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Abstract
Objective

Parkinson’s disease (PD) is characterized by a degeneration of dopaminergic neurons not only in the
nigrostriatal pathways, but also in subcortical and cortical structures. Given the widespread
dopaminergic innervation, PD dopamine-related dysfunction may contribute to microstructural
alterations beyond the primary site of pathology. Multiparametric mapping (MPM) enables quantification
of tissue biophysical properties informing the brain’s microstructure. We hypothesized that PD-related
MPM alterations would show distinct spatial associations with pre- and postsynaptic dopaminergic
markers.

Methods

31 patients with PD and 68 healthy controls underwent a 3T MRI. We used unthresholded MPM t-maps
derived from group-difference analysis to assess spatial correlation with PET-derived maps of the

dopamine transporter (DAT), ['8F]-fluoro-L-DOPA (FDOPA), and dopamine D1 and D2 receptors.

Results

Proton density alterations negatively correlated with DAT (rho = 0.355, pgpatia = 0.0010) and FDOPA (rho
=0.168, pgpgr = 0.0080) across whole-brain gray matter. Subcortically, MPM-dopaminergic associations
were structure-specific, showing concordant, same-direction associations between FDOPA and D1.
Cortically, associations were more consistent, predominantly negative and driven by DAT and FDOPA.
Within cortical ROIs, presupplementary and supplementary motor areas showed the most robust
associations, driven by proton density (preSMA: rho = 0.428 to 0.760; SMA: rho = 0.284 to 0.789, all pgpg
< 0.0001).

Interpretation:

PD-related microstructural-dopaminergic associations were structure- and modality-specific.
Subcortically, FDOPA and D1 consistently tracked microstructural alterations, potentially reflecting
coupled degeneration of dopaminergic synthesis capacity and postsynaptic receptor density. Cortically,
DAT and FDOPA most robustly tracked proton density-related alterations, potentially indicating distinct
and mainly neuroinflammation-driven microstructural processes beyond the primary nigrostriatal
network.

Introduction
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Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by irreversible
neuronal loss, primarily originating in the substantia nigra pars compacta (SNc)'. Dopaminergic neurons
are the primary population affected in PD due to their structural vulnerability, including highly branched,
long axons, and metabolic vulnerability resulting from the toxic profile of dopamine synthesis?. PD is
primarily characterized by motor symptoms attributable to neurodegeneration of subcortical nuclei, such
as the basal ganglia, which are innervated by dopaminergic projections from the SN®#. However,
dopaminergic innervation extends to the neocortex through mesocortical and other midbrain
dopaminergic pathways®?®, raising the possibility that disease-related neurodegeneration is not confined
to the primary site of pathology, but instead follows the broader pattern of dopaminergic architecture.

Quantitative magnetic resonance imaging (MRI) techniques such as multiparametric mapping (MPM)
can be used to investigate the biophysical properties of the tissue, including the effective transverse
relaxation rate (R2*), a biomarker of paramagnetic substances such as iron, allowing an in vivo spatial
assessment of iron content in the brain®°. Additionally, MPM quantifies the longitudinal relaxation rate
(R1) and magnetic transfer saturation (MTsat), which serve as in vivo biomarkers of macromolecular and
myelin content, as well as proton density, which reflects free-water content, enabling investigation of
demyelination/remyelination, neuroinflammation processes, and neuronal integrity'%~'2. MPM provides a
meaningful way to assess PD-related microstructural changes of the brain, but it cannot establish
whether these changes are organized around dopaminergic architecture.

For direct assessment, PD-related spatial alterations in MPM can be related to normative maps of
dopaminergic architecture, using (PET)-derived maps of dopaminergic neurotransmission in the human
brain'3. The available PET-derived spatial maps of dopamine transporter (DAT), ['8F]-fluoro-L-DOPA
(FDOPA), and dopamine receptors D1 and D2 (D1 and D2) provide an additional layer to the biological
characterization of pre- (FDOPA and DAT) and post-synaptic (D1 and D2) dopaminergic functions in the
brain. By spatially correlating MPM-derived differences between patients with PD (PwPD) and healthy
controls (HCs) with normative dopaminergic maps, we can investigate whether the topography of the
MPM alterations in PD follows the topography of underlying dopaminergic architecture.

