and PD with “antecedent ET” recruited at our hospital in May 2023. The clinical 
characteristics, genetic testing and multimodal MRI data of 16 family members were collected. Multimodal MRI analysis included 
structural MRI, diffusion tensor imaging (DTI) and tractography, and quantitative susceptibility mapping (QSM).
Results: Two second-generation family members diagnosed PD had ET history before PD performance appeared, five third- 
generation family members were diagnosed with ET. Fifteen of the 16 cases had missense mutation in the EIF4G1 gene. Temporal 
and spatial features of morphology and iron deposition in different brain regions were heterogeneous. DTI showed that the cerebello- 
thalamo-motor cortical network was involved in both ET and PD cases, and the additional nigrostriatal-thalamo-motor cortical network 
was involved in PD cases.
Conclusion: The combination of morphometric imaging, DTI and QSM could be used as an imaging biomarker for ET and PD 
diagnosis and could be an effective tool for longitudinal monitoring of disease progression and transformation.
Keywords: magnetic resonance imaging, quantitative susceptibility mapping, diffusion tensor imaging, Parkinson’s disease, essential 
tremor, eukaryotic translation initiation factor 4 gamma 1

Introduction
Parkinson’s disease (PD) and essential tremor (ET) are prevalent chronic movement disorders in the general population. 
ET is the most common tremor disorder, with bilateral tremors occurring during actions.1 PD is a prevalent neurode
generative disease. Tremors in patients with PD commonly occur at rest, present unilaterally, and progress to both sides 
of the body. PD encompasses additional symptoms, like bradykinesia, rigidity, and gait or balance issues.2–4 ET and PD 
are difficult to distinguish because they have the same clinical symptoms, particularly in disease early stages. In addition, 
longstanding clinical research has demonstrated that patients with prolonged ET may eventually develop other neuro
logical conditions, like dystonia or PD, those who later exhibit a PD phenotype are described as having PD with 
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“antecedent ET”.5 However, whether ET has a potential risk of developing to PD remains controversial. Therefore, in 
view of the fact that the clinical pictures of ET and PD are often quite similar and that these two diseases can transform 
into each other, current methods to early diagnosis and individualized therapy remain challenging.6

Neuroimaging techniques have been widely applied to identify structural and functional brain abnormalities across 
different diseases. Dopamine transporter single-photon emission computed tomography (SPECT) / positron emission 
tomography (PET) can effectively differentiate degenerative parkinsonism from other conditions, such as ETs, with high 
sensitivity and specificity.7,8 However, its application has been limited owing to the difficulty in preparing imaging agents 
and radiation exposure during examination. Therefore, magnetic resonance imaging (MRI) was introduced to reveal the 
brain imaging features of PD or ET.7,9,10 These studies mostly compared the brain images of patients with PD or ET with 
those of normal controls. Limited neuroimaging studies have focused on the distinctions and associations between these 
two diseases. No specific imaging features were observed on structural MRI between these two diseases in previous 
studies. Diffusion tensor imaging (DTI) and tractography could be applied to explore features of ET and PD as they are 
able to show altered white matter (WM) microstructural integrity of brain and delineation of specific fiber pathways. The 
pathogenesis of PD is still unclear, mainly involving genetic, environmental and neurobiological levels, so the treatment 
interventions are diverse.11–15 Some researches suggested that iron deposition may be a potential pathogenic 
mechanism.16 Therefore, iron may be a therapeutic target for PD, and the distribution of iron in different brain regions 
may affect the formulation of therapeutic intervention programs and therapeutic effects.17 It is necessary to precisely 
localize the brain region of iron deposition and accurately quantify the iron content in the brain region. A previous study 
used quantitative susceptibility mapping (QSM) to assess iron deposition in different brain regions of PD patients in vivo 
and found spatial-temporal variations in iron distribution in PD brains, particularly in deep gray matter (GM) 
structures.18,19 The application of QSM is of great significance for early precise diagnosis and monitoring of disease 
progression.20 However, there are few reports on the application of QSM to quantitative ET analysis.21 To date, there has 
been a lack of stable neuroimaging biomarkers for identifying and differentiating ET from PD at an individual level.

