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Abstract

The visualization and identification of the deep cerebellar nuclei (DCN) (dentate
[DN], interposed [IN] and fastigial nuclei [FN]) are particularly challenging. We aimed
to visualize the DCN using quantitative susceptibility mapping (QSM), predict the
contrast differences between QSM and T2* weighted imaging, and compare the
DCN volume and susceptibility in movement disorder populations and healthy con-
trols (HCs). Seventy-one Parkinson's disease (PD) patients, 39 essential tremor
patients, and 80 HCs were enrolled. The PD patients were subdivided into tremor
dominant (TD) and postural instability/gait difficulty (PIGD) groups. A 3D strategically
acquired gradient echo MR imaging protocol was used for each subject to obtain the
QSM data. Regions of interest were drawn manually on the QSM data to calculate
the volume and susceptibility. Correlation analysis between the susceptibility and
either age or volume was performed and the intergroup differences of the volume
and magnetic susceptibility in all the DCN structures were evaluated. For the most
part, all the DCN structures were clearly visualized on the QSM data. The susceptibil-
ity increased as a function of volume for both the HC group and disease groups in
the DN and IN (p < .001) but not the FN (p = .74). Only the volume of the FN in the
TD-PD group was higher than that in the HCs (p = .012), otherwise, the volume and
susceptibility among these four groups did not differ significantly. In conclusion,
QSM provides clear visualization of the DCN structures. The results for the volume
and susceptibility of the DCN can be used as baseline references in future studies of

movement disorders.

Abbreviations: ANOVA, one-way analysis of variance; CNR, contrast-to-noise ratio; DCN, deep cerebellar nuclei; DGM, deep gray matter; DN, dentate nucleus; EN, emboliform nucleus; ET,
essential tremor; FA, flip angle; FN, fastigial nucleus; GN, globose nucleus; HC, healthy control; ICC, intraclass correlation coefficient; IN, interposed nucleus; MDS-UPDRS, Movement Disorder
Society Unified Parkinson's Disease Rating Scale; MMSE, Mini-Mental State Examination; MRI, magnetic resonance imaging; PD, Parkinson's disease; PDW, proton density weighted; PIGD,
postural instability/gait difficulty; PSD, proton spin density; QSM, quantitative susceptibility mapping; ROI, region-of-interest; SNR, signal-to-noise ratio; STAGE, strategically acquired gradient
echo; SWI, susceptibility weighted imaging; TIW, T1 weighted; To*W, T, star weighted; TD, tremor dominant; TE, echo time; TR, repetition time; WM, white matter.
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1 | INTRODUCTION

There are four pairs of nuclei embedded in the cerebellum. They are
the fastigial nuclei (FN), the globose/emboliform nuclei (or interposed
nuclei, IN), and the dentate nuclei (DN; Pruthi et al., 2021; Slaughter &
Nashold Jr., 1968). The deep cerebellar nuclei (DCN) play a strategic
role in cerebellar function as they integrate the excitatory and inhibi-
tory signals to provide the final output of the cerebellar circuits.
Except for vestibular information, the DCN are the predominant
source of output from the cerebellar circuitry (Manto & Oulad Ben
Taib, 2010).

The DCN are involved in the pathophysiology underlying many
movement disorders (Deistung et al., 2016; lbrahim et al., 2021;
Kakita et al., 1994; Koeppen et al., 2007). Specifically, the DCN hold a
crucial position in the cerebello-thalamo-cortical circuit which is
closely associated with the occurrence of motor symptoms in Parkin-
son's disease (PD) and essential tremor (ET) (Helmich et al., 2012;
Nicoletti et al., 2020). As the two most common neurological move-
ment disorders (Lim et al., 2019; Louis & Ferreira, 2010), PD and ET
present with similar clinical features whose differential diagnosis could
be challenging for neurologists in the early stage, especially between
the PD motor phenotypes and ET. Despite the availability of other
imaging techniques to distinguish patients with PD and ET, such as
positron emission tomography (PET) and single photon emission com-
puted tomography (SPECT), the high cost of PET/SPECT limits their
widespread application in clinical practice.

The DN is one of the deep gray matter (DGM) structures with
high iron content (Acosta-Cabronero et al., 2016; Aoki et al., 1989;
Burgetova et al., 2021; Hallgren & Sourander, 1958; Li et al., 2014).
According to previous studies, other DCN also appear to have high
levels of iron since they show a signal loss on T2* weighted (T2*W)
imaging similar to the DN (Dimitrova et al., 2006) or susceptibility
weighted imaging (SWI) (Diedrichsen et al., 2011). It has been con-
firmed that iron is the dominant contributor to magnetic susceptibility
in gray matter and can be assessed with Quantitative Susceptibility
Mapping (QSM) (Deistung et al., 2017; Langkammer et al., 2012;
Zheng et al., 2013). Moreover, QSM measures correlate well with
postmortem measures of iron content (Bilgic et al., 2012; Chai
et al,, 2015; Hallgren & Sourander, 1958; Persson et al., 2015). Com-
pared with magnitude images or R2/R2* maps, QSM is not only a
promising approach with superior sensitivity and specificity to mea-
sure iron content in vivo, but also has excellent contrast and reflects
the anatomy of those DGM structures with high iron content
(Barbosa et al., 2015; Deistung et al., 2013; Du et al., 2016; Haacke
et al., 2015).

