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Abstract
Palaeoneurology is a complex field as the object of study, the brain, does not fossil-
ize. Studies rely therefore on the (brain) endocranial cast (often named endocast), the 
only available and reliable proxy for brain shape, size and details of surface. However, 
researchers debate whether or not specific marks found on endocasts correspond 
reliably to particular sulci and/or gyri of the brain that were imprinted in the braincase. 
The aim of this study is to measure the accuracy of sulcal identification through an 
experiment that reproduces the conditions that palaeoneurologists face when work-
ing with hominin endocasts. We asked 14 experts to manually identify well-known 
foldings in a proxy endocast that was obtained from an MRI of an actual in vivo Homo 
sapiens head. We observe clear differences in the results when comparing the non-
corrected labels (the original labels proposed by each expert) with the corrected 
labels. This result illustrates that trying to reconstruct a sulcus following the very 
general known shape/position in the literature or from a mean specimen may induce a 
bias when looking at an endocast and trying to follow the marks observed there. We 
also observe that the identification of sulci appears to be better in the lower part of 
the endocast compared to the upper part. The results concerning specific anatomical 
traits have implications for highly debated topics in palaeoanthropology. Endocranial 
description of fossil specimens should in the future consider the variation in position 
and shape of sulci in addition to using models of mean brain shape. Moreover, it is 
clear from this study that researchers can perceive sulcal imprints with reasonably 
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1  |  INTRODUC TION

Palaeoneurology is a controversial and complex field in palaeoan-
thropology for several reasons. The principal one is that the object 
of study, the brain, does not fossilize. Thus, to study the evolu-
tion of the human brain, palaeoanthropologists must analyse the 
(brain) endocranial cast (i.e. generally named endocast in palaeon-
tology) which is an internal moulding of the skull that reflects the 
imprints that the brain left on the intracranial walls. The endocast 
is the only available and reliable proxy for brain shape and size. It 
may also reproduce some of the grooves (sulci) that are present on 
the surface of the cerebral cortex and often border convolutions 
and/or functional regions (Connolly, 1950; Holloway et al., 2004; 
Le Gros Clark et  al.,  1936). In any case, endocasts provide the 
most direct and precise information available for brains of extinct 
species (e.g. Bruner, 2019; Holloway et al., 2004; Jerison, 1973). 
Traditionally, the replica of the internal cranial cavity was obtained 
by filling the empty braincase with latex and using the latter as a 
mould to generate a plaster endocast. Nowadays, ‘virtual’ or ‘dig-
ital’ endocasts can be generated using manual or automatic seg-
mentation methods with CT or microCT data, thus providing new 
opportunities for the study of brain evolution. More specimens 
are therefore potentially available, including the most complete 
ones which provide the most information, which could prove 
more difficult to mould for prehistoric specimens. The analyti-
cal perspectives are much broader and contributions of imaging 
methodologies for the reproducibility and repetitiveness of palae-
oneurological works are obvious.

However, researchers debate whether or not specific marks 
found on endocasts correspond reliably to particular sulci and/or 
gyri of the brain that were imprinted in the braincase (e.g. Balzeau 
& Mangin,  2021; Dumoncel et  al.,  2021; Falk,  2014). The exter-
nal surface of endocasts display different sets of marks. Some are 
bulges that correspond either to the course and indentations of 
the cranial sutures or to the imprints of the middle meningeal sys-
tem, venous sinuses and other parts of the blood drainage system 
that are in close contact with the internal surface of the braincase. 
Finally, shallow grooves over the surface are generally considered 
as indications of underlying brain sulci. Some variation is visible 
in the number and degree of expression of those grooves among 
primate species and during development on endocasts. Smaller 
brained primate species and younger individuals tend to show 
more details than larger brain species and adults respectively 
(e.g. Balzeau et al., 2005; Falk, 2014). In this general context, the 

fundamental question remains: Are such marks really related to 
sulcal imprints or to something else? By extension, we cannot be 
sure to what extent it is possible to reconstruct sulcal morphol-
ogy from endocasts. Previous studies have tried to address this 
problem by using magnetic resonance imaging (MRI) (Dumoncel 
et  al.,  2021). For example, Dumoncel et  al.  (2021) found a close 
correspondence between morphological features of the human 
brain and the corresponding endocast, with the exception of the 
superior region of the frontal and parietal lobes. In this study, the 
comparison between the brain and the endocast was made from 
different imaging acquisitions that relied on MRI and CT data. 
Those methodologies have different geometric constraints and 
different resolutions that cannot be overcome by the alignment of 
the two datasets. Further, the detection of the sulcal imprints was 
automatic, identification of other features were manual, the brain 
hull had to be deformed to match the shape of the endocast and 
the study included a restricted sample of five individuals. While 
similar approaches are commonly used in neuroscience research, 
they are much less commonly applied to the study of hominin en-
docasts. The interesting results of Dumoncel et al. open new per-
spectives. In this context, several issues remain to be addressed 
such as the accuracy of sulcal identifications reported in the pa-
laeoneurology literature from the study of endocranial casts. This 
perspective concerns both not only the ability to recognize struc-
tures that are actually anatomically linked between the brain and 
the endocranium, but also the ability of observers to recognize 
and identify them in a valid way.

The aim of this study is, thus, to measure the accuracy of sulcal 
identification through an experiment that closely reproduces the 
conditions that palaeoneurologists face when working with homi-
nin endocasts. The approach here is different from previous works 
(de Jager et al., 2022; Dumoncel et al., 2021), but complementary. 
By combining classic palaeoneurological approaches with new tech-
niques available in the neuroimaging field, our work aims at answer-
ing the following questions: Is it possible to obtain an endocast or a 
similar proxy that reproduces external details of the human/hom-
inid brain from an MRI scan? How accurately and consistently do 
contemporary researchers identify imprints on brain endocasts? Is it 
possible to accurately identify the gyri and sulci of a human/hominin 
brain from the marks visible on an endocast? And finally, are there 
regions of the endocast/brain in which these features cannot be re-
constructed and/or can be better recognized?

We asked 14 researchers (LAB, ABe, DB, EB, KC, ZC, DF, EG, 
AG, SN, AP, CR, YZ, Aba) with experience in the study of the brain, 

high accuracy, but their correct identification and labelling remains a challenge, par-
ticularly when dealing with extinct species for which we lack direct knowledge of the 
brain.

K E Y W O R D S
brain endocast, brain evolution, palaeoneurology, sulcal identification
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including working with brain endocasts and knowledge about the 
evolution of the human brain, to manually identify well-known fold-
ings in a proxy endocast that was obtained from an MRI of an actual 
in vivo Homo sapiens brain. We tried to make the conditions of the 
experiment as similar as possible to a typical fossil endocast assess-
ment by providing researchers with one single endocast that they 
would need to assess without comparison with other individuals 
from the same population. While this approach does not allow for a 
quantification of the variation of accuracy across different individu-
als, it reproduces more closely the conditions of sulcal assessments 
in fossil hominins. Moreover, by using MRI data obtained in the same 
conditions and at the same time to reconstruct the brain and the en-
docast we minimize methodological factors that can introduce bias 
in the comparison of models obtained with different methodologies 
and in different conditions.

Our main objective was to quantify how accurately and consis-
tently researchers identify the gyri (or convolutions) and sulci that 
are present on the human brain on a corresponding endocast. In this 
context we aimed first to establish whether folding patterns can be 
reliably reconstructed from human endocasts, and second, to iden-
tify which sulci and gyri may be reliably and accurately identified on 
endocasts and which may not. We also investigated the limitations 
of applying the nomenclature for brain morphology derived from an 
atlas approach to the analysis of particular specimens. This aspect 
has some implications not only in the field of neurosciences but is 
also central in palaeoneurology. Our hope is that the information 
gathered in this work will help the palaeoanthropological community 
to critically evaluate palaeoneurological inferences published in the 
past and to provide a new framework and best-practice guidance for 
future research.

2  |  MATERIAL S AND METHODS

Fourteen researchers from the fields related to the study of human 
brain evolution accepted an invitation to contribute to this work. 
Most of them have expertise in the study of human/hominin endo-
casts (LAB, ABe, EB, KC, DF, SN, CR, YZ, Aba), whereas others have 
expertise in the study of the primate brain (DB, ZC, EG, AG, AP). 
Several have a broad experience in the field of palaeoneurology.