Given differences in baseline dopaminergic innervation between subcortical and cortical regions, we
hypothesized that the MPM-dopaminergic relationship would be region-specific rather than uniform

across the brain'®. Additionally, we expected a differential pattern of association between D1 and D2,
given their functional specialization and differential expression’®. To investigate this, we used the PD-

specific HybraPD atlas'® of subcortical regions and the Human Motor Area Template (HMAT)'® of
cortical regions to assess regional MPM-dopaminergic associations.

Results

Demographic and clinical assessment. We included 68 HCs and 31 PwPD, with comparable age (p =
0.720) and sex distribution (p = 1.000). Our PwPD cohort comprised moderately affected patients with
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an average Movement Disorder Society Unified Parkinson’s Disease Rating Scale subscore Il (MDS-
UPDRS-III) score of 28.6 + 15.5 and a disease duration of 4.5 + 4.3 years. As patients were assessed in
the ON state, the average levodopa equivalent daily dose (LEDD) was 512.6 + 365.6 (Table 1).

Table 1
Demographic and clinical characteristics.
number PwPD HCs p-value
31 68
male/female 13/18 28/40 1.000"
age (years) 64.9+9.3 65.6+8.1 (7902
MDS-UPDRS-III 28.6 £ 15.5 n.a.
LEDD 512.6 +365.6 n.a.
Disease duration (years) 4.5+4.3 n.a.
Hoehn and Yahr stage 2[1-2] n.a.

Mean values and standard deviations are quoted. Values in square brackets represent the interquartile
range. | according to a x%test; 2 two-sample t-test applied. HCs: healthy controls. LEDD: levodopa
equivalent daily dose. MoCA: Montreal Cognitive Assessment. MDS-UPDRS-Ill: Movement Disorders
Society’s Unified Parkinson’s Disease Rating Scale (subscore lll). n.a.: not available. PwPD: patients with
Parkinson’s disease.

Whole-brain gray matter MPM alterations correlated with presynaptic dopaminergic markers only. In
the whole-brain gray matter, we observed significant associations between MPM modalities and
presynaptic dopaminergic markers only (DAT and FDOPA, Fig. 1). Proton density negatively correlated
with DAT (rho = -0.355, pgyatia = 0.0010) and FDOPA (rho =-0.168, pgpg = 0.0080), while R2* positively
correlated with FDOPA (rho = 0.126, pgpg = 0.0100) and MTsat with DAT (rho = 0.168, pgpgr = 0.0310).

R1 and proton density were negatively associated with FDOPA and D1, tracking microstructural
changes in the basal ganglia. Within the basal ganglia system, proton density showed the most
prominent associations with dopaminergic markers in the globus pallidus (GP). FDOPA and D1
negatively correlated with proton density in the GP (rho =-0.297 and - 0.336; pgpg < 0.0300) and the GP
external segment (GPe, rho =-0.295 and - 0.309; pgpg < 0.0473). The putamen was characterized by
negative R1-FDOPA and R1-D1 associations (rho =-0.439 and - 0.352, pgpg < 0.0456, Fig. 2, Table S1).
Within the substantia nigra, we observed associations that survived the spatial autocorrelation test but
not the FDR correction: positive R2*-FDOPA (rho = 0.523, pgyatial = 0.0399, pppr = 0.1853) and R2*-D1
(rho = 0.528, pgpatial = 0.0353, pppr = 0.1791) associations. Caudate nucleus (CN) yielded a single
positive MTsat-FDOPA association (rho = 0.249, pgpg = 0.0425).
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Across the nigrostriatal system, MTsat yielded the most robust positive correlations with FDOPA, D1, and
D2 in ventral pallidum (VeP, rho = 0.428 to 0.567, pgpg < 0.0425). Additionally, MTsat positively correlated
with FDOPA and D1 in the nucleus accumbens (NAC, rho = 0.476 and 0.573; pgpg < 0.0308) and red
nucleus (RN, rho = 0.507 and 0.633; pgpg < 0.0001).