A growing body of literature has attempted to characterize the
iron deposition patterns of the DN in PD and ET, but the conclusions

are varied across studies. Numerous studies have shown increased

iron content in the DN putatively correlating with the presence of
tremor, thereby offering the potential to distinguish PD motor sub-
types (Chen et al., 2020; Guan, Xuan, Gu, Xu, et al., 2017; He, Huang,
et al., 2017). However, a recent study evaluated the iron deposition in
HCs, PD, and ET and found no evidence of iron deposition differences
among these three groups (Pietracupa et al., 2021).

In the past few decades, many groups have explored the proper-
ties of the DN (see Table S1). These studies rarely involved the other
DCN due to their contrast on conventional imaging being low making
them difficult to find. In this study, we hypothesized that all the DCN
could be visualized on the QSM data at 3T with a high contrast-to-
noise ratio (CNR) and that the DCN volume and susceptibility could
be used to differentiate PD subtypes, specifically TD-PD and PIGD-
PD patients from ET patients. Therefore, our goal was to visualize the
DCN using QSM; predict the contrast differences between QSM and
T2*W imaging, quantify the DCN volume and susceptibility as a func-
tion of age and compare the results between different movement dis-

order populations and HCs.

2 | MATERIALS AND METHODS

21 | Participants
This study was approved by the local ethics committee at Ruijin Hos-
pital, Shanghai Jiao Tong University School of Medicine and written
informed consent was obtained from all participants. A total of
217 subjects (85HCs, 132 patients) (Figure 1) were enrolled. All HCs
were recruited from the health examination center from April 2020 to
December 2021 according to the following inclusion criteria: (1) no
personal or family history of neurological or psychiatric diseases,
(2) no neurological and/or mental disease, no history of taking psycho-
tropic drugs; (3) no cardiovascular or cerebrovascular disease; and
(4) no MRI contraindications such as a cardiac pacemaker, insulin
pump, artificial heart valve, coronary stent, steel nail plate or contra-
ceptive ring implantation history. All patients were consecutively
recruited from the Movement Disorders Clinic of Ruijin Hospital,
Shanghai Jiao Tong University School of Medicine from April 2020 to
February 2021 with the exclusion criteria: (1) Mini-Mental State
Examination (MMSE) score < 24; (2) a history of cerebrovascular dis-
ease (e.g., infarction, hemorrhage), brain tumor, head trauma or any
other type of psychiatric disorders; (3) a history of medication known
to cause parkinsonism or affect clinical assessment; or (4) any contra-
indications to having an MRI examination.

PD patients were diagnosed based on the Movement Disorder
Society (MDS) Clinical Diagnostic Criteria (Postuma et al., 2015) and
the diagnosis of ET was made according to the consensus statement

of the MDS on tremors (Bhatia et al., 2018). Disease duration was
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FIGURE 1 Summary of participants' recruitment and exclusions

collected for all patients, and the Hoehn & Yahr stage and the MDS
Unified Parkinson's Disease Rating Scale Part-1ll (UPDRS-III) were
obtained for all PD patients. In the present study, we divided PD
patients into three subgroups: TD-PD (n = 33), PIGD-PD (n = 46),
and indeterminate (n = 13) by calculating the MDS-UPDRS mean-TD/
mean-PIGD score (Stebbins et al., 2013). If the resultant ratio was
>1.15 then the patient was classified as TD-PD. If the ratio was <0.90,
then the patient was classified as PIGD-PD. If the ratio was between
0.90 and 1.15, then the patient was classified as indeterminate. Given
that the sample size of the indeterminate group was small, we

excluded this group when performing the intergroup analyses.

2.2 | MRIdata acquisition

All scans were performed on a 3T MR scanner (Ingenia, Philips
Healthcare, Netherlands) equipped with a 15-channel head coil. Ear-
plugs and foam cushions were provided for all participants to remain
comfortable and reduce motion artifacts during scanning. The three-
dimensional multi-echo strategically acquired gradient echo (STAGE)
imaging protocol was used to acquire the data. STAGE is a multi-
echo, multi-flip angle method designed to generate a variety of qual-
itative and quantitative images such as T1, T,*, R,*, proton density,
and susceptibility maps (Chen et al., 2018; Haacke et al., 2020;
Wang et al., 2018). The imaging parameters were: echo times

Parkinson's disease. Movement Disorders, 2015. 30(12):
p. 1591-1601.

* Deuschl, G., Bain, P., Brin, M., Committee, A.H.S., 1998.
Consensus Statement of the Movement Disorder Society
on Tremor. Movement Disorders 13, 2-23.

# Stebbins, G.T., et al., How to identify tremor dominant
and postural instability/gait difficulty groups with the
movement disorder society unified Parkinson's disease
rating scale: Comparison with the unified Parkinson's
disease rating scale. Movement Disorders, 2013. 28(5): p.
668-670.

(TE) = 7.5 ms, 15 ms, and 22.5 ms, repetition time (TR) = 27 ms, flip
angles (FA) = 6° and 27°, an in-plane resolution = 0.67 mm x 1 mm
(interpolated to 0.67 mm x 0.67 mm), FOV = 256 mm x 192 mm,
pixel bandwidth = 189 Hz/pixel, matrix = 348 x 192, slice
thickness = 1.34 mm, partial Fourier factor = 87.5%, elliptical
sampling = on, and total scan time = 9 min (including both FA
scans). Additionally, diffusion weighted imaging and T2-weighted
fluid-attenuated inversion recovery images were acquired to screen
for cerebrovascular disease. All scans were acquired parallel to the

anterior commissure-posterior commissure line.