MRI acquisitions took place in the Center for Neuroimaging 
Research, Brain Institute, Pitié-Salpêtrière Hospital, Paris, France. 
The ‘Comité de Protection des Personnes Sud-Méditerranée II’ ap-
proved the research protocol for the imaging centre that was used 
in this study (comity reference 221 B38, identification number 
2021-A02404-37). A proxy endocast was generated from a 34-year-
old female volunteer using the image obtained with an ultrashort 
time-to-echo (UTE) MRI sequence (Robson et al., 2003), as shown in 
Figure 1a. The model is very similar to those generally obtained from 
CT data in terms of visible external morphology. Contributors were 
provided with a 3D model of this endocast, standard 2D projec-
tions for labelling (Figure 2a) and a labelled reference (Figure 3) for 
comparison. In the same imaging session, a T1-MPRAGE image was 

acquired and used to segment the brain, to generate the pial surface 
mesh and to extract and automatically label the sulci (Figure  1b). 
The combination of the automatically labelled sulci superimposed 
with the pial mesh and with the proxy endocast was used as a ref-
erence (Figure  1c) in the evaluation and analysis of the manually 
labelled sulci made by the researchers. Both the generation of the 
proxy endocast and brain segmentation were carried out using 
the Morphologist toolbox from BrainVISA (Cointepas et  al.,  2001; 
Fischer et al., 2012). The automatically assigned sulcal labels used as 
reference in this study are the same as used by Morphologist (Perrot 
et al., 2011). Several nomenclatures or atlases exist for brain sulci 
in humans (e.g. Ono et al., 1990), however our purpose here is not 
directly to address this aspect and by using the referential included 
in the software we minimize the methodological issues all along the 
analytical process.

Contributors were asked to draw the grooves/sulci they could 
identify on the 3D virtual endocast on five images corresponding 
to five different planes/views (Figure  2a) of the proxy endocast 
with the help of an online drawing tool called Sketchpad.1 We 
chose this online tool due to its ease of use, which allowed all par-
ticipants to make their drawings as requested. The actual sulcal 
pattern configuration for corresponding views from the actual 
brain were also obtained for comparison, but not provided to con-
tributors (Figure 2b). We have not included an inferior view of the 
endocast for different main complementary reasons. The surface 
of the endocast in this view does not show any of the main sulci of 
the brain, while the cerebellum hides details of the posterior part 
of the temporal lobes and all the inferior extension of the occipital 
lobes. Moreover, those areas are exceptionally preserved in the 
fossil hominin record. For these reasons, we have estimated that 
the expert would not have been able to detail much information in 
inferior view.

The images of the five views of the endocast in .sketchpad for-
mat and a mesh (.ply format) for a 3D full view were sent to the 
researchers. In order to obtain comparable identifications, enable 
drawing and labelling of the sulci and facilitate the process of com-
parison and data analysis, a short tutorial on the use of Sketchpad, 
together with a list of 42 sulci that could potentially be identified 
in the proxy endocast and their nomenclature, were also included. 
Thereby, identification, drawing and labelling of the sulci were en-
abled in as consistent a manner as possible, which facilitated the pro-
cess of comparison and data analysis. The researchers were asked to 
manually label the grooves or sulci they could identify in this proxy 
endocast on the five views in order to facilitate the comparative 
analysis of the data between all the researchers. However, they also 
had the possibility of manipulating and visualizing the original 3D 
model in order to secure their observation and labelling on the dif-
ferent 2D views.

Each sulcus identified in each of the five views by each participant 
was later isolated and stored (in groups by view) as independent im-
ages that preserved the position and size of the manually drawn sulci. 

 1Website: https://​sketch.​io/​sketc​hpad/​, last accessed on 12 October 2022 at 16:13 pm.
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The same sulcus isolation process was also carried out with the ref-
erence automatically extracted sulci obtained by Morphologist. The 
sulcus isolation allowed a one-to-one image comparison between the 
manually identified sulci and the automatically extracted sulci, which 
we use to represent the real sulcal configuration of this individual. 
We carried out this comparison by using two different similarity mea-
sures: the Dice index (Sørensen, 1948), which quantifies the overlap-
ping between sulci pixel by pixel and the mean minimum Euclidean 
distance, a point-by-point measure of the similarity in shape and 
closeness between a reference sulcus and a manually labelled sulcus.

As the sulci were manually identified and drawn by the research-
ers in five different views of the endocast, the comparisons and 
analyses of the manually labelled sulci with the reference sulci were 
performed with the same tools and process, but independently in 
each view. It is therefore necessary to have the information from 
all the views in order to cross-check all the available information 
before reaching a conclusion regarding the feasibility of identifying 
a particular groove or sulcus from the endocast comparison.

The visual identification of the grooves on the endocasts and 
their labelling as particular sulci are two different and complex pro-
cesses that might create conflict and bias in the sulcal comparisons 
if they are considered together. For example, a groove can be suc-
cessfully identified as a sulcal imprint on the endocast by multiple 

researchers, but it can be incorrectly labelled by some, so the sulcal 
identification can be right even if the labelling is wrong. To avoid 
this problem, the evaluation and analysis were carried out succes-
sively following two different perspectives. First, the labels and sulci 
were considered as they were identified by the researchers in order 
to evaluate the labelling and relative position of the sulci identified 
manually. Second, the wrong labels associated with well-identified 
grooves were corrected in order to evaluate the capacity to identify 
the presence of sulci from the anatomical changes in the surface of 
the proxy endocast.

Labelled images provided by each researcher were anonymized 
before analysis. We will refer to them as Researcher X, abbreviated 
as RX, where X corresponds to a number between 1 and 14 assigned 
randomly to each one of them.

2.1  |  Brain segmentation and proxy 
endocast creation

In the context of the PaleoBrain project,2 a high-resolution 3D T1-
weighted structural image (MPRAGE) and a UTE sequence image were 

 2https://​paleo​brain.​jimdo​free.​com last accessed on 12 October 2022 at 20:50 pm.

F I G U R E  1  Brain structures and meshes used for manual labelling of sulci. (a) Proxy endocast obtained from an MRI UTE image. (b) 
Structures (pial mesh and automatic sulci extraction) obtained from the brain segmentation using a T1-MPRAGE image. (c) Superimposition 
of the proxy endocast, the pial mesh and the automatically extracted sulci used for the evaluation of manual sulcal identification.

 14697580, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/joa.13966 by C

ochrane France, W
iley O

nline L
ibrary on [10/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://paleobrain.jimdofree.com/


278  |    LABRA et al.

acquired from one healthy female volunteer (right-handed, 34-year-
old) by the Paris Brain Institute (ICM), in January 2021. All the images 
were acquired using a 3 T Prisma Fit (Siemens, Germany) and a 64-chan-
nel head coil during the same session. For the MPRAGE T1 image, the 
protocol included a high-resolution 3D T1-weighted acquisition using 
an MPRAGE sequence (TE = 2.2 ms, TR = 2400 ms, TI = 1000 ms, FA = 8, 
matrix = 256 × 320 × 320, voxel size = 0.7 × 0.7 × 0.7 mm). For the UTE 
sequence image, the protocol included a high-resolution UTE sequence 
acquisition (TE = 70 μs, TR = 5 ms, FA = 3, matrix = 416 × 416× 416, voxel 
size = 0.59 × 0.59 × 0.59 mm). T1-MPRAGE and the UTE sequence were 
used in the brain segmentation and the endocast creation process 
respectively.

Brain segmentation was performed with the Morphologist 
toolbox of BrainVISA using the T1-MPRAGE image. The entire 
pipeline (shown in Figure  S1) was executed in order to segment 
the brain into different structures: pial surface mesh and sulci 
(Figure S1).

The UTE pulse sequence is an MRI technique used for imaging 
tissues or tissue components with short transverse relaxation time, 
so-called T2 (Robson et al., 2003). Thus, the cortical bone, tendons, 

ligaments and brain among other tissues will show high signals. The 
different brain tissues are not easily distinguishable in the image 
obtained from the UTE sequence (Figure 1a, using the protocol de-
scribed earlier) when comparing with the traditional T1-MPRAGE 
(Figure 1b). We take advantage of this homogeneity in the signal of 
the whole brain tissue within the dura mater to mask it and create a 
mesh from it.

