W) Check for updates
Journal of Comparative Neurology W I L E Y

RESEARCH IN
SYSTEMS NEURDSCIENCE
THE JOURNAL OF COMPARATIVE NEUROLOGY

| RESEARCH ARTICLE

Predictive Methods and Probabilistic Mapping of
Subcortical Brain Components in Fossil Carnivora

Emily Baer' | Phuoc D. Nguyen! | Stefan Lilly! | Jiyoon Song! | Mathew Yee! | Olivia Matz! |

Rachna Sahasrabudhe! | DouglasR. Hall! | SusanLa! | BrandonJ. Merritt' | Pallavi Mahesh! | Christelle Eliacin! |
Kathleen Bitterman' | DemiOddes* | MadsF. Bertelsen® | Cheuk Y. Tang* | Peter F. Cook® | Rogier B. Mars®” |
Patrick R. Hof*® | Rachel Dunn' | Paul R. Manger? | Chet C. Sherwood® | Muhammad A. Spocter®>!

'Department of Anatomy, Des Moines University, West Des Moines, Iowa, USA | 2School of Anatomical Sciences, Faculty of Health Sciences, University of the
Witwatersrand, Johannesburg, Republic of South Africa | 3Center for Zoo and Wild Animal Health, Copenhagen Zoo, Frederiksberg, Denmark | *Departments
of Radiology and Psychiatry and BioMedical and Engineering Imaging Institute, Icahn School of Medicine at Mount Sinai, New York, New York, USA | SFlorida
Institute for Marine Mammal Sciences, New College of Florida, Sarasota, Florida, USA | Wellcome Centre for Integrative Neuroimaging, FMRIB, Nuffield
Department of Clinical Neurosciences, University of Oxford, Oxford, UK | “Donders Institute for Brain, Cognition and Behavior, Radboud University Nijmegen,
Nijmegen, The Netherlands | ®Nash Family Department of Neuroscience and Friedman Brain Institute, and Center for Discovery and Innovation, Icahn School
of Medicine at Mount Sinai, New York, New York, USA | °New York Consortium in Evolutionary Primatology, New York, New York, USA | ®Department of
Anthropology and Center for the Advanced Study of Human Paleobiology, The George Washington University, Washington, District of Columbia, USA |
College of Veterinary Medicine, Department of Biomedical Sciences, Iowa State University, Ames, ITowa, USA

Correspondence: Muhammad A. Spocter (Muhammad.spocter@dmu.edu)
Received: 20 August 2024 | Revised: 28 November 2024 | Accepted: 30 December 2024

Funding: This work was supported by funding from the lowa STEM BEST (MAS), and the Carnegie-Wits Alumni Diaspora Program through the Carnegie
Corporation of New York (MAS and PRM). Data acquisition in Oxford was supported by the Biotechnology and Biological Sciences Research Council (BBSRC)
UK [Grants BB/W019582/1]. The Wellcome Centre for Integrative Neuroimaging is supported by core funding from the Wellcome Trust [Grant 203139/Z/16/Z].

Keywords: brain | Carnivora | evolution | fossils | prediction | probabilistic | simulation

ABSTRACT

Paleoneurology reconstructs the evolutionary history of nervous systems through direct observations from the fossil record and
comparative data from extant species. Although this approach can provide direct evidence of phylogenetic links among species,
it is constrained by the availability and quality of data that can be gleaned from the fossil record. Here, we sought to translate
brain component relationships in a sample of extant Carnivora to make inferences about brain structure in fossil species. Using
high resolution magnetic resonance imaging on extant canids and felids and 3D laser scanning on fossil Carnivora, spanning
some 40 million years of evolution, we derived measurements for select brain components. From these primary data, predictive
equations of cortical (gray matter mass, cortical thickness, and gyrification index) and subcortical structures (caudate nucleus,
putamen, and external globus pallidus mass) were used to derive estimates for select fossil Carnivora. We found that regression
equations based on both extant and simulation samples provided moderate to high predictability of subcortical masses for fossil
Carnivora. We also found that using exploratory probabilistic mapping of subcortical structures in extant Carnivora, a reasonable
prediction could be made of the 3D subcortical morphospace of fossil endocasts. These results identify allometric departures and
establish adult species ranges in brain component size for fossil species. The integrative approach taken in this study may serve as
a model to promote further dialog between neurobiologists working on extant Carnivora models and paleoneurologists describing
the nervous system of fossils from this understudied group of mammals.
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1 | Introduction

Brains do not fossilize, and aside from the rare examples of
mummified remains (e.g., Kharlamova et al. 2015), the study of
mammalian brains in an evolutionary context has relied mainly
on two sources of primary data: (1) the study of brain structure
and function in extant species; and (2) the study of endocranial
casts (natural, artificial or virtual) in fossil taxa. Both of these
approaches have their benefits and limitations. For example,
although the study of brain structure in extant species has
emerged as a powerful approach for directly evaluating species
differences in cortical and subcortical brain structure, function,
and molecular biology (e.g., Foubet et al. 2024; Racicot et al. 2024;
Boch et al. 2024; Oddes et al. 2023; Sacco et al. 2023; Nguyen
et al. 2020), this approach can only allow for inferences to be
made about the past based on assumptions concerning patterns
of evolution (Mitchell 2015; Slater, Harmon, and Alfaro 2012).
In contrast, although the study of endocast morphology in fossil
taxa represents direct evidence of the external anatomy of brains
in extinct species from the past, this approach is limited by the
paucity and quality of available data extracted from the endocast,
thus constraining paleoneurological study to comparisons of
surface anatomy and external brain volumetry (Labra et al. 2024;
Domoncel et al. 2021; Borne et al. 2020; Beaudet and Gilissen 2018;
Jerison 2012). Given these limitations, a productive approach is
to integrate their combined strengths to expand the scope of
available paleoneurological study and prediction.

Although there is generally a close association between the
meningeal surface of the brain and the overlying endocranium,
this relationship (i.e., the residual space) is not uniform across
all orders (Mettler 1956; Blinkov and Glezer 1968; Tobias 1994) as
is evident in the comparative endocast morphology of primates
where the residual space and accompanying meninges obscure
the impression of the cortical surface (Bruner, Ogihara, and
Tanabe 2018). In this regard, study of the Carnivora represents a
promising opportunity for merging these complementary lines
of evidence as the topography of the brain can be more readily
extracted from endocasts (Radinsky 1973, 1975; Lyras 2009). In
addition, recent studies of brain anatomy and volumetrics in
extant Carnivora have provided high quality, spatially-relevant
quantitative data on the relationship between the brain surface
and its subcortical structures (e.g., Foster et al. 2024; Nelson et al.
2024; Grewal et al. 2020; Chengetania et al. 2020; Spocter et al.
2018).

The order Carnivora is composed of over 290 extant species
arranged into two major suborders, the canids and the felids
(Hassanin et al. 2021). Studies on the evolutionary history of
this group have traced the oldest known Carnivora fossils to
the late Paleocene (Spaulding and Flynn 2012; Solé et al. 2016);
however, the taxonomy and evolutionary history of this group still
remain a subject of ongoing debate (Law, Slater, and Mehta 2018).
One of the major difficulties in reconstructing the evolutionary
history of this group is that carnivores are relatively scarce in
the ecological landscape. This sparse distribution manifests in the
fossil record as small sample sizes which are further complicated
by preservation differences resulting from taphonomic processes.

