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Abstract

Voxel-based morphometry is an established technique to study focal structural brain

differences in neurologic disease. More recently, texture-based analysis methods

have enabled a pattern-based assessment of group differences, at the patch level

rather than at the voxel level, allowing a more sensitive localization of structural dif-

ferences between patient populations. In this study, we propose a texture-based

approach to identify structural differences between the cerebellum of patients with

Parkinson's disease (n = 280) and essential tremor (n = 109). We analyzed anatomical

differences of the cerebellum among patients using two features: T1-weighted MRI

intensity, and a texture-based similarity feature. Our results show anatomical differ-

ences between groups that are localized to the inferior part of the cerebellar cortex.

Both the T1-weighted intensity and texture showed differences in lobules VIII and

IX, vermis VIII and IX, and middle peduncle, but the texture analysis revealed addi-

tional differences in the dentate nucleus, lobules VI and VII, vermis VI and VII. This

comparison emphasizes how T1-weighted intensity and texture-based methods can

provide a complementary anatomical structure analysis. While texture-based similar-

ity shows high sensitivity for gray matter differences, T1-weighted intensity shows

sensitivity for the detection of white matter differences.
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1 | INTRODUCTION

Magnetic resonance imaging (MRI) analysis methods can detect ana-

tomical brain changes within clinical populations, often by comparing

structural differences between groups. These methods assess brain

structure using high-level features (e.g., volume, surface area, cortical

thickness, and shape). Voxel-based morphometry (VBM) is commonly

employed as a method that compares anatomical differences without

the need for prior knowledge of specific regions of interest

(Ashburner & Friston, 2000). VBM is a statistical framework that

assesses differences at the voxel level between two different patient

populations and is commonly interpreted by assessing morphologic

features (Price et al., 2004), such as T1-weighted intensity (Tong

et al., 2016), tissue probability density (Mechelli et al., 2005), or fea-

tures from other MRI modalities such as DTI coefficients (Maggipinto

et al., 2017).
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In recent years, texture-based analysis, which models local patterns

of relative intensity variations rather than the absolute value of inten-

sity, has proven a useful neuroimaging tool. Texture-based analysis can

detect group-level differences not evident at the voxel scale (Cai

et al., 2020). Unlike a voxel-wise approach, the texture-based analysis

aims to describe variations in the patterns of spatial intensity along with

a specific orientation. Recently, we developed a texture-based similarity

method (Hett et al., 2018), which applies a patch-based approach to

model the textural pattern at each voxel. This method integrates image

neighborhood information and offers an improved capability to detect

subtle anatomical changes (Coupé et al., 2012; Hett et al., 2019; Hett

et al., 2020; Hett et al., 2016). Specifically, each voxel is associated with

a value representing the similarity of textural patterns to two different

groups of subjects. This results in an additional descriptor similar to

those commonly used by VBM, which can also provide complementary

information (Ding et al., 2015).

This novel texture-based method was originally described for the

examination of pathological changes in the hippocampus (Hett

et al., 2018), and have been adapted in this study to investigate the struc-

ture of the cerebellum. The cerebellum has been understudied as a result

of contrast and resolution limitations of conventional structural MRI

methods. The cerebellum is a major subdivision of the hindbrain and pre-

sents a relatively consistent anatomical structure. It is separated into two

main structures: the cerebellar cortex, which is largely gray matter, and

the deep cerebellar nuclei, which includes the cerebellar peduncles

(whitematter), and dentate nucleus (graymatter). The cerebellum is com-

monly divided into several lobules and vermis, which have distinct func-

tional properties. For example, imaging studies show correlated

activation of the dentate nucleus and inferior lobules associated with

strategic motor control responses (Küper et al., 2014), while lateral pos-

terior regions have been associatedwith cognition (Schmahmann, 2010).