In order to obtain the mask of all the brain tissue within the dura 
mater, the same Morphologist pipeline used for the brain segmen-
tation (and shown in the Figure 3) was applied. However, this time 
the UTE sequence image was used and only the first four steps were 
necessary to obtain the endocranial mask. Some parameters were 
adjusted until obtaining a mask that fully covered all the structures 
within the dura mater, instead of obtaining a mask of the structures 
within the pial surface, as the algorithm usually does. Once the 
mask was obtained, we used the BrainVISA environment to com-
pute the mesh using the AimsMeshBrain command of the AIMS 
tools (Analysis of Images and Signal for Neuroimaging tools). As the 
dura mater is the membrane that surrounds the brain and separates 
it from the cranial bone, the mesh obtained from it comprises all the 

F I G U R E  2  Brain views used in this study. (a) The five images of the endocast and (b) the same five images showing the sulci obtained 
from the actual brain through the automatic sulci extraction process (see Table 1 and Figure 3 for the definition of the sulci and colour 
correspondence). From left to right, from superior to inferior: anterior view, posterior view, right central, right hemisphere view and left 
hemisphere view.
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cranial cavity and is highly similar to the actual endocasts obtained 
using CT, as illustrated in the Figure 2a. One possible difference be-
tween our proxy endocast from MRI and endocasts obtained using 
CT is at the level of resolution. In this case, the size of the voxels of 
the MRI data is around 0.6 mm. Medical CT might provide slightly 
smaller voxels, but resulting 3D models of endocasts are generally 
of the same range of resolution. MicroCT is also now widely used to 
obtain 3D endocast with a voxel size than can be around 0.15 mm, 
however this method cannot be applied to living volunteers. This 
difference is important and has some influence on the ability to 
identify imprints on virtual models. Nevertheless, the 3D model of 
the endocast obtained here with the UTE sequence has a resolution 
comparable with what can be obtained from medical CT scans, and is 
therefore similar to that of most virtual endocasts of fossil hominins 
studied in the past 40 years.

One important aspect in the way we have designed the meth-
odology for this study is that the data that we use to reconstruct 
the brain and the endocast were acquired with the same machine, 
in the same position, during the same imaging session. Moreover, 
the different sequences for the IRM data were segmented with the 
same software. Our general objective was to minimize variations and 
errors related to the experimentation and reconstruction of the data 
in order to optimize the degree of precision of the resulting anatom-
ical information. The 3D models of the endocast and of the brain are 
available on simple request to the corresponding author.

2.2  |  Sulci to identify

Given the complexity of inter-subject brain anatomical variability 
and the large number of available nomenclatures associated with 

the organization of brain sulci, we provided participants with a com-
mon standardized nomenclature for specific sulci that could poten-
tially be identified in the proxy endocast. Those sulci were selected 
by visual comparison of the proxy endocast with the actual sulci 
extraction and pial meshes for both hemispheres obtained by the 
segmentation of the MRI image using Morphologist, as described 
earlier. The nomenclature used for each sulcus corresponds to the 
atlas used by Morphologist for the automatic labelling of sulci in the 
segmentation process (Perrot et al., 2011) and it is shown in Figure 3. 
A summary of the sulci proposed for this study as well as the corre-
sponding nomenclature is presented in Table 1.

The different sulci of the occipital lobes were not included in 
the list sent to the researchers due to their high complexity and in-
ter-subject variability. However, some researchers included some of 
them in their labelling and drawings. There were variations in the 
features that were labelled and in the terms used (e.g. Figure S3). 
Therefore, they were considered in the final analysis.

Some of the proposed sulci were merged in order to facilitate 
the analysis due to the high inter-subject variability of the folding 
patterns in living humans. The sulci merged for the analysis are:

1.	 Central sulcus (S.C) and central Sylvian sulcus (S.C.sylvian) ⇒ 
Considered together as central sulcus (S.C).

2.	 Median pre-central sulcus (S.Pe.C.median), marginal pre-central 
sulcus (S.Pe.C.marginal), superior pre-central sulcus (S.Pe.C.sup), 
intermediate pre-central sulcus (S.Pe.C.inter) and inferior pre-
central sulcus (S.Pe.C.inf) ⇒ Considered as pre-central sulcus 
(S.Pe.C).

3.	 Retro central transverse ramus of the lateral fissure (F.C.L.r.retroC.
tr) and inferior post-central intraparietal sulcus (F.I.P.Po.C.inf) ⇒ 
Considered as F.I.P.Po.C.inf.

F I G U R E  3  Nomenclature for sulci labelling used by Morphologist toolbox of BrainVISA (Perrot et al., 2011).
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280  |    LABRA et al.

2.3  |  Analysis of the data

2.3.1  |  Dice score

The Dice score, also known as Sørensen–Dice index or Sørensen co-
efficient, is a statistic used to quantify how similar the objects of two 
samples are. In image processing, this index can be used to compare 
the pixel-wise agreement between a segmentation and its corre-
sponding ground truth. As described in Equation 1, and illustrated in 
Figure 4a, this index corresponds to 2 times the size of the overlap in 
pixels of two segmented images (a and b) divided by the total number 
of pixels in both of them. The value for the Dice score fluctuates 
between 0 and 1, where 0 indicates no spatial overlap between two 
sets of binary segmented images and 1 indicates complete overlap. 
In our case, we will use it in a similar manner to compare pixel by 
pixel the similarity between the manually designed sulci with their 
ground truth (see Figure 4b).

As this index compares the overlap between the manually drawn sulci 
on the endocast and the ground truth visible on the brain, the results 
obtained will be non-zero only if there is any overlap between them. In 
other words, this index will work well where the drawn sulcus matches 
entirely, or at least in a large proportion, the ground truth (i.e. here 
the information directly extracted on the brain). However, this index 
will not be informative in cases where the drawn sulci do not overlap 
with the reference sulci, even if a manually drawn sulcus is very close 
in location and shape to the reference sulcus. This problem is even 
more relevant considering that the drawn sulcal lines differ in width 
between one researcher and another, being more difficult for a thin 
line to match the reference sulci in a big extent than for a thick line.

As an example, Figure 5 shows the central sulcus as visible on 
the brain and the manual drawings of it made by three researchers 
on the endocast. The manual drawings vary in shape and length 
even when there is an overlap between the manually drawn sulcus 
and the real sulcus. In some cases, part of the drawing follows the 
shape pattern of the real sulcus, but though they are very close, 
they overlap little. In those cases, the Dice index is very low and 
does not accurately quantify the observed similarity. For these 
reasons, we have incorporated a second similarity index that more 
appropriately considers the shape and the proximity of the draw-
ings to the reality.

2.3.2  |  Mean minimum Euclidean distance

The idea of this similarity measure originates from the similar-
ity distances used for the comparison of streamlines or fibres 
when creating white matter bundle atlases from tractography 
(Corouge et al., 2004; Guevara et al., 2011; Maddah et al., 2008; 
Mai et  al.,  2012). Usually, a pairwise distance metric based on 
Euclidean distance (see Equation  2) is used for a point-to-point 

comparison between streamlines. These measures capture the 
similarity in shape and the spatial proximity between the stream-
lines. In our case, instead of a point-by-point comparison between 
3D coordinates, we carried out a 2D comparison pixel by pixel, 
considering only the coordinates of the pixels that belong to a sul-
cus (pixels with value different from 0). For this purpose, we ap-
plied the Euclidean norm as the square root of the sum of squares 
of the differences between corresponding indices of the 2D en-
tries (pixels) (see Equation 2).

Not only to simplify the computation of the distance between 
the coordinates of the pixels making up the sulci and the visualiza-
tion, but also to make a fair comparison between the manually drawn 
sulcus that differ in width from one researcher to the other, we com-
pute a ‘centroid’ that represents each sulcus manually drawn. This 
was possible due to the simplicity of the drawings, where the sulci 
pixels can be easily represented as a single central streamline of pix-
els (Figure 6). Each centroid was obtained using AdaBoostRegressor 
from Scikit-learn (Pedregosa et al., 2012). As the ground truth sulci 
are more complex in shape, we did not compute centroids and we 
used all the pixel's indices for comparison.