To date, paleoneurological studies of the Carnivora have relied
largely on endocranial volume measurements (e.g., Michaud,

Toussaint, and Gilissen 2022; Sakai et al. 2016; Finarelli and
Flynn 2009) to compare scaling analyses of the whole brain or
external components to body size (Sakai et al. 2011; Lyras et al.
2016). As a complementary line of investigation, studies in extant
species have long demonstrated that such scaling analyses (using
both traditional and phylogenetic regression approaches) can
be used with a high degree of reliability to predict the scaling
relationship between brain components (e.g., Smaers et al. 2021;
Yopak et al. 2010; Bush and Allman 2004; Spocter and Manger
2007) and that such consistencies are indicative of the underlying
constraints (i.e., energetic, developmental, and phylogenetic) of
these biological systems (e.g., Manger, Spocter & Patzke, 2014;
Finlay and Darlington 1995; Finlay, Darlington, and Nicastro
2001). Given the robustness of these techniques, these approaches
have tremendous potential to predict brain component size and
shape in the fossil Carnivora. The ability to make such predictions
in fossil Carnivora would widen the scope of available data and
improve our ability to reconstruct the evolutionary history of
nervous systems in Carnivorans.

With this goal in mind, we investigated the scaling relation-
ships of select cortical and subcortical brain components in the
Carnivora and used a combination of phylogenetically informed
regression analyses as well as simulation studies to generate
robust predicative equations of the gray matter (GM), caudate
(including nucleus accumbens), putamen, external globus pal-
lidus, and striatal mass, as well as cortical thickness (CT) and
gyrification index (GI) for select fossil Carnivora. The use of these
predictive equations and resulting estimates of brain component
size may allow researchers to better infer the biology and behavior
of fossil Carnivora. In addition, the resulting confidence intervals
and ranges derived from this study would help inform researchers
looking to identify departures from allometry and establish adult
species ranges in brain and brain component size for fossil taxa.

2 | Materials and Methods

Our imaging dataset comprised two primary sources, (1) struc-
tural scan data obtained from magnetic resonance imaging (MRI)
of post-mortem brains of extant Carnivora; and (2) surface mor-
phology data obtained through laser scanning of fossil carnivore
endocasts.

2.1 | Extant Carnivora Specimens

This dataset consists of MRI of post-mortem brains obtained from
12 extant Carnivora species. The dataset included six wild canid
species (Canis lupus lupus N = 1 adult male; Canis latrans N = 1
adult female; Speothos venaticus N = 1 adult male; Chrysocyon
brachyurus N = 1 adult male; Lycaon pictus N = 1, adult male;
Vulpes vulpes N = 1, adult male; Vulpes zerda N = 1, adult male),
three wild felid species (Panthera uncia, N = 1, male 6-years-
old; Panthera tigris altaica N = 1, female 12-years-old; Panthera
tigris tigris N = 1, female Adult), two domestic canids (C. lupus
familiaris, N = 2, male 9-months old; female 2-years-old), and
one domestic felid (Felis silvestris cattus N = 1, adult female). A
complete species list is included in Table 1, and their phylogenetic
relationship to one another is shown in Figure 1a,b.
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TABLE 1 | Species list and associated brain and basal nuclei mass in grams (g).

Brain Caudate Putamen Pallidal Striatal Basal nuclei

Species mass (g) mass (g) mass (g) mass (g) mass (g) mass (g)
Felis catus (FC1) 25.39 0.43 0.08 0.03 0.51 0.54
Panthera uncia (PU) 69.09 1.02 0.15 0.10 117 1.27
Panthera tigris altaica (PT1) 231.24 2.57 0.34 0.18 2.90 3.08
Panthera tigris tigris (PT2) 220.02 1.07 0.34 0.21 1.41 1.62
Canis latrans (CL1) 75.34 1.21 0.27 0.07 1.48 1.55
Canis lupus (CL1) 139.76 2.08 0.27 0.24 2.35 2.59
Lycaon pictus (LP1) 132.82 1.75 0.36 0.15 2.10 2.25
Vulpes zerda (VZ1) 16.27 0.34 0.03 0.03 0.37 0.40
Vulpes vulpes (VV1) 45.15 0.83 0.09 0.08 0.92 1.01
Speothos venaticus (SV) 43.53 0.93 0.04 — 0.98 —
Chrysocyon brachyurus (CB2) 91.29 1.35 0.16 0.17 1.50 1.67
Canis lupus familiaris (D1) 61.30 1.08 0.12 0.07 1.20 1.27
Canis lupus familiaris (D2) 75.09 1.38 0.23 0.11 1.60 171

Note: Volumes were converted to mass through use of the specific gravity of brain tissue (1.036 g/cm?; Stephan 1960). The subcortical masses are the summed
bilateral mass for each of the basal nuclei components. Note striatal mass was calculated by summing putamen mass and caudate (head, body and tail) mass.
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FIGURE 1 | (a)A composite phylogeny showing the phylogenetic relationship of the fossil taxa included in this study to the extant Carnivora used
for phylogenetic analysis. The phylogeny was derived using Hassanin et al. (2021), Perri et al. (2021), Tedford et al. (2009), Werdelin et al. 2010, Lyras
(2009), and Radinsky (1973,1975); (b) Phylogeny used in the implementation of phylogenetic generalized least squares (PGLS). PGLS was performed used
the caper package (Orme et al. 2018). The phylogeny was constructed using data based on the mammalian super-tree (Nyakatura and Bininda-Edmonds

2012) as well as reference to the open source resource TimeTree.org.

2.2 | Fossil Carnivora Specimens

This dataset consists of surface morphology data obtained
through laser scanning of eight fossil endocast specimens
obtained on loan from the Field Museum in Chicago to Des
Moines University Department of Anatomy (Table 2). The phy-
logenetic relationship of these fossil Carnivora is presented in
Figure 1a. Several of these endocasts were created by Leonard
Radinsky during original delineation of radiation patterns
(Radinsky 1973). Below is a brief description of endocast qual-
ity and preservation, making particular reference to accession

numbers found in Table 2. Representative images of the fossil
endocasts are also shown in Figure 2. PM394—Canis dirus.
Note that in recent publications C. dirus is also reffered to as
Aenocyon dirus (e.g., Perri et al. 2021)—well preserved endo-
casts with intact cerebral blood vessels and meninges. Missing
frontal portions of olfactory bulb bilaterally. Has an orthogo-
nal shaped coronal sulci outline. PM58951—Aelurodon ferox—a
description of morphology was recorded by Radinsky (1973).
PM58953—Canis lepophagus—complete endocast with limited
relief of sulci across the cerebral cortex. Observable orthogonal
cortex medial to the coronal sulci, difficult to determine size
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TABLE 2 | Details of the fossil Carnivora endocasts digitized in the current study.
Accession Taxonomic Estimated Brain
Number Taxon Group. ECV (cm?) mass (g)
PM58861 Homotherium Metailurinae 252.73 261.83
PM58862 Metailurus Metailurini 102.72 106.42
PM58868 Ischyrosmilus Homotherini 194.80 201.82
PM58870 Pseudaelurus Felinae 72.15 74.75
PM58872 Proailurus Felinae 44.10 45.69
PM58951 Aelurodon sp. Borophaginae 116.96 121.17
PM58953 Canis Caninae 46.22 47.88

lepophagus

PM394 Canis dirus Caninae 163.76 169.65
PM58963 Borophagus Borophaginae 187.39 194.14
PM58961 Leptocyon sp. Caninae 14.50 15.02

