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The functional topography of the human primary somatosensory cortex hand area is a widely studied model system to un
stand sensory organization and plasticity. It is so far unclear whether the underlying 3D structural architecture also show
topographic organization. We used 7 Tesla (7T) magnetic resonance imaging (MRI) data to quantify layer-specific my
iron, and mineralization in relation to population receptive field maps of individual finger representations in Brodman are
3b (BA 3b) of human S1 in female and male younger adults. This 3D description allowed us to identify a characteristic
file of layer-specific myelin and iron deposition in the BA 3b hand area, but revealed an absence of structural differences
absence of low-myelin borders, and high similarity of 3D microstructure profiles between individual fingers. However, str
tural differences and borders were detected between the hand and face areas. We conclude that the 3D structural archite
of the human hand area is nontopographic, unlike in some monkey species, which suggests a high degree of flexibility
functional finger organization and a new perspective on human topographic plasticity.
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Significance Statement

Using ultra-high-field MRI, we provide the first compreheimsivigo description of the 3D structural architecture of the
human BA 3b hand area in relation to functional population receptive field maps. High similarisedimgecspecific 3D
profiles, together with an absence of structural differences and an absence of low-myelin beederslividwal fingers,
reveals the 3D structural architecture of the human hand area to be nontopographic. This sugdesttsicagatémita-
tions to cortical plasticity and reorganization and allows for shared representational featuresersross fing

.

Introduction system to understand cortical functional organization and plastic-

In the mammalian brain, the topographic architecture of the pri- 1y (Florence et al., 199Feldman and Brecht, 2008uehn and
mary somatosensory cortex (S1) is often studied as a modaleger, 2020 Because of their clear and fine-grained architectures,
the most studied topographic areas within S1 are whiskeessm-

) i tations in rodents Feldman and Brecht, 20pBetersen, 2007and
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1997 and finger representations in Brodmann area 3b (BA 3bKuehn et al., 20])7and is well above previously reported sample sizes.

homolog of rodent S1) of macaque monke@s &nd Kaas, 2004 According to_ t_he Edinburg'h Handedness Qqes?ionnai&idfield,

and owl monkeysJain et al., 1998as well as whisker represen- 1979, all participants were right-handed (laterality index ranging from

tations in rodents \Voolsey and Van der Loos, 197(he role 1 33tol 100, mean =88 21 SD). Chronic iliness, central acting medi-

of such septa is complex and ranges from functional separatio?fitions’ and MRI contraindications (e.g., active implants, nonremovable
L metallic objects, claustrophobia, tinnitus or hearing impairments, con-

to sensory encoding; it has also been suggested that septa

L . . A r‘@ﬁ%ption of alcohol/drugs) were a priori exclusion criteria.
limit cortical plasticity Sereno, 20Q5Low-myelin borders have Participants showed no anomalies of sensory perception (igib-

been identified in human BA 3b between major body part repreness; tingling sensations) or motor movement (e.g., retiauetor control,
sentations Glasser et al., 2018uehn et al., 207However, itis  restricted finger movement), and no diagnoses of diabetéyjgertension.

so far unknown whether low-myelin borders also separate funoNo professional musicians participated, given evidenaentsfrged cortical
tional single-finger representations in human BA 3b or whetheihand representations and superior tactile perception imgtand piano
the human hand area can be regarded as one structurally homalayers Elbert et al., 1995Ragert et al., 2006chwenkreis et al., 2007
geneous cortical fieldSereno et al., 20pavhere (1) single finger Finally, none of the participants showed signs of cognitivpairments as
septa and (2) structural gradients (previously related to |argéndlcated by the Montreal Cognltlvg Assessmexagreddine e_t _aI., 2005
scale functional organizatiomjuntenburg et al., 20t&aquola Mean = 296 1 SD, scores ranging from 26 to 30). Participants were

recruited from the database of the German Center for Neugederative
et aI.., 2019\/alk etal., 2022Wagstyl etal, 20)are abs_ent, and Diseases, Magdeburg, Germany. All participants gaveewiitformed con-
(3) single finger representations appear structurally similar.

. TR ar . sent and were paid for their participation. The study wasraped by the
Conceptually, this question is important because it touchegthics Committee of the Otto-von-Guericke University Mabdrg.

on a fundamental aspect of brain organization. In the soma-

tosensory system, unlike in the visual system, topographiGeneral procedure

representations are discontinuous. That is, single finggr  All participants took part in two appointments, (1) a structural MRI ses-

resentations $chweizer et al., 2008/artuzzi et al., 2014 sion and (2) a functional MRI sessiofFifj. 1shows the experimental

Schellekens et al., 2024nd major body part representations design and analysis pipeline of MRI data.).

(Sereno et al., 2022such as the hand and the face, are dis-

tinctly represented as has been shown with functional MRME' Sssﬁzi?eim

(.fMRI)' This representatlon_of body parts reflects the dise RI da?ta were acquired at a 7T MAGNETOM scanner (Siemens

tinuous shape of the body in the real world, where the han

d the f f | ially di d ealthcare) equipped with a 32-Channel Nova Medical Head.Co
and the face, for example, are spatially distant (an canemo\g; . magnetization-prepared 2 rapid acquisition gradieecho

independently), although they cover neighboring areaslin S (yp2rRAGEMarques et al., 20)avhole-brain images were acquired
Therefore, it has been suggested that low-myelin borders igt 0.7 mm isotropic resolution [240 sagittal slices, field efwread =
BA 3b separate representations that are nearby in the corte24 mm, repetition time = 4800 ms, echo time = 2.01ms, inversion
but distant in the real world Kuehn et al., 201)7 such as the time TI1/TI2 = 900/2750 ms, flip angle = 5°/3°, bandwidth = 250 Hz/
hand and face. Alternatively, low-myelin borders may sepapixel, Generalized Autocalibrating Partially Parallel #istion (GRAPPA)
rate representations that are nearby in the cortex and ngarb?l, and MP2RAGE part brain images (covering the sensorimatotex)

in the real world but that sometimes receive distinct segsor Were acquired subsequently at 0.5 mm isotropic resoluti transversal
inputs, such as individual fingers. Answering this questio slices, field of view read = 224 mm, repetition time = 4800enkp time =

! -~ . . - - 2.62ms, inversion time TI1/TI2 = 900/2750 ms, flip angle B%°band-
will facilitate relating cortical myeloarchitectonic teaes to width = 250 Hz/pixel, GRAPPA 2, phase oversampling = 0%, slice
real world features.

L . . oversampling = 7.7%). Then, we acquired uncombined susceptibility
~ We here used parcellation-inspired techniques to characterizgeignted imaging (SWHaacke et al., 20Q4iata with part brain cov-
finger-specific structural features of the hand representation iRrage of sensorimotor cortex at 0.5 mm isotropic resolution using a
human BA 3b, not only along the surface (two dimensions) buBD gradient-echo pulse sequence (208 transversal slices, fieldwof vie
also in depth (three dimensions). Quantitative MRI proxies wereead = 192 mm, repetition time = 22ms, echo time = 9.00 ms, flip
used to estimate layer-specific myelin, diamagnetic and parangle = 10°, bandwidth = 160 Hz/pixel, GRAPPA 2, phase oversam-
magnetic tissue substances (such as calcium and iron), and ovéling = 0%, slice oversampling = 7.7%). The total scanning time was
all mineralization. Participants underwent a tactile stimulation: 60min. Functional data were collected in a separate scanning ses-
protocol to obtain population receptive field (pRF) characteris-SioN- First, shimming was performed before two echo planar imaging
tics to investigate whether the 3D structural architecture of thdEF")_readouts with opposite phase-encoding (PE) polarity were
. cquired. Functional EPI sequences (gradient echo) were acquired
hgman hand area_ is homogenous or whether there are system g’lng the following parameters: voxel resolution of 1 mm isotropic,
microstructural differences between BA 3b finger representaye|q of view read = 192 mm, repetition time = 2000 ms, echo time =
tions. Targeting these questions provides us with critical inforo22 ms, GRAPPA 4, interleaved acquisition, 36 slices.

mation on topographic stability and/or plasticity in conditions of

health and disease. fMRI task
fMRI data in this paper have been published in part previ-FiVe independently controlled MR-compatible piezoelectric stimulators
ously inLiu et al. (2021) (QuaeroSyshttp://www.quaerosys.coynwere used to stimulate the

five fingertips of the right hand of the participants in the scanner
. (Schweisfurth et al., 2012014 201). A stimulator was attached to
Materials and Methods each fingertip of the right hand, using a custom-built, metal-free appli-
Participants cator to adjust to individual hand and finger sizes. Each stimulator
Twenty-four healthy volunteers underwent 7T MRI. Because of sevemnsisted of 8 individually controlled pins arranged in a 2 matrix,
head motion during scanning, 4 participants were excluded from theovering 2.5 9 mm? of skin (Fig. 1. Vibrotactile stimulation was
study, leaving a total of 20 participants for analysis (10 females; meapplied at a frequency of 16 H8¢hweizer et al., 200&nd stimulation
age, 2% 3years). The participant number was motivated by previousntensity was adjusted individually for each participant and each finger
layer-dependent 7T MRI studies using quantitatimevivo proxies to  to 2.5 times the individual tactile detection thresholds. To minimize
describe the structural architecture of human BA Bbr(se et al., 2015 adaptation-related variation in map activity between participants, two
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Figure 1. Overview of experimental desigm=A20tphdfcipants took part in structural and functional 7T MRMRERAGHi aitidrsusceptibility-weighted imag
sequences of participants were acquired to estimate high-resolution qT1 mapsandvQ Bidisateshectagiyn BEohterest (left hand representation in BA
MP2RAGE sequence was used to extract the cortex (magenta) and layer the aortexiter2teqiitameQBn (values were sampled to derive cortical de

ent profiles. These profiles were averaged into three anatomically relevant dagrhppitikientdd=eligbt blier;innerekasen ionsatidated d@dange et
al., 20 1FExtracted qT1 and QSM values were mapped'@ntfatesinditickiaurface. Myelin staining was remdbiieleel etcalor (2@&) )l participants under-

went tactile stimulation during scanning using both a phase-encoded design aqmbaddotkensbdesited MR dodgpatible piezoelectric stimulators were use

late the five fingertips of the right hendoBédstata were used to calculate pRF properties, which were used to lioatize B 8bgardepesstmtblocked
design data were used totealapkfer shortest path estimation.