Let us consider two sulci, A (manually drawn) and B (extracted 
from the brain), with a as one of the coordinates of a pixel that 
belongs to the centroid A′ representing the sulcus A and b one of 
the coordinates of a pixel that belongs to the sulcus B. Then, the 
Euclidean distance between a and b is:

For each pixel in the centroid A′, the Euclidean distance to every 
pixel making up B is computed. Then, the minimum distance is ob-
tained, indicating what is the closest pixel in B for each pixel in A′. 
Finally, for each A′ centroid, the Mean Minimum Euclidean distance 
(MMED) to sulcus B will correspond to the average of all the min-
imum distances, as it is defined by Equation  (3) and illustrated in 
Figure 7.

where i = 1,2,… N and N = number of points in the centroid of A (the 
sulcus drawn on the endocast); j = 1,2,… M and M = number of pixels 
in B (the sulcus defined on the brain); a = coordinates of a point in the 
centroid of sulcus A; b = coordinates of a pixel in the sulcus B.

2.3.3  |  Similarity index for shape and spatial 
comparison (SISS)

Note that the MMED evaluates the similarity between both sulci 
identified respectively on the endocast and characterized from the 
evidence available on the brain only in the area of the sulcus drawn 
on the endocast. It does not give information about the relationship 

(1)Dice Score =
2∗ |A ∩ B|
|A| + |B|

(2)dE(a, b) =

√(
ax−bx

)2
+
(
ay −by

)2

(3)MMED = mean
(
min

(
dE

(
A�,B

)))

(4)dE
(
A�,B

)
= dE

(
ai , bj

)
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    |  281LABRA et al.

between the size of the sulci manually designed with respect to the 
entire length and shape of the sulci seen on the brain, as the Dice 
index does. Because of this, we think that both measures comple-
ment each other. Hence, we introduced the SISS, which combines 
the Dice score and the MMED.

In order to combine both indices, the MMED value had to be 
normalized. For this purpose, we established a threshold MMED 
value of 100. After analysing the data, we have realized that val-
ues over 100 correspond to misclassified sulcus that are spatially far 
away and differ in shape with respect to the ground truth sulcus. 
Thus, an MMED above this value implies that there is no similarity or 
proximity between the centroid and the sulci with which it is being 
compared. In the Dice score, a value close to 0 indicates no similarity, 
while a value close to 1 indicates high similarity. With the MMED, it 
is the opposite, the smaller the value, the greater the similarity, while 
a value close to 1 indicates the opposite. Because of this, the addi-
tive inverse of 1 is considered for the MMED normalized in order 

to have both indices working in the same manner and to be able to 
average them.

Finally, the MMED normalized (MMEDn) is defined as it is de-
scribed in the Equation (4).

As a result, both indices operate in the same manner and can be 
averaged in the form of the SISS (see Equation 5). The SISS score var-
ies between 0 and 1. The closer to 0, the less similarity and closeness 
between the ground truth sulci compared to the sulci drawn and the 
closer to 1 indicates greater similarity and closeness between them.

(4)MMEDn =

⎧
⎪⎨⎪⎩

1−

�
MMED

100

�
ifMMED<100

100 ifMMED> =100

(5)SISS =
(Dice score +MMEDn)

2

TA B L E  1  List of the sulci that can be potentially identified and their corresponding nomenclature.

Main sulci

No. Abbreviation Sulci name No. Abbreviation Sulci name

1 S.C Central sulcus 2 S.C.sylvian Central sylvian sulcus

3 F.C.L (a and p) Lateral fissure (anterior and posterior 
parts)

4 F.C.L.r.ant. Anterior ramus of the lateral fissure

5 F.C.L.r.asc Ascending ramus of the lateral fissure 6 F.C.L.r.diag. Diagonal ramus of the lateral fissure

7 F.C.L.r.retroC.tr Retro central transverse ramus of the 
lateral fissure

8 S.Pe.C.median Median pre-central sulcus

9 S.Pe.C.marginal Marginal pre-central sulcus 10 S.Pe.C.sup Superior pre-central sulcus

11 S.Pe.C.inter Intermediate pre-central sulcus 12 S.Pe.C.inf Inferior pre-central sulcus

13 S.F.median Median frontal sulcus 14 S.F.sup Superior frontal sulcus

15 S.F.inter Intermediate frontal sulcus 16 S.F.inf Inferior frontal sulcus

17 S.F.inf.ant Anterior inferior frontal sulcus 18 S.F.marginal Marginal frontal sulcus

19 S.F.orbitaire Orbital frontal sulcus 20 S.Or Orbital sulcus

21 S.Po.C.sup Superior post-central sulcus 22 S.GSM Sulcus of the supramarginal gyrus

23 F.I.P. Intraparietal sulcus 24 F.I.P.Po.C.inf Inferior post-central intraparietal 
sulcus

25 F.I.P.r.int.1 Primary intermadiate ramus of the 
intraparietal sulcus

26 F.I.P.r.int.2 Secondary intermadiate ramus of 
the intraparietal sulcus

27 S.O.p Occipito polar sulcus 28 S.T.pol Polar temporal sulcus

29 S.T.s. Superior temporal sulcus 30 S.T.s.ter.asc.ant Anterior terminal ascending branch 
of the superior temporal sulcus

31 S.T.s.ter.asc.post Posterior terminal ascending branch of 
the superior temporal sulcus

32 S.T.i.ant Anterior inferior temporal sulcus

33 S.T.i.post Posterior inferior temporal sulcus

Other sulci that might be found

34 F.C.M.post Calloso-marginal posterior fissure 35 S.p.C Paracentral sulcus

36 S.Pa.int Internal parietal sulcus 37 F.P.O Parieto-occipital fissure

38 S.Cu Cuneal sulcus 39 S.Pa.sup Superior parietal sulcus

40 S.Pa.t Transverse parietal sulcus 41 S.O.T.lat.post Posterior occipito-temporal lateral 
sulcus

42 Occipital Occipital
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282  |    LABRA et al.

3  |  RESULTS

A summary of the resulting drawings and labelling produced by each 
researcher participating in the study can be observed in Figure 8. 
Only the left hemisphere view is displayed, but the results are similar 
for the remaining four views (Figures  S2–S5). A preliminary quali-
tative assessment of these drawings shows the broad diversity of 

results in terms of how many sulci were identified by each researcher, 
their exact location and shape and how they were labelled. Each of 
the sulcal drawings made by each researcher in each view were iso-
lated and saved as an independent image for subsequent analysis. 
All the sulci present in Tables 2 and 3 correspond to those that can 
be found in the image showing the sulci directly extracted from the 
brain for each view. Below we present the results separately for the 

F I G U R E  4  Dice index. (a) Schematic representation of the Dice index (Sørensen, 1948). (b) Example of the intersection of pixels using the 
Dice index when comparing the actual sulcus (F.C.L.r.asc, in black) and two manually designed sulci by researchers (in colours light blue and 
violet).

F I G U R E  5  Comparison between the central sulcus ground truth observed on the brain (S.C real) and the manual drawings of it made 
by three researchers. The manual designs vary in shape and length and, even when there is an overlap between the drawings and the real 
sulcus, none of them approaches its real length.

F I G U R E  6  Comparison between the centroid obtained for different sulci (left fuchsia: central sulcus, middle orange: intermediate frontal 
sulcus and right red: anterior inferior frontal sulcus) and their original representation by pixels (in black).
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    |  283LABRA et al.

two types of analyses, with and without corrected labels, that were 
carried out.

3.1  |  Analysis with original manual labelling

Table 2 details the mean SISS index scores for each sulcus consider-
ing all the views and all researchers, while Figure 9 shows the aver-
age SISS scores for each sulcus considering all the views separated 
for the left and right hemispheres. The underlying individual SISS 
scores for each of the sulcus that were identified by the researchers 
in each view are presented in Supplementary Tables S1. Sulci that 
were not present in the ground truth are not listed in the tables, 
despite being identified by some researchers. Moreover, Figure S6 
illustrates the average SISS score for each sulcus in each view, as 
well as the number of researchers who identified the sulci in the 
same view.

With the original manual labelling, we observe 4.8% of the drawn 
sulci with MMED value that goes above 100. However, all those 
cases correspond to sulci that are far and with a different shape to 
the actual one, i.e. they are mislabelled sulci. As the MMED has a 
big influence in the SISS score, those outlier (and erroneous) values 
were having a big impact in the SISS. For this reason, the threshold 

of 100 was established, in order to have the final values between 
coherent ranges.