FIGURE 2 | Representative images of the fossil Carnivora endocasts used in the current study. Parts (a and b) are superior and lateral views of the

Leptocyon sp. (PM58961); part (c) is a lateral view of the Aelurodon sp. (PM58951); parts (d and e) are lateral views of Borophagus dudleyi (PM58963); part
(f) a lateral view of Homotherium sp. (PM58661); parts (g-i) are lateral, superior, and inferior views of Canis dirus (dire wolf -PM394).

of the proreal gyrus. PM58961—Leptocyon sp—complete endo-
cast with description by Radinsky (1973). PM58963—Borophagus
dudleyi—complete endocast with intact cerebral blood vessels
and meninges. A description of morphology was recorded by
Radinsky (1973). PM58977—Phlaocyon marslandensis—slightly
damaged endocast with poorly preserved ventral and caudal
aspects. A description of morphology can be found recorded by
Radinsky (1973), and Lyras (2009). PM58990—Canis edwardii—
well preserved endocasts with damage to the left caudal portions
of the cerebral hemisphere, and bilateral damage to the ventral
cerebrum. Proreal gyrus is well developed, and coronal sulci form
an orthogonal outline. PM59036- Enhydrocyon stenocephalus—a
description of morphology can be found recorded by Radinsky
(1973) and Lyras (2009).

2.3 | Imaging

23.1 | Structural MRI Acquisition and Processing in
Extant Carnivora

MRI was performed on the whole brains of 13 carnivore species.
Whole brain and caudate nucleus volume data were obtained
through segmentation procedures. All scanning was carried out
in strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National
Institutes of Health and approved by the Institutional Animal
Care and Use Committees of Des Moines University, as well
as the Animal Ethics and Screening Committee (AESC) of the
University of the Witwatersrand (AESC No. 2012/53/01). MR
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images were obtained from two imaging facilities: the Depart-
ment of Diagnostic, Molecular, and Interventional Radiology,
Icahn School of Medicine at Mount Sinai; and the Department
of Radiology at Oxford University. The brains of specimens FCl,
PU, PT1, PT2, VV1, VZ1, LP1, CB2, D1, and D2 were scanned at the
Icahn School of Medicine using a 7T Bruker Biospec MR System.
Specimens were removed within 14 h of death and immersion
fixed in 10% formalin at necropsy before being transferred to
a solution of 0.1 M phosphate buffered saline (PBS) with 0.1%
sodium azide solution and stored at 4°C prior to scanning. A 3D
FLASH sequence was used with the following parameter settings:
TR (time to repetition) = 36 ms, TE (time to echo) = 23 ms, flip
angle = 15°, FOV (field of view) = 128 X 128 x 175 mm?, matrix
size = 384 x 384 x 384 mm? in each slab, 20 averages, slice thick-
ness = 0.5 mm, and 3D isotropic resolution of 0.30 mm. Scanning
performed at Oxford University was performed using a 7 T Bruker
Biospec MR System. Following overdose with sodium pentobar-
bital (200 mg/kg, i.v.) the heads of animal CL1 and SV were
perfusion-fixed within 15 min after death in 4% paraformaldehyde
in 0.1 M phosphate buffer (PB) before being postfixed in 4%
paraformaldehyde in 0.1 M PB for 48 h before and placed into
storage. Scanning was performed at the Wellcome Centre for
Integrative Neuroimaging, Nuffield Department of Clinical Neu-
rosciences, University of Oxford. The specimens were scanned
on a Siemens 7 T whole-body scanner (28ch-receive/1ch-transmitl
knee coil—QED). For specimen CL1, a high-resolution structural
scan was acquired using a true fast imaging with steady-state
free-precession (TRUFI) sequence, TR = 14.65 ms, TE = 7.33 ms,
flip angle = 30°, FOV = 118 X 160 X 99 mm? in each slab,
matrix size = 542 X 736 x 448 mm?, and 3D isotropic resolution
of 0.22 mm. For specimen SV, a 2D diffusion-weighted spin-
echo multi-slice protocol with single line readout (DW-SEMS;
TR/TE = 19/26 ms; matrix size = 128 x 128) with a sufficient
number of slices to cover each brain was used to create 0.6 mm
isotropic data. A ball and stick model (Behrens et al. 2007, MRM)
was used to preprocess the data from which a T1-contrast image
was created (cf. Boch et al. 2024).

Following MR image acquisition, the datafiles were loaded
into Analyze software version 10.0 (www.analyzedirect.com) for
postprocessing. The postprocessing steps involved resectioning
the image sequences along the A-P plane to facilitate import into
ITKSNAP software (http://www.itksnap.org). MR images were
loaded into ITKSNAP for subcortical segmentation and surface
reconstruction. The ITKSNAP toolkit provides several options
for both automatic segmentation (using Region Competition
Snakes and Geodesic Active contours) as well as fully manual
segmentation procedures (Yushkevich et al. 2006). We used
manual segmentation procedures to isolate and reconstruct the
basal nuclei components. Using the region of interest tool, the
putamen, external globus pallidus, and caudate nucleus were
outlined in coronal slices. Segmentation outlines were completed
by EB, PDN, SL, JS, OM, and DAH and visually inspected by MAS
for consistency between investigators and with close reference to
the relevant anatomical atlases on Carnivora and human brains
(e.g., Palazzi 2011; Mai et al. 2015). Interobserver congruency
was assessed in a pilot study using Lin’s concordance correlation
coefficient. Despite some interobserver variability in the caudal
delineations of the nuclei, our pilot study indicated that the
delineations were highly reproducible between observers (i.e.,
Lin’s coefficient 85%-90%). Segmentations of the caudate nucleus

included reconstructions of the head, body and tail portions with
accompanying volumes recently reported by our group (Foster
et al. 2024). We recognize that the corpus striatum is composed
of the dorsal and ventral striatopallidal (SP) complexes, with
the dorsal SP complex including the caudate and putamen,
while the ventral SP includes the nucleus accumbens, substantia
innominate, and olfactory tubercle. For pragmatic reasons, where
possible, we quantified subcomponents of the corpus striatum
separately. Because of difficulties adequately separating the ven-
tral striatum (nucleus accumbens) from the merged putamen and
caudate nucleus anteriorly, our definition of the caudate nucleus
pragmatically includes the nucleus accumbens to the exclusion of
the putamen. Our definition of the striatum includes the caudate
nucleus, putamen and nucleus accumbens. For convenience,
our definition of the basal nuclei includes the caudate nucleus,
putamen, nucleus accumbens and external globus pallidus.