Early diagnosis is crucial to predict the course of these diseases. In this study, we performed multimodal MRI in 
a kindred with ET and PD with “antecedent ET” and attempted to identify neuroimaging biomarkers for early differential 
diagnosis of PD and ET using a longitudinal study. Thus, establishing an appropriate medical follow-up mechanism 
based on neuroimaging may assist in the clinical development of individualized treatment plans and delay disease 
progression.

Methods
Clinical Characteristics
The family was recruited in May 2023 and underwent clinical and genetic evaluations at the Affiliated Hospital of Jining 
Medical University. Clinical data and data related to various examinations were collected by specialist neurologists 
blinded to the participants’ histories. PD diagnosis followed the United Kingdom Parkinson’s Disease Society Brain 
Bank clinical diagnostic criteria with severity evaluated via the Movement Disorder Society-sponsored revision of the 
United PD Rating Scale (UPDRS) Part III. The diagnostic criteria for ET were established according to the classification 
by the International Parkinson and Movement Disorder Society’s Task Force on Tremors. Cognitive impairment was 
assessed with the Chinese version of the Mini-Mental State Examination (MMSE).22 The study protocol was approved 
by the Institutional Review Board (No. 2023–09-C031). Informed consent was obtained from all the participants.

MRI Acquisition
All MRI examinations were conducted using a 3.0T MRI scanner (Ingenia CX; Philips Healthcare, Best, Netherlands) 
with a 32-channel head coil. A comprehensive brain imaging protocol was conducted, including a three-dimensional (3D) 
turbo field echo T1-weighted scan (TFE T1WI), a T2-weighted spin echo (SE) sequence, a 3D fluid-attenuated inversion 
recovery (FLAIR) scan, a DTI scan, and QSM with a SE sequence. The relative scan parameters are listed in Table 1.
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Imaging Postprocessing and Review
Two diagnostic imaging experts (> 10 years of experience) jointly reviewed the radiographs. The reviewers were blinded 
to the clinical diagnoses and independently performed visual analyses twice. In cases of disagreement between the two 
experts, a third radiologist with 30 years of experience performed visual analyses to reach a final conclusion. The main 
imaging analysis process was shown in Figure 1.

Visual analysis of the MRI T1WI, T2WI, and FLAIR images was performed to observe the size, morphology, and 
abnormal signal performance of the brain (including the cerebrum, cerebellum, and brainstem). Volumetric analysis of 
T1WI images was conducted to assess structural atrophy. Subcortical brain regions and ventricles were segmented 
automatically. Automatic segmentation on the United Imaging Platform identified 106 subregions, encompassing 22 
temporal lobe, 20 frontal lobe, 12 parietal lobe, 8 occipital lobe, 8 cingulate gyrus, 2 insular, 12 subcortical GM 
structures, as well as cerebral WM structures, ventricles, the cerebellum, and additional structures. Volumes of the left 
and right caudate, putamen, globus pallidus, and thalamus were estimated.

Diffusion MRI were converted to NIFTI format using MRcroGL and were preprocessed using MRtrix tool (https:// 
www.mrtrix.org/), Functional MRI of the Brain (FMRIB) Software Library (FSL) (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) 
and the Advanced Normalization Tool (ANTs) (http://stnava.github.io/ANTs/). MRtrix tool was used for denoising and 
removing ring artifacts; use FSL to head dynamic eddy-current correction; ANTs was used for bias field correction, 
which was used to correct the uneven low-frequency intensity in MRI image data.

DTI reconstruction: the “BET” tool of FSL was used for brain extraction. Correction of B0 inhomogeneity distortion 
using images with opposite phase encoding DTI metrics, including fractional anisotropy (FA), mean diffusivity (MD), 
axial diffusivity (AD), and radial diffusivity (RD), were fitted using the “DTIFIT” tool.

Tractography: diffusion parameters at each voxel were modeled using FSL’s “bedpostx” tool, followed by finer 
tracking with “probtrackx2” tool based on the estimated fiber orientations, utilizing 5000 streamline samples, 
a 0.5 mm step length, and a 0.2 curvature threshold. The 1% threshold of way total for tracking results cards is 
trace.nii.gz. Each case was tracked the cerebello-thalamo-motor cortical network (tremor network) and nigrostriatal- 
thalamo-motor cortical network (PD network).

