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Abstract

The rapidly expanding interest in, and availability of, digital tomography data to visualize casts of the vertebrate
endocranial cavity housing the brain (endocasts) presents new opportunities and challenges to the field of
comparative neuroanatomy. The opportunities are many, ranging from the relatively rapid acquisition of data to
the unprecedented ability to integrate critically important fossil taxa. The challenges consist of navigating the
logistical barriers that often separate a researcher from high-quality data and minimizing the amount of non-
biological variation expressed in endocasts — variation that may confound meaningful and synthetic results. Our
purpose here is to outline preferred approaches for acquiring digital tomographic data, converting those data to
an endocast, and making those endocasts as meaningful as possible when considered in a comparative context.
This review is intended to benefit those just getting started in the field but also serves to initiate further
discussion between active endocast researchers regarding the best practices for advancing the discipline.
Congruent with the theme of this volume, we draw our examples from birds and the highly encephalized non-
avian dinosaurs that comprise closely related outgroups along their phylogenetic stem lineage.
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Introduction

The last 25 years of evolutionary morphology have been
witness to an explosion of digital techniques for observing,
analyzing, and interpreting anatomical information. The
impact of these innovations has been transformative in the
field of comparative neuroanatomy where the various
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forms of computed tomography (CT) [i.e. viewing a three-
dimensional (3D) structure based on a parallel series of digi-
tally acquired two-dimensional (2D) images known as tomo-
grams] are now widely used across vertebrate clades to
visualize the endocranial space and to assess morphological
details of this space as a proxy for brain morphology
through the construction of digital endocasts (Fig. 1) (e.g.
Maisey, 2004; Colbert et al. 2005; Zollikofer et al. 2005;
Macrini et al. 2007a; Snitting, 2008; Witmer et al. 2008;
Olori, 2010; Smith & Clarke, 2012; George & Holliday, 2013;
Kawabe et al. 2013; Pradel et al. 2013; Racicot & Colbert,
2013; Racicot & Rowe, 2014). These advances have facili-
tated broad-scale comparisons of 3D neuroanatomy across
the vertebrate tree, and the non-destructive nature of these
methods has been a significant advance for vertebrate
paleontologists, giving new energy to the discipline of



paleoneurology (Rowe et al. 1995, 1997; Ketcham & Carl-
son, 2001; Carlson et al. 2003; Sutton, 2008; Cunningham
et al. 2014; Rahman & Smith, 2014). Fossils are the only
direct empirical windows into the deep history of morpho-
logical evolution and a study of their endocasts can help
establish the timing and nature of critical neuroanatomical
transformations (Conroy & Vannier, 1985; Marino et al.
2003; Witmer et al. 2003; Macrini et al. 2007a; Pradel et al.
2009, 2011; Silcox et al. 2010; Carlson et al. 2011; Rowe
et al. 2011; Zelenitsky et al. 2011; Knoll et al. 2012; Dupret
et al. 2014; Giles & Friedman, 2014; Kirk et al. 2014).

As CT imaging has become standard practice in paleontol-
ogy and as rapidly emerging techniques for differentially
staining neural tissues promise to greatly expand the num-
ber and functional implications of endocast studies for
modern taxa (Fig. 2) (Gignac & Kley, 2014), we think it pru-
dent to articulate some best-practice guidelines for con-
structing digital endocasts. One aim in making these
suggestions is to maximize the efficiency and efficacy of
what can be a time-consuming and challenging process,
especially for researchers just entering the field. Given that
the ultimate goal of the field is to gain a synthetic under-
standing of neuroanatomical structure, function, and evolu-
tion across vertebrate history (and beyond), we expect that
these guidelines will contribute to the general comparabil-
ity of endocast data from diverse researchers. Recognizing
and minimizing the biologically meaningless variation
expressed in our data will likely become increasingly impor-
tant as we refine the scope and sophistication of the ques-
tions that our field pursues.