randomly selected pins were raised one at a time, yielding 16 pin constimulation. The sequence was repeated 10 times for both Aitogether,
binations per second3chweisfurth et al., 2018014 201)). functional measurements togk40 min.
Participants first underwent two phase-encoded protocols (runs 1

and 2 of the experiment), which included 2 runs of 20 cycles each. Ea®hRI analyses
cycle lasted 25.6 s where each fingertip was stimulated once for 5.1%gructural data processing

Stimulation was applied either in a forward [thumb (D1) to little finger

(D5)] or in a reverse order (D5 to DFig. 1. Half of the participants

Preprocessin@tructural data quality was evaluated by two inde-
pendent raters, and data showing severe artifacts (i.e.=of partici-

started with the forward run, and the other half started with the reversepants) were excluded. We only used data showing mild truncation
run. One run consisted of 256 scans (512 s for a TR of 2 s) and lastedtifacts (not affecting S1) or no artifacts at all. Quantitatsuscepti-

8 min and 31 s. Participants were instructed to covertly ¢atwort randomly

distributed pauses during the tactile stimulation (dupatil80 ms). We used

the same number of gaps per finger, resulting in 15 gaps &l fwr run.
Participants then underwent the blocked-design protonoht¢ 3 and 4 of the
experiment), which included six conditions, stimulatian®1, D2 (index fin-
ger), D3 (middle finger), D4 (ring finger), D5, and a rest diion with no

stimulation. The same task instructions and stimulationtprol as described

for the phase-encoded paradigm was used, although fingees simulated
in a pseudorandom way in that fingers were not stimulated erthian two

times in a row. Between two subsequent stimulations, thag a2 s pause

(in 70% of the trials), or a 6 s pause (in 30% of the trials)ctviaias counter-
balanced across fingers. Each finger was stimulated 16. tbre run com-

prised 208 scans and lasted 6.56 min. The blocked-designasrepeated

twice. Subsequently, two runs were recorded, where a liffRilation of
all five fingers was followed by an 11-TR resting phase witremy

bility maps (QSMs) were reconstructed from coil-uncombined SWI
magnitude and phase images using the Bayesian multiscale dipole
inversion algorithm Acosta-Cabronero et al., 20l8mplemented in
the software gsmbox (version 2Bttps://gitlab.com/acostaj/QSMbpx
written for MATLAB (R2017b, MathWorks). Structural MP2RAGE and
QSM images were then processed using JIST (Java Image Science
Toolkit; Lucas et al., 20)@nd CBS ToolsKazin et al., 20)4s plug-ins
for the research application Medical Image Processing, Analysis, and
Visualization (MIPAV;https://mipav.cit.nih.gow.

RegistrationFirst, the quantitative T1 map (qT1) and QSM slab images
were coregistered to the upsampled (0.7 to 0.5 mm isotregit)le-brain
gT1 image. To precisely register the qT1 slab image onto @sampled
whole-brain qT1 image, we combined linear transformation (MIPAV
version 7.3.0; Optimized Automated Registration algorithm, 6 degrees of
freedom, cost function of correlation ratio) and nonlinear deformation
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[Advanced Normalization Tools (ANTSs) release 1.8xants et al., 2011  Anatomical definition of BA 3b
embedded in cbstools wrapper Embedded Syn, cost functiorosé-cor- ~ We manually generated subject-specific BA 3b masks of the left hemi-
relation] in one single step, using nearest neighbor intéation. For  sphere based on anatomical landmarks in the qT1 imaGey¢r et al.,
registration of the QSM slab image, we applied a combinadfofgid and 1999 Yousry et al., 1997using the software ITK-SNAP (version 3.6.0).
affine automated registration using the software ITK-SN#&sion 3.6.0; Masks were drawn from the edge (beginning of the crown) of the post-
www.itksnap.oryy The registration quality of resulting qT1 and QSM slab central gyrus to the fundus of the central sulcus (to make sure to include
images was evaluated by two independent raters. The gedeegistra-  everything of BA 3b), covering the posterior wall of the postcentral gyrus
tion matrix for the gT1 slab image was then applied to the Tdighted  (Geyer et al., 1999All slices were masked in which the knob-like
uniform image (UNI) and to the second inversion image. (axial slices) or the hook-like shape (sagittal slices)haf totor
SegmentatiorgT1 slab and whole-brain images were fused using &@and area was visibleYpusry et al., 1997 Adjustments were
weighted combination of images, resulting in one whole-brain structuramade where required until the surface mask presented as lg@mo
image with improved resolution in the sensorimotor cortex. Using thenous and without holes.
merged images, brain surrounding tissues (i.e., skull and dura mater) To specifically reduce the effect of possible segmentation errors on
were removed, and resulting brain masks were manually refined (usinsurface-based gradient and between-finger septa analysesiliexpla
both the gT1 and UNI images) to ensure that all nonbrain matter wasbelow), more conservative versions of our manually generated BA 3b
removed from the region of interest. The cortex was then segmenteshasks were created in 15 cases (P01, P02, P03, P04, P07, P08, P10,
using the UNI image as input for the TOADS (topology-preserving,P11, P13, P14, P15, P16, P19, P20) where structural and/or foattio
anatomy-driven segmentation) algorithnBgzin and Pham, 2007%0  data indicated that we may have sampled a few vertices of BA1. This
estimate tissue membership probability of each voxel. The results werefinement allowed us to restrict geodesic paths used for gradieht an
used as input for the CRUISE (cortical reconstruction using implicit sur-between-finger septa analyses to BA 3b (Sige 6 and to minimize
face evolution) algorithmHan et al., 2004to estimate the inner and the influence of neighboring subregions on the results (i.e., lower
outer gray matter (GM) borders, that is, to the white matter (WM) and myelin content in BA 1Glasser et al., 201&lasser and Van Essen,
cerebrospinal fluid (CSF), respectively. The resulting level set 8nage011 Sanchez-Panchuelo et al., 2RIHMowever, these more conserv-
(surfaces in Cartesian space using a level set frame®etkjan, 1999  ative masks might also result in missing parts of BA 3b (and were
were optimized to precisely match S1 by thresholding theimam val-  therefore only applied to the gradient and between-finger septyana
ues of the inner and outer level setimages @8 and 0.2, respectively.  ses). In line with previous parcellation approach&iasser et al.,
Layering and surface mappinthe level set images were then used2016 Glasser and Van Essen, 20de identified the border between
to generate individual surfaces for cortical mapping. Intracortical qTIBA 3b and BA 1 of S1 based on a drop in myelin (increase in qT1 val-
and QSM values, used as proxies for myefitiper et al., 20)4and  ues) along the edge of the rostral bank of the postcentral gjtate
mineralization @costa-Cabronero et al., 2018018 Betts et al., 2036  that a clear sharp border cannot be detected in individual myelin-
respectively, were estimated in reference to individual cortical foldingensitive MR imagesSénchez-Panchuelo et al., 2RMhich may be
patterns using the validated equivolume mod&Vdehnert et al., because of the presence of transition zor@sygr et al., 1999Therefore,
2019. The cortical sheath was initially divided into 21 level se an exact delineation of S1 subregions cannot not be achiaevieidh is
surfaces where we sampled gT1 and QSM values to derive abrtiovhy an operational definition based on anatomic landmarksaeted
depth-dependent profiles. Finally, the extracted valuesawnapped from cytoarchitectonic and multimodal parcellation stadiwas chosen in
onto the individuals inflated cortical surface (method of closestthe present study.
point; Tosun et al., 2004 Note that for cortical depth-dependent
mapping of quantitative values, we used the nonmerged hago-  Functional data processing
lution qT1 and QSM slab data to ensure high-data quality. WeDistortion correction of opposite polarity EPIs was performed using a
extracted three different parameter maps from the QSM datag-  point spread function (PSF) mappingn(et al., 201% To account for
ative QSM (nQSM), positive QSM (pQSM), and absolute QSMiifferences in the amount of spatial information between the opposite
(aQSM)—to estimate information on different underlying tissue PE EPIs, a weighted combination of the two distortion-corrected images
properties (diamagnetic tissue contrast for nQSM, paranedig tis-  was applied to generate the final corrected image. The EPI images of the
sue contrast for pQSM, level of mineralization for aQSM). functional scans were motion corrected to time point zero. PSF mapping
Extracted cortical depth-dependent profiles were further averagedas applied to the motion-corrected images to perform geonaiyiaccu-
into fewer compartments following two different approaches; (1) Torate image reconstruction. Functional time series wege-iime corrected
ensure comparability of our results to previous data, the three most sue account for differences in image acquisition time betwslices using
perficial and the two deepest profiles were removed to reduce partial voBPM8 (Statistical Parametric Mapping, Wellcome Departnaétmaging
ume effects Tardif et al., 201pbefore the remaining 16 profiles were Neuroscience, University College London). Slice-timeemted functional
averaged into four equally spaced cortical depth compartments (herelata resulting from phase-encoded protocols were conasgdn
after referred to asequally spaced layérssuperficial, outer middle, Registration of functional dat&unctional time series were semi-
inner middle, deep), and (2) we followed previaesvivo in vivovalida- ~ manually registered to the MP2RAGE qT1 image using ITK-SNAP (ver-
tion studies in S1 that allow definition of anatomically relevant corticalsion 3.6.0, nonrigid transformation, 9 degrees of freedom). Resulting
compartments from ultra-high-resolution MRI dat®{nse et al., 2035 registration matrices were applied to the corresponding functional pa-
Fig. 2. We used previously validated myelin profiles of BA Biinse et  rameter maps (i.et;maps, pRF estimates) in a single step (ANTS, ver-
al., 201%to identify cortical compartments based on averaged qT1 prosion 2.1.0, nearest neighbor interpolation). The inverse of the resulting
files (at the group level) by plotting modeled histological data as well aggistration matrices were used to transform individual ROl masks from
in vivo MRI data ofDinse et al. (2015 reference to ouin vivo MRI structural into functional data space (ANTSs, version 2.1.0, nearest neigh-
data. Calculating minima and maxima of the first derivative of the initial bor interpolation), allowing us to perform ROI analysis on nonsmoothed
qT1 profile (including 21 compartments) allowed us to extract threefunctional data.
data-driven cortical-depth compartments that are anatomically relevant. General linear model analysis of blocked design d&fa used the
After removing the two deepest layers (where qT1 stabilized and a plaeneral linear model (GLM) as implemented in SPM8 to individually
teau was reache#g. 9, the remaining 19 compartments were averagedcalculate fixed-effects models on the first level of the two blocked-design
into an inner (eight deepest layers), middle (seven layers), and outeans (runs 3 and 4 of the experimerftjg. 1). Because each finger was
(four most superficial layers) cortical-depth compartment, where basetteated individually and independently, BOLD activation driven by tac-
on Dinse et al. (2015bhe input layer 1V is located in the middle com- tile stimulation of each finger was included in the quantification as an in-
partment, and the deep layers V/VI are located in the inner compart-dependent measureK(ehn et al., 2018&Stringer et al., 2034 Each
ment. Analyses are shown both for three anatomically relevant layesession was modeled with five regressors of interest (stimulation to D1,
compartments and for four equally spaced layer compartments. D2, D3, D4, D5) and allowed the computation of five linear contrast
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Figure 2. Extraction of anatomically relevant cortical compaiiriieats aqTBA@pess) of the hand representation in BA 3b plotted againsk2kisportical dep
from superficial to deep). Top, Raw gT1 values given in milliseconds (lower valiergindichtie higsed enyeliveafitaw qT1 values; bottom, second derivat
qT1 values. The red arrow indicates plateauing qT1 values, black arrows inthesfiestha dixgnornimbenlacations of the extrema were estimated based or
the zero locations in the second derivative. Foiirtomgatisomnfites (black lines) are shown together iwithivigghigoleligs of BA 3b (right column, blue lines
Dinse et al., 2BL.Remodeled myelin-related layer profile of BA 3iDfrest o dYi@ack arrows indicate the outer and the inner border of anatomic layer |
toDinse et al., (2@1Bata-driven approach to identify three anatomically relevant cortical layers) Masndediiikey @agigthopi the first minimum and the first 1
imum of the first derivative of raw qT1 values (black arrows). Remaining supavéci)edititakbceptisrisrer, whereas remaining deep cortical depths we
into an inner layer. Please note that the two deepest cortical depths, where qTrefledt &8 dtédeitizztamnyl were excluded. Please note that we estimated |
layers basethaivtRI data; they may therefore not correspond exactly to the anatomical layers & identified by histological da