Table 1 MRI Scan Parameters

3D TFE T1-weighted Scan Parameters 3D SE T2-weighted Scan Parameters

TR 7.1 ms TR 3200 ms
TE 3.2 ms TE 371 ms

FA 8° FA 90°

FOV 256 mm FOV 256 mm
Matrix 256 × 256 Matrix 256 × 256

Isotropic voxel size 1.0 × 1.0×1.0 mm Isotropic voxel size 1.0 × 1.0×1.0 mm

3D FLAIR T2-weighted Scan parameters DTI Scan parameters

TR 4800 ms TR 8424 ms

TE 338 ms TE 78 ms

FOV 220 mm FOV 224 mm
Matrix 324 × 324 Matrix 112 × 112

Isotropic voxel size 0.68 × 0.68×3.0 mm Isotropic voxel size 2.0 × 2.0×2 mm

QSM Scan parameters

TR 62 ms Matrix 384 × 314
TE 6.8 ms Isotropic voxel size 0.6 × 0.6×2 mm

FOV 230 mm

Abbreviations: 3D, 3-dimensional; DTI, diffusion tensor imaging; FLAIR, fluid-attenuated inversion recovery; FOV, 
field of view; MRI, magnetic resonance imaging; QSM, quantitative susceptibility mapping; SE, spin echo; TE, echo time; 
TFE, turbo field echo; TI, inversion time; TR, repetition time; TSE, turbo spin echo.
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The magnitude image was scalped by the “BET” tool of FSL, magn_brain and corresponding mask were obtained, 
and the QSM indicator graph was calculated by STISuite. Visual analysis of QSM data in N1, situated in the dorsal 
region of the healthy substantia nigra (SN), at its intermediate and caudal levels. N1 appeared as an oval region with low 
signal intensity, encircled by a hyperintense area on QSM. N1 visual analysis employed a 3-point ordinal scale: 0 for 
normal (bilateral N1 presence), 1 for non-diagnostic (indecisive unilateral or bilateral N1 presence), and 2 for patholo
gical (bilateral N1 absence). The analytical methods used were similar to those described previously.23

Susceptibility maps were generated by ITK-SNAP, and two experienced neurologists blinded to participant diagnoses, 
manually segmented Regions of Interest (ROIs). Magnetic susceptibility measurements were acquired from both brain 
hemispheres in the SN, red nucleus (RN), and dentate nucleus (DN) regions.

Data Analysis
Statistical analyses were performed using IBM SPSS Statistic, Version 26.0 (IBM Corporation, Armonk, NY, USA). The 
study compared image differences across three groups: ET, PD, and normal participant (NP). Independent samples t-tests 
evaluated differences in image parameters of the cerebello-thalamo-motor cortical network and nigrostriatal-thalamo- 
motor cortical network, as well as the magnetic susceptibility of SN, RN, and DN across different groups (ET vs NP, PD 
vs NP, and ET vs PD). All differences with a two-tailed P-value < 0.05 were deemed statistically significant.

Figure 1 Workflow of the whole processing procedure. (a). the processing procedure of volumetric quantitative analysis of structural MRI. (b). DTI processing procedure, 
including diffusion MRI preprocess, DTI reconstruction and diffusion metrics acquisition, and tractography. (c). the processing procedure of quantitative analysis of QSM. 
Abbreviations: DTI, diffusion tensor imaging; MRI, magnetic resonance imaging; QSM, quantitative susceptibility mapping.
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Results
Clinical Characteristics
The pedigree of the family was obtained (Figure 2). The study included 16 of 20 family members across three 
generations who underwent genetic sequencing analysis and multimodal MRI, excluding the four who did not undergo 
MRI scans. According to the diagnostic criteria, three patients were identified with PD, and six patients were diagnosed 
with ET. Three patients with PD experienced tremors for multiple years prior to the onset of clinical symptoms. Case I-2 
was excluded due to the patient died at the age of 75 years during the study period, while based on the available disease 
history provided by her grandchildren, the diagnosis of this case was consistent with “clinically possible” PD. The 
proband (case II-4) was a 73-year-old male who first experienced action hand tremors at 65 years of age. He then 
developed resting tremors in the right upper extremity, and gradually developed resting tremors in the right lower 
extremity and left upper extremity, along with bradykinesia, a stiff facial expression, reduced arm swing during walking, 
a shuffling gait, and occasional coughing while drinking water for 71 years. His past medical history included the 
presence of diabetes mellitus. PD was first diagnosed with a UPDRS Part III score of 45, and the patient was completely 
independent. He was firstly administered levodopa and benserazide hydrochloride (0.0625 g) orally three times a day; 
2 weeks later, the dosage was increased to 0.125 g per dose. The patient was followed up for 1 month after medication. 
The patient’s older sister (case II-2) had a similar disease course and treatment. Cases III-2, 4, 6, 10, 15, and IV-2 
presented hand action tremors, accompanied by head tremors in cases III-4 and 15, but not in cases III-2, 6, 10, and IV-2). 
These tremors intensified with nervousness, subsided with alcohol consumption, and did not perform PD’s manifesta
tions. The other patients (cases II-6, 9, III-7, 19, and IV-3–6) exhibited no clinical symptoms of ET and/or PD. Table 2 
provides a summary of the clinical manifestations observed in all participants.