2.3 | Data processing
2.3.1 | Reconstruction of QSM, T1, PSD, and T,*/
R,* maps

The QSM, T1 maps, proton spin density (PSD) maps, and T,*/R,*
maps were obtained using STAGE 2.7 software (SpinTech MRI, Bing-
ham Farms, MI, USA) based on the methods introduced by Chen
et al. (2018) and Wang et al. (2018). The use of both the proton den-
sity weighted (PDW, 6°) and T1 weighted (T1W) (27°) images makes
it possible to correct for the radiofrequency transmit field and
receive coil variations and create the QSM, T1, PSD, and T,*/

R,>* maps.
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2.3.2 | Determination and delineation of the
regions of interest

We determined the presence of the DCN on QSM data based on their
known anatomical locations and several well-established MRI atlases
of the DCN (Dimitrova et al., 2002; Dimitrova et al., 2006; Naidich
et al., 2009; Pruthi et al., 2021). The DN is located in the bilateral cer-
ebellar hemispheres; the FN is present most medially at the roof of
the fourth ventricle and the IN (including the emboliform nucleus
[EN] and the globose nucleus [GN]) lies between the DN and the FN;
the GN is closer to the FN, while the EN is more lateral/ventral/cranial
and adjacent to the DN. Given that the EN and GN are adjacent to
each other and appear to fuse, we considered them as one single
structure in this work (although the EN and GN are visible in 3 to
4 slices, usually, they are connected in 1 to 2 of these slices). Similarly,
the bilateral FN often appear connected; therefore, we also consid-
ered them as one single structure. All the DCN structures were manu-
ally evaluated on the axial images based on the QSM data using Signal
Processing in NMR (SPIN) software (SpinTech, Inc, Bingham Farms,
M, USA).

The criteria for drawing the ROI of each structure were as fol-
lows: (1) boundaries were drawn on QSM data axial slices and saved
as ROls; (2) QSM data were displayed in three orientations (axial, cor-
onal, and sagittal planes) simultaneously when drawing the ROls to
ensure the correct boundaries were obtained (Figure 2); (3) EN and
GN were plotted as a single ROI, the ROIs only drawn where the
QSM data showed a high signal; (4) all images (QSM, T1maps, PSD
maps) were zoomed by a factor of four at the same center point to
ensure a clear and identical overlap of each structure on each image
type; (5) TIW (27°) structural images were used as an anatomical

(a) cranial caudal

Axial

Coronal

Sagittal

medial lateral

FIGURE 2

Axial

Coronal

Sagittal

reference to avoid the fourth ventricle; and, lastly, (6) vessels were
avoided when drawing the boundaries. The mean magnetic suscepti-
bility of each DCN was calculated from the QSM data and the DCN
volume was calculated as the number of voxels within the ROIs multi-
plied by the volume of a single voxel. DCN ROIs were manually delin-
eated by a single rater who was blinded to all clinical information. To
assess the reliability of drawing the ROls, the second rater (who was
blinded to any identifiers) also drew the ROIls for 80 subjects that
were randomly selected from the four groups (20 cases in each group)
to assess inter-rater reliability. The final boundaries were reviewed by
the same two raters; if there were disagreements, the two raters
reviewed the data and came to a consensus regarding the boundaries.

24 | Simulating DCN contrast with surrounding
white matter

Simulations were performed using tissue parameters for 3 T imaging.
To understand the contrast in the DCN, we performed a theoretical
simulation of the signal from white matter (WM) and the DN using
Equation (1). This lack of contrast between the DN and WM can be
predicted by incorporating the spin density, T1, and T2* values into
the usual signal intensity formula

(1-E4)

S(0, TE) =po slnem 2

&)

where, E; =e ™/ and E, =e TE/72" and ¢ is the Ernst angle, the
angle at which the signal is a maximum. The high iron deposition of
the DN causes it to have a reduced T2* relative to the surrounding

(b) cranial caudal

medial lateral

Identification of the deep cerebellar nuclei (DCN) on QSM data. The DCN are visible as hyper-intensities on QSM. Dentate nuclei

(DN), interposed nuclei (IN) and fastigial nuclei (FN) are displayed without (a) and with (b) boundaries from the axial, coronal and sagittal plane.

Red boundaries: DN; yellow boundaries: IN; and green boundaries: FN
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WM. Given that the water content of the DN is higher than that of
the WM, the effective spin density is thereby reduced making the DN
appear more like WM at short TE. That is, eventually, there will be a
TE value where
pWMe(—TE/TZ(NM) :pDNe(—TE/TZBN) (2)
There is no single gold standard for spin density, but reported values
are reasonably close to each other. For example, Mezer et al. (2016)
reported a proton spin density (PSD) of 0.74 + 0.07 for WM and 0.83
+ 0.06 for GM. Abbas et al. (2015) reported a PSD of 0.7 + 0.01 for
WM, and PSD values of various DGM to be: 0.83 + 1.3 for caudate
(head), 0.77 + 1.9 for globus pallidus, 0.82 + 1.3 for putamen, 0.82
+ 1.9 for the hippocampus and 0.82 + 1.7 for the thalamus. Also,
based on our measurements, we noticed that the PSD of WM ranges
from 0.68 to 0.74 depending on the location. For example, the WM in
the corona radiata has a higher PSD value (about 9%) than the frontal
WM or the WM near the peripheral cortex. After evaluating the WM
throughout the brain, we found that on average PSDwnm = 0.84
PSDgMm and PSDgym = 0.84 PSDcse. Given that there is little to no
contrast in the TE = 7.5 ms images, the PSD for the DN can be found
in the expression PSDpn =PSDwwmexp (TExAR3). With AR = 11/s
and PSDypm = 0.74, this yields a PSDpy = 0.80. Therefore, for simula-
tion purposes, we chose to use the two limits of (0.74, 0.80) and
(0.68, 0.84) for the PSD of (WM, DN) to cover all possible ranges.
For the choice of T1 values at 3T, Dieringer et al. (2014) reported
a T1 of 911 £ 15 ms for WM, and Wright et al. (2008) reported a T1
of 840 £ 50 ms for WM. Despite these variations, we used a T1 of
900 ms for WM, which has been used recently in the work of Wang
et al. (2018). Based on our measurements, the DN has about 0.2 ppm
susceptibility which causes a major decrease in T1 and, practically, it
appears to equal WM. Therefore, we also used a T1 of 900 ms for DN
in this simulation. Multiple researchers (Weiskopf et al., 2013; Zhou
et al., 2020) have reported a T2* of 50 ms for WM. In our measure-
ments, we found the range of T2* for DN was between 25 ms and
50 ms. However, sometimes the capsule (the cauliflower-like edges)
of the DN have slightly higher iron content and lower T2*, therefore,
we chose to use the range of 20 ms to 40 ms (using increments of
5 ms) for T2* to simulate the signal decay for a given TE. We took
these as reasonably representative of the IN as well since it is much