estimates, Touch to D1, D2, D3, D4, and D5 [e.g., the contra§t4 1  Puckett et al., 202@eidman et al., 20)8To define the somatosensory
1 1)fortouchtoD2]. space, the dimensions of the 2D matrix were limitedbt@2.5. Finally,

Bayesian pRF modelingRF modeling was performed on the phase- pRF modeling was performed on the inferior-to-superior dimensign (
encoded fMRI data following the same procedure as introducetibby dimension) of topographic alignment. The minimal pRF size was re-
et al. (2021,)incorporating the SPM-based BayespRF Toollduipé:/  stricted to 1/10th of the sensory space occupied by a single fingertip,
github.com/pzeidman/BayespRivritten for MATLAB (SPM12 and whereas the maximum pRF size was restricted to the equivalence of all
MATLAB R2017b). We performed a two-stage analysis. First, a first levéle fingers (i.e., 25 unitg;iu et al., 202). A Gaussian pRF profile was
GLM analysis was conducted using SPM12 to prepare the data for pRIRosen as the response function for the pRF analysis (code available at
modeling by reducing the number of voxel time courses. At this stagettps://gitlab.com/pengliu1120/bayesian-prf-modelling.githe model
the task regressors were defined. Five regressors were constructed, cowas characterized by a normal, excitatory distribution with pRF center
sponding to the five fingers of the right hand. Only time-series data thatocation () and pRF width (i.e.s, the SD of the Gaussian profile) as pa-
passed a significance thresholdpof 0.05 uncorrected were taken for- rameter estimates. The extracted distance parameter was used to define
ward for pRF modeling4eidman et al., 203&uckett et al., 2090pRF the digit ROIs (locations of activated voxels for each finger), whereas the
modeling was restricted to BA 3b (using the above described BA 3éxtracted width parameter was used as the pRF size estimate of activated
masks) to reduce the computing time (Note that pRF modeling of onevoxels. Because the stimulus space was one dimensional, only pRF dis-
participant takes 24 h for the given input data, i.e., it would take sev- tance (i.e., center location) and pRF size parameters were analyzed in
eral days to compute whole brain data of one participant.). pRF modekurface space.
ing was then conducted on a voxel-by-voxel basis to optimize the fit Localizing single fingers in BA 3Resulting pRF center location
between an estimated waveform and the empirically measured BOLDaps were used to locate single finger representations in BA 3b. We
response by modifying the size and position of the pRF model. Wapplied a winner-takes-all approach to the pRF center location maps to
thresholded the posterior model probability.a0.95 (iu et al., 2021  ensure vertices are sampled only once (i.e., excluding overlapping map
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areas between finger representations). Vertices of overlapping aremsd Kaszynski, 20)%o calculate the shortest path between peak
(introduced by splitting pRF maps into five single finger maps andlocations of neighboring BA 3b finger representations {D2, D2-
mapping single finger maps onto the inflated surfaces) were exclusivel3, D3-D4, D4-D5; as well as between BR21 and D1D3 in one
assigned to one area by taking the highest variance (explained by thase where locations of D1 and D2 finger maps were reversed). qT1
pRF model) as criterion. The hand area was defined by combining thealues oh = 20 younger adults were therefore sampled from nine dif-
five fingers to one larger ROI. ferent locations (five peaks, four borders) at three differenticatt
Localizing the face-hand area in BA Bbsubsampler{ = 16 partici-  depths (inner, middle, outer).
pants) also underwent functional 7T MRI [gradient-echo EPI sequence Additionally, we implemented an analysis that uses multidimen-
of 1.5 mm isotropic resolution with part-brain coverage of motor cortexsional sampling (inferior to superior and anterior to posterior) to detect
(M1) and S1] while carrying out motor movements of the tongue andpotential low-myelin borders in surface-based qT1 patterns. This analy-
the fingers to locate the face-hand area in MMo(thall et al., 2028  sis is independent of the exact functional crossing vertex and therefore
These movement-related data were used to locate the face and hapatentially more robust. To realize this approach, we chose the peak acti-
areas in BA 3b. After the functional data were manually registered to theation area of the thumb (as identified using pRF mapping) as a seed
MP2RAGE gT1 image based on anatomical landmarks (ITK-SNAP, veregion. We then sampled multiple geodesic paths superior and inferior
sion 3.6.0, nonrigid transformation, 9 degrees of freedom), functionairom this seed region, using the Dijkstra algorithm as implemented in
activation maps of tongue and finger movements were estimated (ped®yVista for Python $ullivan and Kaszynski, 201 $tart and end points
clusters ot values, thresholded at, 0.01 with a minimum cluster size of these paths were extracted along ykaxis of finger activation peaks
of k = 3) using the GLM as implemented in SPM12 (first-level analysi¢D1 and D2), as well as 10 mm below the D1 activation peak (geodesic
based on contrast estimates for each body péotthall et al., 2028on-  distance on the shortest path between the D1 activation peak and the
tains details). A winner-takes-all approach was applied to the resultinffice activation peak). This 10 mm distance was estimated based on the
localizers to ensure vertices are sampled only once (i.e., excluding ovéxpected location of the upper face (in particular the foreh&aabt et
lapping map areas between body part representations). al., 2022 Only those vertices that were scattered within one vertex-to-
Surface mapping of functional paramet&wsgistered functional pa- vertex distance;(0.26 mm) around thgr-axis were considered. Please
rameters were mapped onto the individual surfaces in anatomical spag@te that in two cases (P11, P15), where sampling along-thés did
using the method of closest point (CBS Tod@szin et al., 201%5urface  not match the underlying surface-based qT1 pattern, start and end
Mesh Mapping algorithm), and BA 3b masks were applied. To minimizePoints of the geodesic paths were defined alongxtagis. For each par-
the effect of superficial veins on BOLD signal change, the most superficipant we sampled five equally spaced geodesic paths (running from
cial 20% of cortical values were disregarded, and the mean value of tH& approximated forehead representation via the thumb to the index
remaining layers (26100% cortical depth) was used to perform statisti- finger representation; ségg. 8). Second, we extracted T1 values from
cal analyses. Note that no cortical depth-dependent analyses were pBtiddle cortex depth (where low-myelin borders in BA 3b have been

formed for the functional data. detected previoushKuehn et al., 203)7and used 3D plotting together
with sequential color mapping to visualize the underlying qT1 pattern
Extracting microstructural profiles along the extracted paths (séig. 8).

We sampled qT1, nQSM, pQSM, and aQSM values perpendicular to the

cortical sheet in 21 different cortical depths from the pRF center locaSimilarity analysis

tions of the five fingers and from the face-hand area in BA 3b. WithinT0 investigate similarity of finger-specific 3D structural pte$ we
subjects, extracted values were averaged across vertices (resulting in &aulated the Fréchet distance between all possible finges ipaii-
value per location/body part and depth). We then calculated the firs¥idually for each participant using the Fréchet Distance Caloulat
and the second derivative of resulting qu vectors using the gradier(t/ersion 2.0,httpS://de.mathWOrkS.Com/matlabcentl’anileeXChange/
function implemented in MATLAB (R2017b). Minima and maxima of 41956-frechet-distance-calculat@s implemented in MATLAB (ver-

the first derivative were estimated by finding the zero locations in thesion R2022a). The Fréchet distance is a measure of (dis)similarity

second derivative. between two curves in space that reflects the shortest path lendth
ficient to traverse both curves from start to finish while taking the
Extraction of structural gradients course of the curve into accounAlt and Godau, 1996 When both

We analyzed qT1, signed QSM, and aQSM values in relation to geodesigrves are perfectly aligned, the value of the Fréchet distarzezas
distances to account for local and individual differences in corticata-

ture. Geodesic distances and quantitative structural values (qT1, sign&datistics

QSM, aQSM) were extracted from BA 3b along the shortest path betweéatistical analyses were computed in R software (version Bttod;//

the D1 activation peak and the D5 activation peak (19/20 participantsyww.r-project.org). All sample distributions were analyzed for outliers
based on blocked design data), using the Dijkstra algorithm as implessing box plot methods and tested for normality using the Shajitk
mented in PyVista for PythonSullivan and Kaszynski, 2019n one  test. In case of non-normal data, nonparametric or robust tests were con-
case, where D1 and D2 activation maps appeared in reversed inferior-¢ucted. For all tests, the significance level was sett0.05. Bonferroni-
superior order (PQ7), the shortest path was calculated between the @Rrrected significance levels were applied for multiple testing to correct
activation peak and the D5 activation peak. Extracted quantitative valudgr familywise error accumulation. Pearson correlation coefficiewas

and geodesic distances were used to perform statistical analyses. calculated as an effect size estimator for Studentests Field et al.,
2019. We applied Cohes criteria of 0.3 and 0.5 for a medium and large
Septa analysis effect, respectivelyCphen, 1988 Eta squared/{?) was calculated as an