Our previous study has reported that the proband (case II-4) was identified to have a missense mutation in the 
eukaryotic translation initiation factor 4 gamma 1 (EIF4G1) gene: c.1909A>T in exon 13; genomic coordinates, 
chr3:184040722. Family members II-2, 6, 9, III-2, 4, 6, 7, 10, 15, and IV-2–6 all carried the same heterozygous missense 
mutation in the EIF4G1 gene: c.1909A>T. For case III-19, no mutation in this gene was identified.24

Figure 2 The pedigree of the Parkinson’s disease with “antecedent essential tremor” kindred. (I) represents first generation; (II) represents second generation; (III) 
represents third generation; (IV) represents fourth generation. The square represents the male, the circle represents the female, and the diamond represents the gender 
protection, not revealing the gender; black for Parkinson’s disease, grey for essential tremor; slash lines represent deceased family members; the arrows represent the 
proband.
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MRI Manifestations
The main structural MRI manifestations of the three generations are summarized in Table 3. The proband (case II-4) and 
his older sister (case II-2) showed brain atrophy, periventricular WM degeneration, multiple ischemic foci, old infarct and 
softening foci in the bilateral brain hemispheres and basal ganglia. Case II-6 showed brain atrophy, periventricular WM 
degeneration, multiple ischemic foci, old infarct and softening foci in the bilateral brain hemispheres and basal ganglia. 
Case IV-2 showed a posterior horn cyst of the right lateral ventricle with compression and deformation of the surrounding 
brain tissue. No obvious abnormalities on structural MRI in other participant family members.

Compared to the NP family members, ET cases had significant lower FA in the left cerebello-thalamo-motor cortical 
network (P = 0.029), PD cases had significant higher AD in the left cerebello-thalamo-motor cortical network (P = 

Table 2 Clinicopathological Features of Individuals Within the Family

Family 
Member

Sex Age at ET 
Onset

Age at PD 
Onset

Age at 
Examination

Disease 
Duration

Resting 
Tremor

Action 
Tremor

MMSE 
Scoring

UPDRS III 
Scoring

Concomitant 
Diseases

I-2 F <60 70 - >15 + - - - -

II-2 F 68 74 75 7 + - 22 35 Hypertension

II-4 M 65 71 73 8 + - 23 45 Diabetes

II-6 F - - 69 - - - - - -

II-9 F - - 57 - - - - - -

III-2 M 45 - 56 11 - + 26 - -

III-4 F 36 - 53 17 - + 28 - -

III-6 M 47 - 52 5 - + 24 - -

III-7 F - - 48 - - - - - -

III-10 M 47 - 52 5 - + 30 - -

III-15 F 38 - 41 3 - + 30 - -

III-19 F - - 32 - - - - - -

IV-2 M 20 - 27 7 - + 30 - -

IV-3 M - - 21 - - - - - -

IV-4 F - - 23 - - - - - -

IV-5 M - - 16 - - - - - -

IV-6 M - - 14 - - - - - -

Abbreviations: ET, essential tremor; MMSE, mini-mental state examination; PD, Parkinson’s disease; UPDRS III, United Parkinson’s Disease Rating Scale Part III.