Representative images showing the parcellation and segmenta-
tion procedure for the basal nuclei are provided in Figure 3.
Segmentations of the cortical grey matter surface and subsequent
calculation of the GI, formed part of an earlier study by our
group (Grewal et al. 2020). In brief, processing of the resultant
MR images was performed in BrainVisa ((http://brainvisa.info/
web/index.html, RRID:SCR_007354) using the Morphologists
pipeline. MR images were loaded into Morphologist pipeline
and processed to create 3D white matter and pial surface recon-
structions, which were then exported to MeshLab (http://www.
meshlab.net/, RRID:SCR_003430) where the GI was calculated
as the ratio of the surface area of the pial surface area to the area
of the convex hull (Rogers et al. 2010). Associated whole brain
volumes were also segmented for each specimen using semi-
automatic segmentation. For a complete methodological outline
as it applies to the study of Carnivora gyrification, we direct
the reader to Grewal et al. (2020). The final 3D reconstructions
were then saved as stereolithographic files before being imported
into MeshLab (http://www.meshlab.net/) where volumes were
computed for each mesh and tabulated in Microsoft Excel in
preparation for statistical analyses.

2.3.2 | Laser Scanning Acquisition and Processing in
Fossil Carnivora

Laser scanning of fossil endocasts was undertaken using a
NextEngine 3D ULTRA HD laser scanning imaging system. This
desktop scanner is known for its ease of use and accuracy
for extracting surface geometries and 3D mesh data (Slizewski
et al. 2010). During processing each endocast was placed on the
accompanying scanner turntable/pedestal which permitted 360°
scanning of each specimen, using the accompanying ScanStudio
software. The distance between the laser scanner and the endo-
cast was measured to determine if the macro or wide setting
would be utilized. Note was taken to ensure that the entire
specimen was within the scanning zone of the laser. Eleven
divisions of each endocast angle were recorded, and the target
setting adjusted based on the coloration. Each endocast was
scanned at the initial angle and then again after a 90° rotation.
Scans were then trimmed and scanning divisions compressed
in ScanStudio to generate a 3-D virtual model showing two
separate angles of each endocast (Figure 4). The compressed
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FIGURE 3 | (a-c) Representative MR coronal images through the diencephalon of a canid (Canis lupus domesticus); showing the manual
segmentation of the caudate nucleus, external globus pallidus and putamen; (d-f) screenshots of the gray and white matter reconstructions used for

calculating the Gyrification Index (GI) as described in Grewal et al. (2020); (g-i) representative screenshots of completed 3D surface reconstructions of

the caudate nucleus, putamen and external globus pallidus as obtained from manual segmentation in ITKSNAP.

FIGURE 4 | Images showing the processing of a fossil endocast
(Homotherium sp. PM58861). Laser scanning was undertaken using the
NextEngine 3D ULTRA HD laser scanning system. (a) A lateral image of
the endocast prior to be placed on was placed on the scanner pedestal;
(b) an image of the resulting scans in ScanStudio. Scans trimmed and
scanning divisions compressed in ScanStudio to generate a 3-D virtual
model showing two separate angles of each endocast; (c) The compressed
spatial object of the endocast prior to be being imported into GEOMAGIC
for postprocessing; (d—f) a sequence of screenshots of the post-processed
3D scan undergoing noise and polygon reduction, filling and alignment.

FIGURE 5 | Representative 3D reconstructions of the final virtual
endocasts derived from processing in Geomagic. (a) Lateral views of the
domestic dog brain for comparison with the fossil endocasts; (b) endocast
of PM58862; (¢) is a lateral view of PM58870; (d) lateral view of Proailurus
lemanensis (PM58872); (e) a lateral view of Phlaocyon marslandensis
(PM58977); (f) superior lateral view of the Canis edwardii (PM58990).

spatial object of the endocast was then imported into GEOMAGIC
for postprocessing (i.e., noise and polygon reduction, filling,
and alignment) before the final 3D reconstruction was saved
as a stereolithographic file that was imported into MeshLab to
compute the endocast volume for each specimen. Total scan time
for each specimen was approximately 2 h with an additional hour
of post-scan processing. Representative 3D reconstructions of the
final virtual endocasts are shown in Figure 5.
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2.4 | Data Analysis

2.4.1 | Putamen:Caudate, Pallidal:Caudate, and Palli-
dal:Putamen Ratios

To evaluate the consistency in subcortical proportions between
extant Carnivora, we calculated the basal nuclei ratios (i.e., palli-
dal:putamen ratio; putamen:caudate ratio) and visually evaluated
these for any deviations amongst the Carnivora.

2.4.2 | Predictions Based on Regression Analyses on
Extant Data

In addition, we used a combination of phylogenetic generalized
least squares (PGLS) regression analysis and simulation studies to
evaluate the scaling relationships of the cortical and subcortical
components against brain mass. All statistical analyses were
undertaken in R Version 3.4.1 (www.r-project.org/. PGLS was
performed using the “caper” package (Orme et al. 2018). The
phylogeny used in the current study is shown in Figure 1b
as derived from (Bininda-Emonds et al. 2007; Nyakatura and
Bininda Emonds 2012). All volumetric measures were converted
to mass using the specific mass of brain tissue, by multiplying the
volume by a factor 0f 1.036 g/cm? (Stephan 1960, 1981; Rehkamper
et al. 1991). Before inclusion in statistical analyses, all data were
log-transformed (base 10). In cases where multiple scans were
available for a species, the average was calculated and included as
a single datapoint in subsequent regression analyses. Confidence
and prediction intervals were calculated using the EvoMaps
add-on package (Smaers, Mongle, and Kandler 2016), whereas
slope and intercept comparisons were undertaken using SMATR
Version 3 (Warton et al. 2011). The raw data used to derive these
relationships are shown in Tables 1 and 2. Resulting regression
equations based on the extant Carnivora were then used to predict
the mass of cortical and subcortical brain components for the fos-
sil species. Endocranial volumes for fossil Carnivora (computed
in Section 2.3.2) were combined with published estimates collated
from the literature and converted to mass (g) before being entered
into the regression equations. Given the known transformation
bias that occurs when using logarithmic transformation followed
by detransformation (Smith 1993), we also computed the smear-
ing estimator for select equations. This estimator was multiplied
with the detransformed values to provide a final estimate of the
brain components in each fossil species.

2.4.3 | Predictions Based on Regression Analyses on
Simulation Data (SIM)

Because our resultant regression statistics were based on a small
number of extant species, we undertook an exploratory step
to determine if generating a simulated dataset would improve
our regression analyses and predictive ability. We generated a
simulated dataset of N = 100 individuals, using the variance-
covariance structure observed in our extant sample. The sim-
ulated dataset was generated in R using the MASS library
(mvtnorm). Once generated, least squares regression analysis was
applied to the log-transformed simulated dataset, and a new set of
predictive equations and smearing estimators was calculated and

used to predict brain component size from endocranial volumes
obtained for fossil taxa.

To test the utility of the predictive equations, we calculated
endocranial volumes for our sample of virtual fossil endocasts
and combined these data with published endocranial volumes for
select fossil Carnivora. Endocranial volumes for the fossil taxa
were converted to mass (g) (Stephan 1960) and log-transformed
(base 10) prior to inclusion in the regression equations. Brain
component size was then estimated using equations derived
from both the extant and simulation samples and then assessed
based on their comparative regression statistics, error ranges,
and the limits of agreement using Bland-Altman plots created in
BA-plotteR (Goedhart and Rishniw 2021).

