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The wealth of competing parcellations with limited cross-arrespondence between
atlases of the human thalamus raises problems in a time whenhé usefulness
of neuroanatomical methods is increasingly appreciated fomodern computational
analyses of the brain. An unequivocal nomenclature is, hower, compulsory for the
understanding of the organization of the thalamus. This siition cannot be improved
by renewed discussion but with implementation of neuroinfaonatics tools. We adopted
a new volumetric approach to characterize the signi cant sbdivisions and determined
the relationships between the parcellation schemes of ninenost in uential atlases of
the human thalamus. The volumes of each atlas were 3d-recorigicted and spatially
registered to the standard MNI/ICBM2009b reference volumeof the Human Brain
Atlas in the MNI (Montreal Neurological Institute) spacél@i and Majtanik, 2017. This
normalization of the individual thalamus shapes allowed fothe comparison of the
nuclear regions delineated by the different authors. Quaitative cross-comparisons
revealed the extent of predictability of territorial bords for 11 area clusters. In case
of discordant parcellations we re-analyzed the underlyindnistological features and
OPEN ACCESs  the original descriptions. The nal scheme of the spatial @anization provided the
frame for the selected terms for the subdivisions of the huma thalamus using on
JavieErdg;fe%e’ the (modi ed) terminology of the Federative InternationaProgramme for Anatomical
Cajal Institute (CSIC), spain  Terminology (FIPAT). Waiving of exact individual de nitief regional boundaries in favor
Reviewed by: of the statistical representation within the open MNI platim provides the common and
Mihail Bota,  gbjective (standardized) ground to achieve concordance keveen results from different
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Modern neuroimaging research requires consistent, intéynaomplete and systematic
Received: 04 A »ol nomenclature $wanson, 20)5 Particularly for the new generation of discovery toolsadids
Accest‘i;“,’ez% ﬁove”n?s:: 2812 thalamus parcellation and nomenclature is essential. Ti@il textbooks, however, are not helpful
Published: 11 January 2019 85 they normally mediate a stereotyp|cal_p|cture of the humatettmus yv|th a sp_hermd structure
in the center of an established standardization grid (staddspace) with nuclei that are named
Mai JK and Majtanik M (2019) Toward gccordlng their toppgraphlc positions (anterior, central.pnd show an orderly arrangement of
a Common Terminology for the in- and output relations. . . . . . . o

Thalamus. Front. Neuroanat. 12:114. In clear contrast to such idealized representations is tmeglexity of the internal organization

doi: 10.3389/fnana.2018.00114 and the nomenclature of the human thalamus when it comes tetaited interpretation. The reader
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Mai and Majtanik Terminology for the Thalamus

is confronted with multiple parcellation schemes with oftenterminology), were adopted to harmonize the naming system
bewildering terms. Comparing the dierent competing between species and re ectthe in uence from human pathology.
delineations and deciphering the innumerable and oftenValker (1966)has properly noted that “... anatomists have
non-matching terms is coping with frustration. attempted to designate thalamic components, delineated
The three most important reasons for the disparate andnorphologically, by topographic or descriptive adjectives,
demotivating situation are rst, the great individual vations numbers or letters, both Greek and Arabic. Since the
in topographic relationships of human thalamic nuclei, secondcompartments so de ned have no common point of reference,
the impact of age and disease and, third, the di erent concepts dhalamic nuclei of di erent schools are not comparable, so the
researchers from di erent “schools.” disciples of each creed have adhered rigidly to their own dogm
The extent to which these three aspects inuence thend rejected all others.”
representation of the thalamus is illustrated in the follogin ~ The need of a comprehensible thalamic nomenclature,
gures. The Figure 1 shows the pro le of 12 coronal sections readable with immediate meaning, has been addressed early.
through the thalamus of di erent brains cut at the level of Already 75 years ag®ogt and Vogt (1941/1942hoted in
the posterior commissure. The substantial dierences of theheir studies on the human thalamusTtalamusstudieh the
pro le and the discrepancies of the internal parcellation oéth commitment to rely on areas distinguished by biologically
main divisions are obvious, irrespective the di erent namingsigni cant features and on the use of an intelligible nomenhale.
of subareas and the dierent authorships. Similar results ar@heir quest for a consistent, derivable naming scheme was
obvious if sections are compared which were cut at anglso driving the work of many other authors, many of them
other orientation. The interindividual di erences and theeat adding additional parameters from developmental, functipna
topographic variations hinder to de ne measures and variablemolecular or comparative studiess(tinthal, 1934; Dekaban,
like those advanced for the rodent braiWanson and Bota, 1953, 1954; Hassler, 1959; Riley, 1960; Andrew and Watkins,
2010Q. 1969; Mehler, 1971; Van Buren and Borke, 1972; Emmers and
The second important reason for di ering segmentations ofTasker, 1975; Hirai and Jones, 1989; Macchi and Jones, 1997;
the human thalamus is the in uence of age and disease. Glob&lorel et al., 1997; Jones, 2007; Ding et al., 016
changes in volume, shape and neural connectivity acrosgiile a In order to keep the varied information manageable and
lifespan are well-studiedHughes et al., 2012; Hess et al., 2014 to make it usable for research many tables of synonyms
Changes of the detailed topographic organization that ocour ifor the human thalamus have been created. Those tables
the course of aging and disease have not been systematicatlyolving studies from authors of di erent “schools” pretend
determined with respect to thalamus magsgure 2 shows a a suitable comparison but indeed o er a poor basis for the
comparison of the delineations of the thalamus in a “normal’harmonization of the thalamic nomenclature. As can be deduce
individual and in a case of Parkinson's disease. The deloesat from Figure 3 they just provide lists of closest matching
by the same authorHassler, 1977; Hassler et al., 1p@Asure terms for compartments with limited topographic and semantic
that the same criteria were applied without observer biasnEvecongruency.
under these ideal conditions the maps show clear di erences Another approach to reach “a general agreement ... and to
at the corresponding section level. The variance is even moestablish and to adopt a standardized nomenclature” inclutied
impressive if the delineations are compared on cross sectiommalysis of the very same set of sections through the thalamus
through the thalamus in the standard space. by several authorities representing di erent Anglo-Amenand
The most aggravating hindrance for a harmonizingGerman “schools’ewulf, 197). This attempt did likewise not
nomenclature is due to dierent concepts of researchersesultinaconcordant and harmonized nomenclaturigre 3).
from dierent “schools.” Figure 3 gives an example of the The huge discrepancies between the delineations prevengd th
interpretation by specialists that were asked to analyze the veadoption of the recommended parcellation scheme and the
same serial thalamus sections. Their maps reveal apprecialpi®posed nomenclature.
di erences with respect to architectonic interpretation and Instead of deriving at an exemplary or unitary and generally
terminology. Neither the segmentation nor the terms used foaccepted terminology for the human thalamus one faces the
the lateral nuclei show any concordance. The area delineate&inergence of even new parcellations and new terms evoked by
by Hopf as Ncl. ventro- andzentrontermedius (V.im and the modern imaging and informatics technologies. Explanasi
Z.im.e) that is characterized by well-known cellular feagir of the human thalamus by magnetic resonance imaging (MRI)
and identi ed as target for the cerebellar a erents, has adino have provided feature maps that may not match to the
no areal and conceptual counterpart in the other diagramsanatomically speci ed nuclei or formations<¢ifer et al., 2015;
This outcome illustrates that the interpretation of the sameChien et al., 2017; Kumar et al., 2011n a time when
cyto- and myeloarchitecture is driven by diverging crigerThis  the usefulness of neuroanatomical methods is increasingly
includes the incorporation of certain types of bias and possiblgppreciated for modern computational analysis of the brain
prejudgement depending from experience with animal or humar(Devlin and Poldrack, 2007; Bohland et al., 2009; Mitra, Y tHe!

brains, tradition or “schools.” limited cross-correspondence between recent anatomitases
The regions distinguished in the human thalamus werecreates fundamental problems.
described with variant terms. They are associative to hHisib Considering the strong inuences of individual anatomy,

aspects and show linguistic dierences (Latin vs. Englistthe appreciable age- and disease-related changes, the impact of
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Feremutsch / Simma  Hopfetal. 1971 van Buren / Borke Hassler 1977
1971

Hirai and Jones 1989 Morel et al. 1997 Percheron 2004 Morel 2007

FIGURE 1 | Individual differences of the thalamus in post-mortem bras(medial is to the left). Each gure shows the cross-section @eas and topographies of
individual thalamic nuclei in coronal sections at the leveff the posterior commissure as presented in the original wérof the authors. The section planes are close to
perpendicular to the intercommisural line (ICL), the refemee line connecting the anterior and posterior commissuregxcept the slices from Hopf, Feremutsch and
Simma, Hirai and Jones, Ding. These are tilted up to 22to the intercommissural plane. The diagrams were redrawn ahcolor was added. The color in each section
designates comparable nuclei or territories (blue: cerelilar territory; green: somatosensory complex; orange: puinar; light gray: mediodorsal nucleus; dark gray and
black: intralaminar nuclei). For abbreviations seBupplementary Table 5 .

di erent concepts for the interpretation of thalamic anatomy negligence of terms in favor of topographic precision. In the,end
and the impact of imaging technologies we envision the neethe terminology which re ects di erent concepts shall become
for a di erent approach to resolve some of the inconsistenciesonverted in coordinates which de ne space.

in terminology. This approach uses the possibilities o ered by

computer science and stresses the representation of thenvarig(f ATERIALS AND METHODS

thalamic areas in a common space. The coordinates in this

space represent the communality of any features related to ti@ynoptic Representation of Nine Anatomic

human thalamus. As a common space we selected the standaid|lases of the Human Thalamus

MNI/ICBM2009b symmetric template5onov et al., 2009This  We used nine thalamus atlaseFable 1) represented in two
selection ensures that the coordinates act as unifying enc di erent spaces: the original space and the standard MNI space.
for the naming of thalamic structures. The objective gogh&s  The original space refers to the representation of the atlas as
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Native space

MNI space

Hassler 1977 >

@

Hassler 1979

FIGURE 2 | Differences in the structural organization of the thalamusf a
“normal” (A,C) and a compromised thalamus(B,D) analyzed by the same
author. Parcellation of the thalamus of a 57 year old male wibut pathologic
change in the brain Hassler, 1977) and of a person with the diagnosis of
Parkinson's disease Hassler et al., 1979. (A,B) Representiation of a coronal
section through the posterior commissure as originally puished (cf.