Recent studies emphasize distinct changes to cerebellar struc-

tures in Parkinson's disease (PD) and essential tremor (ET) populations

(Lin et al., 2013; Lopez et al., 2020). Both disorders commonly present

with tremor and progressive worsening of motor function. In PD,

tremor usually occurs at rest and involves several other symptoms

such as bradykinesia, rigidity, and balance disruptions. In contrast, in

ET, tremor in action movement is the primary symptom, and

bradykinesia, rigidity, and balance issues are not commonly seen. The

difference in so-called “action” and “postural” tremors in ET and PD

suggests related but different pathologic substrates (Baumann, 2012;

Algarni & Fasano, 2018; Schwindt & Rezmovitz, 2017).

Given the functional properties of the cerebellum, we sought to

assess structural differences between ET and PD in this study. We

assessed structural features at both a region-wise and voxel-wise level

using two methods: i) MRI intensity using a classical VBM framework,

and ii) a texture-based similarity method. We hypothesized that these

analyses would provide complimentary results allowing for an assess-

ment of the methodologic tradeoffs, as well as extend previous analyses

that employed cerebellar volumetric assessments (Lopez et al., 2020),

and VBM comparisons (Lin et al., 2013). We further hypothesized that a

texture-based approach would provide greater sensitivity to group dif-

ferences since this approach may alleviate limitations of volumetric and

VBM studies. In summary, in this study we propose a novel analysis to

localize cerebellar differences between PD and ET populations, using a

feature that is potentially more sensitive to group differences compared

to the one used by the classic VBM approach.

2 | MATERIALS AND METHODS

2.1 | Demographics

This analysis was performed on 389 participants diagnosed with

either PD (n = 280) or ET (n = 109) according to the established

criteria proposed in (Hughes et al., 1993; Deuschl et al., 2008). The

MRI data for all patients were acquired under anesthesia during a

standard-of-care protocol for stereotactic planning of deep brain stim-

ulation (DBS) surgery at Vanderbilt University Medical Center

between 2011 and 2018. Motor impairment was quantified using the

United Parkinson's disease rating scale (UPDRS) (Goetz et al., 2008)

for PD patients and Washington Heights-Inwood Genetic study

(WHIGET) for ET patients (Louis et al., 1997). The demographics

details of the cohorts used in this study are summarized in Table 1.

2.2 | Image acquisition

MRI data were acquired using a 3.0 T Philips Achieva whole body

scanner (Philips Medical Systems, Best, The Netherlands) with body

coil radiofrequency transmission and sensitivity-encoded 8-channel

head coil reception. T1-weighted MRIs were acquired using a 3D

turbo field echo sequence (TR/TE = 7.92/3.65 ms; spatial

resolution = 1 x 1 x 1 mm3). Patients have been sedated for the dura-

tion of the MRI as part of the DBS protocol.

2.3 | Preprocessing

All images were pre-processed using the following pipeline (Figure 1):

The cerebellum was segmented into 28 regions using a graph-cut

approach (Yang et al., 2016) following the delineation protocol pro-

posed by Bogovic et al. (2013). Denoising was performed with a spa-

tially adaptive nonlocal mean filter (Manjón et al., 2012), followed by

N4 bias-field correction (Tustison et al., 2010). Then, the union of the

segmentation masks across the entire dataset was used to crop the

cerebellum for the subsequent analyses. The intensity was normalized

using a z-score standardization within the cerebellar volume, and

finally an affine registration to the MNI space was performed (Avants

et al., 2011).

2.4 | Anatomical features

Figure 1 summarizes the processing pipeline that was used in this

study. Anatomical differences in the cerebellum were assessed using
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the T1-weighted intensity at a voxel scale, and a texture descriptor

with two scales of analysis.

T1-weighted intensity: To achieve the voxel-wise comparison of

T1-weighted intensity within the cerebellum, all MRIs were first

aligned into the MNI ICBM-152 stereotaxic space (Fonov et al., 2011)

using a nonrigid transformation (Avants et al., 2011). In order to

reduce detection errors due to systematic misregistration and ensure

that estimated features follow a normal distribution, T1-w images

were spatially smoothed using a Gaussian filter with a FWHM (full

width at half maximum) of 4 mm.

Texture-based similarity: The texture-based features were esti-

mated using the patch-based grading approach proposed by Hett et al.