easier to measure contrast in the DN with the surrounding WM.

2.5 | Statistical analysis

The clinical characteristics of the HC, ET, PIGD-PD and TD-PD groups
were compared using one-way analysis of variance (ANOVA) with
post hoc Bonferroni correction for multiple comparisons. Differences
in sex ratio between groups were tested with chi-squared tests. Inter-
group comparisons of the mean volume and susceptibility of all the
DCN were performed using ANOVA with Bonferroni correction for
four groups. Linear regression models were applied to evaluate the
correlation between the mean volume and susceptibility of the right

and left DCN and the mean volume and susceptibility of the bilateral
DCN and age in these four groups, as well as the correlation between
the volume and susceptibility. An intraclass correlation coefficient
(ICC) was calculated to assess the interrater reliability of the delinea-
tion of the ROIs. An ICC of 0.81 to1.00 was considered excellent
agreement, 0.61 to 0.80 good agreement, 0.41 to 0.60 moderate
agreement, 0.21 to 0.40 fair agreement, and 0.20 or less poor agree-
ment. All tests were 2-tailed, and p values <.05 were considered to
indicate statistical significance. All statistical analyses were performed
using IBM SPSS Statistics (version 24; IBM Corp., Armonk, NY).

3 | RESULTS
3.1 | Demographic and clinical characteristics of
participants

Fourteen subjects (5 HCs, 5 PIGD-PD, 3 TD-PD, and 1 ET) were
excluded given that the IN and FN could not be clearly defined. Also,
the indeterminate group of PD patients (n = 13) was excluded. A total
of 190 subjects were finally included in this study: 80 HCs, 39 ET,
41 PIGD-PD and 30 TD-PD. Demographic and clinical characteristics
are given in Table 1. There were no statistically significant differences
between groups regarding age and sex; however, ET patients had a
longer disease duration (p < .001) compared to PIGD-PD and TD-PD
patients. The PIGD-PD group had a significantly higher Hoehn & Yahr
stage (p < .025) compared to TD-PD patients.

3.2 | Imaging of the DCN

To display the DCN clearly, we reformatted the images into a plane
that revealed all the DCN simultaneously using SPIN software
(Figure 3). The DCN were visible on the QSM data for all the final
recruited subjects (Figure 4). Except for the susceptibility of the FN in
the PIGD-PD group (ICC, 0.684), in the four groups, the ICCs for
agreement in volume and susceptibility measurements between raters
were more than 0.7; all results showed good agreement between
raters. For some structures, there was a significant bias which caused
the absolute confidence intervals to become quite large. However,
the confidence intervals of the consistency between raters remained
small similar to those seen when there was little bias between the
raters (see Table S2).

3.3 | Contrast between the DCN and WM

One of the key findings in this work was that the visibility of the DCN
was highest with QSM compared to TIW or T,*W images or R2*
(1/T2*) maps (Figure 5). Visualizing the DCN on the T1W images was
generally not possible for the TE = 7.5 ms images. Once a longer TE
was used, the DN/IN revealed themselves as having a lower signal as

expected because of their lower T2* values. The T1 map itself showed
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TABLE 1 Demographic and clinical information of four groups

HC ET PIGD- TD-
(n = 80) (n=39) PD (n = 41) PD (n = 30)
Age (mean + SD) 60.5 + 6.6 61.3+82 64.0 9.7 63.6+74
Sex (male/female) 40/40 19/20 27/14 18/12
MDS-UPDR-III NA NA 244 + 139 244 +147
score”
Mean-TD/mean- NA NA 0.3+£0.2 23+0.7
PIGD score
Hoehn & Yahr NA NA 2.0+0.08 1.6+0.5
stage
Disease duration, NA 83+6.8 3.6+24 4029
years

Bonferroni correction

HC ET PIGD-
HC versus HC versus ET PD
versus PIGD- versus PIGD- versus versus
p-value ET PD TD-PD PD TD-PD  TD-PD
.066 - 119 .375 .730 - -
299 - - - - - -
.995 - - - - - -
.000* - - - - - -
.025* - - - - - -
.000* - - - .000* .001* -

Abbreviations: ET, essential tremor; HCs, health controls; TD-PD, tremor dominant PD; PIGD, postural instability/gait difficulty PD; MDS-UPDRS |ll, third part of the
MDS-UPDRS; NA, not available.
?Calculated from the MDS-UPDRS IlI.