Figure 1). The scale bar was taken from the original gures; color wasdded.
(C,D) Display of the pro les generated from the 3D reconstruction bthe serial
sections from both cases. The individual 3D volume was regdiiered into the
standard space (using the MNI/ICBM co-registered 3D-AHB modgland a
coronal section is presented that passes through the postéor commissure.
Color code as inFigure 1. For abbreviations seeSupplementary Table 5 .

website and registered to the symmetrical MNI/ICBM2009b
template.

The “new” atlases representing individual anatomy in the
standard space provide a database of parcellation concepts
of the human thalamus and of the variant terminology. We
have compared the terminology used by the di erent experts
and have listed corresponding regioi&upplementary Table 2
These regions provided the de nitions of clusters which were
used for the mathematical evaluation of discriminated area
and computation of equivalence of the parcellation concepts.
We estimate the equivalence of the concepts by concordance
between the areas. We assume that areas with high conca&danc
correspond to equivalent concepts.

Alltogether we have analyzed the following 11 regions:
anterior intralaminar region (ILA), central intralaminaregion
(ILCe), anterodorsal region (A), medial region (M), medial
ventroanterior region (VAM), lateral ventroanterior regio
(VAL), ventrolateral region (VL), ventroposterior complex®y,
posterior region (P), and geniculate region (LGB/MGB). Faitea
cluster we computed concordance of the contained areasscros
nine thalamic parcellationsSupplementary Tables 12). Not
included within the concordance study were the periventiacu
and midline regions due to the small width of these regiond an
the inconsistencies in the delineation of the nuclei in theént
atlases.

Concordance Analysis

The degree of conformity of the topography of segmented
thalamic regions was assessed by means of concordance
analysis. For the concordance analysis an atlas refers to a
parcellation of the thalamus in the standard MNI space. The
concordance problem can be de ned as a quantitative analysis
of spatial relationships between parcellations of underlying
thalamus spaceBhland et al., 2009 A high concordance of

two thalamic parcellations results from high pair-wise sgatia
overlap between their areas. This analysis provides a vadid ba

the original publication. The standard MNI space relates to thdor the identi cation of major conicts with regard to the

thalamus space of the MNI/ICBM2009b template.

characterization and extent of thalamic areas, for compgatire

In the original space only sections or drawings from theactually used terminology and for de ning the most appropriate
publications were used. For the representation of the atleses terms (TNA, 2017. It is understood that we broaden the
the standard space the atlases were 3D reconstructed with ounderstanding of “terminology” to include also the anatomic
geometric shape constrained 3D reconstruction techniqoes f position and neighborhood relations of thalamic structures

serial sectionsNai et al., 201} Briey, rst a raw model is 3D
reconstructed from delineations of one or more histologgiece
series by simultaneous slice to slice registration procedtnmom

Hierarchical Analysis Levels
In view of the large quantity of nuclei distinguished by some

this model a 3D surface representation is created such that thauthors it is appropriate to use a hierarchic scale for the thadam
surfaces are smooth, the surface nodes are distributeddingo nuclei. We distinguished between three levels of grantyldoir

to the inter-slice section distances and the surface araenafly

the concordance analysis, namely “areas,” “clusters” andbéagjlo

represents the volume of the area. This 3D surface model and ithalamus.” They denote topographically circumscribed “stea

volume representation is then di eomorphically registeredtie
MNI space with our procedureMai and Majtanik, 201). The
contours of the atlas areas in the MNI space Fagures 2and 4

groups of structurally and functionally related neighbagiareas
or “formations” and the sum of all distinguished clusters.
We performed the concordance analysis for these three levels

were then re-sampled as sections of the 3D surfaces with planefsgranularity. The nestarea(local)-levetoncordance analysis,

at given locations. Eight of the nine atlases were 3D recocistd

compares local pairwise relationship between areas. Thelejidd

as described and registered to the MNI/ICBM2009b standardluster (group)—levebncordance analysis, contrasts 11 clusters

space onov et al.,, 2009 The llinsky et al. atlasll{nsky

and the coarsesglobal (thalamus)-levelbncordance analysis,

et al., 2018 was obtained from the http://www.lead-dbs.org computes concordances between whole thalamus atlases.
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N

FIGURE 3 | Delineations of the same cell- and ber-stained sections at ri-thalamic level presented by different specialists. Thdiagrams were taken from the atlas
edited by Dewulf after the Louvain Conference 1963 (publ. I8L) from the following authors:(A), Feremutsch and Simma;(B), Hopf; (C), Macchi; (D), Krieg; (E),
Feremutsch and Simma (“standardized nomenclature”). Sircall ve delineations refer to the same section the V.im regiodemarcated by Hopf (blue color) was
superimposed over the remaining diagrams. The V.im regionedned by Hopf (V.im.e, V.im.i, and Z.im.e) is overlapping p&s of LDP, LA, LV, and LVP in the diagram of
Feremutsch and Simma; it corresponds to the major part of VIt also reaches VOP (Macchi); it is designated as VPL and VV bencroaches also LP, VPI, and Acc
(Krieg) and is designated in the “standarized nomenclatutes Vim, VOP and VOM but also includes parts of DP and DA, respévely. Acc, not speci ed (N. arcuatus);
DA, not speci ed (N. dorsalis anterior); DP, not speci ed (N. drsalis posterior); LA, N. lateralis thalami, pars princglis; LDP, N. lateralis thalami, pars dorsalis
posterior; LP, N. lateralis posterior; LV, N. lateralis thami, pars ventralis; LVP, N. lateralis thalami, pars vealis posterior, V.im.e/i; Ncl. intermedius, pars externa/
interna; VI, Ncl. ventralis intermedius; VOM, not speci ed . ventrolateralis, pars medialis); VOP, Ncl. ventrolatis, pars posterior; VPI, Ncl. ventralis posterior
inferior; VPL, Ncl. ventralis posterior lateralis; VV, Nemtralis ventralis; Z.im,e, Ncl. zentrolateralis internd@s, pars externa.

Red 8450

TABLE 1 | Thalamus atlases used in this study. A cluster (group)-level concordance meashoeld be one
if two area clusters from di erent atlases are perfectly milyjua

Atlas Nglg;ggrizzl N zfszgeas Abbreviation predictable and zero if there is no predictability betweenarea
clusters. Such cluster-level correspondence measure preperti
Hassler, 1977 3 103 HSL are satis ed by adjusted Wallace index/¢llace, 1983; Pinto
llinsky et al., 2018 1 42 LI et al.,, 2008 The Wallace index W g quanti es directional
Hassler et al., 1979 1 73 HPD correspondence between two clusters of areas. Given two area
Van Buren and Borke, 1972 3 53 VBB groups A and B, Wallace index W g between the group A
Feremutsch and Simma, 1971 1 32 FRM and the group B is the probability that two voxels are classi ed
Percheron, 2004 2 29 PER together in one area in group B knowing that they were claski e
Morel, 2007 3 a7 MRL together in one area in group A. The Wallace coe cient (W)
Ding et al., 2016 1 79 DNG directly indicates the agreement between partitions andgfuee
Mai and Majtanik, 2017 1 54 AHB can be easily interpreted. As an example \Wg D 0.832 and

W g a D 0.546 indicate that if two voxel are in the same
area in the group A they have about 83% probability of being
together in an areain the cluster B, while conversely, thabaut
For the area (local)-level concordance anajysis analyzed 55% probability. This re ects the fact that the group A is more
the pair-wise spatial correspondences between anatomicdiscriminatory than group B and the areas of A subdivide the
areas dened in the nine dierent atlases transformed toareas of B.
the ICBM/MNI152 2009b space. For any pair of areas, two From the two directional Wallace values we derive the
conditional probability values were calculated based on thaedjusted maximal Wallace indexMdx D max(Wg' a, W a1 B)
spatial overlap between the areas. Followingland et al. (2009) and adjusted asymmetry Wallace indexymD abs(Wgr o W
we express the pair-wise spatial relationship asomditional ar B), where max(x) denotes the maximum and abs(x) the
probability P(a|b;) of a voxel being in area according absolute value of x.
to the atlasA if it is in area by according to the atlas B. The scalar-valued maximal Wallace indexy¥y for two
We use a shortened notation for the conditional probabilityparcellations has values between 0 and 1 and emphasizes the
P(alb) D Py, The results of local area-level concordancéiighest mutual predictability of two area groups, with one
analysis show complex correspondences between areas.d#noting perfect mutual predictability of one area group frtme
is, however, rather dicult to recognize the correspondenceother group. The Wallace asymmetry index:¥yn takes values
between the atlases for speci ¢ areas belonging to traditlpn between zero and Wax and estimates the degree of asymmetry
de ned thalamic subdivisions. To improve understanding andin the mutual predictability of the area groups. A large.n
facilitate visualization of the inter-atlases concordane analyze indicates a strong subset con guration between the two g=ou
correspondences between selected groups of areas at ther-clustn the above example Wx D 0.832 and WsymD 0.286. Asubset
level. or subdivision con guratiorbetween areas refers to a spatial
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FIGURE 4 | Continued.
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FIGURE 4 | Sections in three cardinal planes from eight different auts indicating segmentations of the thalamus in the commontsndard (MNI) space:(A) Hassler
(1977), (B) Feremutsch and Simma (1971)(C) Van Buren and Borke (1972)(D) Percheron (2004) (E) Morel (2007) (F) llinsky et al. (2018)(G) Ding et al. (2016)and
(I) Mai and Majtanik (2017) The exact positions of the three cardinal planes are indi¢ad in the upper line. The color code is the same as in the preating gures.
Right side: areas or nuclei that have been selected for the u$ters representing the nigral, pallidal (yellow), cereliar (blue), sensory (green) territories, and the anterigr
thalamic nucleus. For abbreviations se&Supplementary Table 2 .
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FIGURE 5 | Coronal sections through the thalamus of a fetal human braiat 17 weeks of pregnancy. The immunoreactivity against theall-surface epitope CD15 (left)
and calbindin (right) shows the main thalamic nuclei sepated by the intralaminar formation that is CD15 negativ (redreows) except the associated nuclei (Ncl.
centrum medianum CM and Ncl. centralis lateralis, blue arms) but calbindin positive. Scale bar 1 mm. HB, habenula; Pharafascicular nucleus; PV, periventricular
region; VP, ventroposterior complex.

a)