preSMA and SMA showed the most robust MPM-dopaminergic marker associations, primarily driven
by proton density. Presupplementary motor area (preSMA) and supplementary motor area (SMA)
demonstrated the most robust associations with dopaminergic markers, characterized by negative
associations with dopaminergic markers across all four MPM modalities, primarily driven by proton
density (preSMA: rho =-0.428 to -0.760, SMA: rho = -0.284 to0 -0.789, all pgpg < 0.0001). PMd presented a
similar pattern, restricted to negative associations between R1, R2*, MTsat, and all dopaminergic
features (rho = -0.098 to -0.460, pgpg < 0.0001). We observed a similar but weaker pattern in the primary
motor area (M1, rho =-0.044 to -0.265, pgpg < 0.0325). Within the primary somatosensory area (S1),
associations were restricted to negative R1 and DAT, FDOPA, and D1 correlations (rho =-0.115 to -0.187,
Pepr < 0.0404). Meanwhile, D2 positively, but weakly correlated with R2* (rho = 0.115, pgpg = 0.0269),
proton density (rho = 0.080, pgpg = 0.0082), and MTsat (rho = 0.073, pgpg < 0.0001) in S1.

Subcortical and cortical ROIs showed distinct MPM-dopaminergic association patterns.

Among identified associations, we observed differential patterns among subcortical and cortical ROIs.
Subcortical ROIs showed concordant, same-direction associations with FDOPA and D1 (Fig. 2), including
negative associations in GP and GPe and positive associations in VeP, NAC, and RN. In contrast, cortical
ROIs showed negative associations, primarily driven by DAT and FDOPA, including in the preSMA, SMA,
and PMd. This divergence suggests that subcortical MPM-dopaminergic associations occurred in a
modality- and structure-specific manner, with FDOPA and D1 tracking together across most ROIs, while
cortical associations uniformly tracked presynaptic markers.

Discussion

In this study, we investigated the spatial association between PD-related MPM alterations and normative
PET-derived maps of DAT, FDOPA, D1, and D2 to examine the relationship between microstructural
changes and baseline dopaminergic neurotransmission architecture. We observed a divergent spatial
pattern characterized by positive, concordant MPM associations with FDOPA and D1 in subcortical ROIs
and inverse associations, predominantly with presynaptic markers, in cortical ROIs. These findings
suggest that PD-related MPM alterations are not uniformly related to underlying dopaminergic
architecture and instead show region- and modality-specific relationships.

Proton density consistently negatively correlated with presynaptic dopaminergic markers, showing the
strongest associations with the preSMA and SMA (rho =-0.760 and - 0.789, respectively). These
findings indicate that regions with higher proton density tend to correspond to regions with lower
normative presynaptic dopaminergic markers in PwPD. Elevated free water has been associated with
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inflammatory processes, suggesting that neuroinflammatory-related MPM changes may be spatially
organized around regions with sparse dopaminergic innervation. However, because proton density is a
non-specific marker of free water, this interpretation is hypothesis-generating and requires further
validation. These inverse MPM-dopaminergic associations may potentially reflect secondary or network-
level consequences of basal ganglia dysfunction rather than primary degeneration in these regions,
including altered cortico-basal ganglia-thalamocortical signaling?>~2’.

In subcortical regions, FDOPA and D1 density concordantly associated with subcortical MPM alterations,
while DAT and FDOPA density concordantly associated with cortical MPM alterations. This divergence
can be partially explained by the biological roles of the dopaminergic markers assessed. FDOPA is
considered a marker of dopamine synthesis as it probes aromatic L-amino acid decarboxylase (AADC)
activity?®, which can be relatively preserved or even be upregulated in early- and moderate-stage PwPD
as a compensatory response to terminal loss?®, while DAT probes presynaptic terminal density by
reuptake-site availabilityC. D1 receptors are expressed on striatonigral projection neurons of the basal
ganglia “direct pathway”, which are anatomically coupled to presynaptic dopaminergic input in the
striatum and pallidum?®'. Therefore, the identified subcortical MPM alterations tracking FDOPA and D1
topography are consistent with pathology being distributed across the full, coupled presynaptic
synthesis-postsynaptic receptor unit, rather than a single component. Because D1 and D2 are expressed
on relatively resilient dendrites and soma, rather than vulnerable presynaptic terminals®3, a global lack of
MPM-D1 and -D2 associations further reinforced the idea that cortical microstructural alterations may
primarily relate to presynaptic tomography, with the postsynaptic receptor system becoming implicated
in later disease stages®*. Importantly, small subcortical ROIs such as SN are particularly susceptible to
partial-volume effects and spatial blurring, limiting the anatomical precision of our region-specific
findings. Therefore, the biological interpretation should be considered provisional, which requires further
validation with higher-resolution acquisition or smaller smoothing kernels.