To investigate whether between-finger septa also exist in human BA 3bffect size estimator for ANOVAs. We applied two-sided tests, except for
a surface-based mapping approach combining functional and structuraear one-sided hypotheses (i.e., testing for low-myelin borders).

data were useduehn et al., 201)7 Layer-specific qT1 values and func-  To test for the existence of inferior-to-superior structural gradients
tional activity ¢ values generated based on blocked design data) weie the human BA 3b hand area (potential linear relationships between
sampled along predefined paths between neighboring finger repregeodesic distances and quantitative structural values), we used multilevel
sentations. In particular, we compared qT1 values extracted frontinear regression models to predict layer-specific qT1, signed QSM, and
peak locations (maximun value of single finger contrast restricted aQSM values from normalized geodesic distances (fixed effect) while
by corresponding pRF map) with qT1 values extracted from bordecontrolling for the effect of individuals (random effect with random
locations (intersection point of value vectors sampled along the intercept and random slope). To conduct this analysis, we used the Ime
shortest path between peak locations of neighboring BA 3b fingefunction (method maximum likelihood) from the nime package (version
representations; similar approach kaehn et al., 2007 We used the  3.1-155,https://CRAN.R-project.org/package=nljra@s implemented in
Dijkstra algorithm as implemented in PyVista for PythoByllivan R (version 3.4.A4ttps://www.r-project.orgdy.
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A Microstructure Profiles of Left BA 3b Hand Area B Anatomically-Relevant
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Figure 3. Cortical 3D profiles and layerAldfiicitastructure profiles of the left (contralateral to where stimulation wasiapplidi Bnshepreistintttcortical
depth-dependent profiles. qT1 (reflectng0nyed$M, reflecting diamagnetic tissue contrast {8)y.pQBdimeflecting paramagnetic tissua sd@jast (iron;
and aQSM (overall mineratize@pwere sampled at 21 different coricaltaeptts. (R04fFere depth 1 is located closest to CSF and depth 21 is located clos
Myelin staining was remodeled abawsdieg ab (2@ Fnatomically relevant cortical compartments (cream, outer layer; light pinigmeiddigeldyeerdght blu
defined based on minima and maxima of the rate of change in qT1 (first derivaéimeqf tadicalatepthlepemal difference between two neighboring sampg;
that are assumed to reflect the heavily myelinated Baheéé o6 BgliaigiEr, nQSM, pQSM, and aQSM values of the left hand area in BA 3banteach of the |
layer; middle row, middle layer; bottom row, inner layer) for one example partidipand. ShpiREficient@fingdotrepresentations from which data were extre
thumb; magenta, index finger; blue, middle finger; green, ring finger; yellow, little finger).

In addition, we fitted Bayesian linear multilevel models using thetimes the possible value range, the SD to 0.25 times the possible value
brm function of the brms package (version 2.18Rljrkner, 2017 range. We chose normal prior distributions for the intercept ane th
Burkner, 2018Carpenter et al., 20)7&s implemented in R (version effect of geodesic distance on signed QSM (mean = 0, SD = 0.06) and
4.2.2, https://www.R-project.org/ We used the same fixed and aQSM (mean = 0.06, SD = 0.03) for all layers. Because we vtere in
random effects as described before for the frequentist approaclksted in a linear relationship between structural measurgBl,

The prior distribution of the intercept for layer-dependent qT1 was signed QSM, aQSM) and geodesic distance, the Gaussian family with
informed by previous 7T MRI studie®fnse et al., 201Kuehn etal., the identity link was chosen as response distributi8ikner, 201Y.
2017. Based on this information, we chose normal prior distributions All models were fitted using four chains with 2000 iterations edleé;

with different means and SDs for different layers (outer, mean =first 1000 of which were used to calibrate the sampler, resulting in
2058, SD = 483; middle, mean = 1770, SD = 294, inner, mean = 1708tal of 4000 posterior sampleBirkner, 201Y.

SD = 183). Previously reported values were averaged and rounded To compare skewness and kurtosis of microstructure profiles
whole numbers, SDs were multiplied by three to allow variatidnlev ~ between fingers (D1, D2, D3, D4, D5) as well as to compare Fréchet dis-
accounting for possible outliers in the data. The prior for thieefof  tances of microstructure profiles between pairs of neighboring fingers
geodesic distance on qT1 was set to normal (mean = 0 for all layeréD1, D2; D2, D3; D3, D4; D4, D5), one-way repeated-measures
same SDs as reported for the intercepts). Signed QSM and aQSM pANOVAs on qT1, nQSM, pQSM, and aQSM were computed given nor-
ors were also informed by previous studidsc¢sta-Cabronero et al., mality. In case of non-normal data, we conducted robust repeated-meas-
2018 Donatelli et al., 2022 Signed QSM values were allowed to varyures ANOVAs based on 20%-trimmed means, which were performed
between 0.125 and 0.125, aQSM values were allowed to varysing the rmanova function from the WRS2 package (versior3l.1
between 0 and 0.125. The mean of the prior distribution was setto 0.Mair and Wilcox, 202pin R.
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Table 1. Statistical results of frequentist gradient analysis using multilevel linear regression

Anatomically relevant layers

Equally spaced layers

qT1 geodesic distarrcgp

qT1 geodesic distarecg

Layer b t p 95% ClI Layer b t p 95% ClI
Outer 32.70 0.68 0.50 126.88, 61.47 sf 22.39 0.76 0.45 80.28, 35.50
Middle 8.87 0.40 0.69 51.88, 34.15 om 6.13 0.27 0.78 49.86, 37.60
Inner 3.01 0.10 0.92  57.04,63.07 im 2.24 0.09 0.93 47.40,51.88

dp 2.54 0.07 0.94 64.17, 69.25

signed QSMeodesic distarcéd signed QSNMeodesic distarcéd

Layer b t p 95% ClI Layer b t p 95% ClI
Outer 0.001 0.27 0.79 598 7.83 sf 48 0.13 0.89 6.3%7.33
Middle 0.001 0.29 0.77 563753 om 0.001 0.42 0.68 5.3%8.23
Inner 4.4 0.13 0.89 562 6.4° im 0.001 0.40 0.69 5.0%75°

dp 46% 0.14 0.89 6.9% 6.0°

aQSM geodesic distarcéd aQSM geodesic distarcé8

Layer b t p 95% ClI Layer b t p 95% ClI
Outer 0.005 1.94 0.05T 4.359.33 sf 0.006 3.03 0.03T 3 p@?
Middle 0.005 2.12 0.04T 4832 om 0.004 1.53 0.13 1.03 8.3°
Inner 2.8% 0.02 0.99 3.6%35°3 im 7.9 0.03 0.97 473 483

dp 7.8% 0.04 0.96 3.5%3.3°%

None of the tested layer-specific structural measures (qT1, signed QSM, aQSM) showed a significant linear relationship with geodesic distances. Structural gradients were teste
Inner) and for equally spaced layers (sf, superficial; om, outer middle; im, inner-middle; dp, deep). BonferroDiod@Tefctedrsigpmficaliye déaradanfayers (correcting for 3 tests per stri
variable) gmd 0.0125 for equally spaced layers (correcting for 4 tests per structural variable) were applied. Trends above Bonferroni-corrected significance levéi3, are marked &
Studest, pvalue, and 95% confidence intervals (95% Cl). Geodesic distances were normalized.
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Figure 4. Absence of inferior-to-superior structural gradient inABdsatghsurtbarsbased analyses, structural gradients of qT1, signed QSM, and aQSM
the full fingertip map (hand area) of left BA 3b (light gray area). Values were egtiactdrfigpthérdendesicspath (black line). Different colors on the schems
of the hand indicate different finger representations on Bhg Ebnmlalesuofamae example participant sampled from inferior to superidc\aticés aloag the ge
tomically relevant layers. Black lines repogstemeanalalues calculated over a sliding whiiiis% of lelhd#tia points) across neighboring vertices, light gray va
resent individual data points, and different colors indicateldifferafadenyeat mean gradients (black lines) of qT1 values (in ms), signed QSM (sQSM)
aQSM values (in ppm) are shown together with 95% confidence intervals (gray silfbaos@dmnititsyiahd atdipoingal trend lines (colored lines). There were
cantresults. Trends above Bonferroni-corrquted. @@ gliotaretting for 3 tests per structural variable) are marked by a T.
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Table 2. Statistical results of Bayesian gradient analysis

gT1 geodesic distarc2d) signed QSYkodesic distarce8) aQSMgeodesic distarcg)
Layer b 95% ClI BF b 95% CI BF b 95% CI BF
Outer 31.7 128.3,61.7 0.12 48.0 7.4% 853 0.063 43 4.0%1.0% 0.45
Middle 9.5 54.9,34.7 0.08 47.0 7.3%8.1°3 0.056 4% 1.029.28 0.44
Inner 1.2 58.1, 62.5 0.16 5.0 6.3%7.33 0.056 13 413428 0.07

None of the tested layer-specific structural nsegsade® $M,1aQSM) showed a linear relationsbigistahapsofiesi , BR). Structural gradients were tested for anatomically
relevant layers (Outer, Middle, Inner). Resalisaarestégpated means of the population-levelesfifecistbgeedn gY,196% credible interval based on quantiles (95% CI)
and Bayes factor favoring the alternative hyjpckhBaige&Bfactor of one or greater represents evidetice aitdenative hypothesis (H1, linear gsadignamsl mréBayes
factor 1 represents evidence in favor of the null hypwhesjsaflitntlis absent). The convergence diagtwstio tMdohte Carlo chains indicated convergdat=s(fonaitl|

1.01).
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Figure 5. Absence of low-myelin borders between finger representatphsdatimmsaf Bfg8bpeak values (cyan dots) and estimated shortest paths betwe
(based on Dijkstra algorithm) within left BA 3br(laghtsokd lifack line in qT1 map) are shown togethealuéth [neppectrasts for five fingers; e.g., D1 (red)]
qT1 values (darker areas reflect lower qT1 values, i.e., higlger Inggliecorengampled vertex-wise along the shortest paths between fingsy ipeak locatic
each layer (yellow, outer; red, middle; light blue, inner). Dotted lines indicateibgfieyeidebeatonsaigfiimctional borders between fingers were defined as
tex on the shortest paths whexdeigfeinctions of neighboring finger representations were equal (crossin@ppiiit védsted/btackdinptBd from finger peak ar
border locati8nm (each layer resulting in 12 comparisons. Colored dots represent individotiedatabglouyy hiskers aep e sebt Exa®BM of Bayesian sta-
tistics. A one-sided Bayesian paitestseampmalculated to test the peak-to-border difference in qT1 between D1 anddiributiemsiddteslagen Bsiolashed
lines, posterior distributions as solid lines. Gray dots indicate the height ofribi leypotisdsisr{sif). 4t Beyes factor of one or greater represents evidence i
alternative hypothesis (H1, fingeomzsk and a Bayes factor below one represents evidence in favor of the Heribhelibighatidotiodithéepdabtt the Bayes
factor supports the HO (locations, i.e., finger peak and border, are the same).