2.5 | Probabilistic Mapping of Subcortical
Anatomy in Fossils

As an exploratory step, we created visualizations of the predicted
volumes of the striatum and white matter for a single fossil
specimen, C. dirus (PM394- dire wolf) to serve as a model for
further development of these techniques. Comparative mesh data
for the caudate nucleus of eight extant Carnivora were aligned
in CloudCompare using the point alignment tool. This tool
aligns entities by making use of user defined point registration
between a reference (R) and target (A) entity. Starting with
the coyote caudate nucleus, three reference point pairs were
identified on each species mesh (i.e., RO—the anterior most
projecting point on the head of the caudate nucleus; R1—the most
superior projecting point on the head of the caudate nucleus;
and R2—the most lateral projecting point on medial aspect of
the caudate body) before alignment, with scale adjustment to
match the size of the reference coyote mesh (Figure 6a-c). The
transformation matrix was saved and applied sequentially to
each remaining mesh. Once alignment to the coyote mesh was
completed, the dataset of meshes was spatially normalized using
the Multiply/Scale function in CloudCompare to match the scale
of PM394. The scale used for spatial normalization to PM394 was
derived from the ratio of the whole brain mesh volumes (i.e., C.
latrans: C. dirus; 75.33/169.65 = 0.44); therefore, the scale factor
by which the overlapping meshes was adjusted was 1.44. The
resultant probabilistic map of the caudate nucleus (see Figure 6e-
h) was then exported to MeshLab to create a single merged
mesh that consisted only of the overlapping areas of the original
meshes. To remove non overlapping areas in the meshes, we used
the Intersection Boolean operation enclosed within the Mesh
layer Filter of MeshLab. This filter performs an exact Boolean
intersection between each mesh (Zhou et al. 2016). Mesh files
were processed in pairs with the coyote mesh serving as the
reference mesh, whereas the new species mesh was the target
mesh. Once the series of intersecting meshes was derived, the
Union Boolean operation was performed to merge the meshes
into a single mesh.

Similarly, a white matter probabilistic point cloud was also
constructed using CloudCompare and MeshLab. The reference
points used for mesh alignment are shown in Figure 7 and include
three points on the sylvian sulcus (anterior, mid, and posterior)
and a fourth point on the antero-medial surface of the cruciate
sulcus (Figure 7a—c). The dataset of aligned white matter meshes
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http://www.r-project.org/

FIGURE 6 | (a-i)Representative images showing the alignment (point to point registration) and transformation of the caudate reconstructions as

undertaken in CloudCompare. Reference and target landmarks are shown in (a—c); (d-g) shows the raw and transformed caudate species meshes and

point clouds overlaid on one another; (h) shows the caudate overlays placed into the 3D point cloud of PM394; (i) shows the final Boolean intersected

caudate mesh.

FIGURE 7 | (a-h)Representativeimagesshowing the alignment (point to point registration) and transformation of the white matter reconstructions

as undertaken in CloudCompare. Reference and target landmarks are shown in (a-c); (d-g) shows the aligned and transformed white matter species

meshes and point clouds overlaid on one another; (h) shows the white matter overlay derived from Boolean intersection placed into the 3D point cloud

of PM394.

was spatially normalized using the Multiply/Scale function in
CloudCompare to match the scale of PM394 (adjusted by scale
factor 1.44 as derived from the coyote: PM394 brain volume ratio).
The resultant white matter probabilistic map (see Figure 7d-
g) was then merged into a single mesh using a combination of

Boolean operations as described for the caudate nucleus (see
above) (Figure 7h).

To determine the percentage overlap between the caudate
meshes, we calculated the volumes of the intersecting mesh pairs
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FIGURE 8 | (a-d) Representative images showing mesh pair alignment as completed in MeshLab and computation of the percentage overlap
between caudate meshes; (e-h) Shows the resultant Hausdorff distances calculated for each mesh pairs with distances represented as a heat map (i.e.,

cool colors represent greater distanced between meshes, warmer colors are regions of the meshe that are closer to one another in overlap. Hausdorff

distances were mapped back on to the vertex quality of the sample mesh for visualization; (i-1) shows the isolated Boolean intersecting volumes for each

mesh pair; (m-p) shows the percentage overlap between the aligned and transformed mesh regions. Percentage overlap was obtained through Boolean

operation by dividing the intersecting volumes by the total volume of the summed components and multiplying this value by 100. The total intersecting

volume for the caudate was derived from the combination of intersecting mesh pairs and expressed as a percentage of total mesh volume.

obtained through Boolean operation by dividing the intersecting
volumes by the total volume of the summed components and
multiplying this value by 100. In addition, to facilitate visualiza-
tion of overlapping caudate mesh pairs, we calculated the Haus-
dorff distance and mapped these distances on the vertex quality
of the sample mesh as a heatmap. The total intersecting volume
for the caudate was derived from the combination of intersecting
mesh pairs and expressed as a percentage of total mesh volume
(see Figure 8). Similarly, we determined the percentage overlap
between the white matter meshes (left hemisphere only), using
intersecting mesh pairs obtained through Boolean operation and
dividing the intersecting volumes by the total volume of the
summed components. In the case of the white matter meshes
derived through Boolean operation (Intersection), repairs had
to be made to the resultant meshes to make them airtight
for volume estimation. Repairs were completed in MeshLab.
Normals were checked to ensure that these pointed outward, and
any holes were closed using the Remeshing, Simplification, and
Reconstruction Filter. As a final step, a convex hull was created
for each intersecting mesh to allow for immediate approximation
of the volume enclosing the mesh surface (see Figure 9).

The final merged white matter and caudate mesh, representing
the predicted subcortical structural space for PM394, was then
merged with the endocast point cloud for PM394. Screenshots
of the 3D models were also aligned and superimposed onto

2D images of the fossil endocast to facilitate visualization (see
Figures 10 and 11).

3 | Results

3.1 | Putamen:Caudate, Pallidal:Caudate, and
Pallidal:Putamen Ratios

To evaluate the proportional consistency in a select set of
subcortical structures between the extant Carnivora, we cal-
culated the pallidal:putamen and putamen:caudate ratios and
evaluated these for any marked deviations amongst the species
(see Figure 12 and Table 1). Amongst the canids, the coyote (C.
latrans) had the largest putamen:caudate ratio (21%), followed by
the African Wild dog, domestic dog (16%), European wolf (13%),
maned wolf (11%), red fox (10%), and fennec fox (8%). Amongst the
canids, the pallidal:caudate ratio appeared to be rather consistent
and ranging within a narrow band (i.e., 6%-12%), with the largest
ratio observed in the European wolf and maned wolves (12%),
followed closely by that of the red fox (10%), the African Wild dog
(8%), domestic dog (6%-8%), fennec fox (8%), and coyote (6%).

In the felids, the putamen:caudate ratio was largest in the snow
leopard (31%), followed by the domestic cat (18%) and tiger (13%—
15%). Amongst the felids, the pallidal:caudate ratio was largest in
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FIGURE 9 | (a-f)Representative images showing the percentage overlap between the white matter meshes as derived from the intersecting mesh

pairs (Boolean Intersection). (a) Repairs were to the mesh were performed in MeshLab to make them airtight and a convex hull was created for each

intersecting mesh to allow for immediate approximation of the volume enclosing the mesh surface; (b) shows the percentage overlap between white

matter convex hulls for all species (c) shows the percentage overlap between the dog and coyote convex hull; (d) shows the percentage overlap between

the dog, coyote, maned wolf and red fox convex hull; (¢) shows the percentage overlap between the dog, coyote, maned wolf and European wolf convex

hulls; (f) shows the percentage overlap between the dog, coyote, and European wolf convex hulls.

the snow leopard (20%) but ranged within a narrow band amongst
the remaining felids (7%-10%). Across the Carnivora, putamen:
caudate ratios averaged 15.5%, whereas the pallidal:caudate ratio
averaged 9.5%.