A first global and expected observation is that the orientation of 
the view has a great influence on the level of determination of sulci 
due to a combination of factors: the visibility of specific sulci and the 
available context information from other sulci in the different parts 
of the endocast vary greatly between the views. Independent of the 
view, there is a great variation in the level of determination of the 
sulci (Table 2 and Figure 9).

3.2  |  Analysis with the corrected labelling

Table 3 details the mean of the SISS index scores for each sulcus con-
sidering all the views, while Figure 10 shows the average SISS scores 
for every sulcus considering all the views separated for the left and 
right hemispheres. Tables S9–S16 present the underlying individual 
SISS scores for each of the sulci that were drawn by the researchers 
in each view. Moreover, Figure S7 illustrates the average SISS scores 
for every sulcus in each view as well as the number of researchers 
that identified the sulci in each view.

Here, all mislabelling in the raw data was corrected. It results 
first in that all MMED values for all the sulci are below 100, clearly 
demonstrating that values over 100 were an outlier due to wrong 
identification of sulci. Moreover, in some cases, the drawings could 
match two different sulci. In those cases, both sulci were considered, 
as the goal of these results is to analyse the relationship between the 
drawing and the actual underlying sulcal configuration, not the label-
ling. Those labels and drawings that did not represent any real sulci 
when comparing with the ground truth visible on the brain were not 
considered in this analysis. By doing so, results illustrate higher SISS 
scores for all the analysed sulci and a reduced variation between 
values (globally between 0.4 and 0.6).

Some sulci with the largest SISS score obtained (above 0.6) are 
shown (Figure 11). The shapes of the drawn sulci are very similar to 
the real sulci and overlap to a large extent or are very close. None 
of the sulci in both analyses (with and without label correction) have 
a value over 0.75, as this would require an almost perfect drawing 
in the entire extent of a sulcus. Examples of sulci with medium SISS 
score levels (between 0.4 and 0.5) and of sulci with a very low score, 
below 0.3, are also shown (Figure 11).

Generally speaking, sulcal drawings with SISS scores above 0.5 
tend to overlap in position and match the shape (not throughout the 
full extension of the sulcus, but to an extent) of the actual sulci as 
visible on the brain. Sulci below but very close to that value (between 
0.4 and 0.5) may not directly overlap or match the shape of the ref-
erence sulci, but they tend to be located close or in the same spatial 
location. Sulci with SISS values below 0.40 correspond mostly to the 
ones with a wrong label and that are far from the reference sulci.

Grooves located in the upper part of the endocast, mostly in the 
frontal and parietal regions and in particular, the superior frontal 
sulcus (S.F.sup) tends to be drawn in a rectilinear manner by many 
researchers (Figures  9–11). The superior frontal sulcus has been 

F I G U R E  7  Computation of the MMED. For each a pixel in 
the centroid A, the closest b pixel in B is obtained by getting the 
minimum dE between the pixel a with all the b pixels in B. Once 
every a pixel in the centroid A has his closest b pixel, the average 
between all the minimums is obtained and that corresponds to the 
MMED.

 14697580, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/joa.13966 by C

ochrane France, W
iley O

nline L
ibrary on [10/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



284  |    LABRA et al.

identified by a considerable number of researchers (around 40%) in 
both hemispheres in the different views. However, the average SISS 
obtained is very low for both hemispheres (below 0.3). As shown by 
Figure 12, in some views the drawings are close to the spatial position 
of the real sulcus (in grey). However, the shapes of the drawings are 
very far from the course of the sulci visible on the brain. After the cor-
rection of the labels, the number of researchers whose drawings were 
closer to the real sulci in at least one of the views was reduced drasti-
cally to two and with an average SISS score below 0.5, which indicates 
that they are closer in spatial position but very different in shape.

The case of other sulci in the upper part of the endocast is 
similar, but to a lesser extent: The superior post-central sulcus 

(S.Po.C.sup) (high SISS score in one hemisphere but identified only 
by one researcher), the superior post-central intraparietal superior 
sulcus (F.I.P.Po.C.inf) (similar to S.Po.C.sup) and the parieto-occipital 
fissure (F.P.O), whose case is further explained below. The internal 
parietal sulcus (S.Pa.int) and the superior parietal sulcus (S.Pa.sup) 
were not identified by any researcher. The only sulcus of this area 
that was identified by a high number of researchers but that, even 
after label correction, obtained a SISS score below 0.5 was the F.I.P.

In relation to the difficulties linked to the correct identification 
of sulci in the upper part of the brain, we have two special but inter-
esting cases: the well-known central sulcus (S.C) and the different 
branches of the pre-central sulcus (S.Pe.C).

F I G U R E  8  View of the left hemisphere drawings produced by each researcher participating in this study.
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    |  285LABRA et al.

The top part of Figure 13 shows a comparison between the real 
central sulcus (in red) and the drawings for the left and right hemi-
sphere made by the researchers whom identified it in lateral view 
(eight researchers). While the SISS score is not extremely low, it is 
not particularly good for such a prominent and well-known sulcus 
(below 0.5 in both hemispheres on average). The reason for this rel-
atively low score is apparent when looking at the images: for the 
left hemisphere, only two researchers were relatively close to the 
origin of the sulcus, but the drawing deviates from the course of 
the reference sulcus in its superior region, near the branches of the 
pre-central sulcus. The rest of the manually labelled central sulci 
are relatively far from the reference position, shifted towards the 
pre-central region. Manual identification of the central sulcus in the 
right hemisphere is more accurate, but there is still substantial devia-
tion and a tendency to draw the superior part of the sulcus in an area 
that is anterior to its actual position.

When analysing the branches of the pre-central sulcus (S.Pe.C) 
the situation is a little different. Those sulci also had a high rate of 
identification (9 out of 10 researchers identified them in lateral and 
superior views) with an intermediate-low SISS score (below 0.5). The 
lower panel of Figure 13 shows a bias in the positioning of these sulci 
towards the anterior region of the endocast in the left hemisphere, 
as it happened with the central sulcus (S.C). On the right side, the sit-
uation is quite similar. Although there is a bias towards the anterior 
region, at least some researchers have located the lower branches in 
a position that is close to reality.

At the extreme opposite, the inferior anterior frontal sulcus 
(S.F.ins.ant) is the sulcus with the highest SISS score before and after 
label correction (over 0.52 on average in both hemispheres). This 
sulcus was also identified by more than 60% of the researchers in 
the two views where it is clearly visible. Figure 14 shows the com-
parison between the ground truth and the drawings made by the 

TA B L E  2  Mean of the SISS index score for each sulcus considering all the views and average values for each sulcus on the left and right 
hemispheres.

Sulci
Anterior 
left

Anterior 
right

Superior 
left

Superior 
right

Posterior 
left

Posterior 
right

Lateral 
left

Lateral 
right

Average 
left side

Average 
right side

S.C 0.47 0.44 0.36 0.34 – – 0.32 0.48 0.38 0.42

F.C.L 0.40 0.48 0.40 0.54 0.00 0.00 0.45 0.41 0.31 0.35

F.C.L.r.ant. 0.49 0.35 – – – – 0.46 0.43 0.48 0.42

F.C.L.r.asc 0.54 – – – – – 0.55 0.57 0.54 0.57

F.C.L.r.diag – – – – – – – 0.38 – 0.38

S.Pe.C 0.22 0.50 0.35 0.42 – – 0.31 0.43 0.30 0.45

S.F.sup 0.05 0.08 0.42 0.45 – – 0.32 0.38 0.26 0.30

S.F.inter 0.51 0.47 0.34 0.40 – – 0.47 0.44 0.44 0.43

S.F.inf 0.42 0.45 0.45 0.48 – – 0.40 0.35 0.42 0.42

S.F.inf.ant 0.52 0.51 0.57 0.28 – – 0.54 0.46 0.54 0.43

S.F.marginal 0.45 0.33 0.37 – – – 0.36 0.00 0.40 0.17

S.F.orbitaire 0.33 0.31 – – – – 0.43 0.26 0.38 0.28

S.Or 0.46 0.46 – – – – 0.46 0.48 0.46 0.47

S.Po.C.sup – – 0.20 0.23 – – 0.07 0.36 0.13 0.30

F.I.P – – 0.48 0.49 0.37 0.40 0.44 0.48 0.43 0.45

F.I.P.Po.C.inf – – 0.47 0.34 0.23 – 0.21 – 0.30 0.34

F.I.P.r.int.1 – – – – 0.00 – – – 0.00 –

F.I.P.r.int.2 – – – – – – 0.23 – 0.23 –

S.T.s 0.50 0.42 – – 0.07 0.24 0.40 0.46 0.32 0.37

S.T.s.ter.asc.ant – – – – 0.17 0.07 0.30 0.37 0.23 0.22

S.T.s.ter.asc.post – – – – 0.23 0.31 0.26 0.22 0.25 0.27

S.T.pol 0.56 0.46 – – – – 0.51 0.43 0.53 0.45

S.T.i.ant 0.28 0.49 – – 0.43 0.30 0.37 0.39 0.36 0.39

S.T.i.post – – – – 0.47 0.46 0.44 0.48 0.46 0.47

S.Pa.int – – – – – – – – – –

S.Pa.sup – – – – – – – – – –

F.P.O – – 0.35 0.31 0.18 0.19 – 0.04 0.27 0.18

S.O.T.lat.post – – 0.46 0.41 0.40 0.32 0.32 – 0.40 0.37

Occipital – – – – 0.47 0.48 0.42 0.49 0.44 0.48
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286  |    LABRA et al.