*p values <.05 were considered significant.
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FIGURE 3
connecting the substantia nigra and dentate nucleus along a line in the sagittal images (rightmost), this pseudo-axial plane is able to show the all

DCN simultaneously. (a-d) Show the DCN without boundaries and (e-h) show the DCN with boundaries. Red boundaries: Dentate nuclei; yellow
boundaries: Interposed nuclei; and green boundaries: Fastigial nuclei

that the DCN had the same effective T1 as the surrounding WM. The
measured value of the T2* for the DCN as a whole was found to
range from 20 ms to 40 ms.

Using a TR of 27 ms, we found that the crossover varied from
TE = 2.6 ms to 42.3 ms as T2* varied from 20 to 40 ms (Figure 6). At
longer TE, the DCN can be seen with reduced signal intensity, and the
negative contrast relative to WM increases accordingly in agreement
with our simulations of the signal as a function of TE and FA
(Figure S1). Overall, the DN and IN tend to have higher iron content
than the FN; however, when the FN has high iron content it behaves
similarly to the DN and IN in terms of its contrast behavior.

Measuring the noise in the QSM data in a variety of uniform
regions revealed a maximum noise of oqsm = 8 ppb while that in the
R2* maps was found to be og,- = 1.5/s. Therefore, CNR in the QSM

("
Green: the fastigial nuclei

Yellow: the interposed nuclei

Red: the dentate nuclei

Showing the deep cerebellar nuclei (DCN) with reformatted QSM images. These images were created from the original data by

data is the susceptibility value in ppb divided by 8 ppb and the CNR
for the R2* maps for gray matter relative to white matter is (R2*-20/
s) = AR2* divided by 1.5/s where 20/s is the R2* value of WM. For
the DN/IN with susceptibility of say 80 ppb, this gives a CNR of 10:1
while for R2* = 30/s then, AR2* = 10/s, and the CNR is only 6.5:1.
The FN has an R2* of about 15/s and a AR2* of only 5/s making it
more difficult to see.

3.4 | Intergroup differences in the DCN volumes
and susceptibility values

The volume and susceptibility of the DCN in all four groups (HCs, ET,
PIGD-PD, and TD-PD) are summarized in Table 2. The volume of the
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FIGURE 4 Deep cerebellar nuclei (DCN) of the HC, ET and PD subtypes on reformatted QSM images. (a1-a5) five subjects of HC, (b1-b5)
five subjects of ET, (c1-c5) five subjects of PIGD-PD, (d1-d5) five subjects of PIGD-PD. HC, healthy controls; ET, essential tremor; PIGD-PD, PD
patients with postural instability/gait difficulty; TD-PD, PD patients with tremor dominance
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FIGURE 5 The contrast of the dentate nuclei (DN) with the surrounding white matter (WM). (a-g) show the DN on different modality images
with the same slice (a-c): T1 weighted images (T1WI) with three different echo time; (d): T1 map, (e): R2* map; (f): T2* map; (g): QSM). The
visibility of DN is highest with QSM compared to TIWI, T1 or T2*/R2* maps. Red boundaries: DN; yellow boundaries: WM

FN in the TD-PD group was significantly higher than that for the HCs For all participants, the susceptibility increased as a function of
(TD > HCs with p = .012) although the difference between the means volume for the DN and the IN (all p < .001) but not the FN (p = .74)
was small being only 12.2 mm?®. (Figure 7). The differences in the volume and susceptibility in the DN
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and PSD of 0.84 for DN

and IN showed no statistical significance among these four groups
(all p > .05).

In this work, we investigated the mean volume and susceptibility
of the right and left DCN and the mean volume and susceptibility of
the bilateral DCN as a function of age in these four groups (see
Figures S2-S5). The linear fitting equations for the bilateral DCN vol-
ume and mean susceptibility versus age for the HCs are given in
Table S3. There were no age-related changes for volume or suscepti-
bility in any of the DCN for any of the four groups; however, there
was a tendency for the FN to show a slightly reduced susceptibility as
a function of age (p = .06) in HCs.

4 | DISCUSSION AND CONCLUSIONS

In this study, we made the following observations: (1) all the DCN
(DN, IN, and FN) structures, for the most part, could be visualized and
delineated in the QSM data; (2) susceptibility increased as a function
of volume for both the HC group and disease groups in the DN and
the IN but not the FN; (3) the volume of the FN in TD-PD subjects
was slightly larger than that for HCs. Other than these findings, there
were no differences in volume or susceptibility between the different
DCN structures for any of the movement disorder populations (TD-
PD, PIGD-TD, and ET) evaluated in this study when compared with
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TABLE 2 The volume and susceptibility (mean value and standard deviations [SDs]) of right and left deep cerebellar nuclei (DCN) in all four groups

Bonferroni correction

HC versus ET versus ET versus PIGD-PD
TD-PD

TD-PD

HC versus

HC

TD-PD

PIGD-PD
(n=41)

versus TD-PD

PIGD-PD

PIGD-PD

versus ET

p-value

(n = 30)

ET (n = 39)

HC (n = 80)

Volume (mm?3)

.502

895.8 £ 173.2

836.2 + 202.5 863.6 + 168.4

889.5+ 2144

RDN
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675

413

913.4 £ 166.9

839.4+177.9 881.8 + 168.5

889.8 £ 214.5

LDN
RIN
LIN

704
653
015

42.1+17.0 45.6 £ 17.6 46.6 £12.0

44.6 £17.9

434+ 185 46.1 £ 18.0 484 £ 14.9

453+ 153

253

.012*

408

58.1+19.0

49.1+16.8 52.3+18.9

459 +18.1

b-FN

susceptibility (ppb)

91.2+275 93.1+228 85.1+19.2 .504

88.0 + 24.9

RDN
LDN
RIN
LIN

552
202
256
293

94.5 £ 25.4 95.2+254 88.1+21.3

90.8 + 24.0

.381
.384

529
.809

.533

482+ 224 56.2+23.3 46.9 £19.6

494 +19.2

51.1+20.8 58.2 +24.0 48.7 £ 18.0

53.9+20.8

474

40.0 £ 16.9

45.5 + 20.1 42.7 +18.2

47.7 £22.7

b-FN

Abbreviations: b-FN, bilateral fastigial nucleus; ET, Essential tremor; HCs, health controls; LDN, left dentate nucleus; LIN, left interposed nucleus; NA, not available; PIGD, postural instability/gait difficulty PD; RDN, right dentate nucleus; RIN,

right interposed nucleus; TD-PD, tremor dominant PD.