To test for layer-specific differences in qT1, nQSM, pQSM, andiolations, Greenhous&eisser corrected results (when violations to
aQSM between finger representations, we calculated two-way repeatespphericity were large, i.e«, 0.75) or Huynd-Feldt corrected results
measures ANOVAs with layer (inner, middle, outer) and location (D1,(when violations to sphericity were small, i.&., 0.75) were com-
D2, D3, D4, D5) as within-subjects factors. In case of sphericitputed. Post hodests were performed as two-tailed paired-samples
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tests. Nonparametric Wilcoxon signed rank tests were additionallyfable 3. Descriptives and Bayesian statistics of between-finger low-myelin |
calculated where conditions of the parametric one-sanijpést were  der analysis

violated. For sample distributions containing extreme outlier(es Peak
above the third quartile plus three times the interquartilenga or
values below the first quartile minus three times the intergilar Layer  Condition MeanqTl SEM Mean qT1 BRENEor %

range), two-way repeated-measures ANOVAs were computed botButer o2 2117.68 33.23 2080.28 4088 20 0.13 0.00:

Border

with and without extreme outliers included. Please note that toroffe D2D3 2093.86 29.92 2072.77 32.84 20 50.16 5.8
data that can more easily be compared with previous studeglin D3D4 2091.17 26.07 2078.67 2989 18 “0.16 5.9
et al., 2017Tardif et al., 201p we also conducted the analyses using D4D5 2103.41 2181 209416 3186 19 0.19 0.00:
the equally spaced layer definition, which, however, may noecefl \iqdie Dn2 1877.14 17.09 1854.97 2374 20 “0.10 423
anatomically relevant cortical compartments. D2D3 1849.89 17.40 187469 3282 20 0.56 0.00!
To test for Iayer-specific differences in qu, nQSM, pQSM, and D3D4 1858.87 14.99 1868.31 2236 18 0.34 0.00:

aQSM between the face and the hand representation, we calculated two- D4D5 1890.20 16.05 189051 1848 19 0.24 0.00:
way repeated-measures ANOVAs with layer (inner, middle, outer) angnner  pD2 1628.75 21.44 1615.65 21.22 20 0.34 0.00:
body part (face, hand) as within-subjects factors using the same correc- D2D3 1627.94 16.72 163024 18.18 20 0.26 0.01(

tion methods ancpost hodests as described above. o D3D4 1633.76 15.89 1652.65 1815 18 50.86 4.1
To investigate whether between-finger septa also exist in human BA D4D5  1643.45 17.98 1654.19 2137 19 0.66 0.01!
3b, we performed layerwise comparisons on peak-to-border difference: — )
foT1 val b \vina B . ired lting in12 Shown are mean qT1 values given in milliseconds and SEMs, the nuBageofadisesvations (
orq ya ues by app ying Bayesian paire 'Sams [resulting in (BF), and errors associated with the Bayes factor given as a percentage (error %). The Ba)
tests given four different peak-to-border conditions (02, D2-D3, sents a relative measure of similarity of qT1 values for-&fiiR®B pBI&42D5) at
D3-D4, D4-D5) and three different cortical depths (inner, middle, each layer (Outer, Middle, Inner). A Bayes factor of one or greater represents evidence in fa
; ; inative hypothesis (finger pealiogddr qT1), and a Bayes factor below one represents eviden
QUter)]' For this pqrpose, qT1 values were averaged .a.cros.s nelghbonﬁﬁor of the null hypothesis (no difference between finger peak qT1 values and border qT1
finger representations for each peak-to-border condition (i.e~DA  gyeq Bayestants were calculated to test the alternative hypothesis.
average; D2D3 average; D4 average; D5 average). The JASP
software package (version 0.1h8ps://jasp-stats.orgivas used to cal- . . C
culate Bayesian paired-samplests with location (peak, border) PQSM profile (which showed a top hat distribution shaped by a
as within-subjects factor. We used a Bayes factor favotiegiter-  Plateau with a d_O!Jble peak) is located in what we defln_e as mid-
native hypothesis. The default Cauchy-scaled prior of D.was dle layer (containing layer IV), whereas the lower peak is located
selected instead of modeling the expected effect size. Howexe  in what we define as inner layer (containing layer V). Witlspect
simulated the effect of the prior on the Bayes factor for a wider rangégo nQSM, we observed a u-shaped profile with values closest t
of prior width to estimate how robust the conclusions were to the chosetzero in the very middle of cortical depths, which is interteg by

prior. a small plateau in the upper half of the profile where we etqubc
layer 1V to be located. Multicontrast mapping therefore ioned

Results our qT1-based layer definition. Statistical results arewsh both

Cortical 3D profiles and layer definition for three layers (outer layer, middle layer, inner layem) &or four

To study the 3D structural architecture of the human hand rep-equally spaced layers to facilitate comparing our data igvi-

resentation in BA 3b in reference to functional topography, wedus publicationsKuehn et al., 203 ardif et al., 201p

used qT1 as a proxy for cortical myeliSt(iber et al., 201Dinse

et al.,, 201pand QSMs as proxies for iron (pQSM values), dia-Absence of inferior-to-superior structural gradients in the

magnetic tissue substances (nQSM vallesigkammer et al., BA 3bhand area

2012 Zheng et al., 20t 3Hametner et al., 20)8and overall min-  First, we investigated whether there is a systematic structural gra-

eralization (aQSM valueBetts et al., 20)6In addition to ana-  dient within the hand area of BA 3b (e.qg., higher myelin in supe-

tomical scans, functional scans were acquired when participantior compared with inferior parts of the hand area). To this end,

were stimulated at the fingertips of their right hand by an auto-we extracted layer-specific qT1, signed QSM, and aQSM values

mated piezoelectric stimulator, using both phase-encoded amlong geodesic paths from inferior to superior and calculated

blocked designs. We focused on investigating left BA 3b (contranultilevel linear regression models (fixed effect, normalized geo-

lateral to where tactile stimulation was applied). pRF center locadesic distance; random effect, individual). None of the tested

tions as revealed by Bayesian pRF modeling were used to locatedels were significanfT@ble 1 Fig. 4, indicating an absence

each finger in BA 3b (thumb, D1; index finger, D2; middle fin- of a systematic inferior-to-superior structural gradient in the

ger, D3; ring finger, D4; little finger, DR;ju et al., 202)L hand area in BA 3b, which was also confirmed for four equally
When extracting qT1, nQSM, pQSM, and aQSM values fronspaced layersT@ble 3, and by calculating Bayesian multilevel

the hand area in BA 3b, we obtained precise intracortical conmodels Table 3.

trasts Fig. 3A). As expectedStiber et al., 201Dinse et al.,

2015, gT1 values decrease from superficial to deep cortic@bsence of low-myelin borders between finger

depths, reflecting high myelin close to the WM. This intracorticalrepresentations in BA 3b

gradient from low to high myelin is interrupted in the upper half Next, we targeted the question on the presence or absence of

of the profile, an area known to contain high myelin contentlow-myelin borders between finger representations in human

(i.e., Baillarger band in anatomical layer IVogt and Vogt, BA 3b by comparing qT1 values sampled from the functional

1919 Dinse et al., 20)5Based on previouis vivo ex vivovalida-  peak (highest value) of each finger representation with qT1 val-

tion work (Dinse et al., 20)5we used the local rate of change ofues sampled from the functional border between neighboring

gT1 values to define three anatomically relevant cortical comfinger representations. The shortest path was estimated using the

partments (hereafter referred to &suter layer, “middle layer,  surface-based Dijkstra-algorithnfigy. 5A), which is analogous

and“inner layet’; Fig. 3,C), where input layer IV is assumed to to the way low-myelin borders between the hand and the face

be located in the middle layer, and layers V and VI are assumedere detecteduehn et al., 2017 We calculated layer-specific

to be located in the inner layer. Note that the upper peak of théBayesian probabilities (Bayes factors) for all neighboring finger
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Figure 6. Individual gT1 maps of human BA 3b fingertip representations. Cortical qT1 viduagendfdefeBA QM (bentnaddteral to where stimulation was a
are shown together with pRF center location maps (differently colored acamaldingéngafifssentstions), finger activation peaks (coloredtdats indicating
ues, red, thumb; magenta, index finger; blue, middle finger; green, ring fizuge fuyelionalitiierfiegebetween fingers (white dots indicatinglueo&sicg point of

tion of neighboring finger representations). qT1 values are given in milliseeshdklediughiarigds/medl 2n8Bss Areas of high myelin content (low gT1 valu
are colored in dark brown, whereas areas of low myelin content (high qT1 values) are colored in olive green.

pairs (DXD2, D2-D3, D3-D4, D4-D5). Our results revealed Kaas, 2004 we explored individual qT1 maps of the middle
that the alternative hypothesis (finger peak qT1 valuelsorder layer visually (i.e., where low-myelin borders should be located;
gT1 values) was predicted a maximum 0.86 times better than theuehn et al., 2017 Stripe-like architectures within the hand area
null hypothesis (no difference in gT1 values between peak an@imilar to those described in BA 3b of macaque monké&ys;
border) in any layer Table 3 Fig. ). This provides evidence in and Kaas, 20Q4could be observed in 10/20 participants in the
favor of the null hypothesis of no difference, indicating an abfollowing locations Fig. §: in 2/20 participants between D1 and
sence of low-myelin borders between finger representations iD2 (P01, P08), in 7/20 participants between D2 and D3 (P01,
human BA 3b. P10, P11, P15, P16, P18, P20), in 1/20 participants between D2
To align our approach as closely as possible with detectioand D4 (P10), in 2/20 participants between D3 and D4 (P15,
approaches of low-myelin borders in monkey speci@s gnd P17), and in 2/20 participants between D3 and D5 (P12, P16).
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Figure 7. Individual qT1 maps of BA 3b show low-myelin borders between the face and handetedfoGottieahiidle/EHyesahteft BA 3b (contralateral to w
stimulation was applied or to where movement was conducted) are shown togetheswitmpRidoehfieigjersafred rttzumb; magenta, index finger; blue, midc
green, ring finger; yellow, little finger), functional face activation maps (clyste & @f highe}tneafuastional hand activation maps (thstees,of highest
0.01, light pink). Black arrows indicate low-myelin borders between face and haqd Temiessrtatigigan BABlseconds, value ranges are thresholded |
within the mé&aR SDs. Areas of high myelin content (lower qT1 values) are colored in dark brown.