researchers after label correction. It can be noticed that most of the 
drawings overlap to a large extent with the real sulcus in the differ-
ent views. In some cases, such as in the lateral right view, they clearly 
follow the shape of the real sulcus. This is one of the sulci that can 
be easily identified by looking at the marks found on the endocast.

The inferior frontal sulcus (S.F.inf) and the intermediate frontal 
sulcus (S.F.inter) are close to the previous one and they were com-
monly mislabelled. Both sulci also present an intermediate SISS 
score (around 0.5 for both hemispheres) and less researchers identi-
fied them (below 50%). Something similar occurs with the marginal 
frontal sulcus (S.F.marginal), which has a high SISS average score 
(above 0.55 for both hemispheres), but was identified by less than 
40% of researchers.

Another sulcus with a very high SISS (over 0.54 on average 
for both hemispheres) is the ascending ramus of the lateral fissure 
(F.C.L.r.asc). This sulcus was also recognized by approximately 50% 
of the researchers in at least one view. The anterior branch close 

to it, the ascending ramus of the lateral fissure (F.C.L.r.asc), also 
shows a relatively good SISS score (around 0.5 on average for both 
hemispheres), but it was identified by fewer researchers. The third 
branch, the diagonal ramus of the lateral fissure (F.C.L.r.diag) has a 
SISS score of 0.5 in one hemisphere, but it was identified only by two 
researchers in two different views.

In the temporal region, the polar temporal sulcus (S.T.pol) and 
posterior inferior temporal sulcus (S.T.i.post) present a SISS score 
around 0.5 for both hemispheres, with approximately 40% of re-
searchers identifying them. The anterior inferior temporal sulcus 
(S.T.i.ant) has a similar SISS score only for the left hemisphere. In the 
posterior region of the brain, the occipital sulcus and the posterior 
occipito-temporal lateral sulcus (S.O.T.lat.post) have a similar aver-
age SISS score, around 0.5. The number of researchers identifying 
both is higher for the occipital sulcus (around 40% in the best case). 
The parieto-occipital fissure (F.P.O) has also a high SISS value in one 
of the hemispheres, but it was only identified by one researcher.

TA B L E  3  Mean of the SISS index score for each sulci considering all the views and after correcting incorrect labels.

Sulci
Anterior 
left

Anterior 
right

Superior 
left

Superior 
right

Posterior 
left

Posterior 
right

Lateral 
left

Lateral 
right

Average 
left

Average 
right

S.C 0.54 0.57 0.48 0.42 – – 0.46 0.50 0.49 0.50

F.C.L 0.51 0.49 0.42 0.55 – – 0.50 0.48 0.48 0.50

F.C.L.r.ant. 0.49 – – – – – 0.48 0.53 0.49 0.53

F.C.L.r.asc 0.56 0.53 0.64 0.46 – – 0.54 0.63 0.58 0.54

F.C.L.r.diag 0.51 – – – – – – 0.41 0.51 0.41

S.Pe.C 0.46 0.50 0.53 0.48 – – 0.49 0.49 0.49 0.49

S.F.sup – 0.49 0.45 0.46 – – 0.52 0.41 0.49 0.45

S.F.inter 0.51 0.52 0.49 0.48 – – 0.47 0.50 0.49 0.50

S.F.inf 0.49 0.53 0.45 0.52 – – 0.50 0.45 0.48 0.50

S.F.inf.ant 0.57 0.53 0.58 0.46 – – 0.56 0.56 0.57 0.52

S.F.marginal 0.58 0.64 – – – – 0.52 – 0.55 0.64

S.F.orbitaire – – – – – – 0.52 0.56 0.52 0.56

S.Or 0.50 0.51 – – – – 0.46 0.48 0.48 0.49

S.Po.C.sup – – 0.48 – – – – 0.63 0.48 0.63

F.I.P – – 0.49 0.49 0.49 0.48 0.44 0.49 0.47 0.49

F.I.P.Po.C.inf – – 0.47 – – – 0.45 – 0.46 –

F.I.P.r.int.1 – – – – – – – – – –

F.I.P.r.int.2 – – – – – – – – – –

S.T.s 0.52 0.51 – – – 0.44 0.50 0.47 0.51 0.47

S.T.s.ter.asc.ant – – – – – – 0.40 0.47 0.40 0.47

S.T.s.ter.asc.post – – – – 0.49 0.44 0.51 0.46 0.50 0.45

S.T.pol 0.54 0.55 – – – – 0.52 0.54 0.53 0.55

S.T.i.ant 0.67 – – – 0.52 0.44 0.45 0.46 0.55 0.45

S.T.i.post – – – – 0.51 0.50 0.50 0.49 0.51 0.50

S.Pa.int – – – – – – – – – –

S.Pa.sup – – – – – – – – – –

F.P.O – – – – 0.52 0.47 – – 0.52 0.47

S.O.T.lat.post – – – – 0.50 0.48 0.46 0.54 0.48 0.51

Occipital – – 0.53 0.51 0.50 0.49 0.52 0.49 0.52 0.50
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    |  287LABRA et al.

Another interesting observation was the finding of marks on 
the endocast that clearly seemed to be sulcal imprints. However, by 
contrast with the underlying sulcal anatomy, they show no corre-
spondence with actual sulci, and the origin of those marks is unclear. 
Some examples of such cases can be found in Figure 15, where the 
manual identification made by researchers is compared with the 
actual configuration. In all these cases, multiple researchers partic-
ipating in the study misclassified these marks as sulci. This made us 
wonder whether this phenomenon is related to the imaging used to 
create the endocast (MRI image instead of CT) or whether this is real 
anatomical variation found in other individuals and/or brain regions.

In most cases, the origin of these marks is unknown. However, 
we have noticed that, along all the extensions of the Lambdoid 

suture, there are grooves that seem to be sulcal imprints, but they 
are not (see Figure 16).

One of the sulci in this endocranial region that was frequently 
misidentified is the parieto-occipital fissure (F.P.O). Figure  16a 
shows all the drawings corresponding to the F.P.O made by all the 
researchers who identified this sulcus, for the left and right hemi-
spheres. While very few placed its origin relatively close to the real 
position, the drawings tend to follow other sulcal paths located 
below [the occipital or also a part of the intraparietal sulcus (F.I.P)], 
or some of the grooves around the Lambdoid suture that do not cor-
respond to sulcal imprints. As mentioned earlier, we suggest caution 
when working with the parieto-occipital fissure (F.P.O). While five 
researchers attempted to identify it in at least one of the views, only 

F I G U R E  9  Average SISS score for every sulcus considering all the views, for the left and right hemispheres, with original manual labelling.

F I G U R E  1 0  Average SISS score for every sulcus considering all the views, for the left and right hemispheres, with the corrected labelling.
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288  |    LABRA et al.

one of them obtained a SISS score above 0.5 and only for the left 
hemisphere.

4  |  DISCUSSION

The aim of this study was to quantify how accurately and consist-
ently researchers identify gyri (or convolutions) and sulci of the 
human brain on a corresponding endocast.