The region-specific associations suggest that distinct biological processes may align differently with
dopaminergic architecture. For instance, R2* positively associated with dopaminergic markers in SN
(although not FDR-significant), potentially relating to iron-related changes implicated in nigral cell loss°.
Additionally, MTsat was positively associated with dopaminergic markers in the ventral striatum and
midbrain structures dense in presynaptic terminals®®, potentially reflecting myelin-related changes.
Proton density yielded inverse associations extending into the pallidum and cortex, which lie further
along dopaminergic projections. Collectively, these findings suggest that PD-related microstructural
alterations may reflect multiple, partially independent biological processes that may preferentially align
with coupled presynaptic-postsynaptic units or spatially dissociate from the dopaminergic presynaptic
architecture.

Several limitations should be considered. First, our cross-sectional design limits our ability to causally
interpret spatial associations, and longitudinal data are needed to establish the dynamic nature of
microstructural-dopaminergic associations. Second, because our cohort comprised early- to moderate-
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stage PwWPD, the identified associations may not generalize to advanced-stage PD. Third, our relatively
modest sample size may have prevented us from identifying smaller-magnitude or more spatially
localized associations, especially in smaller ROls. Therefore, future work needs larger, more
heterogeneous PwPD cohorts.

We intentionally used a normative dataset to assess whether PD-related microstructural alterations
preferentially occur in regions that are at baseline dopamine-rich or dopamine-poor. Subsequent
research may build on our findings by using complementary approaches, including PET imaging, to
assess patient-specific dopaminergic architecture and relate it to microstructural alterations, as
dopaminergic architecture is known to vary substantially across PwPD3’. However, such approach may
be greatly confounded by dopaminergic medication, as levodopa administration is known to alter

38,39

dopaminergic functionality independently of disease-related effects*°~?, with no effect on brain’s micro-

and macrostructure??~42. Because we lack meaningful approaches to disentangle disease-driven from
medication-driven effects on PET markers, this remains a challenge and would need to be addressed in
medication-OFF state or medication-naive cohorts, which in turn are limited to early- to moderate-stage
PwPD, since most advanced-stage PwPD would require ongoing dopaminergic treatment.

In conclusion, our findings indicate that PD-related microstructural alterations may be spatially coupled
to baseline dopaminergic architecture in the basal ganglia and inversely associated with it in cortical
regions. Proton density was consistently negatively associated with presynaptic dopaminergic markers,
while R2* and MTsat showed positive, region-specific associations with dopaminergic markers in
nigrostriatal structures. Therefore, MPM modalities may be differentially sensitive to distinct parts of PD
pathology that differentially co-localize with baseline dopaminergic architecture across the brain. Future
research should adopt a longitudinal design with a group-level PET dataset and integration of additional
data to assess the temporal and causal relationship in detail.

Methods
Experimental design and participants

We recruited participants from our inpatient and outpatient clinics in the Department of Neurology at
University Hospital Schleswig-Holstein (Campus Luebeck). Parkinson’s disease was diagnosed as
clinically established PD according to the Movement Disorder Society Clinical Diagnostic Criteria,
representing the highest level of diagnostic certainty attainable on clinical grounds within this
framework”. Our inclusion criteria comprised an age between 50 and 80 years and no concomitant
neurological/psychiatric conditions. Exclusion criteria included comorbidities affecting the ability to
provide written consent, MRI contraindications, diagnosis of atypical or secondary Parkinsonism, history
of alcohol abuse, or history or presence of structural brain diseases. Every participant provided written
informed consent. Every participant underwent a clinical examination and one MRI session. PwPD were
examined and imaged in the medication ON stage. The MRI dataset from this cohort has been previously
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reported'®1°, and this work reports a novel secondary analysis. The study adhered to the Declaration of

Helsinki and was approved by the local ethics committee at the University of Luebeck, Germany (AZ:
2024 - 302_2). Prior to study inclusion, every participant provided written informed consent.