Lim/SG Pf CeM

FIGURE 6 | Representation of the intralaminar formation (IL) in relati to the mediodorsal nucleus (MD) and the anterior commisse (ac) and the inferior thalamic
peduncle (ithp) as orientation marks(a) MD is sliced to show the anterior, middle and posterior diviens of IL separately. The core of the formation is representeby
the portion nestling around the lateral perimeter of the MDrad separating the medial from the lateral region of the thataus. This central portion bifurcates
anterodorsally (asterisk) to form the shell below the antedorsal region. Ventrally the internal lamina also bifurtes (double asterisk) to form a cap that bounds the
centromedian nucleus (CM) and then continues around the aatior pole of MD. Cells within the branching areas are the céral lateral nucleus (asterisk) and the
paracentral nucleus (double asterisk). At the anterior angosterior pole of the MD the internal medullary lamina enlges and differentiates as central medial nucleus
(CeM) anteriorly and as suprageniculate and limitans nuclgtim/SG), respectively(b) Medial view of a reconstruction of the IL (red). The IL extenddang the ventral
surface of MD, represented by the central medial nucleus (@), parafascicular nucleus (Pf) and Lim/SG. 1-5: divisiond the IL; 1, superior part; 2. central (lateral)
part; 3, circumcentral part (lamella intermedia, Schnopfigen, 1877; lamella praesemilunarisiiassler, 1982); 4, anterior part; 5, posterior part (retrocentral partjCuc,
cucullar nucleus.

relationship where an area from one atlas is divided intotipte In order to facilitate the interpretation of the Wallace
smaller areas in other atlas. coe cients as being strongly di erent from the concordance
Global (thalamus)-level concordance analyssimates values under chance we estimated concordance distributions
correspondences between thalamic parcellations. As a glolfal random parcellations of the thalamus volume. We created
concordance index we extended the above de ned Wallaceandom partitions of the thalamus volume consisting of N
indices Wnax and Wasymto the whole thalamus parcellations.  regions with a random label lling algorithm. For each atlas
Generally three concordance characteristics can be capturgve generated fty random parcellations with N equal to the
by combinations of Whax and Wasym The rst parameter number of areas in that atlas. For each pair of atlases the
combination with large Wax and low Wasym indicates high Wallace indices were computed for 1,000 pairs of size-matched
concordance between atlases with predominamthe to one random parcellations. The procedure resulted in estimates
relationship of the areas. The second parameter combinatioof the Wnax and Wasym chance distributions specic to
with large Whax and large Wsym points at high concordance each pair-wise atlas comparison. The distributions for cluster
of atlases withone to multiple area relationships (subset concordances were computed analogously. The 95th percentile
con guration). Finally the third combination with low Wax values Supplementary Table % of these distributions are used
indicatedack of concordandetween the atlases. to assess whether a given concordance value<tiapercent
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chance of originating from comparison of random thalamicand posterior group of the human intralaminar nucléiléi and
parcellations. Forutan, 2012; TNA, 201 Figure 6).
We have applied the group-level concordance analysis
separately for the anterior and central division of the inarainar

RESULTS nuclei. The maximal Wallace index for the anterior division is
. . Wmax D 0.54 and the asymmetry Wallace index igdpD 0.16

Proposal of a Consolidated Nomenclature: and for the central division Wax D 0.68 and Wsym D 0.27

The Base Layer (Table 2A). These values indicate very low concordance with

The discussion of the nomenclature of the human thalamugindetermined subdivision relationships between these sarea
concentrates on regions or nuclei which have substantiglom di erent atlases. The very low concordance for IL desive
topographic and functional importance and are suited for thefrom the highly variable representation of IL in the di erent
concordance analysis. We begin with the internal medullargtlases. For exampl&eremutsch and Simma (197djd not
lamina and associated nuclei because this extended comeartm delineate a continuous IL but isolated segments. In contrast,
provides as “great de ning landmark’Jones, 1998the key Morel (2007)de ned the posterior portion of the IL ve times
for the parcellation and regional analysis of the humarnthicker thanMai et al. (2016)r Ding et al. (2016)Such great
thalamus. The relevance for the organization of the thalamudi erences make a re-evaluation of the IL mandatory.

is obvious during prenatal development when it is readily

identi able separating the di erentiating neuronal populatien Periventricular and Midline Region

of prospective subdivisionsFigure 5 Forutan et al., 2001 The region between the ependyma of the third ventricle and the
Delineation of this formation provides therefore a valuabieans  MD s relatively thin in the human thalamus if compared with
for the de nition of the topography and the neighborhood the corresponding region in subhuman thalami. We distinguish

relations of thalamic regions. two components: First, the thin sheet of small neurons aldrey t
third ventricle below the ependyma which is a component of
Intralaminar Formation—Formatio Intralaminaris the ventricular gray substance (Nuclei para- or subependgmal

The intralaminar formation (IL) is represented by a ratherthalami, Riley, 196f) substantia grisea centralis thalamica,
dense feltwork of bers, the internal medullary laminaurdach, Hassler, 1982 The second and main portion is constituted by
1822 or lamella medullaris \(ogt, 1909, that divides the clusters of cells located laterally from the subependymay gra
thalamus into medial, lateral and anterior nuclear regionslayer. They are collectively termed as midline nuclei kn@ntrat
Embedded within this feltwork are diverse groups of celld tha they are de ned di erently in the literature. We distinguish ¢h
some locations form circumscribed nuclei (intralaminarahei).  paratenial and paraventricular nuclei as the dorsal component
These cell ensembles have a common developmental historyaad the reuniens, submedius, and fasciculosus nuclei as the
characteristic cell type and similar projections to the $tna  ventral component. The midline nuclei are architectonigall
(seeMai and Forutan, 2012 Two populations are identied strikingly distinct and have di erent connections. This has to
histochemically either by calbindin and CD15 or calretininvariant interpretations of their functional relation&¢énarroch,
immunoreactivity. 2009.

The extent and the arrangement of cells and bers of the We address this region because of the considerable di erences
internal medullary lamina have been characterized di elgnt between the human and subhuman organization and the
The nuclei associated with this lamina were allocated bytmoslissenting opinions about the relation between the cell groups
authors to an anterior and posterior division. The anteriorof this region with those of the intralaminar formation. Itals
portion (Ncll. intralaminares anteriores) is representedthg  been described under several names: midline nuéléian and
central medial, paracentral, central lateral, and the dacualuclei  Bayer, 1988; Krauth et al., 2Q1tmediane Kerngruppe”Niimi,
(Hassler, 1959the posterior portion consists of the Ncl. centrum 1949, subependymal formation or paraventricular formation
medianum (centre médian) and parafascicular nuclei (CM/PF)in Dewulf, 1971; Dom, 19)6midline and epithalamic region
and the subparafascicular nucleus (SPF). However, manpeaith (Van Buren and Borke, 19)Zaramedian formationfercheron,
also agree that the internal medullary lamina continuesolpely 2009. None of these terms refers only to the subependymal
CM/PF to the pretectal area5(unthal, 1934; Feremutsch and or periventricular site of the third ventricle but includessa
Simma, 1954a,b; Hassler, 1959; Percheron, 2004; Jones, 2@djacent areasRose, 1942; Van Buren and Borke, 1972; Morel
Lenz et al., 2000 This posterior division (Ncll. intralaminares et al., 1997; Krauth et al., 2010; Ding et al., 2016
posteriores) shows no clear border and the cell ensemblesithe
seem to interlock with the mediodorsal nucleus (MD). TheAnterodorsal Region
associated nuclei are notably the limitans, supragenici@ate The anterodorsal region forms an oblong rostrocaudallyree
posterior nuclei (the posterior nuclear complex) and possiblystructure that extends from the anterior pole to the dorsal
also the pregeniculate nucleus and the magnocellular divisio(upper) surface of the thalamus. The entire region is separated
of the medial geniculate body.¢énz et al., 2000 The three from the lateral ventricle by a prominent brous layer, stuat
components of the IL were integrated within the intralaminar zonale, and underlaid by the lamina medullaris superior, the
limitans-retrocentral formationercheron, 20Q%r involucrum  superior bifurcation of the internal medullary lamin&igure 6).
(Hassler, 195%nd are now distinguished as the anterior, centrallt consists of the anterior nuclei and the dorsal super cial
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nucleus. The latter nucleus is included due to architeaa@nd (Namba, 1958; Hassler, 1959; Gihr, 1964; Niimi and Kuwahara,
hodologic commonalities. 1973; Ding et al., 20)61t is common to distinguish three
The anterior nucleiconsist of the “principal” anteroventral major internal divisions: medial, central and paralaminahN@,
nucleus (AV), underneath the anterior tubercle and of the2017. Other designations used are determined by either the
anteromedial (AM), and anterodorsal (AD) nuclei. The dorsalpreference for cyto-, myeloarchitectonic or pure topographic
component of the anterodorsal region is represented by theriteria. Based on myeloarchitectonic criteria these ares pa
dorsal super cial (or laterodorsal) nucleus. It appears as atbrosa, fasciculosa and paralamellarisassler, 1959the largely
elongation of the anteroventral nucleus approximately uph® t congruent cytoarchitectonic divisions are the magno-, paara
middle of the rostrocaudal dimension of the thalamus. Bothdensocellular (or multiform) divisionsQlszewski, 1952; Ding
parts can be distinguished thanks to the fragmentation of thet al., 2015 The terms magno- and parvocellularis for the medial
surrounding medullary bers. and central divisions may be questioned because morphometry
The AV (Sheps, 1995s named in analogy to subhumans; does not support the distinction by cell size in humafg(vulf,
anterior principal nucleus (Ncl. anteroprincipalis/ogt and 1971; Van Buren and Borke, 1972 medial subregion, clearly
Vogt, 1941/194pwould be a more appropriate term matching identi ed by neuro lament-, CART (cocaine- and amphetamine
its dominant size in humans. The remaining anterior nucleiregulated transcript)- and also CD15-immunoreactivity, may
were often regarded as accessory, aberrant or even as naworrespond to the territory of amygdaloid a erents-¢rutan
existent. They are, however, distinguished by their irdlial et al., 200). The lateral and posterior periphery of the MD along
neurochemical characteristics (seerutan and Mai, 2012 AM  the laminar border is poorly determined. This creates a wide
appears as extension of AV toward the frontal pole of thdransitional area that extends over this lamina into the [ngw.
thalamus and bends medially to come close to the midlind’he corrugated pattern a liates this area to either MD or IL
at the interthalamic adhesion. The distinction of one or eve which results in either an extended de nition of the MDV/iai
multiple interanteroinferior nuclei (Ncl. anteroinferiorNcl.  etal., 201)or of the IL (Morel etal., 199y Gihr (1964)described
anteroreunieng;assler, 198%r Ncl. interanteromedialisiioch,  “giant cells” as speci ¢ for this paralaminar or transitoryiion
1929 for the most medial division next to the ventricular in humans.
surface is not justi ed since the anterior nuclei are not ged The designation “mediodorsal” nucleus is maintained dlbei
at the midline in humans. AD is reduced to a small slot-the homolog, the medioventral nucleus, of humans is not part of
like ensemble of cells between AV and paratenial nucleus. Ttike medial region but corresponds to a component of the anterio
distinction between the nuclei of the anterodorsal regien i division of IL: the reuniens nucleus and possibly the subrakedi
relevant because of the structural and functional segregatf nucleus.
the entrant pathways from the extended hippocampal formation The term dorsomedial nucleus is inappropriate; it does not
and di erent projections to the cingulate cortex (sBebb et al., describe the topographically correct location within thel#traus
2017. and its counterpart would then be consequently described as
The group-level concordance analysis resulted in the maximaentromedial nucleus, a name reserved for the lateral thigla
Wallace index being Wax D 0.71 and the asymmetry region.
Wasym D 0.24 {Table 2A). The values indicate relatively The maximal Wallace index is Mix D 0.85 and the
good concordance in this cluster with frequent subdivisionasymmetry Wallace index is ¥%mD 0.35. These values indicate
relationship between the areas from dierent atlases. Théhe highest concordance between the atlases with very gtron
evaluation shows good overlap at the core area of AV-regiosubdivision relationships between the areas delineated in
but rather variations in the DSf region. The highadymstresses dierent atlases. This subdivision con guration of the M
that some authors did not distinguish the various subdiviis  cluster is re ected in the conditional probability values ihe
of the anterior nuclei. A more detailed interpretation of the Supplementary Table 3The M cluster data show a consistent
subdivisional relationships between these nuclei is ilatstt in  dominant overlapping of one area accompanied by one or
Figure 9B The atlases MRL, DNG, HSL and AHB subdividetwo areas with minor overlap (MRL, ILI, DNG). The spatial
the anterior ventral nuclei into two or more areas, wherdas t distribution of the high concordance coincides with the enxd
remaining atlases delineate only one area. of the MD areas Figure 11, upper row). Similarly, the strong
asymmetry Wsymis bounded to the extension of the MD area.
Medial Region (Mediodorsal Nucleus)
The medial region comprises the eld encircled by the IL andLateral Region
midline nuclei. It extends from the interthalamic adhesitm The lateral region is de ned as the area between the internal
the level of the posterior commissure (and thus covers abouhedullary lamina medially, the external medullary lamina
2/3 of the total length of the thalamus). In humans this regio (lamella perithalamica), reticular nucleus and internapsale
coincides with mediodorsal nucleus. This de nition stresghe laterally and the posterior region (pulvinar) posteriorly. The
distinctiveness against the IL and the midline nuclei whichterritory is well outlined especially on axial sections at
both show relevant developmental, cytological and chemicahidlevel of the thalamus. Functionally, the nuclei of theetal
di erences (orutan et al.,, 2001 MD is not a homogeneous region are identied and characterized by the target/source
nucleus as described byndrew and Watkins (1969)Even of their aerent/e erent projections. Themotor thalamus
less justied is the fragmentation into six or more subnucle receives predominatly (indirect) striatal (nigral and pddil)
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TABLE 2A | Cluster-level concordance.