Table 3 Structural Imaging Performances of Individuals Within the Family

Family 
Member

Visual Analysis of Structural MRI Volume Changes  
Volume (cm3)/Volumetric Fraction (%)

I-2 - -

II-2 Brain atrophy; 
Periventricular white matter degeneration; 

Multiple ischemic degeneration foci, old infarct foci and softening 

foci in the bilateral cerebral hemispheres and basal ganglia

↓ right CN (0.75/0.06), PUT (2.02/0.16), GP (1.14/0.09), TH 
(4.52/0.36); 

↓ right side of the brain WM (168.5/13.3)

II-4 Brain atrophy; 

Periventricular white matter degeneration; 

Multiple ischemic degeneration foci, old infarct foci and softening 
foci in the bilateral cerebral hemispheres and basal ganglia

↓ right CN (2.32/0.16), PUT (2.78/0.19), GP (1.62/0.11), TH 

(5.25/0.36); 

↓ right side of the brain WM (199.9/13.73); 
↓ right frontal pole (0.94/0.06); 

↓ left inferior parietal lobule (8.46/0.58)

II-6 Brain atrophy; 
Periventricular white matter degeneration; 

Multiple ischemic degeneration foci, old infarct foci and softening 

foci in the bilateral cerebral hemispheres and basal ganglia

↓ left side in the medial temporal lobe olfactory cortex (1.22/ 
0.09)

II-9 No obvious structural abnormalities -

(Continued)
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0.0003) and MD in the right nigrostriatal-thalamo-motor cortical network (P = 0.0012). Compared PD family members 
with ET family members, no difference was detected in any other diffusion metrics (Figure 3).

The proband (case II-4) and his older sister (case II-2) showed nigrosome-1 (N1) absent bilaterally (2 score); Cases 
III-2, 4, 6 showed indecisive presence of N1 bilaterally (1 score); Another participant family members showed no signal 
abnormality in visual analysis of QSM (0 score). According to quantitative analysis of QSM, ET cases’ magnetic 
susceptibility was significantly higher in the right SN (P = 0.007), the bilateral RN (PL-RN = 0.004, PR-RN = 0.013), and 
the left DN (P = 0.007) when compared to the NPs. PD cases’ magnetic susceptibility was obvious higher in the right SN 
(P = 0.015) and the bilateral RN (PL-RN = 0.046, PR-RN ˂ 0.0001) when compared to the NPs. The magnetic 
susceptibility was significantly different in the right RN (P = 0.016) between PD cases and ET cases (Figure 4). Two 
examples by multimodal MRI are shown in Figures 5 and 6. Multivariate analysis showed that the increased magnetic 
susceptibility of L-RN was the best indicator for distinguishing ET from NP, the increased magnetic susceptibility of 
R-RN was the best indicator for distinguishing PD from NP, and significantly different in the R-RN between PD and ET.

Discussion
This study presents clinical and multimodal MRI features of a kindred with ET and PD with “antecedent ET”. Three main 
imaging findings were indicated as follows: 1) Quantitative analysis of structural MRI showed a reduction in the volume 
or volumetric fraction of frontotemporal areas to different degrees in ET and PD cases, and an additional decrease in 
volume or volumetric fraction of the basal ganglia nucleus in PD cases, which including the caudate nucleus (CN), 
putamen (PUT), globus pallidus (GP), and thalamus (TH). 2) DTI showed that the cerebello-thalamo-motor cortical 
network was involved in both ET and PD cases, and the additional nigrostriatal-thalamo-motor cortical network was 
involved in PD cases. 3) QSM revealed that N1 signals were gradually enhanced with age and disease progression (ET-to 
-PD transition), and PD cases’ magnetic susceptibility was significantly higher in RN compared with ET cases, and in 

Table 3 (Continued). 