*p values <.05 were considered significant.

HCs. Our measurements, as a whole, provide standardization for sus-
ceptibility and volume for the DCN structures.

In this work, we took advantage of QSM to better visualize each
component of the DCN. Previous studies such as Dimitrova et al.
(2002) used a single brain dataset to create an MRI atlas of the DCN
with a TIW fast low-angle shot sequence at 1.5T with
TR/TE = 80/50 ms and a FA = 10°. These long TEs and TRs led to a
low signal-to-noise ratio (SNR) and so they acquired the data five
times. Additionally, Deoni and Catani (2007) used T1 and PSD maps
with imaging parameters: resolution = 0.9 x 0.9 x 1 mm°,
TR/TE = 7.2 ms/1.6 ms, FA = 4°, and 18° at 3T MR, as well as a
resolution = 0.7 x 0.7 x 0.7 mm® and similar TR/TE and FA at 7 T to
differentiate the DCN. Nonetheless, the DCN contrast on these T1
and PSD maps was poor. The DN is one of the DGM structures with
the most abundant iron which leads to a reduction in both its T1 and
T2*; hence, the DN begins to look like WM and disappears in most
short TE images. Using the tissue properties for spin density, T1 and
T2* we showed the lack of contrast for the DN for short TR imaging
relative to the surrounding WM as expected (Figure 5). This predicted
lack of contrast explains why T1W images do a poor job in visualizing
the DN. Note that with an SNR as high as 30:1 and a signal of 60 units
that the noise would be 2 units. Therefore, one would need a contrast
of at least 4-6 units (two to three standard deviations) to differentiate
the border of the DN with the surrounding tissue which for a
T2* = 25 ms would require imaging with a TE near 15 ms (Figure 6).

Diedrichsen et al. (2011) acquired SWI at 7T with a
resolution = 0.5 x 0.5 x 0.5 mm?, TR/TE = 35/16.9 ms, FA = 19°,
and a total scan time = 16 min, 14 s; a rather long scanning time. If the
same method were run at 3T, the TE would increase to 40 ms and the
TR to 55 ms making the total acquisition time equal to 25 min, 30 s. In
contrast, we applied two FAs each with multiple echoes to collect rea-
sonably high-resolution QSM data in just 9 min. This shorter acquisition
time is more realistic clinically especially when imaging patients with
movement disorders. Additionally, unlike R2* which is susceptible to
field inhomogeneities and the dipole fields for structures with high iron
content, QSM phase processing eliminates these influences and the
results are not orientation dependent. More importantly, QSM has the
distinct advantage that susceptibility is not dependent on the tissue
properties such as spin density, T1 or T2* values, or the imaging param-
eters such as main field strength, TE, or FA (however, SNR in the QSM
data does depend on SNR in the phase data and, in this sense, QSM
results have a dependence on the echo time) (Haacke et al., 2015).
Although the reconstruction algorithms for QSM are sophisticated and
involve many steps, several studies have shown that the results are
highly reproducible even at different field strengths, different resolu-
tions and for different vendors scanners (Deh et al., 2015; Hinoda
et al,, 2015; Li et al,, 2020). Our results show that, in terms of visualiz-
ing the DCN, the optimal approach is to use QSM data rather than
T1W, T2* W, R2*, T1, PSD, or SWI. Nevertheless, weighing the impor-
tance of good CNR and SNR and total scan time at 3T, the DCN can be
seen reasonably well with a TE of 22.5 ms.

In the present study, the results for the volume in HCs (right DN:
889.5 + 214.4 mm°, left DN: 889.8 + 214.5 mm?®) were in agreement
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with the results of several other studies (Deoni & Catani, 2007,
Dimitrova et al., 2006, He, Huang, et al., 2017, Li et al., 2019, Ward
et al., 2019). But the results were higher than those of another work
(He, Langley, et al., 2017), in that paper, a thresholding approach was
used to segment DN leading to a smaller estimate of the DN volume.
Several other studies showed even lower estimates of the DN vol-
ume. The imaging results for the volumes of the DCN conducted by
Diedrichsen et al. (right DN: 366.1 + 85.2 mm?, left DN: 362.8
+89.2 mm?) (Diedrichsen et al, 2011) and the histological results
reported by Tellmann et al. (right DN: 394.5 + 94.5 mm?®, left DN:
390.2 + 99.3 mm°®) (Tellmann et al., 2015) showed less than half the
values reported here. For MR results, the reason may be that the con-
trast in the QSM data is very high making it easier to demarcate the
boundaries while Diedrichsen et al. marked the ROIs on the phase
images and refined them on the SWI images. In the histological study
of Tellmann et al., the shrinkage of the cell body following the dehy-
dration processing of the postmortem brain could lead to an underes-
timate of the volume of the DCN. Also, the silver staining
(Merker, 1983) used in their study did not reach the limit of selectively
impregnating the tissue. However, for small structures, particularly
the FN (with a diameter of roughly 3 mm [Diedrichsen et al., 2011;
Dimitrova et al., 2002]) there can be significant partial volume errors.
If there exist not <4 pixels across the object (4 pixels with a resolution