Clusters
IL AN CM/PF MD VAM VAL VL VP P LGB/MGB
Concordance Index Whax 0.55 0.71 0.69 0.85 0.79 0.61 0.71 0.71 0.80 0.84
Asymmetry Index Wasym 0.24 0.27 0.35 0.27 0.25 0.29 0.27 0.32

The table displays the results using the maximal Wallace index ¥ and asymmetry Wallace index \Wsym computed for nine clusters as a measure for inter-atlas group concordances
and subset relations of the areas within the groups.

TABLE 2B | Global concordance between atlases.

AHB 0.8166 0.6977 0.8398 0.596 0.6656 0.7302 0.7631 0.7203
MRL 0.8126 0.7908 0.7269 0.7698 0.7503 0.8266 0.8231
HSL 0.8547 0.6896 0.6768 0.7473 0.8891 0.7055
FRM 0.7972 0.8172 0.7984 0.8320 0.8553
ILI 0.6595 0.6753 - 0.6631
VBB 0.7062 0.8567 0.6968
HPD 0.8285 0.7783
E 0.7304
DNG

Quanti cation of inter-atlas concordance using the adjusted Wallag index Whax. The index Whax is computed between pairs of whole atlas parcellations and indicates the mean
maximal concordance between all pairs of atlas areas. In each celie values in the upper diagonal entries are the concordance indices for partitar pairs of the atlases. The maximal
Wmax value (red) is observed between PER and ILI atlases. The minimaj is observed between AHB and ILI atlases (blue). For the atlas labels on theagbnal seeTable 1.

TABLE 2C | Global asymmetry of concordance between pairs of atlases.

AHB 0.2118 0.1433 0.384 (0.057) (0.078) 0.5302
MRL 0.3555 0.1714 0.2306 0.2053 0.1332 0.2612
HSL 0.5295 0.1484 0.2213 - (0.095)
FRM 0.4041 0.378 0.3053 0.4340
ILI 0.5513
VBB 0.5244
HPD 0.4508 0.1277
PER 0.581

DNG

Each cell of the table displays the asymmetry Wallace index 3/m for the selected pair of the atlases. The index Wym is computed between pairs of whole atlas parcellations and
indicates the mean maximal asymmetry between all pairs of atlas arealligh values of Wisym reveal frequent subdivision con guration between atlaes. The maximal ¥§m value (red)
is observed between PER and HSL atlases. The minimal ¥m is between AHB and ILI atlases (blue). The values below chance threshdkthe 95th percentile of the chance distribution
of random parcellations) are in brakets and colored gray.

TABLE 2D | Anatomical characterization of the stimulation sites forémor patients in the studies offiechter et al. (2017)and Hamel et al. (2007)

AHB MRL HSL FRM ILI VBB HPD PER DNG
Fiechter et al., 2017 VLb VLpv V.im.e, VPL, VPi, Vim Vci,Vepce VImM-VLM, VPM VPLr
(VPI) Ra.prl. VPM VPIVPmM
Hamel et al., 2007 VMb VPi V.c.pc VPI VPi Vepe Vcpci, Zic.Rpl VPM VPI
(VPPC)

The labels for the nine atlases are provided in th&upplementary Table 5 . The coordinates of the VIM targets in MNI space for Fiechter et al.: ® 14.3mm, y D  17.40mm,
zD 2.17mmand Hamel etal.: xD 12.7mm,yD 19.6mm,zD 4.38mm.

and cerebellar (and vestibular) input whereas thensory the aerent bers and their relation to the projection neurons
thalamus receives somesthetic and visceral inpldgf, 1909 in humans awaits still clari cation Jones, 2007; Kaas, 2p12
seePercheron, 2004 The exact de nition of the territories, Figure 4 illustrates that the parcellation, based mainly on
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histological and histochemical methods, is still very comérsial ~ well-de ned areas of convergence with the cerebellar tinyi
and renders this region a very problematic place in terms ofMehler, 197). Recent anatomical studies employing tracing
nomenclature. techniques as well as electrophysiological evidence hawated
The main divisions were already speci ed in the cercopithecasegregated but interdigitating territories in subhumanrpaites
brain by C.Vogt (1909) She distinguished between lenticular(see Hintzen et al., 2018 That this organizational principle
(pallidal), prelemniscal (cerebellar) and lemniscal radii@ may also be valid for the VA-VL-VP limits in the human
terminating in the ventral oral, intermediate (intermédi@ and brain is indicated by the clear cytoarchitectonic borderse(s
caudal division, respectively. These targets correspondéo tJones, 1998igure 9A and.enz et al., 201,(Figure 2.23a), by
ventroanterior (VA), ventrolateral (VL or ventral intermdéate, interdigitation of fringes described byercheron (2004and by
V.im) and ventroposterior (VP) nuclei of later authorg/glker, the clear contrast between the calbindin-positive VA andvéiey
1939. With the de nition of the territory for the a erents from  moderate intensity level in VLFigure 7).
the substantia nigra (SNR) in the rostralmost part of the later ~ Another hindrance is posed by discrepancy between Anglo-
thalamus (seéinsky et al., 2018this clear terminology became American authors that are rather “lumpers” while German
complicated Supplementary Table 2 The documentation of authors are the so-called “splittersD¢m, 197§ referring to
additional a erents to the lateral region (amygdaloid, katleetic, which extent the lateral nuclei are segmented into subnucle
and other bers) has further impaired the development of aHassler (1977)distinguished excessively high numbers of
uni ed terminology. subdivisions (19 divisions in the motor nuclei of the latera
Other important challenges which in uence the segmentatiorregion) whereas other researchers identi ed only few dorisi
and the terminology of the nuclei of the lateral region werein the same area. The correspondence between those multiple
reviewed byPercheron (2004)Most important are geometrical areas is rather ambiguous and even questionable if there is n
particularities due to the strongly curved main axis anddierence in their connectivity and functions, making “some
the obliquely arranged nuclei along this axis. The georoetrirationalization” Jones, 198%. 378) worthwile.
deformation displays the lateral nuclei in cardinal secsion In our analysis the “splitters” and “lumpers” can be identi ed
as if overlaying each other. If, for example, coronal sestionby a combination of the Wallace based indicegWand Wasym
are made, the adjacent nuclei may be cut obliquely depictin@ne can observe high Wix and low Wasym within the both
alternating volumes. The partial volume e ect provokes thegroups and high Wax and high Wasymbetween the groups. For
questionable distinction between ventral and dorsal parig example, the comparison of “splitters” (HStassler, 197)7and
of the lateral region. That distinction dates back lteeynert (DNG, Ding et al., 201pshows high concordance Wx D 0.71
(1872) and had functional impact. It should signify the and very low asymmetry WymD 0.01. On the other hand, the
di erence between ventral (V) nuclei that receive “bers of comparison between “splitters” and “lumpers” (HSL and PER,
extrathalamic construction, while symbol D signi es thdtet Percheron, 2004shows high concordance Wx D 0.83 and
nucleus receives no aerent extrathalamic bersHgssler, high asymmetry Wsym D 0.69 values. This di erence can also
197). Such di erentiation between relay and associative nuclebe seen in theSupplementary Table 3for cluster conditional
in the lateral thalamus has fundamentally inuenced theprobabilities. The atlases of “splitters” (HSL,HPD) ovenefh
terminology of the nuclei of the lateral regiorBijeps, 1945; the clusters in more areas compared to the atlases of “lumpers”
Hassler, 1959, 1977; Hopf et al., 1971; Mehler, 1971; V4RER).
Buren and Borke, 1972; Niimi and Kuwahara, 1973; Ding
et al., 2015 The separation of ventral, dorsal and evenMotor thalamus
central sections of the motor thalamus is unjusti ed “besau The interpretation of the organization and delineation ofeth
the three territories and the individual axons extend overareas related to the motor thalamus were a matter of intense
the entire ventrodorsal extentPercheron, 2004 Hassler has
dropped the Zentrali$ divisions (Hassler, 1971but these areas
remained delineated in later versions of his atlas diagrams
(Hassler, 1977; Hassler et al., 1p7Because the distinction
between ventral and dorsal divisions is no longer relevant
would be consequent to label the nuclei within the regio
lateral to the internal medullary lamina as “lateral nuctsi
the thalamus” Griunthal, 1934; Feremutsch, 1963; Percheror,
1997 TNA). This is, however, unlikely because it has n
connection to experimental studies and recent histodpres,
19972
Disagreements also exist with regard to the extent to whic cB
the territories from dierent aerent ber systems overlap.
This issue is important because it determines how accurae th FIGURE 7 | Horizontal calbindin-stained sections through the middief the
borders between the various motor and sensory territorims ¢ | mediodorsal nugleus lat }9 yveeks of ges'ta'tio.r(a) and at adulthood (b). Within
be drawn. Earlier investigations, including post-mortemdses, ;h;i'g:'tz'r:t?rlf'(\jzghd'”"mmunoreacnv'ty Is obsereeexclusively in the
indicated that both striatal (nigral and pallidal) ber sgshs have