Therefore, no systematic stripe-like representation (of potentigBA). Using 3D data extraction together with sequential color
low-myelin borders separating individual fingers) could be iden-mapping revealed, as expected, systematic low-myelin patterns
tified between specific finger pairs. But, as expected, low-myelifrig. &8,C, lighter colors) between the upper face and the
borders were clearly visible between the hand and the face areghsmb region in 14/16 participants (P02, P03, P06, P07, P08,
in all participants (except PO&ig. 7). P09, P10, P12, P13, P15, P18, P20, and presumably P11 and

Moreover, we conducted an additional analysis that useR19; see below). These patterns are not only indicative of the
multidimensional sampling (inferior to superior and anterior location of the hand-face border but also of its shape (when
to posterior) to detect potential low-myelin borders in surface-comparing patterns of light-colored qT1 segments with the
based qT1 patterns that is independent of the exact functionappearance of low-myelin regions on individual cortical surfa-
crossing vertex. qT1 values were sampled from middle corticaks, shown next to the 3D plotEjg. 8,C). For example, in
depth (where low-myelin borders in BA 3b have been previsome cases, the light-colored segments of the different paths
ously detectedKuehn et al., 200)7along multiple extracted ge- (indicative of low-myelin regions) form a u-shape (P02, P03),
odesic paths (running from seed region D1 inferior to thewhereas in other cases they appear in a hook-like shape (P08,
upper face region and superior to the D2 region in BA Big. P10).
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Figure 8. Multidimensional sampling of qT1-basgtlmwdlies sampled from the middle layer along multiple geodesic paths (blackmutidfacespgionnectin
(cyan) with D1 (red) and D2 (Bddectaations in qT1-based myelin given maxidl)dgedods (ow myelin; blue, high myelin) are shown in reference to geode
given in millimetakisfor multiple sampling logatias)s (hdividual cortical surfaces show low myelin in lighter colors, high mgéalircolatackereloesvébe li
cyan and red dotted lines is also reflected by the yellow-colored qT1 valleys irt¢hb&D piatpiRedrtatimdicechor to calculate geQdedividisthBEes).
plots of qT1 signals f participants.

In line with the results mentioned above, systematic lonemy observed along the anterior-to-posterior axis (i.e., ssrahe
lin patterns (i.e., repetitive qT1 valleys, which are Wsib a mini-  sampled paths). We note that in one case (P20), where D1 and D2
mum number of two neighboring sampling paths) were absensampling points almost overlappeHig. &), the chance to detect
between D1 and DZHig. 8,C), except for 1/16 participants (PO1), a true border in the qT1 signal may have been reduced.
where this participant has been identified with stripeeligatterns
between D1 and D2 ifrigure 6 In two other cases (P11, P19), Nontopographic 3D structural architecture of BA 3b hand
extracted D1 sampling points presumably crossed the haod-f area
border (ig. &); thus, detected low-myelin patterns between D1To investigate whether finger representations differ in their 3D
and D2 may actually reflect the hand-face border. In thesegaa  structural architecture, we compared layer-specific gT1, nQSM,
shift of the low-myelin pattern from inferior to superior irefer-  pQSM, and aQSM between individual finger representations
ence to D1 (anchor to calculate geodesic distances) can hbsing an ANOVA with the factors finger (D1, D2, D3, D4, D5)
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Figure 9. Nontopographic 3D structural architecture of the BA 3b hand area. Two-way repeafedenpasiugiig QNONASKE{S), pQIM:(17), and

aQSM+£ 18) revealed significant differences in myelin content, diamagnetic contrgsétie.goriadsitimprpasand mineralization contentfhet@ @25 jayers (*
*p, 0.005,p* 0.0005). Trends above Bonferroni-correqiedCii@Suoldexiting for 10 tests per layer to follow up a significant interactionssaeemarked by
shown in different colors: red, D1; magenta, D2; blue, D3; green, D4; yellow,\Biidsx@eghérdidghagn€iBMontrast, second column) in D1 (red) compa
(green) (significant differgoe®\0ifi2) and D1 compared with D5 (yellqe @y ithinner layers (light blue dotted line, bottom row), the 3D structural arch
respect to myelin, paramagnetic contrast (iron) and mineralization does nottkigréficantyidifienbefsergie fingers in BA 3b. Myelin staining was remodel
toDinse et al. (2at@8)shows anatomically relevant layers (dotted lines, creme, outer layer; tightgimqgenidgier)aerefietence. Black dots represent the me
whiskers are drawn within the SEM.

and layer (outer, middle, inner). For qT1 values, the analysis Finally, the same ANOVA on nQSM values again showed a
revealed a significant main effect of lay®1(4 23515 466.84, main effect of layerR, 30 = 45.72p = 7.8 '° h?=0.26), here
p=7.6 ¥ h?=0.82) with inner layers being more myelinated driven by more negative nQSM values (higher diamagnetic con-
(showing lower gqT1 values) than middle layers (inner, 1658.25 trast) in outer compared with middle layers (outer0.0126
6.35, mear6 SEM; middle, 1883.76 7.13,t10)= 28.89,p= 5.4 %, middle, 0.0086 4.7 % tus5= 9.37p=1.2 ", r=0.92;

3.7 ¥ r = 0.99), and middle layers being more myelinated tharW = 0, p = 3.1 °). Again, there was no significant main effect of
outer layers (outer, 2105.18 11.79tng)= 14.58p=9.0 "% finger Fue0)= 0.97,p = 0.43,h* = 0.02) but a significant inter-
r=0.96W =0,p=1.9 ), reflecting the intracortical myelin gra- action between layer and fingeFf § 04 50.067 2.78p = 0.04,h%=
dient described above. However, there was neither a significa@t05). This interaction was driven by more negative nQSM values
main effect of fingerf 7= 1.54p = 0.2,h%=0.01) nor asig- (higher diamagnetic tissue contrast) in the inner layers for D1
nificant interaction effect between layer and fingBf(o,,74557  compared with D4 (D1, 0.0106 6.7 * D4, 0.0076 4.2 %

0.83p=0.51,h%=0.004Fig. 9. tasy= 3.82,p=0.002y = 0.70) and for D1 compared with D5
The same ANOVA computed on pQSM values also showe(D5, 0.0076 5.3 4, tusy= 3.13p=0.007y =0.63).
a significant main effect of layeF§ »g 2051~ 4.89,p = 0.03, In addition, we calculated the same ANOVAs after removing

h? = 0.05), here driven by middle layers (likely encompassingxtreme outliers from pQSM and aQSM data. Again, the results
the input layer 1V) showing higher pQSM values (more iron) show significant main effects of layer for pQSM valugs s 15 e65
than inner layers (likely encompassing layers V and VI; middle5.08,p = 0.26, 1% = 0.07) and aQSM value§ o) = 29.47,p =
0.0106 5.8 % inner, 0.00% 5.0 % t6 = 3.84,p=0.001r = 8.3 5 h?=0.24). We found higher pQSM values (higher iron con-
0.69;W = 14,p = 0.002). Similar for qT1 values, there was neitent) in middle compared with inner layers (middle, 0.614.7 *
ther a significant main effect of fingeF§ go 30.2= 0.32,p = inner, 0.00& 4.1 4 tas = 3.37,p=0.005y = 0.68), higher aQSM
0.71,h? = 0.01) nor a significant interaction between layer andvalues (higher mineralization) in outer compared with miieléhyers
finger (Fg1.4488= 1.52,p = 0.23, h? = 0.02). The same (outer,0.015 4.5 % middle, 0.00% 3.4 % t,5=4.96p=1.7 *,
ANOVA on aQSM values also showed a significant main effeat= 0.79) and in middle compared with inner layers (inner, @60

of layer € .46.24.867 16.38p=1.1 % h?=0.12), here driven 2.4 * t45 = 3.80,p = 0.002r = 0.7). Again, there was neither a
by outer layers showing more mineralization than middle layersignificant main effect of finger (0QSMr.41,31 35~ 1.07,p =
(outer, 0.0116 4.2 % middle, 0.016 5.0 % tu7=3.09p= 0.37,h%=0.03; aQSMF 4 60)= 1.19,p = 0.33,h* = 0.02), nor a
0.007,r = 0.60; W = 22p = 0.004), and middle layers showing significant interaction effect between layer and finger (pQSM,
more mineralization than inner layers (inner, 0.069 4.0 4 Fe.81,36.507 1.68,p = 0.19,h% = 0.04; aQSME 3 81,57.225 1.53,
tary = 3.71,p=0.002r = 0.67; W = 19p = 0.002). However, p= 0.21,h%= 0.03).

similar as for qT1 and pQSM, there was neither a significant Finally, we repeated the same ANOVAs for four equally
main effect of finger K.44,41.5457 0.21,p = 0.85,h% = 0.004) spaced layers (superficial, outer middle, inner middle, deep).
nor a significant interaction effecHz 59 61.045 1.07,p = 0.38,  Again, the results show significant main effects of layealidested
h?=0.02). substances (qTFq g6 35367 581.16p = 2.4 *', h? = 0.80; NQSM,
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Figure 10.Finger-specific 3D profiles and intracortical meta parameters do not differ betaeameB4TAb(feftpntirepragehfl), group mean plotted in
brown), nQ8MI6, reflecting diamagnetic tissue contrast/calcium, group mean plotted in oramagy) epQEdUestiantingt(i@agroup mean plotted in pur-
ple), and aQSM (reflecting mineraliBatwoup mean plotted in black) sampled at 21 different cortical depths. Depfthdejstio2ated] otesedtdo &St to WM.
Profiles of thumb (D1), index finger (D2), middle finger (D3), ring finger (D43hamdlitty élngstdiDB)ganeas remodeled accortiing twand shows ana-
tomically relevant cortical compartments (creme, outer layer; light pink, middigelgyand | aNefalge nmo@structure profiles across fingers (wite lines) as
Comparison of intracortical meta parameters between fingers using one-waywidpestisd-megsate aatdOifer (red, D1; magenta, D2; blue, D3; green,
D5) revealed no significant differences in skewness and kurtosis between fingerg.Witkiés.ale Biaek dotrbepresent the group mean. Whiskers (blac

drawn within the SEM. Colored dots represent individual data.