3.2 | Predictions Based on Regression Analyses on
Extant Data

To evaluate the scaling attributes of cortical and subcortical
components against brain mass, we used PGLS regression anal-
ysis. A summary of the regression statistics derived from these
analyses is shown in Table 3 and Figures 13 and 14. Brain mass is
strongly correlated with the basal nuclei subcomponents across
the Carnivora, with brain mass explaining 94%, 93%, 85%, and
79% of the variation in caudate nucleus, striatum, external globus
pallidus, and putamen, respectively. When scaling analyses of
striatal mass in the extant felids and canids are compared with
that of other terrestrial Carnivora collated from the literature
(see Reep, Finlay, and Darlington 2007), we once more observe
a strong predictive relationship with brain mass, such that 93%
of the variation in striatal mass across mammals is explained
by brain mass (Table 3, Figure 14a,b). Although the regression

statistics varied between the three mammalian groups (i.e., felid
slope = 0.73; intercept = —1.20; ¥* = 0.63; canid slope = 0.73;
intercept = —1.24; r* = 0.89; terrestrial mammal slope = 0.87,
intercept = —1.27; r* = 0.96), statistical testing using analysis
of covariance revealed that there was no significant difference
between the three regression slopes and intercepts and that a
common slope could be drawn for all the species (common mam-
malian slope = 0.84; lower = CI 0.72, upper CI = 0.97). However,
when the regression statistics for the terrestrial Carnivora are
compared with that of the aquatic Carnivora (Aquatic Carnivora
slope = 0.47; intercept = —0.32; 12 = 0.89) obtained from the litera-
ture (Reep, Finlay, and Darlington 2007), a statistically significant
difference in slope and intercept was observed between the two
groups, such that the slope and intercept for the aquatic Carnivora
were found to be significantly lower (p = 0.001).

3.3 | Predictions Based on Regression Analyses on
SIM

In addition to the use of PGLS, we also generated a simulated
dataset and computed regression statistics (ordinary least squares
regression) on these data. A summary of the regression statistics
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FIGURE 10 | (a-0)Representative images showing different views, alignment and placement of the final white matter, and caudate reconstruction

into the 3D point cloud of PM394.

TABLE 4 | Variance: Covariance structure and simulated means for the simulated dataset (N = 100).

SimBrainM SimCaudM SimPutM SimPalliM SimStriatM SimBasM
SimBrainM 4795.38 49.076 8.08 4.34 56.79 64.28
SimCaudM 49.08 0.60 0.09 0.05 0.64 0.74
SimPutM 8.08 0.09 0.02 0.01 0.11 0.12
SimPalliM 4.34 0.05 0.01 0.01 0.06 0.06
SimStriatM 56.79 0.64 0.11 0.06 0.80 0.86
SimBasM 64.28 0.74 0.12 0.06 0.86 1.03

Simulated means SimBrainM = 85.53; SimCaudM = 1.23; SimPutM = 0.19; SimPalliM = 0.12; SimStriatM = 1.47; SimBasM = 1.61

Note: That the mean values and variance: Covariance structure in this simulated dataset was derived from that observed in the extant Carnivora samples.

and accompanying plots derived from the simulated dataset
is shown in Figure 15a-f. All of the simulated variables were
characterized by normal distributions with means and variance-
covariance structures which coincided with that observed in the
extant Carnivora sample (see Table 4). As observed in Figure 15,
the simulated caudate and simulated brain mass values were
moderately but significantly correlated with one another, with
55% of the variation in caudate mass explained by the variation in
brain mass (P = 6.3 x 107'7). The simulated putamen values were
weakly (¥ = 0.25) but significantly correlated with simulated
brain mass (P = 8.86 x 1077), as were the simulated pallidal
values (¥ = 0.25; P = 1.12 x 107'%), whereas simulated striatal

and simulated total basal nuclei mass were moderately but
significantly correlated with brain mass (r> = 0.59; P=5.36 X 107"
and 2 = 0.54; P = 1.81 x 10716, respectively).

Also shown in Figure 16 are the Bland-Altman plots used to
assess the limits of agreement between of the congruency in
size estimate using the techniques as well as the comparative
statistics from the Bland-Altman plots (Table 5). As is apparent
from these analyses, there is moderate to strong congruency
between the brain component size estimates derived from the two
approaches (Figure 16). Bland-Altman plots revealed strong con-
gruency when predicting GI and CT and moderate performance
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FIGURE 11 | (a-b) Representative images showing 3D views of
predicted subcortical reconstructions of the white matter and striatum
superimposed on to 2D images of the PM394 (Dire wolf).

when predicting the mass of subcortical structures, with some
discrepancy for very small and very large brain masses (Figure 16
and Table 5).

Following the derivation of the above regression statistics, we
predicted the size of cortical and subcortical brain components
for select fossil Carnivora using both published endocranial
volumes as well as the endocranial volumes estimated from
digital endocasts. A summary of the regression equation statistics
is shown in Table 6. Predictions for the fossil species are tabulated
in Table 7.

3.4 | Probabilistic Mapping of Subcortical
Anatomy in Fossils

A probabilistic mapping procedure was used to predict and
visualize the relative subcortical morphospace for the dire wolf
(PM394). Our analyses revealed that the mesh data for the extant
Carnivora could be reasonably aligned using manual alignment
followed by point to point registration from surface landmarks
(Figures 6a-d and 7a-e). As expected, non-transformed mesh
overlays were markedly different in size (e.g., Figure 6e,f).
However, subsequent transformation (with point to point align-
ment) resulted in significant overlap between the mesh data
and improved the reliability of the resulting probabilistic maps
(Figures 8g,h and 9d-g). The overlap in the mesh data was most

evident for large areas, including the head and body of the caudate
nucleus as well as the mid-rostral to caudal aspects of the white
matter maps (Figure 9). For the caudate nucleus, the percentage
overlap between the domestic dog and coyote intersecting mesh
pair was 38% (476.84 mm?); for the African wild dog and European
wolf, the intersecting volume amounted to 32% (553.27 mm?);
for the tiger and clouded leopard, this was 58% (405.82 mm?),
whereas the cat and fennec fox were 32% (140.45 mm?). The
percentage overlap in intersecting mesh volume for the combined
dog, coyote, European wolf, and African wild dog was 15%
(431.74 mm?), whereas the combined intersecting mesh volume
for tiger, clouded leopard, cat, and fennec fox was 2% (21.98 mm?)
(Figure 8 and Table 8). For the white matter, the percentage
overlap between the domestic dog and coyote intersecting mesh
pair was 100% (26,332.16 mm?); for the combination of dog,
coyote, and European wolf, the intersecting volume amounted
to 46% (21,016.76 mm?); for the combination of dog, coyote,
European, and maned wolf, this was 30% (17,408.72 mm?); for
the combination of dog, coyote, European wolf, maned wolf, and
red fox, this amounted to 18% (13,241.23 mm?). The percentage
overlap for all intersecting white matter mesh volumes was 66%
(42,150.48 mm>).