b i

2 1N
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dispute (se@ercheron et al., 1993Hassler, Hirai and Jones and  The entry zoneof the nigral a erents is poorly de ned. The
Morel et al. divided the pallidal projection eld into an anterio loosely arranged bers enter VAM (VAmc) above the anterior
and posterior division. These areas were described as \hd.a aeld of Forel. This area corresponds to the Ncl. lateropolaris
V.o.p byHassler (1977and as VApr and VLa bydirai and Jones basalis (L.po.b) of Hassler and probably to the principal medial
(1989)andMorel et al. (1997seeSupplementary Table 2 This  nucleus (ones, 198%. 384). The pallidal a erents invade the
may be an unnecessary complication because there are pyesetiialamus as a compact ber bundle, the thalamic fascicle.(hl)
no obvious cytological, hodological or histochemical deeces Their entrance zone was described by histological evidamce
between both divisionsghye, 1990; Munkle et al., 2000; Forutanthe human brain as the anterior part of the ventromedial nusle
et al., 200). Even more questionable is the partitioning by (VM) Gallay et al. (2008Mai and Forutan (2012yvho mapped
Hassler (1959%vho subdivided the territory which now appears the succession of prethalamic bers from the substantia aigr
to correspond to the target elds of the nigral and pallidal the internal pallidum, the cerebellum, the spinal cord and the
a erents into more than 10 subnuclei: Ncl. latero-polaris lwit brain stem on histological sections described the entraces
ve subdivisions, Ncl. fasciculosus and Nuclei ventrofesaNcl.  for the bers as basal subnuclei of the respective terrigrighey
zentrdateralis and Ncll. dorso-orales (seéercheron et al., 1996 were accordingly named as basal ventral anterior nucleAb,(V
He regarded the anterior part of the ventro-oral nucleus (&)o with VAMb and VALb subnuclei), as basal ventral lateral nusle
as a terminal area of pallidal, the posterior part (V.0.p) as §VLb) and the basal ventral posterior nucleus (VPb)a( and
terminal area of cerebellar bers. Forutan, 2012Figure 19.24).

Given the limited knowledge about the organization of the The maximal Wallace index for VAM (nigral region) reads
motor thalamus in humans it appears reasonable to subdivide WWmax D 0.80 and the asymmetry Wallace index isdyhD 0.27.
into only three territories which serve as targets for thgral, These values indicatstrong concordandeetween the atlases
pallidal and cerebellar a erents. These are the ventral &mter with frequent subdivision relationships between the areamf
nucleus with medial and lateral divisions and the ventréidal  di erent atlases. The indices for the VAL (pallidal region)
nucleus or complexT(NA, 2017. Wmax D 0.61 and WsymD 0.22 suggestigh variabilitybetween

Theventral anterior nucleu®/A; TNA) provides the target for the atlases (unrelated to the terminology).
basal ganglia a erents (from the internal pallidum and subsitan The ventral lateral nucleugr complex; VL, TNA) provides
nigra pars reticulata, respectivelyjifisky and Kultas-llinsky, the target for bers from the deep cerebellar nuclei but also
200). They occupy the anterior pole of the lateral nuclei. Thefrom the vestibular system and possibly from some kinestheti
bers from both sources have been described to branch ineath neurons. It occupies the area between VA and VP and
separate medial and lateral areas. corresponds to the ventral intermediate nucleus (V.im, Ncl.

A erents from the substantia nigra pars reticulata terminate i ventralis intermedius in the terminology of CVogt, 1909
the medial part of VA in an area around the mammillothalamicas the target of the prelemniscal radiation). V.im was also
tract, named according to its position in the lateral regios a used byCrouch (1934) Hassler (1959)and Percheron (2004)
medial ventroanterior nucleus (VAM). This part contains larg whereasJones (2007and Morel et al. (1997)followed the
neurons, a characteristic feature which led to the alteweat terminology of Walker (1938)with ventral lateral posterior
designation as magnocellular ventroanterior nucleus (JNhe  nucleus (VLp). VLp, however, appears as an inappropriate
remaining largely lateral region is the territory for theebs term because two anatomically, histochemically and fametily
from the internal pallidum. It is named the principal division di erent components, one (VLa) receiving pallidal, the other
(TNA) or in correspondence to the mediolateral arrangementVLp) cerebellar a erents, are regarded as components of the
of both striatal territories the lateral ventral anterioucleus same VL-regionNieuwenhuys et al. (200&)escribed a third
(VAL, Mai et al., 2015 llinsky et al. (2018)used the main component (VLm) receiving nigral a erents.
sources of the aerent bers to designate both regions of VA  With the acetylcholesterase (AChE) reaction the VL region is
(VAn—nigral region; VAp—pallidal region). This might be too weakly labeledHirai and Jones, 1989; Lenz et al., 20This
restrictive as the medial region also receives aerents frongontrasts with the very high intensity of VAL (VLagnz et al.,
the amygdala and limbic cortex. The attribution of a common201Q p. 116). Parvalbumin-immunoreactivity also speci es the
name (VA) for the (at least) two target areas (VAM andcerebellar aregRercheron, 2004. 627).

VAL) appears justied because the aerents derive from the VL is divided for topographic reasons in anterior and
GPi/SNR-complex which was split during development by theosterior subdivisions (VLa and VLpTNA, 2017 which
bers of the internal capsule. Both projections use GABAcorrespond to areas described Iassler (1959, 1977and

as transmitter. Their territories can, however, be sepdratePercheron (2004)as medial and lateral subdivisions. The
by their dierent developmental timeline with respect to posterior ventrolateral subdivision (VLp) is clinically resex
synaptogenesisK(iltas-llinsky et al., 2003 their dierent because this corresponds to the so-called ventrointerntedia
projection to cortical areas without overlap¢rcheron, 204 or “VIM area’ where “tremoro-synchronous” neurons were
and their chemoarchitecture because the nigral (medial) VAMocalized Qlbe-Fessard et al., 1966; Ohye and Narabayashi,
(VAmc) area is calbindin negative (sometimes weakly pasjitiv 1979. Their location coincides with the target selected for the
whereas the pallidal (lateral) area VAL is calbindin positivenanagement of some motor symptoms in movement disorders
(Morel et al., 1997; Forutan et al., 2001; Calzavara et als) 20qOhye, 199)) Mapping the coordinates of contacts accountable
(Figure 7). for clinical improvement to the standard atlé&i and Majtanik
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(2017)shows the location distal to V.im either in the area ofas distinct (CD15-negative) lamina. Against the centroiaad
the cerebello-rubro-thalamic bers shortly before enteyithe  nucleus VPM is delimited by a branch of IL (lamella intermedia,
thalamus (close to the posterior subthalamic area) or withirSchnopfhagen, 187 Figure 63. Medially and ventrally VPM
the entry zone of the bers which corresponds to the basabbuts on VPMpc. Located dorsally is the anterior pulvinar
ventrolateral nucleus (VLb)Hjechter et al., 203 Figure 12 see (APul). VPM shows an intense immunoreactivity against

discussion). parvalbumin but is calbindin-negativeMorel et al., 1997,
The cerebellar a erents take a position parallel to the ventraMiinkle et al., 2000
thalamic lamina, just ventral to the subparafascicular ausland Superior ventroposterior nucle(®PS). Proprioceptive or

anterolaterally to the parvocellular part of the ventral poste kinestetic bers mediating depth sensitivity project to an are
medial nucleus (VPPC / VPMpc) before they enter the thalamusanterior and dorsal to VPM and VPL (at the border with the
This entry zonehas been variously called Ncl. ventralis caudalisateral VL). These bers are joined by those from the vedibu
parvocellularis externus (V.c.pctéassler, 1959 ventral medial nuclei. The eld where neurons are localized that respond to
nucleus (VM,Gallay et al., 20Q8or ventral posterior inferior cutaneous and kinesthetic stimulation can be registerechéo t
nucleus (VPl,Jones, 1995 The upper portion of VPI has also superior, anterior or oral part of VP. This part has been termed
been described as relay for vestibular input that projecthe t V.c.e.a, VPS, VPO (oral part) or “shell” regiorgssler, 1959;
vestibular cortex Deeke et al., 19J4Forutan and Mai (2012) Jones and Friedman, 1982; Kaas et al., 1984; Jones and Macchi,
have referred to the area where cerebellar bers enterthata 1997; Jones, 20DA precise anatomic delineation of this “deep

as Ncl. ventrolateralis basalis (VLb) in order to emphasiz t receptor zone” has not yet performed.

relationship with the entrance of the adjacent pallidal bens The parvocellular extension of the ventral posteromedial
the Ncl. ventroanterior basalis (VALb) and the sensory &  nucleus (VPMpc) is located below CM between the VPM laterally
the Ncl. ventroposterior basalis (VPD). and the subparafascicular nucleus (SPF) medially. It reseiv

The ventrolateral region displays rather good concordancgeneral and special visceral a erents and is regarded to serve
WmaxD 0.71 with strong subdivision realtionship 4)mD 0.26.  as thalamic taste area’i(tchard, 201). From the SPF it is
distinguished by its synaptophysin immunoreactivity, wrese