of 0.67 mm), partial volume effects can be large. In practice, the high
iron content can cause the ROIs to be drawn slightly larger than the
true boundary. But this bias will be present for all the structures and
will decrease as the size of the structure increases. Although the reso-
lution in other studies was higher than 1 mm (0.5 mm isotropic for
Diedrichson et al.'s study and 20 um in-plane resolution for the sec-
tioned images), the visibility of the structures was not determined by
QSM and so contrast issues may have played an important role in
underestimating the total volume of these structures. Most of the
higher volume results including the current results in this paper were
obtained from QSM or QSM/T1 data with a manual or automatic
approach, except for Dimitrova et al. and Deoni SC et al. who used
T2*W and quantitative T1/proton density imaging, respectively. The
reason for the wide discrepancy in the volume estimates among the
existing studies could be related to both the visibility and varying
imaging parameters, as well as analysis methods. More studies would
be useful to explore the reasons behind the imaging and histological
differences. In line with previous results (Diedrichsen et al., 2011; He,
Langley, et al., 2017; Tellmann et al., 2015; Ward et al., 2019), there
was no difference in the left and right side DN and IN volumes,
whereas, Deoni et al. (Deoni & Catani, 2007) found that the volumes
of the bilateral DN were different, but they only evaluated a small
number of subjects.
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Our findings of the mean susceptibility for the DN in HCs (right
DN: 88.0 + 24.9 ppb, left DN: 90.8 + 24.0 ppb) agreed well with those
in other studies (Shin et al., 2018; Ward et al., 2019). However, the
DN susceptibility value was slightly higher than in other studies (He,
Huang, et al., 2017; Kim et al., 2021; Persson et al., 2015), which
could be because we used a higher resolution
(0.67 x 0.67 x 1.34 mm3) which makes it easier to accurately draw
the boundary of the DN (where the capsule is quite clear because of
its high iron content). Moreover, similar to the volume of the left and
right DN and IN, good consistency was also seen in the susceptibility
values of the left and right DN and IN (Figure Sé).

Regarding the correlation between volume and susceptibility, we
found that susceptibility increased as a function of volume for the DN
and the IN but not the FN. It is well-known that iron plays a key role
in many neurological diseases (Ward et al., 2014). Whether the
increased iron is pathogenic or just a part of normal aging is still
unclear. Increased iron deposition with larger DCN structures is a
novel finding and could represent normal or pathophysiologic pro-
cesses. Therefore, it is appropriate to evaluate the relationship
between volume and susceptibility in normal individuals. Some dis-
eases, such as Friedreich's ataxia show the opposite phenomenon,
that is, increased iron deposition of the DN is accompanied by severe
atrophy of the nuclei, especially in the early disease course (Ward
et al., 2019). Our results can be seen as providing normative reference
values for susceptibility and volume and can be used in studying other
diseases, and to our knowledge, this is the first time that an associa-
tion between the susceptibility and volume of the DCN has been
found.

In this study, the volume of the FN in the TD-PD group was sig-
nificantly higher than that for the HCs (TD > HCs with p = .012).
Despite the fact that the difference between the means was small,
being only 12.2 mm?, this still represents an increase in the volume of
roughly 24%. Although using a threshold of change is somewhat arbi-
trary, one might consider a change in volume or susceptibility of
>10% meaningful. Therefore, these changes may have some physio-
logic importance. Except for that, we did not find any differences in
the DCN volume and susceptibility values among the HCs, ET, and
subtypes of PD. Previous research has been unable to reach a consen-
sus on the issue of volume and iron deposition in the DCN in move-
ment disorders. A postmortem study substantiated that the neuronal
density and total neuronal number do not differ between ET cases
and controls (Hartstone et al., 2021), but at the same time another
study also concluded that there was no evidence to show an iron
deposition difference in the DN among HCs, PD, and ET patients
(Pietracupa et al., 2021). Although the whole brain voxel-based analy-
sis showed a significant difference of T2* in the right DN, the differ-
ence did not survive family-wise error correction for multiple
comparisons (p >.05) (Novellino et al., 2013). In ET and HCs, the num-
ber of neurons and neuronal density did not differ but neuronal loss
occurred in Purkinje cells (Hartstone et al., 2021). Also, compared with
HCs and PD, defective GABA receptors have been reported in ET
(Paris-Robidas et al., 2012). Our results indirectly support the hypoth-
esis that the source of dysfunction in ET is associated with the

microstructure changes in the cerebellum rather than the neuronal
number or the volume of the DCN (Louis et al., 2014; Zhang &
Santaniello, 2019). Pietracupa et al. have also suggested that the neu-
ronal loss and subsequent brain iron deposition in the subcortical
nuclei may not be pathological hallmarks of ET (Pietracupa
et al., 2021). Even though the cerebello-thalamo-cortical circuit is
involved in tremor, the role of neuronal number and increased iron
deposition in the DN in the pathophysiological mechanism of tremor
still needs further investigation.