Fago2828F 21.03p=3.53 & h?=0.15; pQSME 1 98 31725 23.70,
p=54" h?=0.12; aQSMF 1336257 5.16,p = 0.009,h* =
0.03), but neither a significant main effect of finger (qFk,7z¢)=

Table 4. Comparison of intracortical skewness and kurtosis values between
fingers

MRI Met w®r DF DFd F

1.85,p= 0.13,h% = 0.02; NQSMF(2.60.30.06% 2.31,p= 0.1, proxy  Vieta pafameter n P
h?=0.05; PQSMF2 22 3556 0.41,p = 0.69,h%=0.01; aQsM, qT1 Skewness 20 3.210 35.260 1.008 0.4(
Fi2.1037.245 0.30,p = 0.77,h” = 0.01), nor a significant interac- K“”;’S'S 20 2900  31.890 2.209  0.108
tion between layer and finger (qTEg.g6.73.415 1.06,p = 0.38, "QSM Skewness 16 4000 60.000 0571 O
2 _ . _ _ A 2 _ i Kurtosis 16 2.940 26.480 0.483 0.693
h<=0.01; pQSMFu4.79 76.6 1.91,p=0.11,h“=0.02; aQSM, .
’ . pQSM Skewness 17 3.750 37.450 0.733 0.5
Fa.1450.57 0.59p= 0.63,7 = 0.01), except for nQSM showing Kurtosis 17 2710 27.150 1687  0.196
a trend for a significant interaction effect (NQSM 40 65085 2.34, aQSM Skewness 18 4.000 68.000 1.427 0.2
p=0.0581%=0.04). Kurtosis 18  4.000 44.000 1474  0.226

Together,. except for more .dlamagnetlc tissue contrast in D*here were no significant differences between fingers in intracortical skewness and kurtos
compared with D4 and D5 in inner layers of BA 3b, our resultsnQsMm, pQSM, aQSM) revealed by one-way repeated-measures ANOVAs with within-sub

show that the 3D structural architecture with respect to myeli

n(Dl, D2, D3, D4, D5), given normality (nQSM skewness, aQSM skewness). In all other ce
Were non-normal), robust one-way repeated-measures ANOVAs on 20% trimmed means ar

iron, and mineralization does not significantly differ between theare sample sizes (n), degrees of freedom for the numerator (DFn), degrees of freedom for t

representations of single fingers in BA 3b.

(DFdkvalues apdalues.
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Figure 11.High similarity of finger-specific 3D §Tihdlixadiles.finger-specific 3D profiles of normabizeds) Eamplieesalong 21 different comiaals)epths (
Different colors indicate different fingers (D1, thumb; D2, index finger; DBgeriddE fitifgefinDdy)ridgerent boxes reflect differenR2cIpdivisi (R0 1
similarity matrices reflect individual Fréchet distances between finger profifasgfar gédlicotalyndlidrvs D2). Diagonals indicate perfect similarity (value of
low values indicate high similarity (@léeealge).similarity matrix of Fréchet distances (across participants) indirafdeshizgtvsesitarntyioéidal fingers (blue
color).

High similarity of finger-specific 3D profiles measures ANOVA on gT1 values with factors layer (inner,
To investigate whether 3D structural profiles of differeimgers  middle, outer) and body part (face, hand) revealed a sicpnifi
are similar, we sampled qT1, nQSM, pQSM, and aQSM valudsteraction effect K, 3720557 15.72p = 2.7 4 h?2=0.02). qT1-
along 21 cortical depths specifically for each finger ( ). We  based myelin content was lower in the hand compared with the
compared intracortical meta parameters (i.e., skewned&«ario-  face area in inner (face, 1601.4912.36; hand, 1638.@& 11.84;
sis, in classical parcellation often used to differentiagéween tus)= 2.91,p = 0.011r = 0.6) and outer layers (face, 20676L1
brain areas; ) between finger representations. 21.31; hand, 2097. % 20.39},5 = 2.22,p = 0.042y = 0.5;
Using robust one-way repeated-measures ANOVAs on 20%: ). The same ANOVA computed on pQSM values revealed a sig-
trimmed means with factor finger (D1, D2, D3, D4, D5), therenificant main effect of body partf(; 13= 10.92p = 0.006,h% =
were no significant differences in skewness and kurtodimgér-  0.12). pQSM-based iron content was highest in the hand area
specific 3D profiles { B, , exact statistical results). (hand, 0.015 4.3 % face, 0.008 3.6 4. For aQSM values there

More specifically, we calculated Fréchet distances for eaetas also a significant main effect of body péit (3= 10.92p =
participant between all possible pairs of finger-specific gT1 prog.006,42 = 0.13), showing highest mineralization content in the
files as a measure of profile similarity { ). Similarity matri-  hand area (hand, 0.01® 3.5 % face, 0.008 3.3 %), whereas
ces were calculated both individually { B) and across for nQSM values there was no significant difference between
participants (se C). Overall, the results indicate high simi- body parts.
larity between finger-specific 3D gqT1 profiles. Note that values Together, our results show that the 3D structural architecture,
closer to zero reflect higher similarity. Using a robust one-wayith respect to myelin, iron, and mineralization, significantly dif-
repeated-measures ANOVA on 20% trimmed means with factofers between major body part representations (here the represen-
finger pairs (levels DAD2, D2-D3, D3-D4, D4-D5), there were tations of the face and the hand in BA 3b); whereas, as explained
no significant differences in gqT1 profile similarity betweenahove, such differences were not detected between individual
neighboring finger pairsKz 33)= 0.32,p= 0.81). fingers.

We also calculated Fréchet distances for each participant
between all possible pairs of finger-specific NQSM, pQSid, a __. .
aQSM profiles { ). Overall, finger-specific QSM profiles Discussion
appear visually less similar than finger-specific qT1 imsf We used submillimeter quantitative MRI proxies for myeliror,
However, using robust one-way repeated_measures ANOVASs cﬂ’f]d mineralization to answer the qUeStion of whether the 3D
20% trimmed means with factor finger pairs (levels-D2, D2-  architecture of the human BA 3b hand area is homogenous, or
D3, D3-D4, D4-D5), we found no significant differences in simi- whether there are systematic microstructural differertoetsveen
larity between neighboring finger pairs, neither for nQShfiles ~ finger representations. We show that precise intracdrtissue
(Fa.27y= 0.50,p = 0.69), nor for pQSM profilesH; 7717677 1.77, ~ contrasts can be extracted from a group of younger adultscand
p=0.20), nor for aQSM profiled, gs 31 347 2.02,p=0.13). be used to define anatomically relevant layer compartments

Together, our results show that finger-specific 3D profiles ofAlthough low-myelin borders were visible between the reprea-
myelin, diamagnetic contrast, iron, and mineralization do nottions of the hand and the face, such borders were not systemat
significantly differ in their meta parameters between fingers.  cally detected between finger representations. Similafigough

the 3D structural architecture significantly differed \ween the

Topographic 3D structural architecture of BA3bhand and ~ representations of the hand and the face, it did not diffenii-
face areas cantly between finger representations (except for deegrdagf
To demonstrate that the methods used here are sensitive to cajre thumb) or along the inferior-to-superior axis. In faete found
ture topographic differences when they in fact exist, we con3D structural profiles to be highly similar between indival fin-
ducted a control analysis comparing layer-specific qT1, pQSMer representations. Together, our data show that the 3i2ttral
nQSM, and aQSM between the functionally localized facarchitecture of the human BA 3b hand area is homogenous in
and hand areas (using action maps). A two-way repeategounger adults and essentially nontopographic, althougietfonal
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Figure 12.Similarity of finger-specific 3D Q&Mnglividlaal finger-specific 3D profiles of normalizedxiE)Skmpkeslbng 21 different congeaigjepths (
Different colors indicate different fingers (D1, thumb; D2, index fingend@)geid @& filitgerfibgen). Different boxes reflect different participants. Individual
rices reflect individual Fréchet distances between finger profiles (e.g., DIrfecC2iniiayovals esfieicd pverage similarity matrix of Fréchet distances (z
pants) indicates similarity of nQSM profiles between indiBdwmaliidgetdi(igaespecific 3D profiles and similarity matrices of normalizedl@@$M values.
matrix of Fréchet distances indicates similarity of pQSM profiles betwedd individual fingerssfidaifiz 3D profiles and similarity matrices of normalized «
Average similarity matrix of Fréchet distances indicates similarity of aQSMimpgefietbhetyveen individual

finger representations are distinct and discontinuougsHifference  relevant cortical compartments that contained estimaias f
compared with the structural architecture of the hand area i BA 3b layers IV and V/VI. This approach is novel, because in
some monkey species, and to the hand-face area in humarmevious work, data of only few part|C|pants were invegtga

reveals novel insights into the neuronal mechanisms thadedie  extensively { ), or
the architecture and flexibility of finger representatgoand corti- layers were defined arbitrarily by dividing the cortex into
cal plasticity in humans. equally spaced compartmentsz (

As expected from histology ( ) and in ). Although our layer deflnltlon was based on cortical
vivo ex vivovalidation work ( ; myelination (i.e., qT1 values), the pQSM and nQSM data also

), we show an intracortical myelin gradlent with increasingfit to this compartmentallzatlon scheme as the two iron pgak
myelin content (decreasing qT1 values) from superficial to deepoincide with the expected locations of the Baillarger ksaimd
cortical depth. By relating our data to remodeledvivo ex vivo anatomical layers IV and V, and the u-shaped nQSM profile
validated data ( ), we extracted three anatomically shows a small plateau where we expected layer IV to be located.
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Figure 13.Topographic 3D structural architecture of the BA 3b face-hand area. Two-wayagpedtedyrmpeadasare g ENE)YAQEM (14), pQSi (14),

and aQSM (L4) revealed significant differences in myelin content, diamagnetipecsatnaginetig.coatcasin(jron), and mineralization content between layers
statement in light tpay0.025%p, 0.017*p, 0.001,@; 0.1). Trends above Bonferroni-corrected-ti@shaldrcgcting for three tests to follow up a signific
interaction are marked by a T (dark gray). Body parts are shown in differentoo imse{ligitqaEpkforam@Siy (diamagnetic contrast), the 3D structural arch
respect to myelin, paramagnetic contrast (iron), and mineralization, differs pigrséosatiynsativirentthedand face in BA 3b (significance statement in
Myelin staining was remodeled ecczrding to - and shows anatomically relevant layers (dotted lines, creme, outer layer; ligiepinkenidge)laBkckght b
dots represent the mean, and whiskers are drawn within the SEM.