Sensory thalamus SPF is positive for substance P and tachykinitai( et al., 1986;
The sensory thalamus represents the main relay of the thadamidirai and Jones, 19§9
for somatosensory and viscerosensory a erents. It is desdras The spinal, lemniscal and trigeminal a erents to the sensory

ventroposterior complé¥P, TNA) because of the multiple well- thalamus are dicult to separate in humans. The dierent
delimited and characterized nuclei. We include also the ishec components were therefore lumped together and their portal of
sensory nuclei for vision and audition. entry is described under various names (ventrobasal complex
VP is histologically separated into tiateral ventroposterior ventrocaudal complex, posterior nucleugurton and Jones,
nucleus(ventral posterolateral nucleus, VPL, TNA), theedial 1976 Basalis compleXRercheron, 20Q4ventromedial posterior
ventroposterior nucleusentral posteromedial nucleus, VPM, nucleus, VMpoCraig et al., 1994; Blomqvist et al., 2000; TNA,
TNA) and two smaller parvocellular divisions that were tedne 2017. We propose the term basal ventroposterior nucleus (VPb,
the external and the internal divisions of the ventrocaudaMai and Forutan, 2012 For detailed discussion seleef1z et al.,
nucleus (V.c.pc) equivalent to theentral posterior inferior 2010.
nucleus(VPI, TNA) and the medial ventroposterior nucleus, The maximal Wallace index for the VP region reads
parvocellular pariventral posteromedial nucleus, parvocellulawWmax D 0.71 and the asymmetry Wallace index igd,D 0.30.
part, VPMpc, TNA) (Welker, 1973; Kaas et al., 1984; Jones,;200These values indicate strong concordance between theeatlas
seelenz et al., 2010 respective VPMpc and VLbMai and  with frequent subdivision relationships between the areamf
Forutan, 201) These nuclei provide the receptive area for theli erent atlases.
spinal, lemniscal and trigeminal bers.
VPL has been divided into several subdivisions (anterioiMetathalamus or geniculate region
posterior, medial, lateral) on the basis of size, densityTheterm metathalamus denotes two highly di erentiated mets
molecular properties and distribution of cells as well agelated to the lateral thalamus: the lateral and the medial
by their responses to cutaneous stimullo(es, 2007 The geniculate bodies. The correctness of both terms has been
distinction between the cerebellar territory (VL) and thequestioned since they may imply that both regions are no
anterior part of VPL can be made by the transition from theordinary or integral parts of the lateral thalamusu(hlenbeck,
large neurons in VL l(enz et al., 20)0to the mixed large 1935; Hassler, 1959; Anthoney, 1R97he term “geniculate
and small-sized neurons in VPL. Histochemically, there is &odies” is used because they comprise not only the respective
di erence in the AChE-reaction: low in VLp, very intense in nuclei but also derivatives of the dorsal and the ventraldiraus.
VPL. The lateral geniculate body (LGB) forms a landmark structure
VPM receives the ascending secondary trigeminal a erentat the ventrolateral and posterior surface of the diencephalon
via the trigeminal lemniscus from the head, face, and imaao LGB is composed almost exclusively by the lateral geniculate
structures. nucleus (LGN; more precisely the dorsal lateral geniculate
VPL and VPM are separated by a narrow cell-poor septummucleus, LGD). The ventral lateral geniculate nucleus (LGV
(lamella arcuata) that is well seen only during fetal depelent  which is obvious in most mammals is presented in the human
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brain as pregeniculate nucleus (PG). LGD is triangular inpgha commonly divided into three major divisions which are dendte
and appears in coronal sections as a layered structure thanis b as parvocellular or principal (lateral) division with major vest
on itself. and dorsal components (MGV, MGD) and a magnocellular
The LGD can be divided into six visibly distinct layers (medial) division (MGM). Most authors add the suprageniculate-
(laminae), labeled 1 to 6 from ventral to dorsal. Crossed antimitans nucleus as the fourth division, the Ncl. geniculatus
uncrossed retinal bers enter a hilum on its ventromediatfsice  medialis limitans ofHassler (1959)Alternative terms for the
and terminate in di erent laminae of the LGN: layers 1, 4, anddorsal and ventral divisions of the principal nucleus were the
6 receive axons from the contralateral eye and layers 2,8, arbrosus and fasciculosus nucleus, respectivelyssler, 1959
5 receive axons from the ipsilateral eye. The two ventralidéaye Cytoarchitectonic analysis results in a much more elaborate
contain relatively large neurons and are termed magnolzllu organization with additional parcellations especially witlive
layers (M1, M2). The dorsal layers consist of small cells angrincipal division (Morest, 1964 see Harrison and Howe,
are denominated as parvocellular layers (P3 to P6). Intetedl 1974; Winer, 1984 MGD is very complex with up to 10
between each magnocellular and the parvocellular layerthare subdivisions distinguished\{almierca and Hackett, 20).0lts
koniocellular layers K1-Ké-{endry and Reid, 2000 main a erents stem from the inferior colliculus; its main et
Thepregeniculate nucleus (P&} as a small and narrow band is the auditory association cortex, All. MGV is the target bers
of cells at the dorsolateral margin of the LGD. It is composedf the core ascending, tonotopic information-bearing, dadj
of two parts that were described tBalado and Franke (1937) pathway from the central nucleus of the inferior colliculus
as loose and dense components, andHagsler (1959as Ncl.  which end within rows of tonotopically organized brodendd
geniculatus griseus and brosus. As a remnant of the rodentaminae. These laminae can be visualized by means of CD15
ventral lateral geniculate nucleus (LGV) it may possibly alsamnmunoreactivity Figure 8). The target of the e erents is the
represent the primate equivalent of the intergeniculate lea eprimary auditory cortex, Al.
(Lima et al., 201R The location dorsally to the LGD is the result ~ The representation of the MGB in the atlases shows
of the rotation of the LGN during development. It is not part of many variations with respect to parcellation. Of the authors
the (dorsal) thalamus like the LGN but a derivative of thetveh who participated in the analysis of a single braibe(vulf,
thalamus described in murine brain on a developmental basis d97) only Hopf and Macchi distinguished subdivisions of
prethalamusPuelles and Rubenstein, 2003 MGB. Interestingly, however, were the diering locations of
The medial geniculate body (MGH) the last stage of the subareas within the MGB complex: whereas Hopf depicted the
ascending auditory pathway. It is recognized as a prominena@agnocellular division along the lateral margin next to the
of the ventrolateral surface of the brain medial to theLGB, Macchi delineated this division on the medial margin,
(intergeniculate) pulvinar. It is demarcated against thiedal an area marked by Hopf as limitans divisiodassler (1959);
geniculate body by myelinated bers which also surroundtit a Hassler et al. (197@nd Van Buren and Borke (197#lJustrated
the pial surface but the border against the latero-caudal part the magnocellular division (antero) dorsomedially, adjdcen
the sensory thalamus is indistindgigure 8). the ventrocaudal nucleus which contradtéorel (2007)and
The MGB is ovoid-shaped with an intricate internal Amunts et al. (2012Wwho depicted this division ventrolaterally
organization. Its subdivisions have been described mbgttiieir  along the pial surface of the MGB. Most authors describe the
topographic position, ber connections and cell morphology magnocellular division as situated medioventrallyifer, 1993.
(Le Gros Clark, 1933; Winer, 1984The human MGB is The imprecision of the topographic de nition of subnuclei is

FIGURE 8 | Lateral (LGN) and medial (MGN) geniculate nuclei at 15 week$ gestation (CD15 immunoreactivity) (frofMai et al., 1999, with permission).(a) The
continuity of the future MGN with the ventroposterior compx (VC) is apparent(b) Higher magni cation shows that the curled, wavy or band like éposition of CD15
immunoreactivity in the ventral parvosellular subnucleugrrowheads in area surrounded by dashed line) which mightocrespond to the tonotopically organized
brodendritic laminae. Arrows indicate regions extendingrito VC. Scale bars 5mm in a and 100mm in (b).
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noteworthy in view of the substantial results regarding th
development and immunohistochemical properties of the humar
MGB (Mai et al., 1999; Jones, 2003

The maximal Wallace index for the metathalamus
Wmax D 0.84 and the asymmetry Wallace index igd¥,D 0.32.
These values show the highest concordance between thesatlg
and strong subdivision relationships between the areas fror
di erent atlases, re ecting multiple numbers of subdivis®for
LGB and MGB areas.

is

Posterior Region

The pulvinar nuclei(Pu) form a large, heterogeneous group of
nuclei in the posterior region without clear distinction beten
subregions. The segmentation of the posterior region is radlyn
based on topographic parameters. TNA distinguishes betwee
the pulvinar (with medial, lateral, anterioand inferior nuclei)
and the lateral posterior nucleus (LP).

The medial and lateral pulvinar nuclei representing the mos
extensive nuclei are separated by their ber density. Thedoit
pulvinar nucleus corresponds to the Ncl. pulvinaris oralis of
Hassler (1959)however, he also designated the correspondin
location as Ncl. ventro-caudalis portaegssler, 197 Figure 2).
The inferior pulvinar nucleus QIszewski, 1952; Jones, 1985
Morel et al., 199y occupies the ventrolateral portion of the
pulvinar, positioned close to the brachium of the superior
colliculus. The rostral part, intercalated between the rakdnd
lateral geniculate bodies, is describedhésrgeniculat@ulvinar.

The human lateral posterior nucleus (TNA,rai and Jones,
1989; Morel et al., 1997; Jones, 2087tegarded as part of the
pulvinar and was therefore designated as oral or anterodiors
pulvinar nucleus Percheron, 1997, 2004; Mai and Forutan,
2012. It corresponds to the Ncl. dorsalis caudalitagsler, 1959;
Feremutsch and Simma, 1971; Hopf et al., 1971; Van Buren a
Borke, 197) Morel et al. (1997)ntegrate within the posterior
group besides the pulvinar and the lateral posterior nucldss a
the posterior complex (Li, Sg, Po) and the geniculate nuclei.

The maximal Wallace index for the P region is;}a4 D 0.80
and the asymmetry Wallace index is ;ym D 0.27. These
values stand for strong concordance between the atlases a
moderately frequent subdivision relationships betweenateas
from di erent atlases.