In addition, the findings of PD subtype groups in the present
study were divergent from our expectations. The results from previ-
ous studies were also varied. He, Huang, et al. (2017) measured the
DN volume while investigating DN iron deposition in HCs and PD
patients and they noted that there was no significant difference
between the DN volumes of HCs and TD-PD and akinetic rigidity
dominant PD patients. This was consistent with our results, but He
et al. demonstrated that the DN iron content could be a potential bio-
marker to differentiate TD-PD from other subtypes. In the same year,
Guan, Xuan, Gu, Xu, et al. (2017) also showed that excessive iron
deposition in the DN was seen only in TD-PD patients; while using
R2* as a measure, neither study found a difference in PD subtypes.
Moreover, a recent paper (Chen et al., 2020) focused on DN iron
deposition in HCs, TD-PD, and PIGD-PD and came to the same con-
clusions as He et al. and Guan et al. Nonetheless when considering
PD patients as a whole group, some studies failed to find any DN iron
content changes in HCs and PD patients (Guan, Xuan, Gu, Huang,
et al., 2017; Shin et al., 2018), and two papers reported that compared
to HCs, the susceptibility value in the DN showed a decreased trend
(Kim et al., 2021) or significantly decreased (Acosta-Cabronero
et al, 2017) in PD. Several possible reasons could explain differing
results between studies: first, some studies may not have considered
other concurrent diseases of participants. Specifically, there has been
a study finding the susceptibility of the DN decreases in individuals
with hypertension while it increases in individuals with a history of
type 2 diabetes mellitus (Li et al., 2021). Also, the choice of imaging
parameters such as the slice thickness could lead to changes in vol-
ume measurements. Therefore, future studies should rigorously for-
mulate inclusion criteria to avoid the presence of confounding
diseases and should have high enough resolution to ensure good vol-
ume estimates.

In line with previous papers (Bilgic et al., 2012; Li et al., 2015;
Persson et al., 2015), there were no age-related changes in the DN
susceptibility in HCs. Conversely, several studies found a linear or
nonlinear age-related increase in susceptibility for DN (Burgetova
et al,, 2021; Li et al., 2014, 2020). The distribution of age of subjects
could explain that discrepancy, the age of our participants ranged
from 43 to 80 years while a previous study (Maschke et al., 2004)
demonstrated that age-related changes in DN iron deposition mostly
occurred between the ages of 20 and 40 years and to a lesser degree
after 40 years. Meanwhile, Personn et al. stated in their research that
age only explained 4% of the variance in DN mean susceptibility
(Persson et al., 2015). Additionally, there were several structures with

significant differences between men and women (Table S4), but the
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changes in the volume and susceptibility showed the opposite ten-
dency, especially for FN which in the female has a higher volume but
with a lower susceptibility value. Specifically, the susceptibility was
22 ppb higher for men. This phenomenon could be related to sex hor-
mones. There have been studies suggesting that estrogen may act as
an antioxidant that could moderate iron accumulation (Grubi¢ Kezele &
Curko-Cofek, 2020; Shin et al., 2020). Furthermore, premenopausal
iron loss through menstruation (Tishler et al., 2012) and modest post-
menopausal iron accumulation may also play an important role in
these differences. However, if there is a systematic bias leading to an
increase in volume that could reduce the mean susceptibilities, using
an automated program such as dynamic programing would likely show
a decreased volume and a concomitant increase in susceptibility. Even
in this situation, the differences in susceptibility will likely remain
the same.

Although the volume and susceptibility of the DCN showed no
obvious differences among the HCs, ET, and subtypes of PD in this
study, the DN susceptibility and volume measurements are crucial to
other cerebellar-related diseases. QSM would be a potent tool to
monitor the progression of Friedreich's Ataxia (Ward et al., 2019) and
has the potential to discriminate between multiple system atrophy
and cerebellar ataxia (Sugiyama et al., 2019). Meanwhile, the superb
ability of QSM to visualize the DGM will help to target the DCN in
surgical operations such as deep brain stimulation (Deistung
et al, 2013; Paraguay et al., 2021). For the IN and FN, there have
been no publications assessing their iron deposition, let alone investi-
gations concerning differences in the four groups. One major benefit
of this study was that the volume and susceptibility values of the IN
and FN have been tabulated as a function of age for older individuals.
These values can be used as a reference in future movement disorder
studies when evaluating iron accumulation and volume of the DCN.

There are several limitations to this work. First, the sample size is
relatively small for each movement disorder group, and because of
the small sample size, we did not include the indeterminate group of
PD. Second, the age range was only from 43 to 80 years; no DCN vol-
ume or susceptibility baseline for younger individuals was provided.
Finally, although we analyzed the maximum susceptibility values of
the DCN in these four groups, we did not apply the method of mea-
suring susceptibility value on QSM referred to as region Il analysis
which is a means to find those pixels that have higher than two stan-
dard deviations above the mean of the structure of interest (Liu
et al., 2016). In many of the DGM, there is a bimodal distribution of
lower and higher susceptibility values. Region Il results have proven
to be a more sensitive approach for monitoring age-dependent
changes in iron content compared to the global analysis (Li
et al., 2020; Liu et al., 2016). However, we did evaluate the maximum
susceptibility values in all structures and came to the same conclusion
that there were no significant differences between any measures and
the four different groups in this study (Table S5) and no obvious age-
related trends (Figure S7). Region Il analysis may be quite interesting
since the capsule of the DN can often have higher iron than the inte-
rior especially since some research has already reported the distribu-

tion of iron in DN is uneven (He, Langley, et al., 2017). Therefore,

further investigations regarding the specific distribution of iron in the
DN are warranted, especially in cerebellar-related diseases. Addition-
ally, if there are enough patients, it is worth investigating the DCN
volume and susceptibility of the PD indeterminate group.

In summary, QSM provides a clear means to visualize the DCN
and quantify their iron content while STAGE provides a means to
quantify their tissue properties. In this study, the DCN volume and
susceptibility could not differentiate between PD subtypes and ET
patients, but the results for the volume and susceptibility of the DCN

can be used as a reference in future studies of movement disorders.
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