Family 
Member

Visual Analysis of Structural MRI Volume Changes  
Volume (cm3)/Volumetric Fraction (%)

III-2 No obvious structural abnormalities ↓ left GP (1.72/0.11); 
↓ right superior temporal gyrus (10.11/0.66); 

↓ right anterior central frontal gyrus (12.33/0.8);

III-4 No obvious structural abnormalities ↓ left medial temporal fusiform gyrus (6.91/0.53)
III-6 No obvious structural abnormalities ↓ right medial temporal fusiform gyrus (7.89/0.51), right lateral 

temporal lobe superior temporal gyrus (10.22/0.66); 

↓ right anterior central frontal gyrus (12.13/0.79), frontal pole 
(0.91/0.06), left frontal triangulum (2.73/0.18); 

↓ right parietal paracentral lobule (3.21/0.21); right posterior 

cingulate gyrus (2.71/0.18)
III-7 No obvious structural abnormalities -

III-10 No obvious structural abnormalities ↓ right frontal pole (0.94/0.06); 

↓ left frontal pole (0.79/0.05)
III-15 No obvious structural abnormalities ↓right fusiform gyrus of the medial temporal lobe (5.98/0.47)

III-19 No obvious structural abnormalities ↓ right middle temporal gyrus of later temporal lobe (8.55/ 

0.64)
IV-2 Posterior horn cyst of right lateral ventricle with compression and 

deformation of surrounding brain tissue

-

IV-3 No obvious structural abnormalities -
IV-4 No obvious structural abnormalities -

IV-5 No obvious structural abnormalities -

IV-6 No obvious structural abnormalities -

Notes: ↓ Decrease of the volume (cm3)/Volumetric fraction (%). 
Abbreviations: CN, caudate nucleus; MRI, magnetic resonance imaging; PUT, putamen; GP, globus pallidus; TH, thalamus; WM, white matter.
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addition to the high magnetic susceptibility in SN and RN, ET cases showed an additional high magnetic susceptibility 
in DN.

ET and PD are common but distinct neurological diseases with overlapping features. These two diseases tend to co- 
occur in a kindred. Previous studies have found that patients with ET are four fold higher risk to develop PD compared to 
those without ET.25 To date, there are no adequate biomarkers for early differential diagnosis or precise prediction of the 
progression of these two diseases.

Current clinical diagnoses of ET and PD primarily rely on evaluating phenomenological traits and the disease 
progression. Our findings indicate that the application of noninvasive multimodal imaging can enhance the objectivity 
of differential diagnosis of ET and PD based on clinical diagnoses. While no specific neuroimaging method is advised for 
routine clinical use in ET and PD, various previous studies have noted imaging differences between the two diseases, 
though many findings remained controversial. For ET cases, cerebellar and cerebral structural changes are distinctly 
heterogeneous and are associated with clinical phenotypes.26 A number of neuroimaging studies have reported cerebellar 
or cerebral atrophy (especially in the cerebellar deep nucleus and in the cerebral cortex or subcortical gyrus),27,28 no 
morphological cerebellar changes,29,30 or even increased cerebellar and cerebral GM volume in patients with ET 
compared to normal controls.31,32 In our study, no morphological cerebellar changes were observed in the kindred 
with ET, mainly manifesting as a reduction in frontotemporal cortical volume, and only one patient had additional GP 

Figure 4 Intergroup differences in magnetic susceptibility in the SN, RN, and DN. (a). statistics differences in magnetic susceptibility of SN in ET vs NP, PD vs NP and ET vs 
PD. (b). statistics differences in magnetic susceptibility of RN in ET vs NP, PD vs NP and ET vs PD. (c). statistics differences in magnetic susceptibility of DN in ET vs NP, PD 
vs NP and ET vs PD. *P < 0.05; **P < 0.01; ***P < 0.001. 
Abbreviations: DN, dentate nucleus; ET, essential tremor; NP, normal participant; PD, Parkinson’s disease; RN, red nucleus; SN, substantia nigra.