Concordance Analysis

Area (Local)-Level Concordance Analysis

The overall results of the area-level analysis across the ni
thalamic parcellations are depicted in theigure 9A. The
conditional probabilities P for all areas are represented as 3
matrix and visualized as colored image. Each pixel in the anag
speci es the Pij value by its color. The Pij value estimatesllo

concordance between two areas. It expresses the probaliility| &’

a voxel for being in areain one atlas given that it is in arga

in other atlas. Each row and column represent one speci ¢ are
in an atlas. Areas belonging to an atlas are grouped togeth
and the borders between the atlases are denoted by whitg lin
inducing the appearance of the rectangular blocks in the imag

=R

2N

nd

nd
FIGURE 9 | Local area level concordance analysis of the nine atlases stwn

as image representing the non-symmetric concordance matxiP. (A) Each
pixel in the image speci es the Pij value by its color. The Pijalue expresses
the probability of a voxel for being in areain one atlas given that it is in ared
in other atlas. Each row and column represent one speci c arean an atlas.
Areas belonging to an atlas are grouped together and the borers between the
atlases are denoted by white lines inducing the appearancefahe rectangular
n blocks in the image.(B) Here we show for the anterior ventral nucleus (AV)
area from Atlas of the Human Brain how the values in the matrshould be
interpreted. The row and column in the matrix that correspod to the AV values
(red zoomed rectangles) are displayed as the bars. The colaf the pixels in
the row and the column (from yellow to red) determines the hght of the bars
in the plot (see the color bar on the right). The blue bars spéfy the proportion
f AV comprised in other regions, and the yellow bars (belowhdicate the
proportion of other regions comprised in the AV region. Theabels above the
bars correspond to the signi cantly overlapping regions fra the other atlases.
A(C) The matrix is shown after modifying the order of the areas irgpendently
ewithin each block. The non-zero ﬁ] values form a pixel cloud centered around
ethe diagonal of the block. The brightness of this cloud showshe level of
,, correspondence between the atlases and the width of the clod approximates
I” the frequency of the subdivision con gurations between the #ases.

D

The number of rows and columns in the image belonging to on
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atlas re ects the number of areas in this atlas. Colored (nonWpmaxVvalues are not clearly distinct from asymmetries of random
black) pixels point to areas displaying some degree of spatiparcellations and are reported in gray color.
overlap. The color variations indicate frequent existerfqeaotial The high number of values makes it dicult to see any
overlap between the areas. characteristic pattern between the atlases. To facilithie t
In Figure 9Bwe used the anteroventral nucleus (AV) of thedetection of such characteristic patterns we use multi-
Atlas of the Human Brain as an example how the entries irdimensional scaling (MDS). The MDS transforms the
the matrix should be interpreted. The row and column in theconcordance values Mix and Wasym between the atlases
matrix that corresponds to AV values (red zoomed rectangleshto positions of a 2D space such that more similar atlases
are displayed as the bars. The color of the pixels in the row andccupy nearby points in this two-dimensional space while less
the column (from yellow to red) determines the height of the®  similar atlases become more distant. In this approach the atlas
in the plot (compare to the colorbar on the right). similarities expressed as closeness ghyand Wasymvalues are
The ordering of areas as shown iRigure 9A is rather translated into nearby positions in the 2D space.
haphazard, and thus direct visual estimation of the extent of The results after applying MDS using the global concordances
correspondence between two atlases is di cult. Re-arranggme Wmax and asymmetries Wymfrom the Tables 2B,Care shown
of the rows and columns, i.e., modifying the order of the areain Figure 10 Two distinct clusters of atlases are marked by red
in the atlases, provides a straight-forward interpretatidrtree and blue dashed ellipses, surrounded by dissimilar atlages. T
image structure as correspondences between the atlases. red cluster contains the FRM and PER atlases and the bluecluste
We used a singular value decomposition based heuristic fronmcludes AHB, DNG, and MRL atlases.
Bohland et al. (200%p re-order the rows and columns of each  In addition to the inter-atlas predictability fronTables 2B,C
rectangular block. This transformation forces the aregb Wigh ~ and to the two clusters discriminated by MDS we are interested
concordances toward the diagonal and we minimize the olerain the spatial distribution of the atlas concordances acrbgs
distance of non-black pixels from the diagonal of that blockthalamus volume. To this end we computed the average global

(Figure 90. atlas concordance and asymmetry for each voxel of the thadam
The spatial distributions of Wax and Wasym exemplify the
Cluster (Group)-Level Concordance Analysis results of the cluster concordance analysig(re 11). Clusters

To make the concordance analysis more visually tractable waf high (M, VAM) and low (VAL) concordances are easily
have extended the local area level analysis by the group-lewstinguishable in the three planes. Similarly the asymgnetr
concordance analysis. This analysis was performed separatealues mirror the results of the cluster concordance anglysi
for 11 groups of regions (see in Material and Methods). Thd=or example the high Wax and Wasym values of the M cluster
composition of the groups follows thB8upplementary Table 1  follow the expected borders of the MD region. What the cluster
For each group we determined Wallace maximal indexad&nd  concordance analysis does not show are the remarkable gtadie
Wallace asymmetry index Wym(Table 2A).

The highest Whax values are observed for the MD (0.85),
GM/GL (0.84), VAM (0.79), and P (0.80). These values indicate
very high concordance, i.e., predictability of the atlaséhimw
these regionsTable 2A). We also observe above the chance
high Wasym values for the following areas: MD (0.35), VAM
(0.28), and P (0.26) indicating that many areas in this group,
display multiple subset con gurations, i.e., an area in one
atlas contains multiple areas from another atlas. For example
four atlases divide the area MD into two or more subareas.
These subdivisions are responsible for the highsi¥ value of
the M cluster. The asymmetry values for the IL and VAL are
below the 95th cut-o threshold indicating that the subdsion
con guration in the clusters cannot be distinguished from
random thalamus parcellations.

2]

Global (Thalamus)-Level Concordance Analysis
The global concordance analysis estimates the inter-atlas
correspondences. The results of the global concordancesasaly
are presented in theTable 2B for Wmax and the Table 2C o ) N . ) .
for W The values in theTables 2B.Care reported with FIGURE 10 | Visualization of inter-atlas relationships using multikshensional
or Wasym s ! P ; scaling. The atlases are shown in a 2-D landscape computeddm distances
respect to the chance distribution of random parcellations| derived from the Wnax and Wasym values [Tables 2B,C ). Atlases that can
Values that exceed 5 percent chance to originate from randommutually be better predicted from each other and share sinz asymmetry
parcellations are reported in gray color and in brackets. Al|l values reside closer in this space. The two recognizable citers are indicated
inter-atlas concordances Wi are above the 5 percent cut-o by req and blue dasheq ellipsoids. 'I'_hg ar_bltrary dlmensmnene and two give
L. i . coordinates for the projected atlas similarity values in th2D space.
value for chance distributions of random parcellations. Twee
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FIGURE 11 | Visualization of Whax (top row) and Wasym (bottom row) in 3D space. The regions with high concordanceand asymmetry (MD, AV) can directly be
identi ed in the slices as areas with strong red color. The éfisoid and arrows point to the region with the lowest concor@nces: lateral ventroanterior nucleus (VAL)

and intralaminar formation (IL).

FIGURE 12 | Active deep brain stimulation (DBS) sites in tremor patiesfrom two studies Hamel et al., 2007; Fiechter et al., 201Y attributed to the VIM region.(A)
Positions of the DBS stimulation sites in the MNI space. Theaordinates of the DBS target in MNI space for Fiechter et alyéllow) xD 14.3mm,yD 17.40 mm,
zD 2.17mm and for Hammel et al. (red) YD 12.7mm,yD 19.6mm,zD 4.38 mm. (B) Anatomical characterization of the targetsTable 2D) presented in an
analysis tool. Such anatomical characterization is avaliée for each voxel in thalamus.

in the concordance and asymmetry distributions within theinterpretation of the ndings. As a consequence, the wording
clusters. Particularly the strong concordance and asymmetused for the description of thalamic features is inconsistent
focus in the VAM subregion dominates the gure. and, in addition, compromised by historic trends in uenced
by di erent “schools” @nthoney, 199X Same terms may have
well-accepted but conicting meanings and similar features

DISCUSSION . ) . : .
may have diverse interpretations. This makes the correiatio

Consistencies and Differences of and thus the topographic comparison of the results from

Thalamus Delineations May be Resolved di erent research dicult and the application of the diverse

by Multi-Layered Nomenclature De nition tables of synonyms questionable. The di ering understagdii
The description of the thalamus in humans rested in thethe topographic organization of the human thalamus and the

past on the analysis of individual brains. Our representatiorfliSSenting terminological concepts makes it highly uniitlat
of the maps published by various authorities illustrates theif harmonized and generally accepted agreement is achieved by

enormous discrepancies. These arise in part from the inherer‘if*newe‘?I discussion of disagreements regarding the meanming
variability of the object but are above all the result of peelo @PPropriate usage of terms.
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Nevertheless, all studies reside on thorough analysis amdne atlases and the results from the quantitative compatei
comprehensible concepts. It is therefore demanded to loo&nalysis we amended some of those recommendation. In
for ways to discuss terms and the labeled structure togetheBupplementary Table e have summarized the selected terms
To arrive at a more consistent interpretation of histologica for the subdivisions of the human thalamus and have included
and radiological features and of their topographic de nition references which show the emergence of the listed terms
a new approach is suggested. We argue that the greatesgether with some equivalent designations. We understaigl t
hindrance for a commonly accepted interpretation of therecommendation as a base layer terminology that has to be
human thalamus, the variation of neighborhood relationghe  extended by additional layers.
individual space, can be overcome by their registration iato
common space. Concordance Analysis

For our approach we exploited the delineations of thalamidArea (local)-level analysis evaluated pairwise spatial overlap
nuclei from serial sections that were published from wepitried  between two areas by conditional probabilities and revetiat
researchers. The three-dimensional reconstructions ftbeir  the one-to-one relationship between the areas is rarelyrobsge
maps were registered into a standard ICBM/MNI152_2009ln the data. The voxels within an area in one atlas mostly
space because it is openly accessible and has been used forrtta® to multiple areas of another atlaBigure 9). To visualize
registration of our individual “Atlas of the Human Brain” (4B, this relationship we developed a meaningful visualizatibthe
Mai et al., 201pand our average atlas of the human braifigi  multiple area mapping by re-ordering columns and rows of
and Majtanik, 201Y. blocks in matrix P Figure 9C). For each block we can observe