Despite the relevance of the results presented in this study to 
the field of palaeoneurology, a number of limitations need to be dis-
cussed. First, the observations made in the context of this research 
were based on the visual assessment of pictures depicting the five 
anatomical views of an endocast, while in many cases researchers 

would work directly from a physical cast of the endocranial imprints 
of the brain. This issue is, nevertheless, balanced by the fact that 
the 3D model from which the views were captured was also made 
available to the researchers to let them fully and freely evaluate the 
features. The use of 3D models to collect morphological data has 
been fast developing in palaeoanthropology and palaeoneurology 
and may be seen as the development of a new standard in morpho-
logical studies.

Another issue concerns the fact that the results and observa-
tions were obtained from a single adult individual, leaving aside 
morphological variation that exists between specimens from the 
same species. Although our results are preliminary and we hope 
they will eventually be validated on a larger sample, our experi-
mental design accurately reproduces the conditions and limitations 

F I G U R E  11  SISS scores for different sulci with comparison of the centroid of the sulcus drawn on the endocast (coloured lines) and 
the sulcus as it is visible on the brain (grey pixels). (a) Sulci with the highest SISS scores (above 0.6). From left to right: S.C left (SISS = 0.65), 
S.F.marginal left (SISS = 0.71), te S.F.inf.ant (SISS = 0.72). (b) Sulci with medium values of SISS score (between 0.4 and 0.5). From left to right: 
S.F.inter left (SISS = 0.51), F.C.L. right (SISS = 0.51), S.Pe.C left (SISS = 0.44). (c) Sulci with the lowest SISS scores (below 0.3). From left to right: 
S.F.sup left (SISS = 0.28), S.Po.C.sup left (SISS = 0.00), S.T.i.ant (SISS = 0.17).
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    |  289LABRA et al.

F I G U R E  1 2  Superior frontal sulcus (S.F.sup). Comparison between the ground truth (grey) and the drawn sulci by the researchers in 
lateral, anterior and superior views (pink, red, yellow, dark green, green, light green, brown and blue).

F I G U R E  1 3  Central (top) and pre-central (bottom) sulcus identification in both hemispheres. The drawings made by the researchers 
on the endocasts (straight lines) are superimposed with the ground truth, i.e. the real course of the sulci on the brain (central sulcus in red, 
different parts of the pre-central sulcus in green, orange and yellow from bottom to top) in order to compare them.

 14697580, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/joa.13966 by C

ochrane France, W
iley O

nline L
ibrary on [10/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



290  |    LABRA et al.

of classic palaeoneurological research. Palaeoneurologists are 
usually presented with a single endocast that they need to assess 
based on comparisons with other hominin endocasts, using actual 
brain anatomy in humans and the great apes (usually chimpanzees 
and/or bonobos), in the context of their general neuroanatomical 
knowledge (e.g. Cofran et al., 2023), while the patterns of endo-
cranial variation that are found within the same population or even 
within the same species are generally overlooked. Moreover, it is 
documented that smaller brained primate species and younger in-
dividuals tend to show more details than larger brain species and 
adults respectively (e.g. Falk, 2014). We have used here an adult 
volunteer. It is worth noting that the global endocranial cast shape 
reflects the one of the brain at the time of normal brain growth 
completion. The endocast is not expected to vary to a great ex-
tent during adulthood. In this context, it is logical to analyse a 
young adult to be able to compare the brain with the endocast 

as the brain undergoes more marked changes in adulthood and 
during later life. Therefore, although not entirely reflective of the 
potential variation in accuracy associated with endocranial assess-
ment, our results do show how (in)accurate these identifications 
can be. This perspective is particularly important and the results 
and observations of this study provide information that will help 
researchers make more reliable inferences in future palaeoneuro-
logical studies.

For instance, many studies compare the external surface of the 
endocast as a whole (e.g. Beaudet et al., 2021; Neubauer et al., 2018; 
Zollikofer et  al.,  2022), even though the shape of the Neandertal 
brain and details of gyrification remain unknown. Attempts at recon-
structing Homo neanderthalensis brain shape have been made from 
the retrodeformation of a H. sapiens brain (Kochiyama et al., 2018), 
but the variation in brain structure that is documented between 
H. sapiens and H. neanderthalensis was not considered (Balzeau 

F I G U R E  14  Anterior inferior frontal sulcus (S.F.inf.ant). Comparison between the ground truth and the drawn sulci by researchers in 
different views.
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    |  291LABRA et al.

et al., 2012). To ameliorate this kind of approach, it is important to 
improve our ability to describe the finest details of the brain from 
studying endocasts, especially when it comes to defining features 
that delimit different cerebral areas. This is crucial because recent 
research in neuroscience illustrates that comparative study of the 
brain sulci between primate species is challenging but has a high po-
tential (Friedrich et al., 2021; Hopkins et al., 2022). Another recent 
study postulates that ‘tertiary sulci can likely inform the relationship 
between cortical folding and the evolution of human cognition in two 
main ways: emergence and quantification’ (Miller & Weiner, 2022, p. 
737), which is undoubtedly true, but we first need to assess the ac-
curacy and consistency of sulci identification on endocasts.

This is exactly what this study brings to palaeoneurology. Our 
most fundamental finding regarding accuracy and consistency of 
the observations is that there are clear differences in the results 
when comparing the non-corrected labels with the corrected la-
bels (Figures 9–11). This result, from several sulci, raises questions 
concerning the way researchers make their observations. Were the 
sulci really drawn on the different views considering and following 
the marks that can be observed on the surface of the endocast in 
the corresponding area? Or was there some tendency to draw the 
almost rectilinear representation of a given sulcus because of pre-
conceptions based on the literature? In some cases, there seems 
to be a tendency to try to ‘find’ a sulcus, whose relative position 

F I G U R E  1 5  Examples of some traces in the endocast that were labelled as imprints of sulci (in red) by the observers but that are not as 
revealed by the morphology of the brain. The green dotted lines on the endocast in lateral view show the position show the true position of 
the ascending and horizontal rami of the lateral sulcus (the small light purple depression on the brain visible posteriorly the red line on the 
endocast might be the triangularis sulcus). On the occipital lobe, this vertical imprint has been frequently labelled by the experts but it does 
not correspond to any brain sulci as observed from the anatomy of the brain.
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292  |    LABRA et al.

is well-known, following the shape it ‘usually’ has in the literature 
or where it is supposed to be according to the traits observed on 
a mean brain configuration. This is an expected bias. Moreover, we 
had given to the observers a nomenclature obtained for a mean brain 
with rectilinear sulci. The variability of brain sulci not only in humans 
(e.g. de Vareille et al., 2022; Eichert et al., 2021; Juch et al., 2005; 
Mangin et al., 2019) but also in great apes (e.g. Falk et al., 2018) is 
substantial. The same has been described for endocasts (de Jager 
et al., 2019, 2022). Therefore, trying to reconstruct a sulcus follow-
ing the very general known shape/position in the literature or from a 
mean specimen may induce a bias when looking at an endocast and 
trying to follow the marks observed there.

This becomes even more important in analyses of sulci and gyri 
of extinct species for which no living reference is available. Atlas or 
literature representations of sulcal shape are in general limited. It is 
likely that models that reflect mean shape bias the identification of 
the complex course of the real sulci of one individual when looking 
at a specific hominin endocast. Moreover, this reflects more globally 
the subjective nature of sulcal labelling and the complexity of this 
task, even on real brains where all the sulci can be perfectly seen 
(e.g. Mellerio et al., 2016; Nowinski, 2022). This is in part not only 
due to the existence of multiple different nomenclature systems, but 
also because, in some cases, there are genuine disagreements on the 
identity of some sulci. Arguably, even the sulcal labelling produced 
by the software used here, Morphologist, could be debated. We 
name this labelling the ‘ground truth’. This referential was obtained 
from the automatic determination of the software and was validated 
by an expert (NLB). This complexity justifies why we have decided 
to simplify the nomenclature used by grouping several sulci, or parts 
of sulci, under the same name. For brain anatomy, using broader sul-
cal labelling (e.g. pre-central sulcus as one single sulcus instead of 
pre-central superior, pre-central inferior) helps to minimize this dif-
ficulty. Indeed, a simplified nomenclature has to be used to describe 
endocasts in this study because the level of details visible on this 

brain proxy is lower than for the brain. The discrepancy between the 
results when comparing the non-corrected labels with the corrected 
labels also highlights the necessity to cross-check the observed in-
formation on endocasts.