(2018). This technique computes texture patterns within the entire cere-

bellar region for a given subject and compares this to two libraries of

templates composed of patients suffering from PD and ET, respectively.

To efficiently handle the complex shape of the cerebellum, the texture

maps were computed along multiple directions using a bank of Gabor fil-

ters. A patch-based grading method was used to estimate the similarity

of local patterns at each voxel using a patch size of 7 x 7 x 7 voxels. In

our study, the libraries were constructed using an equal number of MRIs

from patients suffering from PD and ET (i.e., 60 patients from each

group). In addition, to prevent any sex-related bias, the template libraries

have been built with the same proportion of male and female patients.

This texture-based method produces at each voxel a value between −1

(ET) to 1 (PD) representing the texture similarity (see Figure 2). Next, we

computed two types of texture-based descriptor:

1. Voxel-wise texture descriptor: In order to make the texture-based

features spatially comparable between subjects, we aligned all tex-

ture maps using a nonrigid transformation (Avants et al., 2011).

The deformation fields were estimated using the T1-w MRI and

the nonlinear MNI ICBM 152 template (Fonov et al., 2011).

2. Region-wise texture descriptor: Once the texture similarity has

been estimated at each voxel, we used the lobule segmentation to

aggregate these features within each cerebellar region. Relying on

the lobule segmentation has two advantages. First, the subsequent

anatomical descriptor is not dependent on the registration accu-

racy. Second, the average of texture within a given region provides

a more robust anatomical descriptor than the relatively noisy

voxel-wise descriptor.

TABLE 1 Demographic and clinical data

Parkinson's disease Essential tremor p value

Number of subjects 280 109

Age at scan (years) 62.1 ± 8.4 66.1 ± 9.6 < .01a

Sex (F/M) 97/183 59/50 < .01a

UPDRS-III off 42.35 ± 11.98 — —

WHIGET off — 28.40 ± 9.19 —

aKruskal–Wallis test.

F IGURE 1 Processing pipeline. (Yellow) Common pre-processing steps applied on the input MRIs prior to all three analyses. (Green)
Processing steps for the T1-w intensity analysis performed at the voxel level. (Blue) Processing steps for the texture-based similarity analysis
performed at the voxel level. (Red) Processing steps for the texture-based similarity analysis performed at the region level
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2.5 | Statistical analysis

Because of the potential bias that age and sex can introduce, we used

a similar statistical framework as employed in usual voxel-based mor-

phometry methods to model the demographic effects and detect

group differences. Consequently, once the T1-w images and texture-

based similarity maps were estimated and aligned, we conducted

a statistical analysis to localize areas with significant structural

differences between PD and ET groups. To detect significant cerebel-

lar differences, we used a general linear regression model (GLM)

with the investigated anatomical features as dependent variables

(i.e., T1-weighted intensity, voxel-wise texture, and region-wise tex-

ture descriptors), and patient pathologies, age and sex as co-variates.

Finally, to control the false discovery rate (FDR) due to the large num-

ber of comparisons, p-values computed at each voxel were FDR-

adjusted with the discovery rate q set to .05 using the method pres-

ented in (Benjamini & Hochberg, 1995). All p-values shown in the

results have been FDR-adjusted. Analysis has been conducted within

a bootstrapping scheme with 15 iterations. Bonferroni method was

used to combine p-value maps obtained at each iteration. All statisti-

cal analyses have been conducted using MATLAB.

3 | RESULTS

3.1 | Intensity-based analysis

Figure 3 presents the spatial distribution of voxels with significant

anatomical differences between PD and ET populations using T1-w

intensities as features. In this figure, voxels with a negative regression

coefficient (i.e., T1-w intensity smaller in ET patients than in PD

patients) are displayed in blue and voxels with a positive coefficient

(i.e., T1-w intensity larger in ET patients than in PD patients) are dis-

played in red. The results of our experiment suggest a lower intensity

for patients suffering from PD compared to ET population (shown in

red), mostly located in the lobules and vermis VIII and IX. Significant

differences were also found in the middle peduncle (corpus medullar).

Any differences in the other regions did not reach statistical signifi-

cance (see Figure 5c).