The registration of the dierent atlases into the samean elongated diagonal cloud of nonzero voxels. The brigbgne
space allowed us to evaluate consistencies and di erences aff the cloud indicates the level of correspondence between
delineations and neighborhood relations in the same (stadll the areas and the width of the cloud indicates the frequency
frame but in relation to the original published materials.i$t of the subdivision con gurations between the atlases. I@rig
a matter of course that the three-dimensional reconstrctdf — diagonal clouds indicate high correspondence and highaW
this heterogeneous material introduces problems regartiieg values. Broad diagonal clouds hint to frequent one-to-riplet
accuracy and consistency of our result. The registratiothef subdivision con gurations and is re ected in high Yymvalues.
atlases in the standard space does not mean the perfect matchThe cluster (group)-level analysis focuses on the
of the spatial relationship between the atlases. correspondences between multiple areas belonging to a region

Given this limitation we were able to estimate the relativewvith common anatomical characteristics. The concordance
spatial overlaps between the nine atlases within the standasmhalysis of such clusters imposes a spatially constrained view on
MRI volume. We parcellated this volume into “clusters”the parcellation equivalence and stability between varadlases.
(Supplementary Table Jthat were developed on the basis of theTo explore the cluster correspondences we developed thgW
interpretation of correlating terms, i.e., territories. iStprocess and Wasym indices. The Whax and Wasym capture similarity
renders susceptibility to personal bias e ects. This e ect musbetween several areas while allowing for area re nement
also be accounted for because the comparison between the one atlas relative to another. The W« captures similar
atlases—as described here—is in relationship to the AHBIdhe  correspondence properties as the S-index de nedBmhland
case of the lateral region, to the delineation provided bysias et al. (2009and does not penalize the subdivision con gurations
(Figure 4). in clusters. Our Wsymindex directly quanti es the one-to-many

Based on this material we have performed systematisubdivisions between the areas in a cluster. A cluster with low
quantitative analysis of the relationships between di erenttoncordance values Wéx points to the fact, that the underlying
anatomical atlases of the thalamus. We claim that not theharacteristics of the constituent areas are highly vagiabl
disagreements in terminology are the major cause of thenbraibetween the atlases. A large.¥m value for a cluster indicates
atlas concordance problem but the de nition of underlying very strong one-to-many relationships between areas from
partition volumes of the brain anatomy (e.qg., atlases). di erent atlases. For example, four atlases divide the area MD

A possible solution of this concordance problem is aintotwo or more subareas. These subdivisions are resporisible
multi-layered nomenclature de nition. For regions of high the high WasymVvalue of the MD group. The lowest Wy values
concordance only one nomenclature base layer is requiredre displayed by the IL (0.55) and VAL (0.61) grouplfle 2A
This base nomenclature layer may possibly be generated bBydFigure 11). The low predictability of the IL and VAL cluster
some concordance optimization algorithms and be furthemoints to highly heterogeneous concepts for these areas in the
curated by experts. For the regions of low concordance meltiplnine atlases.
nomenclature layers should be created to account for the For direct comparison of the dierent cluster parcellations
heterogeneity of de ning partition concepts. we extended the cluster analysis with detailed estimation

We aimed to follow the recommendations of the revisedof the conditional probabilities between the clusters of the
terminology in the Terminologia Anatomica T(NA, 2017  “Atlas of the Human Brain” and clusters of the other atlases.
made by the Working Group Neuroanatomy of the FederativeSupplementary Table 3lists the conditional probabilities and
International Programme for Anatomical Terminology (FIPA corresponding areas for all eleven groups. We observed
of the International Federation of Associations of Anatsisi that clusters with high Wax values inTable 2A also show
(IFAA). As consquence of the screening of the nal scheme ofiigh conditional probabilities inSupplementary Table 3 The
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high Wasym values of the clusters in thélfable 2C are  WagymD 0.67 for the PER atlas and d4mD 0.53 for the FRM
re ected by the increased numbers of overlapping areas in thatlas. This dissimilarity places the HSL atlas outside of the b
Supplementary Table 3 MDS cluster.

The global (thalamus)-level concordance analysis provided

quantitative estimates of the inter-atlas correspondereed
asymmetries. The large number of pair-wise atlas comparisor%onsequences of the Concordance

shown in Table 2B for Wmax and Table 2C for Wasym Analysis Approach for the Terminology of

makes it dicult to directly identify more complex patterns the Thalamus

of equivalences. To facilitate the recognition of complexOur classication of substructures into clusters re ectseth
correspondence patterns we mapped the atlases into a twoempromise between the diverging views between our own
dimensional space using multi-dimensional scalifggre 10, interpretation and preceding delineations and terms, which
such that atlases with more similar regions (more overlappingyften changed over the years. The results of our concordance
less asymmetric) appear in closer proximity with one anotheanalysis provide values that request renewed and focusegsial
compared to atlases with less overlapping regions. Thisf the parcellation of the human thalamus. The areas with
intuitive graphical representation allows to capture siniflar low concordance values Wéx derive from non-equivalent

in concordance and asymmetry between atlases. The MDOrcellation concepts resulting in questionable or evenrding
revealed two clear clusterBigure 10. The blue cluster contains labeling. To come closer to unequivocal de nitions of the
the FRM and PER atlases and the red cluster includes AHBhalamic nomenclature we have to focus on these low concttrda
DNG, and MRL atlases. The characteristic pattern for thereas and must analyze the underlying parcellation concepts to
blue cluster originates in very high Wx and Waeym values select the most appropriate one with its corresponding name.
of the FRM and PER atlases as compared with the othéWe suggest including additional parameters which support the
atlases except for single low asymmetry value gk WD 0.14  registration process. As pointed out, the intralaminar fotioa
between the FRM and PER atlases. The characteristic pattgresents a key for the parcellation of the human thalamus.
for the red cluster derives from high values of Wi« and  The formation is in part identi ed in the ICBM/MNI152_2009b
low values Wsym within of the cluster combined with very template. Distance measures to other discriminated stmestu
high values of Wsym to the atlases of the red cluster. Atlasescould constrain the registration process and provide improved
outside of the two clusters do not consistently show theseter-space probability.

patterns. Provided that the relative position of delineated areas or

We interpret these two characteristic patterns in the follogvin points of interest remain preserved after the registration pssc
way: The atlases combined within the red cluster contairhhigand that their topography matches with the reference cases we
and those within the blue cluster contain low number of areascan claim rst, the neglect or even absence of an individiei
Hence the areas of the red cluster are predominantly smadinatomy and of anatomic variables and second, the posgibilit
and those within the blue cluster are large. HighyWy{ values to statistically estimate the degree of concordance betwee
indicate good concordance between the atlases within of th&ructures.
clusters with low frequency of subdivision con gurationis. As nal goal of our approach we emphasize that the spatial
contrast, the high Wsym values between the clusters indicateextension of an area becomes the prime representative of
multiple subdivisions of the blue cluster atlases by the taster  underlying de ning concepts and that the anatomical labels
atlases. forfeit their dominance.

We can also derive the high Méx and the low Wisym Today there is increased need to translate anatomical
properties of the clusters from th&igure 4 The extension, information from classical neuroanatomical elds to new use
the con guration and the edge orientation of the areas of thecases. The use of single names to characterize regions of
blue MDS cluster atlases (FRM, PER) show broad agreementerest is problematic and may lead to obvious discrepancies
(Figures 4B,0 Wmax D 0.83). The number of delineations in between anatomical nomenclature reference and anatomical
the cross-sections is more similar between FRM (32 areaeharacterization of areas. As example we have analyzed the
and PER (29 areas) atlases compared to the other atlagepography of the so-called “VIM area.” This area is de ned in
(more than 42 areas). Analogous observation holds for tlde recorrespondence to the area mapped in the atlas fieassler
MDS cluster (AHB, MRL, DNG) inFigures 4E,G,H In this (1959, 1977) It is often selected as target for deep brain
cluster the number of areas is two times the number of areastimulation (DBS) in cases of movement disorders. The outom
of the blue cluster. The overall con guration of the coloredof the stimulation is highly correlated with the precision diet
regions does not display extreme di erences between the thredectrode targeting. The clinically “e ective” area doeswhver,
atlases. Noteworthy is the high similarity of the colorediom seldom match the area de ned in the anatomical atlas of Hassl|
con gurations and extensions between the HSL atlas andlilie b Analysis of the “VIM” target coordinates with best therapeut
MDS cluster. The concordance W¥x D 0.89 between the HSL e ects render coordinates mostly outside the original deiait
and the PER atlases is the highest observegiWWalue in the (Figure 12. The e ective target suggested tyechter et al.
Table 2B The Wpnax of 0.85 between HSL and FRM support this(2017)coincides with VIM only in three out of nine atlases. This
observation. Three times more areas of the HSL atlas caosgst example illustrates, that characterization based on trawlitily
subdivision con gurations with the blue cluster and resalhigh  ascribed names, must not re ect the real position in the stadda
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space. The di erence between the reported label (VIM) and reateuroimaging eld. The region discriminating concepts, as we
position is space is strikingréble 2D). already developed for reporting of dierent views of cortex
With our approach we do not assign “true” labels to thepartitioning (Mai et al., 201} will be not specic for an
stimulation site but an array of labels along with correspioigd area, but de ned as multidimensional feature elds withineth
concordance for these areas. Such arrays can better inforomain thereby allowing analysis and discrimination of ardzy
the researcher about the structure of concept equivalen@utomatic detection algorithmsx|asser et al., 20).8Jsing such
and facilitates more appropriate interpretation of data andtools spatially de ned multi-modal-atlases may be developed
results. Further, the concept of the stimulation site can behat allow mapping of regions de ned by a multitude of
extended by aggregation of e ciency outcomes into probatiti  protocols.
spaces.
This example illustrates the possibility to improve the cidter AUTHOR CONTRIBUTIONS
for the de nition of thalamic volumes or subareas by non-
morphologic descriptors, e.g., aspects of molecular, cororedt  All authors listed have made a substantial, direct and latdlal
or functional organization respecting maximum probability contribution to the work, and approved it for publication.
feature maps.
Horn et al. (2017)proposed a tool for characterization of ACKNOWLEDGMENTS
the spatial location of DBS targets by various MNI atlases
based on histology, functional or di usion-weighted MRI and The authors are grateful to F. Forutan for his assistance é th
connectome data Hehrens et al., 2003 An estimation of segmentation of the thalamus.
the extent of correspondence with the dierent atlases may
improve the targeting process. We think that a concordanceSUPPLEMENTARY MATERIAL
based measure will provide indicators to reliably assesqthkty
of speci cation of areas of interest. The Supplementary Material for this article can be found
The concordance analysis framework may be extendeohline at: https://www.frontiersin.org/articles/10.38thana.
to the whole brain proting from developments in the 2018.00114/full#supplementary-material
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