Image acquisition and voxel-based quantification

MRI was performed at the Center for Brain, Behavior, and Metabolism Core Facility at the University of
Luebeck, using a 3 Tesla Siemens Magnetom Skyra scanner with a 64-channel head/neck coil. Using a
multi-echo 3D fast low-angle shot (FLASH) sequence, we acquired T1-, proton density-, and
magnetization transfer-weighted images, as previously described'?. All acquisitions were acquired in 3D
with 240 contiguous slices, 1.0 mm isotropic resolution, a field of view of 256 x 176 mm? (phase FoV
68.8%), GRAPPA acceleration factor 2, and partial Fourier 6/8 in the slice direction. The receiver
bandwidth for all echoes was 440 Hz/px. Inline distortion correction (2D mode) and prescan
normalization were enabled. The combination of T1-weighted acquisition (TR = 19.0 ms, flip angle = 20°,
six echoes with TE =2.20/4.70/7.20/9.70/12.20/15.00 ms, 8 minutes); the proton density-weighted
acquisition (TR =24.0 ms, flip angle = 20°, eight echoes with TE =
2.20/4.70/7.20/9.70/12.20/15.00/17.50/20.00 ms, 11 minutes) and the magnetic transfer-weighted
acquisition (TR =37.0 ms, flip angle = 20°, six echoes with TE =2.20/4.70/7.20/9.70/12.20/15.00 ms, 7
minutes), resulted in a total acquisition time of 26 minutes. A neuroradiologist reviewed all datasets to
exclude concurrent conditions and to assess visual artifacts (e.g., extensive head motion). We also
quantitatively evaluated the data quality using voxel-wise z-scores. Our exclusion criteria included
participants with severe visible motion artifacts (ringing and blurring) and excessive quantitative
measures, defined as z-scores greater than 2 standard deviations above the mean.

We processed the acquired images using the hMRI toolbox?° implemented in SPM25 (Statistical

Parametric Mapping 25)?" and MATLAB (R2024b, The MathWorks Inc., Natick, MA, USA). We
reconfigured the hMRI toolbox with scanner-specific settings using a custom-written MATLAB script.
Acquired T1-, proton density-, and magnetic transfer-weighted images served as input. We generated
MPM maps after B; correction using the UNICORT algorithm and after radiofrequency receive-sensitivity

bias correction using unified segmentation. We preprocessed the MPM maps using the hMRI toolbox
pipeline, including segmentation (into gray matter, white matter, and cerebrospinal fluid tissue maps),

nonlinear spatial registration to MNI space, and tissue-weighted smoothing??~24. Our preprocessing

settings included resampling to a voxel size of 1 x 1 x 1 mm?, and spatial Gaussian smoothing with a 6 x
6 x 6 mm FWHM kernel.

Statistical analysis: multiparametric mapping group differences
analysis
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We performed the group-level analysis in SPM25 within MATLAB. Using a two-sample t-test and
controlling for age and sex, we derived t-maps of PD-related differences across all four MPM modalities
(R2*, R1, proton density, and MTsat). We assessed only one contrast, generating t-maps showing higher
MPM-derived values in PwPD than in HCs (PwPD > HCs). All t-maps were generated using explicit
masks, including the tissue probability mask for gray matter incorporated into the SPM25 environment,
and masks derived from the HybraPD atlas’® and the HMAT'®, thereby assessing group differences
within specific regions of interest (ROIs). Statistically significant group differences from this analysis
were previously reported elsewhere and were mainly located within cortical regions'®1°. Overall, we
assessed group differences across 27 ROIls, including whole-brain gray matter, 20 subcortical regions,
and 6 motor cortical regions. For all bilateral structures, we combined left- and right-hemisphere ROI
masks before analysis. We generated four t-maps for each ROI, corresponding to PwPD >HCs R2*, R1,
proton density, and MTsat values.

Statistical analysis: spatial correlation between PD-related
microstructure and neurotransmitter receptor maps

Using the original unthresholded MPM-derived t-maps and PET-derived dopaminergic neurotransmission
maps, we performed voxel-wise spatial correlation in R (v4.5.3; R Code Team, 2026; R Foundation for
Statistical Computing, Vienna, Austria) using oro.nifti package (v0.11.4), dplyr (v1.2.1) packages, and
modified.ttest function from the SpatialPack package (v0.4.1). We obtained PET-derived maps of DAT,
FDOPA, D1, and D2 from a previously published study'3. We performed 16 correlation tests per ROI (four
t-maps: R2*, R1, proton density, MTsat, and four dopaminergic maps: DAT, FDOPA, D1, D2). We restricted
the analyses to voxels containing valid PwPD > HCs t-values and valid neurotransmitter receptor map
values. For each analysis, we calculated Spearman’s correlation coefficient (rho) and 95% confidence
intervals.