4 | Discussion

Our results reveal that across the terrestrial Carnivora available to
this study, the proportions and scaling of the subcortical nuclei,
as well as the size of the overlying cortical GM and GI, were
remarkably consistent and strongly predictable from brain mass.

4.1 | Interpretational Considerations:
Mechanisms of Change and Model Assumptions

When interpreting the results of our predictions of brain com-
ponent size for the fossil taxa and their moderate to high
predictability from brain size, it is important to keep in mind that
these scaling analyses do not negate the influence of adaptive
or mosaic changes in brain evolution (Barton 2001; Barton and
Harvey 2000). That adaptive change exists and helps to describe
species differences in brain structure and function is undeniable.
These results may be interpreted as indicating that relative brain
structure size is rather invariant across species. This would
suggest that investigators seeking to identify specializations in
the function of the brain components included in this study are
likely to uncover these adaptive changes at cellular, receptor,
and/or genetic levels of organization not covered in our analyses.
It is, however, important to note that the proportion of striatal
integration with other regions (and the required relative mass)
might still vary widely in species not covered in our analyses (i.e.,
aquatic Carnivora) as has been argued for primates (Yin et al.
2009).

Furthermore, it is important to acknowledge the assumptions
which underlie that this work as predictions can only be made
given a set of assumptions. When predicting fossil patterns based
on an extant data, the predictive assumptions are the same
assumptions as those made when inferring patterns of evolution
based solely on extant variation. For example, in the current study,
we used the underlying variance:covariance and correlational
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FIGURE 12 |

(a) Box plots showing the percentage putamen mass to caudate mass ratio and percentage pallidal mass to caudate mass ratio in select

Carnivora species. (b) Box plots showing the proportional contribution to total mass (i.e., caudate + nucleus accumbens + putamen + external globus

pallidus) that the caudate, putamen and external globus pallidus contribute in each species.

structure observed in extant species as a starting point for our
simulation analyses. The assumption in this case is that the range
of variation observed in extant species is consistent with that
expected for fossil species. This principle of uniformitarianism
is a fundamental operational principle in paleobiology, allowing
for the transposition of present causes as explanatory factors for
the distant past (Scott 1963) and is a necessary assumption to
facilitate predictions of brain component size in fossil taxa. An
unintentional consequence of this assumption is that it creates
an entanglement of the fossil and extant data, reducing the inde-
pendent explanatory power of the fossils to mere placeholders
that align with our understanding derived from extant species.
In the absence of any direct fossilized subcortical brain data, this
complex entanglement is an unavoidable contingency for which
the authors have no solution at present.

Similarly, assumptions on how evolution may have unfolded
are also entangled with the derived fossil predictive equations.
For instance, in the current study, the use of PGLS assumes
a Brownian motion model, where variation has accumulated
proportional to time along each lineage with no significant
phenotypic variation along any individual lineage, and the
rate of evolution is stochastically constant across all branches
(Smears, Mongle, and Kandler 2016). This assumption is an

inevitable and necessary construct of phylogenetic regression,
one that does not invalidate its use over traditional regression
approaches but is worth remembering as another example of this
complex entanglement of fossil and extant data. Furthermore,
this entanglement is also reified through the assumption that
the range of variation observed in extant species is consistent
with that expected for fossil species. This is a hallmark of the
standard Brownian motion model of evolution, where the model
assumption is that predictions are only meaningful if the data
evolves following a Brownian model of evolution such that fossil
variation is consistent with extant variation.

4.2 | Putamen:Caudate, Pallidal:Caudate, and
Pallidal:Putamen Ratios

In our analysis of basal nuclei proportionality (Figure 12), we
generally observed consistency across the taxa. Most notably, in
most canids, the proportion of the caudate nucleus to total basal
nuclei mass ranged between 78% and 86%, putamen between 7%
and 17%, and external globus pallidus between 5% and 10% of total
basal nuclei mass. Amongst the canids, the red and fennec fox had
the smallest proportion of total basal nuclei mass composed of the
putamen and external globus pallidus (putamen 7%-9%; external
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globus pallidus 7%-8%). This observation was quite distinct
from that observed in the wolf-like canids where the putamen
proportionality made up a larger percentage of total basal nuclei
mass (9.4%-17%), suggestive of a phylogenetic and functional
difference between fox-like and wolf-like canids. Similarly, for
the felids, we observed a marked difference in the proportionality
of the caudate nucleus in the snow leopard relative to the other
felids. All other felids displayed caudate proportionality ranging
between 79% and 83% of total basal nuclei size, whereas the snow
leopard caudate only made up a total of 66% of total basal nuclei

size. The reduction in snow leopard caudate proportionality was
accompanied by a proportional increase in both the putamen and
external globus pallidus for this species, which was markedly
larger (proportionally) from that observed in the other cats. We
propose that the above examples of species level variation in basal
nuclei proportionality may provide a basis for potential species
level differences in behavior.

It is important to note, however, that our observation of high
predictability using this species-level comparison does not negate
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TABLE 5 | Bland & Altman Statistics derived in BA-plotteR (Goedhart and Rishniw 2021) for assessing the limits of agreement between fossil brain
component estimates derived from the phylogenetic generalized least squares (PGLS) and simulation equations used in the current study.

Bland & Altman plot statistics Parameter Value 95% CI lower limit 95% CI upper limit
Gray PGLS versus Gray SIM Difference -0.15 —5.82 5.52
Intercept —25.56 —29.48 —21.63
Slope 0.33 0.29 0.37
GI PGLS versus GI SIM Difference 1.88 0.42 3.33
Intercept —43.54 —44.52 —42.55
Slope 27.12 26.54 27.7
CT PGLS versus CT SIM Difference 0.85 0.27 1.43
Intercept —22.59 —22.96 —22.22
Slope 11.37 11.19 11.55
Caudate PGLS versus Caudate SIM Difference —7.54 —14.88 -0.21
Intercept —54.54 —59.52 —49.56
Slope 34.42 31.29 37.56
Putamen PGLS versus Putamen SIM Difference —15.11 —26.56 —3.65
Intercept —82.1 —90.07 —74.14
Slope 335.14 301.59 368.68
Striatum PGLS versus Striatum SIM Difference 141.73 126.1 157.36
Intercept 166.26 141.58 190.94
Slope —25.03 —45.08 —4.98
Pallidum PGLS versus Pallidum SIM Difference —147.24 —162.69 —131.79
Intercept -93.97 —121.72 —66.21
Slope —73.76 —107.28 —40.25
Basal Nuclei PGLS versus Basal Nuclei SIM Difference —-17.79 =25 —10.59
Intercept —66.32 —71.08 —61.56
Slope 28.81 26.36 31.27

Abbreviations: CT, cortical thickness; GI, gyrification index; PGLS, phylogenetic generalized least squares regression; SIM, simulation data.

the existence of meaningful interspecific or individual variation
in these parameters. A prime example of this is that observed
for the two domestic dogs included in this study where the
proportion of the putamen:caudate and pallidal:caudate varied
between 10%-16% and 6%—-8%, respectively.