3.2 | Texture-based analysis

Voxel-wise analysis: Figure 4 presents the spatial distribution of dis-

criminant texture-based features related to pathological differences in

the cerebellum. We observe that the changes are symmetric in the

inferior part of the cerebellar cortex and mostly right sided for the

upper part of the cerebellum. Indeed, the discriminant texture fea-

tures are primarily in the right lobules VI, VIIIa, VIIIb, and IX. All these

lobules have a median p-value < .05 for the entire region (see

Figure 4d). This indicates a highly localized texture difference. In addi-

tion, our experiments have also shown discriminant texture-based

features in vermis Crus I/Crus II/VIIb. Our experiments also indicate

that lateral cerebellar lobules, such as VI, VII, VIII, and IX which border

the vermis seem to present stronger structural differences between

PD and ET. These findings are almost exclusively located in the gray

matter. Significant texture-based differences were also found in cor-

pus medullar, and specifically in the dentate nucleus area (see

Section A of supplementary materials). For this comparison, the den-

tate nucleus was localized using the probabilistic atlas proposed in

(He et al., 2017).

Region-wise analysis: Finally, we performed a regional texture-

based analysis. The texture-based features have been averaged within

each corresponding cerebellar area that have been identified using the

segmentation method (Yang et al., 2016); which has recently shown to

be comparable with state-of-the-art deep learning cerebellum

parcellation methods (Han et al., 2020; Han et al., 2019). The Figure 4-B

shows global texture differences for each cerebellar area. This

F IGURE 2 Example of two texture-based similarity maps after nonrigid registration to the MNI template. On the left side, a patient suffering
from Parkinson's disease and on the right an age- and gender-matched patient suffering from essential tremor
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experiment shows similar results to the voxel-wise analysis described

above. Indeed, significant differences of region-wise texture-based

similarity of PD and ET appear in lobule left Crus I (p-value = .001),

vermis Crus I/Crus II/VIIb (p-value = .003), lobules and vermis VIII

(p-value < .001), and finally in lobules and vermis IX (p-values < .001).

4 | DISCUSSION

4.1 | Comparison of the T1-w intensity and
texture features

In this study, we used two methods to assess the anatomical differ-

ences between patients with PD and ET. We evaluated the anatomical

differences from T1-weighted intensities using a conventional VBM

approach. This statistical framework enabled us to detect some

cerebellar structural differences between the two clinical cohorts, but

has several limitations. Specifically, this method relies upon a series of

preprocessing steps (i.e., interpolation and smoothing) that may have

a negative impact on the results, obscuring subtle anatomical changes.

In addition, it is well known that highly accurate registration tends to

reduce signal differences between groups of patients. Therefore, to

obtain robust results, VBM methods require a satisfactory tradeoff

between good registration accuracy and the preservation of structural

differences. Such compromise is by nature complicated to achieve

and highly user-dependent. To overcome some of these limitations,

we proposed to further evaluate anatomical differences using a recent

texture-based similarity method (Hett et al., 2018). Contrary to VBM,

texture-based similarities utilize only an affine transformation to help

the detection of similar patches of texture. This results in preserving

subtle anatomical information, which could provide better sensitivity

to detect anatomical differences between patient populations.

F IGURE 3 Voxel-wise T1w intensity analysis. Sagittal (top two rows), coronal (middle two rows) and axial (bottom two rows) views display
the average of T1-w MRI over the entire considered cohort, with the spatial distribution of regression coefficients for voxels with discriminant
intensity difference in color overlay. The p-value maps correspond to the diagnosis effect. p-values were adjusted using FDR-correction with a
discovery rate set to q = .05. Only coefficients with p values inferior to .05 are displayed
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However, texture-based analysis is not without potential limitations.

First, texture analysis tends to have reduced sensitivity in regions with

low spatial variability such as the white matter. Moreover, the use of a

patch for detecting anatomical differences also decreases precision in

terms of spatial localization. This results in a potentially larger area

detected compared to classic voxel-basedmorphometry. Another poten-

tial issue stems from the application of a denoising method before the

texture analysis. We acknowledge that such preprocessing steps also

tend to reduce high-frequency signals in the image which removes some

of the subtle texture information. However, it has been shown that the

SANLMmethod applied in our study enables us to preserve most of the

texture information (Manjón et al., 2012).