Figure 3 Intergroup differences in diffusion metrics of the cerebello-thalamo-motor cortical network and nigrostriatal-thalamo-motor cortical network. (a. and e.) statistics 
differences in fractional anisotropy of cerebello-thalamo-motor cortical network and nigrostriatal-thalamo-motor cortical network in ET vs NP, PD vs NP and ET vs PD. (b. 
and f). statistics differences in mean diffusivity of cerebello-thalamo-motor cortical network and nigrostriatal-thalamo-motor cortical network in ET vs NP, PD vs NP and ET 
vs PD. (c. and g). statistics differences in axial diffusivity of cerebello-thalamo-motor cortical network and nigrostriatal-thalamo-motor cortical network in ET vs NP, PD vs 
NP and ET vs PD. (d. and h). statistics differences in radial diffusivity of cerebello-thalamo-motor cortical network and nigrostriatal-thalamo-motor cortical network in ET vs 
NP, PD vs NP and ET vs PD. *P < 0.05. 
Abbreviations: ET, essential tremor; NP, normal participant; PD, Parkinson’s disease.
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atrophy. We suggest that a reduction in the GM volume of the basal ganglia nucleus may be a significant indicator of ET 
progression. Structural changes on conventional MRI in patients with PD are less apparent, especially in the early stage. 
Previous neuroimaging studies have documented brainstem and subcortical involvement in PD’s early stages, and 
atrophy in different brain regions as the disease progresses.33,34 A voxel-based morphometry analysis of PD found that 
basal ganglia atrophy aligned with nigrostriatal degeneration, and lead to the dysfunction of the basal ganglia thalamo
cortical circuit;35 frontotemporal and occipitoparietal cortical regions were also involved in the advanced stage. The 
results of our structural MRI visual analysis and quantitative volume analyses yielded results consistent with previous 
studies. We found that morphological changes in the basal ganglia may be potential markers of ET transformation into 
PD, which aligned with its pathophysiological function of motor regulation.

The application of DTI in ET and PD has been extensively studied. MRI studies have demonstrated DTI techniques 
could provide evidence for regional altered WM microstructural integrity in ET and PD. How to use DTI to distinguish 
ET and PD has important clinical application value. Previous studies mostly analyzed the DTI data of certain fiber bundle 
segments. In patients with ET, FA values in the DN and cerebral multi-region WM fiber tracts were decreased compared 
with healthy controls.16,36 When compared to PD patients, ET patients exhibited more pronounced involvement of the 
DN, cerebellar peduncles, and thalamo-cortical visual pathway, with no observed differences in the SN.16 While another 
study reported that the AUC was 0.96 using DTI measures from the CN and SN to differentiate PD from ET.37 Currently, 
both ET and PD are considered network diseases of brain. The cerebello-thalamo-cortical network, as one of tremor- 
related pathways, has been indicated to be the mostly involved in ET pathophysiological processes.38 The present study 

Figure 5 Multimodal imaging performed in the three generations. First column: sMRI; second column: DTI-Tremor network; third column: DTI-PD network; fourth column: 
DTI-MIP; and fifth column: QSM. (a). the multimodal MRI findings of the proband (case II-4). (b). the multimodal MRI findings of the case III-2. (c). the multimodal MRI 
findings of the case IV-5. 
Abbreviations: DTI, diffusion tensor imaging; MIP, maximum intensity projection; PD, Parkinson’s disease; QSM, quantitative susceptibility mapping; sMRI, structural 
magnetic resonance imaging.
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analyzed the DTI data of the involved network, and confirmed the changes of WM microstructure in cerebello-thalamo- 
cortical network in ET cases.39 In addition, our results showed an increased structural connection in cerebello-thalamo- 
cortical pathway of PD compared to NP, which may be potentially attributable to the early stages and tremor-dominant 
nature of PD. The spatial position relationship of cerebello-thalamo-cortical network in these two diseases persists 
greatly overlap. In PD, studies have confirmed that lower structural connectivity in the motor network encompassing 
striatum, GP, TH and motor cortex corresponds to the pathophysiology of PD.40 We analyzed the nigrostriatal-thalamo- 
motor cortical network in each case within this kindred, and found that PD cases showed dysfunction of this network. 
The dysfunction of the nigrostriatal-thalamo-motor cortical network could serve as a potential neuroimaging marker for 
predicting disease progression, and may be linked to brain iron deposition in PD cases.