4.3 | Predictions Based on Regression Analyses of
Extant and SIM

Despite our observations of individual and species differences
in basal nuclei proportionality, regression analyses revealed that
there is large consistency in the scaling of subcortical brain
components in Carnivora and that this can be used to accurately
predict brain component size accurately from whole brain size.
Our analyses using both a simulated data set and that provided
directly from extant Carnivora aligned well with this conclusion.
As with previous investigators, we interpret this consistency in
scaling attributes as reflective of the underlying constraints (i.e.,
architectural, developmental, energetic, or phylogenetic) that
govern structural laws of form (Manger, Spocter & Patzke 2013).
To this end, we predicted the size of cortical and subcortical

brain components for the fossil Carnivora with these analyses,
revealing significant congruency in size estimates using the two
different data sources (Table 8). A comparison of the limits of
agreement using Bland-Altman plots (as well as accompanying
statistics) revealed strong congruency between estimates when
predicting GI and CT using the two approaches, whereas other
estimates performed moderately (GM, caudate, putamen, and
total basal nuclei mass), with some divergence for very small
and very large brain masses (Figure 16 and Table 6). These
results potentially highlight the usefulness of simulated data to
supplement an extant dataset and aid in allometric prediction
when samples size is limited.

Although our regression statistics were largely consistent
between terrestrial Carnivora (including felids and canids), this
was not the case for the aquatic Carnivora where the slope of
striatal mass: Brain mass scaling was markedly lower (Figure 14).
Although our sample size is rather small in this current dataset,
it is possible that this observation points to a relaxation of the
constraints that couple brain to brain component size in aquatic
Carnivora and permitting a relative increase in brain size for
these species. Some evidence that such scaling differences do
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TABLE 6 | Regression equation formulae, coefficients of determination (R?) and associated log transformation bias (Smearing estimator) derived

in the current study.

Smearing

Equation formulae Method R? estimator

EQ 1: Log 10 gray mass (g) = 1.0274 x Log 10 brain mass (g) — 0.17196 PGLS-Extant 0.99 1.00

EQ 2: Log 10 GI = 0.17831 X Log 10 brain mass (g) — 0.10912 PGLS-Extant 0.94 1.00

EQ 3: Log 10 CT = 0.12527 x Log 10 brain mass (g) + 0.079529 PGLS-Extant 0.73 1.00

EQ 4: Log 10 gray mass (g) = 0.76734 x Log 10 brain mass (g) + 0.31487 Simulation 0.46 1.30
-OLS

EQ 5: Log 10 GI = 0.11227 x Log 10 brain mass (g) + 0.0061692 Simulation 0.36 1.02
-OLS

EQ 6: Log 10 CT = 0.099041 x Log 10 brain mass (g) + 0.12487 Simulation 0.31 1.02
-OLS

EQ 12: Log 10 caudate mass (g) = 0.49017 x Log 10 brain mass (g) — 0.84111 Simulation 0.55 1.11
-OLS

EQ 13: Log 10 putamen mass (g) = 0.43006 X Log 10 brain mass (g) — 1.562 Simulation 0.25 1.41
-OLS

EQ 14: Log 10 pallidal mass (g) = 0.61536 X Log 10 brain mass (g) — 2.1249 Simulation 0.62 1.12
-OLS

EQ 15: Log 10 striatal mass (g) = 0.43809 x Log 10 brain mass (g) — 0.66175 Simulation 0.59 1.06
-OLS

EQ 16: Log 10 basal nuclei mass (g) = 0.47406 X Log 10 brain mass (g) — 0.69273 Simulation 0.54 1.09
-OLS

Abbreviations: CT, cortical thickness; GI, gyrification index; OLS, ordinary least squares; PGLS, phylogenetic generalized least squares regression.

exist in the Carnivora is most evident for the olfactory system,
where aquatic Carnivora are known to have a markedly reduced
olfactory system and bulbs (Welker et al. 2006) a pattern that is
also observed in the aquatic Afrotheria (Reep et al. 1989). There
are also notable differences in gyrencephaly between seals and
other terrestrial carnivores (Lyras et al. 2016; Manger et al. 2012).
These differences between aquatic and terrestrial Carnivora are
intriguing and warrant further analysis in explaining cognitive,
behavioral, and ecological differences between these groups.

Our results demonstrated a robust relationship between brain
volume and gyrification in the extant species. In contrast, Lyras
et al. (2016) observed an increase in both external cortical area
and gyrification in the Carnivora, which was unrelated to brain
size. These observations might contribute additional variation
in cortical area estimates, particularly for deep-time taxa not
captured by our current set of analyses.

4.4 | Probabilistic Mapping of Subcortical
Anatomy in Fossils

Probabilistic mapping of subcortical structures in the fossil car-
nivore revealed that the approach has some merit for predicting
and visualizing the subcortical morphospace. We found large
areas of overlap in the transformed mesh data of the extant
Carnivora included in our analyses. Notably, the percentage
overlap was greatest in more closely related species as was seen for
comparisons that only included “wolf-like” canids, whereas the
percentage overlap was influenced by the inclusion of “fox-like”

canids and felids. Although our approach is exploratory, we envis-
age that further development and integration of these techniques
with other data sources could greatly aid comparative analyses
by allowing researchers to make more accurate inferences about
fossil species behavior and cognitive capabilities. Furthermore,
probabilistic-based predictions of the shape and size of brain
structure in fossil species may also dramatically assist in the
fossil reconstruction process. Due to the variability of taphonomic
processes, it is likely that a paleoneurologist might only have
a partial or incomplete surface of the endocast (or cranium)
from which to work. In such cases, these approaches (applied to
both predictions of the internal and external endocast structure)
would help increase sample size by including predictive data from
fragmentary remains.

5 | Conclusion

We propose that the current set of analyses demonstrate the
utility of predicting and visualizing species brain component size
in fossil taxa. The use of brain size to derive further insight
into the neurobiology of fossil species is notable as this single
variable is often the only available data from which to directly
assess brain evolution in the fossil record. Furthermore, here
we demonstrate how modern 3D imaging techniques can be
leveraged to make probabilistic predictions of subcortical brain
anatomy in fossils. We hope that this study and accompanying
data will serve as an additional resource and promote dialogue
between neurobiologists working on extant Carnivora models
as well as paleoneurologists describing the nervous systems of
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TABLE 8 | Intersecting volumes (mm?®) and associated percentage overlap calculated for intersecting mesh combinations of the caudate nucleus

and white matter.

Intersection % overlap of % overlap of
Overlapping mesh (caudate Intersections) volume components total
Dog-Coyote 476.85 38.16 11.62
African wild dog-European wolf 553.27 32.07 13.49
Tiger-Clouded Leopard 405.82 58.68 9.89
Cat-Fennec fox 140.46 32.25 3.42
Dog-Coyote-African wild dog-European wolf 431.74 14.51 10.52
Tiger-Clouded Leopard-Cat-Fennec fox 21.98 1.95 0.54

Intersection % overlap of % overlap of
Overlapping mesh (white matter Intersections) volume components total
Dog-Coyote 26,332.16 100 28.71
Dog-Coyote-European wolf 21,016.76 46.14 22.91
Dog-Coyote-European wolf-Maned wolf 17,408.72 29.67 18.98
Dog-Coyote-European wolf-Maned wolf-Red fox 13,241.23 18.21 14.44
Dog-Coyote-European wolf-Maned wolf-Red fox-Tiger 42,150.48 65.83 45.95

fossil Carnivora. Combining these approaches with the rapidly =~ Ethics Statement

evolving toolkit of machine learning and artificial intelligence
holds great promise for the future of paleoneurology and its
ability to shed light on the evolutionary history of nervous
systems.
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