Our results also bring important observations about the rela-
tive position of the sulci on the brain and the corresponding im-
prints on the endocast. We observe for the central sulcus (S.C) 
and the different branches of the pre-central sulcus (S.Pe.C) a con-
sistent anterior bias in their identification. It is possible that the 
acquisition method contributes to this bias in the position of the 
sulci/imprints between the brain and the endocranium. Indeed, 
MRIs are obtained in the supine position, the brain is thus held 
towards the back of the skull by gravity, in any case in a different 
position than when we stand erect (Fournier et al., 2011). The en-
docranial surface is not affected. The brain sulcus which moves 
from the bottom upwards can perhaps be found in a slightly more 
posterior position in connection with the position of acquisition 
of the images. Moreover, the localization of central sulcus in both 
hemispheres is often asymmetrical and the nature of this asymme-
try is not standard for all individuals (Davatzikos & Bryan, 2002; 
Mangin et  al.,  2004). Here, there is indeed a discrepancy in the 
way the observers have located those two sulci on the left and 
right sides. The distance between the sulci on the endocast and 
the real position of the sulci on the brain is larger antero-posteri-
orly on the left side compared to the contralateral side. This an-
tero-posterior shift could be explained by various factors and this 
aspect will deserve specific interest in the future and will probably 
have implications in palaeoanthropology.

Despite these questions and limitations, the description pre-
sented here about the relative projection of important brain sulci 
on the corresponding endocast is important for palaeoneurology. 
Additionally, when comparing the endocast with the real fold-
ing configuration for both hemispheres in the posterior region 
(Figure 16c,d), it can be noted that the grooves around the lambdoid 

F I G U R E  1 6  The parieto-occipital fissure (F.P.O in blue on b) was misidentified by most researchers. While some placed its origin 
relatively close to the real position, the drawn shapes representing it (a, in black and in red) tend to follow the path of the occipital sulcus 
located below, as can be observed in b where the actual sulci are displayed. Some of the drawings also follow the depressions above the 
lambdoid suture that are not directly related to the course of brain sulci.
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suture might have a correspondence with sections of the occipital 
sulci and the intraparietal sulcus (F.I.P) in only two particular places. 
The rest of the observable marks seem to have no relation with the 
foldings, so special caution is advised when trying to identify sulcal 
paths around this suture, as this is an endocranial region with a long 
history of mislabelling and confusion (Falk, 2014). It is likely that the 
long-standing debate about the position of the lunatus sulcus (e.g. 
Falk, 1980; Gunz et al., 2020; Holloway et al., 2004) will not be re-
solved until a similar approach to the one used here is considered 
to ascertain the position of the imprint seen on the endocast that 
is related to the sulcus on the brain on samples of great apes and 
humans. Finally, we observe that the transition between the parietal 
lobes and the occipital lobes, here expressed as the parieto-occipital 
sulcus visible in the medial part of the brain, seems to be located 
on the analysed specimen just anteriorly to the lambda on the en-
docast (see also Bruner et al., 2015). Again, we will have to confirm 
this observation on a larger sample to better evaluate the possible 
correspondence of the position of the parieto-occipital sulcus on an 
endocast.

We also observe a general trend in our results, namely that the 
identification of sulci appears to be better in the lower part of the 
endocast compared to the upper part. Indeed, this seems to be be-
cause sulcal marks are more distinct in the lower than upper part of 
the endocast (perhaps due, at least partly, to the effects of gravity 
pulling the brain downward within the braincase). Figure  17 sum-
marizes our results and shows the areas/sulci where sulcal identi-
fication is more or less reliable according to the SISS score and the 
number of researchers that identified the sulci after correction of 
the labels.

Finally, the results of this study may have specific implica-
tions for palaeoanthropology. For instance, a discrimination based 
on sulcal imprints has recently been proposed (Ponce de León 
et  al.,  2021) between early hominins, including Australopithecus 
and early Homo erectus, and all subsequent groups of H. erectus 
and more recent hominin species. The first group is character-
ized by a pre-central sulcus in an anterior position in the region 
of the coronal suture, while in the second group the course of 

the sulcus extends posteriorly to the suture. In association with 
those two patterns, one predicts that the orbital cap would show 
a fronto-orbital sulcus (S.F. orbitaire) in the primitive condition, 
while the pattern in this region in the more advanced H. erectus 
human-like condition would include an ascending ramus and a hor-
izontal ramus of the lateral sulcus. Our study brings some interest-
ing information in this context. Many observers have located the 
pre-central sulcus anterior to the coronal suture or crossing it on 
the analysed specimen (Figure 13) which could correspond to the 
‘primitive’ condition described by Ponce de León and collaborators 
(Ponce de León et al., 2021). Moreover, the position of the ascend-
ing ramus and of the horizontal ramus on the endocast of this study 
(the dotted green lines on Figure 16) appears to be in the poste-
rior area of the swelling corresponding to Broca's cap. It is likely 
that those sulci are in a more posterior position compared to the 
usual description on endocranial casts (e.g. Grimaud-Hervé, 1997; 
Holloway et  al.,  2004). Moreover, the correspondence between 
the true position of those sulci and the imprints on the endocast is 
not very clear on this specimen. Finally, the relationship between 
the anterior or posterior position of the pre-central sulcus and 
the configuration of the orbital cap was based on the differences 
seen between extant chimpanzees and humans. Future studies are 
needed to clarify these issues and to describe the fossil record 
of hominin endocasts with added caution, using high-resolution 
material and thorough multiple observations by different palae-
oneurologists. This aspect is generally acknowledged due to the 
complexity of the analysed material (e.g. Bruner & Beaudet, 2023; 
Ponce de León et al., 2021).

5  |  CONCLUSIONS

This study provides new information that can help palaeoneu-
rologists better understand the relationship between sulci on 
brains and imprints on endocasts of H. sapiens and, by extrapola-
tion, on endocasts from fossil hominins. We will continue to work 
with this perspective in mind. In the meantime, we suggest that 

F I G U R E  17  Representation of the areas/sulci that have a high, medium and low SISS score and rate of identification on the analysed 
specimen. The areas represented in green correspond to a high SISS score (over 0.5 on average) with over 20% of researchers identifying 
them in at least one view. The sulci/areas in yellow have an intermediate SISS score (between 0.4 and 0.5 on average) with over 20% of 
researchers identifying them in at least one view. The sulci/areas in red have a SISS score below 0.4 on average or less than 20% of the 
researchers identifying them in both hemispheres and in at least one view.
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palaeoanthropologists provide as much detailed information as pos-
sible in their morphological and taxonomical descriptions of endo-
casts. They should also be mindful of our finding that researchers 
often misinterpret a feature on an endocast as a linear propagation 
of a sulcus when it is not, perhaps because of expectations that stem 
from the literature.

It seems obvious that identifying sulci on endocasts based 
on their average appearances on brains in atlases has potential 
difficulties. The details of the potential relationship of the sulci/
imprints between the brain and the endocast are not yet fully 
understood and need to be studied in more detail. The diversity 
of the cerebral folds on the brain is also not well-known. Thus, 
one should probably only use the typical endocranial model to at-
tempt to locate sulci on a particular endocranium, at least until 
an average endocranium model is established that overcomes 
the two noted problems (taking into account the inconsistency 
of reproduction of sulci on endocasts and a better appreciation 
of the brain–endocranium relationship). As we have shown, the a 
posteriori correction of the initial sulcal labellings of the imprints 
left by the brain on endocasts varies with their location within 
the cranium, i.e. the markings on the lower parts are more easily 
visible and better identified, in accordance with previous research 
(Connolly, 1950; de Jager et al., 2019; Dumoncel et al., 2021).

Endocranial description of fossil specimens should in the fu-
ture consider the variation in position and shape of sulci in ad-
dition to using models of mean brain shape. Moreover, it is clear 
from this study that researchers can perceive sulcal imprints with 
reasonably high accuracy, but their correct identification and la-
belling remains a challenge, particularly when dealing with ex-
tinct species for which we lack direct knowledge of the brain. In 
this context, and in the interest of true engagement with Open 
Science, we recommend that publications include detailed views 
of endocasts in all orientations, with clear labelling of the ob-
served traits, as well as public access to 3D models to allow for 
independent verification. In addition, sulcal labellings should be 
carried out independently by several researchers and then jointly 
discussed to resolve differences in observations of their positions, 
shapes (extents) and names. We hope to continue this work by 
studying a larger sample in order to find ways to improve the qual-
ity of identifying anatomical traits on brain endocasts.
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