This scheme was therefore used to describe the 3D architectureates to the concept that local stability and global reorganiza-

of BA 3b in more detalil. tion of finger representations are driven by distributed, rather
With respect to low-myelin borders, we do not find system-than finger-specific, processing underlying the topographic map

atic evidence for such borders between finger representations (i1 ). An absence of low-myelin borders

BA 3b, WhICh seems to dlfferennate humans from some monkelpetween BA 3b finger representations is therefore in line with

species | ). Whereas topo- recent observations and suggests that the hand area is encoded as

graphic borders have been related to reducing plasticity { an integrated unit, shaped in close relation to real-world features

), an absence of structural borders may introduce flexibilitysuch as external spatial locaticii { ).
to finger (re)alignment. In older human8A 3b, more overlap In human M1, large-scale body part representations are not
between neighboring finger representations and reduced corticahly separated by low-myelin borders but also differ in their
distances between index and middle finger representations hawgicrostructural profiles ( ). In BA 3b, both
been described ( ). In older rats, however, upper were present between the hand and the face but absent between
limb and whisker representatlons that are separated by septadividual fingers (except for the thumb). This indicates that
remain |ntact( ; low-myelin borders and 3D structural differences coincide (or

). In reelin- def|C|ent mice, are both absent), adding evidence that large-scale body part rep-
where the primary visual cortex is intracortically disorganizedresentations can be regarded as distinct cortical fieids {
visual cortical plasticity is enhanced { ).

). Thus, an absence of sharp structural borders (both verti- The exception to the rule in our data is the thumb, which
cally and horizontally) may allow more distributed information shows higher diamagnetic contrast in deeper layers compared
( ), facilitating cortical flexibility. with the ring and the little finger. Most neurons in the BA 3b

An absence of low-myelin borders between BA 3b finger repthumb representation specifically respond to tactile stimulation
resentations has also conceptual implications. Although singlef the thumb but not to tactile stimulation of other fingers and
fingers are functionally distinct units, our findings suggest thatinterconnect only sparsely to other digit representations. Also in
all fingers are represented as one structural unit. Low-myelimacaque monkeys, the thumb representation may act as an inde-
borders in the cortex may therefore separate cortical representpendent module processing selective information, whereas infor-
tions that are nearby in the cortex but distant in the real world mation content is more distributed between other fingers {
as previously shown for the hand and faca { : ). This may be linked to its special role for tool use.

). When cortical represen- Previous research in humans demonstrated that brain areas
tations are nearby in the cortex and also nearby in the real worldyf similar cortical myeloarchitecture and cytoarchitecture are
such as for individual fingers, GABA-ergic functional inhibition more likely to be connected and tend to exhlblt stronger cortico-
may allow their differentiation when they receive distinct inputcortical connections { ).

). Low-myelin borders may therefore reflect The high similarity of finger-specific 3D structural profiles
real-world features. This also explains why structural and funcemphasizes cortical spread between finger representations, which
tional parcellation does not always align ( ) and may facilitate changes in finger topography, for example, after
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synchronous stimulation or gluing of multiple fingers { Avants BB, Tustison NJ, Song G, Cook PA, Klein A, Gee JC (2011) A repro-
: ), and may offer a mechanistic ex- ducible evaluation of ANTs similarity metric performance in brain image

planation of why finger representations are unstable in older age '"edistration. Neuroimage 54:202044. o
( . ). Our findings encourage Bazin P-L, Pham DL (2007) Topology-preserving tissue classification of mag-

the investigation of microstructure profiles to fully understand netic resonance brain images. IEEE Trans Med Imaging 264467
9 P y Bazin PL, Weiss M, Dinse J, Schéfer A, Trampel R, Turner R (2014) A com-

topographic plasticity in aging and neurodegenerative diseases putational framework for ultra-high resolution cortical segmentation at
. 7Tesla. Neuroimage 93 Pt 2:2Q09.

Addressing study limitations, absence of evidence should n@etts MJ, Acosta-Cabronero J, Cardenas-Blanco A, Nestor PJ, Diizel E (2016)
be equated with evidence of absence. It still remains possible that High-resolution characterisation of the aging brain using simultaneous
potential low-myelin borders between finger representations quantitative susceptibility mapping (QSM) andR@easurements at 7T.
could not be detected with the given methodology. To overcome Neuroimage 138:483.

. e - s ; lake DT, Byl NN, Merzenich MM (2002) Representation of the hand in the
possible confounds, additional descriptive and multidimensionaP cerebral cortex. Behav Brain Res 135173

a“a!YseS Wer? |mplementgd. Future studies may use,pattem reEﬁ]'rkner PC (2017) brms: an R package for Bayesian multilevel models using
ognition aIgorlt_hms to achieve fL_JIIy auto_ma_ted septa-llke feature  gian. J Stat Soft 898,
detection. A direct methodological validation using the hand-gurkner PC (2018) Advanced Bayesian multilevel modeling with the R pack-
face septum was not possible because of a lack of forehead activa-age brms. arXiv. Advance online publication. Retrieved March 31, 2023.
tion during our motor task | ). Future studies .
may consider isolated movements of the eyebrow to detect tHearpenter B, Gelman A, Hoffman MD, Lee D, Goodrich B, Betancourt M,
hand-face septum in BA 3b. Although the sample size of this Brubak_er MA, Guo J, Li P, Riddell A (2017) Stan: a probabilistic pro-
study is high compared with previous 7T MRI studies in humans.,_9r2Mming language. J Stat Softw 262 . .
. . S . e Cohen J (1988) Statistical power analysis for the behavioral sciences.
and histological studies in monkey species on the topic ( Hillsdale, NJ:Erlbaurn.
; ; ; Coq JO, Xerri C (2000) Age-related alteration of the forepaw representation
), itis relatively low for group statistics. Consequently, type in the rat primary somatosensory cortex. Neuroscience 99403
| and type Il errors are more difficult to control { David-Jurgens M, Churs L, Berkefeld T, Zepka RF, Dinse HR (2008)
). To reduce type | errors, we corrected for multiple compar- Differential effects of aging on fore- and hindpaw maps of rat somatosen-

isons and restricted the number of statistical tests to the mini- SOry cortex. PLoS One 3:3399.

mum number needed. To reduce type Il errors, we ShOV\Pinse‘]’ Hartwich N, Waehnert MD, Tardif CL, Schafer A, Geyer S, Preim B,
statistical trends (i.ep .O 1- . ' ), and Turner R, Bazin P-L (2015) A cytoarchitecture-driven myelin model

ided lied to di . Ih h . | reveals area-specific signatures in human primary and secondary areas
one-sided tests were applied to directional hypotheses (i.e., low- using ultra-high resolutionn-vivo brain MRI. Neuroimage 114:787.

myelin borders). To increase Sen_SitiVity er _the null hypOtheSisponatelli G, Costagli M, Cecchi P, Migaleddu G, Bianchi F, Frumento P,
(no effect), we conducted Bayesian statistics. However, it still Siciliano G, Cosottini M (2022) Motor cortical patterns of upper motor
remains possible that vertices of BA 1 and/or BA 3a were neuron pathology in amyotrophic lateral sclerosis: a 3 T MRI study with

included in the statistics, although we carefully checked segmen- iron-sensitive sequences. Neuroimage Clin 35:103138.
tation results. Elbert T, Pantev C, Wienbruch C, Rockstroh B, Taub E (1995) Increased

Together, our data provide the first comprehensivevivo cortical repr(lesentation of the fingers of the left hand in string players.
i . Science 270:30807.

description of the 3D S,trUCtural architecture ,Of the,hur,na,m BA 3l:)Feldman DE, Brecht M (2005) Map plasticity in somatosensory cortex.
hand area and show it to be nontopographic. This distinguishes  gcience 310:81615.
the human hand area from the barrel field of rodents and therieid A, Miles J, Field Z (2012) Discovering statistics using R. London: Sage.
hand area of monkeys, which show low-myelin borders separatorence SL, Jain N, Kaas JH (1997) Plasticity of somatosensory cortex in pri-
ing individual whiskers and fingers, respectively. The specific ho- mates. Semin Neurosci 9.
mogeneous structural organization of the human hand area ifpeyer S, Schleicher A, Zilles K (1999) Areas 3a, 3b, and 1 of human primary
BA 3b suggests that there are less structural limitations to cortical Somatosensory cortex. Neuroimage 1683 o
plasticity and reorganization. Studying the individual micro- ©!asser MF, vVan Essen DC (2011) Mapping human cortical areao

. . . - based on myelin content as revealed by T1- and T2-weighted MRI. J
structure of the cortex together with functional changes is critical o 10sci 31:115971616.

to fully understand the mechanisms of topographic change irEBIasser MF, Coalson TS, Robinson EC, Hacker CD, Harwell J, Yacoub E,
the course of aging, learning, or disease, and may also explain ugurbil K, Andersson J, Beckmann CF, Jenkinson M, Smith SM, Van
individual differences in these mechanisms. These new insights Essen DC (2016) A multi-modal parcellation of human cerebral cortex.
encourage future studies to incorporate the dimension of cortical Nature 536:174178.

layers into new testable models and consider structural limitaGodde B, Berkefeld T, David-Jirgens M, Dinse HR (2002) Age-related

tions of plasticity for intervention methods changes in primary somatosensory cortex of rats: evidence for parallel de-
' generative and plastic-adaptive processes. Neurosci Biobehav Rev

26:743752.
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