In terms of the localization of the anatomical differences between

the two groups, our results show that the T1-weighted intensity dif-

ferences are mainly located in two distinct areas. First, we find group

differences in the cerebellar cortex in the left lobules VIIb, VIII, vermis

IX. Second, we find significant T1-weighted intensity differences in

the corpus. The voxels with significant differences are mostly located

in the middle peduncle, which is a white matter structure. Similar to

the T1-weighted intensity analysis, the texture-based similarity analy-

sis captures significant group differences mostly in the inferior part of

the cerebellar cortex. The texture-based analysis revealed significant

differences mainly located to the vermis crus I/crus II/VIIb, vermis and

lobules VIII, and IX. Moreover, the texture-based analysis also shows

significant group differeces in the left superior region of the cerebellar

cortex (lobule VI), and the corpus, in the region of the dentate nucleus.

In contrast, T1-w intensity analysis is inconclusive in the dentate (see

Section A of supplementary materials). These findings are summarized

in Figure 5 and in the supplementary materials (see Section B of sup-

plementary materials).

F IGURE 4 Voxel-wise texture similarity analysis. Sagittal (top two rows), coronal (middle two rows) and axial (bottom two rows) views
showing the average of T1-w MRI over the entire considered cohort with the spatial distribution of voxels with discriminant texture differences
in overlay. The p-value maps correspond to the diagnosis effect. p-values were adjusted using FDR-correction with a discovery rate set to q = .05.
Only p-values inferior to .05 are displayed. We note that the values shown in this figure indicate group differences but do not represent a
directional relationship (unlike Figure 3). This is because we analyze the texture similarity feature which estimates specific labels +1 and − 1 for
the PD and ET groups respectively, rather than analyzing the raw texture features directly
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Moreover, given the age difference between the two cohorts

used in this study, we controlled for age in our analysis. Since the

texture-based analysis relies upon template libraries, we incorporated

an age matching technique to ensure a comparison between patients

at similar ages. Age at the time of imaging was added as a covariate in

the linear model.

4.2 | Physiopathology

Our study highlights regional cerebellar differences between PD and

ET populations. First, it is interesting to note that differences in the

vermis can explain symptomatic differences since it has been shown

that such structures mediate gait and balance (Baumann, 2012;

Stoodley et al., 2012). Secondly, the differences found in lobules VI

and VIII are in line with studies indicating that these lobules perform

sensorimotor functions in the cerebellum (Lopez et al., 2020; Lewis

et al., 2007; Sharifi et al., 2014; Benninger et al., 2009).

In addition to localized structural differences in the cerebellar cor-

tex, our study showed two interesting findings located in the corpus

medullar. Our results indicate anatomical differences in the middle

peduncle. This might suggest differences between the modification of

the cerebellum-thalamus-cortical circuit with the pathogenesis of PD

and ET (Juttukonda et al., 2019). The analysis of the cerebellar texture

also reveals anatomical pattern differences in the dentate nucleus,

which is the largest structure that interfaces the cerebellar cortex to

the rest of the brain (Sultan et al., 2010). It is interesting to note that

even though the current image resolution does not enable us to

clearly delineate this structure, the use of texture-based techniques

might be sensitive enough to detect the structural differences of the

(a) (b)

(c) (d)

F IGURE 5 (a) Illustration of the segmentation protocol used in our study. (b) p-values obtained from the region-wise analysis of the texture
descriptors after FDR correction. (c, d) Percentage of discovery per cerebellar region (estimated as the ratio of the number of voxels having
significant differences over the volume of each corresponding region) for T1-weighted intensity and texture, respectively
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dentate nucleus. We hypothesize that the findings in the lobule VIII-

IX and the dentate nucleus are likely explained by the correlation of

activation associated with motor control responses in these two struc-

tures (Küper et al., 2014).