Key pathological changes in PD include the progressive degeneration of dopaminergic neurons and iron accumulation 
in the SN.41 QSM has been used in several studies to quantify iron content, and it is sensitive in detecting iron-correlated 
changes in the brains of PD patients.42 QSM is a promising diagnostic tool for PD.43 Fu et al confirmed that dynamic 
measurement of iron deposition by QSM in the subcortical nuclei (SN, RN, CN, GP, and PUT) can be used to monitor 
disease progression.18 An MRI study indicated that ET was also linked to iron deposition in the SN; however, the degree 
of iron deposition was significantly lower than that in PD patients.23 We initially conducted a visual analysis of N1 due to 
its rapid and convenient nature for clinical use. Our study showed that visual analysis has a fairly strong diagnostic 
capability for PD, while variations in its effectiveness for ET (with or without iron deposition in nigra striatum). 
Quantitative analysis of QSM revealed significantly elevated iron concentration in the DN of ET cases compared to NPs, 

Figure 6 Multimodal imaging performed in the three generations. First column: sMRI; second column: DTI-Tremor network; third column: DTI-PD network; fourth column: 
DTI-MIP; and fifth column: QSM. (a). the multimodal MRI findings of the case II-2. (b). the multimodal MRI findings of the case III-4. (c). the multimodal MRI findings of the 
case IV-6. 
Abbreviations: DTI, diffusion tensor imaging; MIP, maximum intensity projection; PD, Parkinson’s disease; QSM, quantitative susceptibility mapping; sMRI, structural 
magnetic resonance imaging.
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and in the RN of PD cases compared to ET cases. Previous studies have indicated a correlation between excessive iron 
deposition in DN and tremor,16,44 and Duanmu et al indicated DN iron deposition in action tremor,45 which was 
consistent with our result. The RN is an essential part of the cerebello-thalamo-cortical network, and abnormalities in 
the RN can cause the dysfunction of this circuit, resulting in tremors. However, the specific role of iron deposition in the 
RN for pathogenesis of ET remains unclear, and most studies have indicated that no obvious signs of iron deposition 
were found in the RN in ET patients. Abnormal iron deposition in the RN and other regions is a prominent feature of PD, 
and heightened iron accumulation in the RN is related to PD progression.46,47 Previous studies have suggested that the 
iron deposition in the RN can be used as a reference for the differential diagnosis of ET and PD. However, our results 
were slightly different from previous studies. Our study showed iron deposition was found in the RN of ET cases, while 
more obvious iron accumulation in the RN of PD cases. Combining visual and quantitative analysis, we propose that 
gradually increasing iron deposition in the SN and RN could serve as a diagnostic biomarker for distinguishing PD from 
ET and as a predictor of ET progression to PD, and iron deposition in the DN may serve as an effective tool for ET 
severity stratification.

The present study is limited, and the data is relatively very scanty. The main reason is a relatively small sample size 
and the short longitudinal follow-up time. Regular follow-up of all family members with MRI and inclusion of more 
families are needed to meet the requirements of future longitudinal studies.

Conclusions
Our study found that morphological changes in the basal ganglia, microstructural dysfunction in the nigrostriatal-thalamo 
-motor cortical network and iron deposition could as potential imaging biomarkers for diagnosing ET and PD and could 
be an effective tool for the longitudinal monitoring of disease progression and transformation. The heterogeneous 
temporal-spatial features of morphology and iron deposition across various brain regions highlighted the importance 
of monitoring dynamic changes in iron content, WM microstructure and morphology throughout the progression of this 
kindred. These approaches enhance our understanding iron metabolism dynamics and structural connection network 
changes in the pathogenesis of PD with “antecedent ET”, aiding in the development of novel methods for predicting 
disease progression.

Abbreviations
3D TFE T1WI, three-dimensional turbo field echo T1-weighted scan; AD, axial diffusivity; ANTs, Advanced 
Normalization Tool; CN, caudate nucleus; DN, dentate nucleus; DTI, Diffusion tensor imaging; EIF4G1, eukaryotic 
translation initiation factor 4 gamma 1; ET, essential tremor; FA, fractional anisotropy; FLAIR, fluid-attenuated 
inversion recovery; FMRIB, functional magnetic resonance imaging of the brain; FSL, FMRIB software library; 
GP, globus pallidus; MD, mean diffusivity; MRI, magnetic resonance imaging; N1, nigrosome-1; NP, normal 
participant; PD, Parkinson’s disease; PUT, putamen; QSM, quantitative susceptibility mapping; RN, red nucleus; 
ROIs, Regions of Interest; SE, spin echo; SN, substantia nigra; T2WI, T2-weighted; TH, thalamus; WM, white 
matter.
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