To control for spatial autocorrelation, we used Dutilleul's modified t-test, which estimates the spatial
autocorrelation of the MPM t-map and dopaminergic marker map from their voxel-wise covariance and
derives a corrected effective sample size (ESS). We calculated 95% confidence intervals using ESS. To
control for multiple comparisons, we implemented the Benjamini-Hochberg false discovery rate (FDR)
procedure using Dutilleul's modified t-test-derived p-values (pgpatia)) @cross all ROl x dopaminergic
marker x MPM modality, yielding pgpr. We report pgpr a@s the primary significance metric throughout the
Results section. Tables S1 and S2 provide detailed statistics. Visual presentations were generated in R
(v4.5.3) using the ggplot2 (v4.0.2) and patchwork (v1.3.2) packages within RStudio (v2026.01.1 + 403;
Posit Software, PBC, Boston, MA, USA).
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Figure 1

Spatial associations between PwPD-derived MPM measures and DAT and FDOPA in the whole-brain
GM. Representative scatter plots illustrate the spatial relationships between MPM-derived t-values
(rows: R2*, proton density, MTsat) and PET-derived dopamine marker t-values (columns: DAT, FDOPA)

across the whole-brain GM. DAT: dopamine transporter. FDOPA: ['8F]-fluoro-L-DOPA. GM: gray matter.
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MPM: multiparametric mapping. MTsat: magnetic transfer saturation. PET: positron emission
tomography. PwPD: patients with Parkinson’s disease. R2*: effective transverse relaxation rate.
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Figure 2

Regional association between PwPD-derived MPM measures and PET-derived dopaminergic measures
within the subcortical HybraPD-derived ROls. Comparison plot demonstrating spatial correlation
between MPM-derived measures and PET-derived dopaminergic markers. Regions are ordered from
bottom to top by association strength across all dopaminergic markers and MPM measures. Empty cells
indicate associations that did not reach significance (p < 0.05) using Dutilleul’s modified t-test correcting
for spatial autocorrelation. Bold-bordered cells indicate associations that additionally survived false-
discovery rate correction. CN: caudate nucleus. D1: dopamine D1 receptor. D2: dopamine D2 receptor.
DAT: dopamine transporter. DN: dentate nucleus. FDOPA: ['8F]-fluoro-L-DOPA. GP: globus pallidus.
GPe/GPi: globus pallidus external/internal segment. HN: habenular nucleus. MPM: multiparametric
mapping. MTsat: magnetization transfer saturation. NAC: nucleus accumbens. PET: positron emission
tomography. PwPD: patients with Parkinson’s disease. R1:longitudinal relaxation rate. R2*: effective
transverse relaxation rate. RN: red nucleus. ROIs: region of interest. SN: substantia nigra. SNc/SNr:
substantia nigra pars compacta/reticulata. VeP: ventral pallidum.
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Figure 3

Regional association between PwPD-derived MPM measures and PET-derived dopaminergic measures
within the cortical HMAT-derived ROIs. Comparison plot demonstrating spatial correlation between
MPM-derived measures and PET-derived dopaminergic markers. Regions are ordered from bottom to top
by association strength across all dopaminergic markers and MPM measures. Empty cells indicate
associations that did not reach significance (p < 0.05) using Dutilleul’s modified t-test correcting for
spatial autocorrelation. Bold-bordered cells indicate associations that additionally survived false-
discovery rate correction. D1: dopamine D1 receptor D2: dopamine D2 receptor. DAT: dopamine

transporter. FDOPA: [18F]-ﬂuoro-L-DOPA. HMAT: human motor area template. M1: primary motor area.
MPM: multiparametric mapping. MTsat: magnetization transfer saturation. PET: positron emission
tomography. PMd/PMv: dorsal/ventral premotor area. preSMA: presupplementary motor area. PwPD:
patients with Parkinson’s disease. R1:longitudinal relaxation rate. R2*: effective transverse relaxation
rate. ROIs: region of interest. S1: primary somatosensory area. SMA: supplementary motor area.
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