4.3 | Integrating previous literature

Motor involvements: Few neuroimaging studies have investigated the

anatomical changes that occur in the cerebellum in the course of PD and

ET. Among them, a VBM approach has compared cerebellar gray matter

density differences between ET and a control population (Quattrone

et al., 2008). This study revealed vermal atrophy which is more pro-

nounced in ET patients with head tremor, but did not find anatomical dif-

ferences for patients suffering from other types of tremors. A recent

volumetric study evaluated the relationship of sensorimotor function

and cerebellar atrophy (Lopez et al., 2020). This study identified group

differences between PD and ET in the corpusmedullar, lobule VI, lobules

VIII. It is noteworthy that our findings are in line with these two studies.

Moreover, the conducted texture-based analysis enables us to localize

the anatomical differences in the corpus medullar and dentate nucleus in

amore precise fashion than the volumetric analysis.

In addition to these two studies aiming to directly compare PD

and ET cohorts to each other, several studies conducted separated

comparison of PD and ET populations with control cohorts. A volu-

metric analysis indicated that only patients suffering from head

tremors have cerebellar volume reduction (Cerasa et al., 2009).

Another VBM approach studied cerebellar gray matter and white mat-

ter density to detect anatomical differences between ET and control

population. This study did not find a group effect but indicated a cor-

relation between gray matter density and the severity of intention

tremor (Daniels et al., 2006). Finally, a VBM analysis examining gray

matter density differences between PD patients and controls found

that patients with resting tremors show decreased gray matter density

in the posterior part of the quadrangular lobe compared to controls

(Benninger et al., 2009). These latter findings are also consistent with

the results of our study. We note that, since the PD and ET cohorts in

our study were evaluated with different motor tests, our ability to link

the MRI differences to motor phenotype is limited.

Nonmotor involvements: Also, because of the unbalanced sex

proportion of the two cohorts in our study, we compared our findings

with studies that analyzed the sex differences in the cerebellum

among healthy participants. Previous literature shows mixed results,

some studies suggest that sex differences are influenced in neural

development, total size, but are negligible when accounting for total

intracranial volume (Tiemeier et al., 2010; Raz et al., 2001). These

studies suggest that the posterior lobe of the cerebellum accounts for

the largest sex difference. Another study has also compared the ana-

tomical differences of sex in the course of normal aging, but there

were only significant in the vermis, and when participants are over the

age of 70 years old (Oguro et al., 1998). Taking these results into

account, and the fact that we co-varied for sex in all our analyses, we

believe any imbalance in sex is unlikely to have influenced our results.

Finally, the cerebellum has been implicated in in behavioral and

psychiatric symptoms (Strick et al., 2009). A recent study using func-

tional imaging indicated reduced coupling between lobule VI and

VIIA-B with prefrontal, posterior parietal, and limbic regions, and an

increased volume in lobule IX associated with major depression disor-

der (Depping et al., 2018). Another study highlights a degree centrality

abnormality in the lobule VI for patients suffering from PD with

depression (Wang et al., 2018). These confirm the findings of a previ-

ous study that suggested cerebellum changes in a PD population

with depression (Ma et al., 2018). These studies emphasize the need

to investigate cerebellar differences of nonmotor disturbances in

neurodegeneration.

In summary, the texture-based method enabled us to capture

subtle anatomical differences appearing in the cerebellum between

PD and ET. We note significant differences between PD and ET

populations in terms of cerebellar gray matter tissues in the lobules

VII, VIII, and IX, and white matter differences in the corpus located in

the dentate nucleus and middle peduncle.

4.4 | Strengths and limitations

In the proposed study we assessed anatomical texture to explore dis-

tinctions between persons with PD and ET. While the advanced

method used in our analysis shows higher sensitivity for the detection

of anatomical differences, we acknowledge that the present study has

limitations in regards to the study population. Here, we consider the

difference between two pathological cohorts without the comparison

to a control group. Since the dataset is from patients undergoing DBS

surgery, it does not include healthy controls. As a consequence, we

are limited in interpreting the directionality of differences as com-

pared to healthy controls. Therefore, future investigation is required

to confirm the directionality of such differences.
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