The approach taken here is to propose and address a ser-
ies of questions that someone interested in constructing
and studying an endocast might ask. Following the general
theme of this volume, we draw our examples from the
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Fig. 1 Three-dimensional (3D) renderings of
the cranial endocast of Eurypyga helias
constructed from CT data. (A) Cranial
endocast of E. helias with transparent skull.
(B) Cranial endocast of E. helias with cranial
nerves (yellow), arteries (red), veins (blue),
and inner ear (pink). (C) Cranial endocast of
E. helias with inner ear, nerves, and
vasculature digitally removed. A smoothing
algorithm (Laplacian Smooth) has been
applied to the rendering.

avian crown and its stem lineage — a group that, along with
the mammalian total group, has long been at the forefront
of endocast research (Marsh, 1880; Osborn, 1912; Edinger,
1926, 1941, 1951; Janensch, 1935; Jerison, 1968, 1969, 1973;
Hopson, 1979; Larsson et al. 2000; Witmer et al. 2003; Fran-
zosa, 2004; Dominguez Alonso et al. 2004; Evans, 2005;
Franzosa & Rowe, 2005; Kundrat, 2007; Sampson & Witmer,
2007; Sereno et al. 2007; Witmer et al. 2008; Witmer & Rid-
gely, 2008a, 2009; Balanoff et al. 2009, 2010, 2013, 2014;
Evans et al. 2009; Norell et al. 2009; Milner & Walsh, 2009;
Picasso et al. 2009, 2010; Bever et al. 2011, 2013; Miyashita
et al. 2011; Walsh & Milner, 2011a; Smith & Clarke, 2012;
Knoll et al. 2012, 2013; Ksepka et al. 2012; Lautenschlager
et al. 2012; Kawabe etal. 2013; Walsh etal. 2013;
Degrange et al. 2015; Sues et al. 2015).

What is an endocast, and what information
can an endocast convey?

In the context employed here, a digital endocast is the
3D cast of any internal space that is digitally constructed
from serially sectioned data (Fig. 1), usually generated by
an X-ray CT scanner. The cranial cavity housing the brain
and associated tissues is most commonly targeted for cast-
ing, but the inner ear cavities, neurovascular canals, tym-
panic and paranasal pneumatic sinuses, and nasal cavities
are just a few of the other intracranial spaces that are
studied using this approach (Fig. 1B) (Spoor & Zonneveld,
1998; Bever et al. 2005; Rowe et al. 2005; Evans, 2006;
Kundrat & Janacek, 2007; Georgi & Sipla, 2008; Witmer &
Ridgely, 2008b, 2010; Evans et al. 2009; Walsh et al. 2009;
Ekdale, 2010, 2011, 2013; Farke, 2010; Luo et al. 2010;
Macrini et al. 2010; Ekdale & Rowe, 2011; Tahara & Lars-
son, 2011; Georgi et al. 2013; Racicot & Berta, 2013;

© 2015 Anatomical Society
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Fig. 2 CT images and cranial endocasts from
different specimen types and preparations.
Top row, 3D reconstruction of skull/head
from CT data. Second row, representative CT
slice through the cranial cavity. Third row, CT
slice with the cranial cavity segmented.
Fourth row, digitally prepared cranial
endocast. (A) A skeletal preparation of the
extant galliform bird Alectura lathami. (B) A
fossil oviraptorosaur dinosaur, Citipati
osmolskae. (C) A contrast-enhanced iodine-
stained preparation of the extant
paleognathous bird Dromaius
novaehollandiae. These staining techniques
provide a relatively direct bridge between an
endocast and the soft tissues it represents,
thus expanding the future role of endocasts
in comparative neuroscience.

Bourke et al. 2014; Lautenschlager et al. 2014; Ekdale &
Racicot, 2015.

A standard endocast is generated at the interface
between the skeleton (typically bone or cartilage) and the
soft tissue (or fluid) lying immediately deep to it. In pre-
pared skeletal material from extant taxa, this space is typi-
cally filled with air, whereas in fossils this space is
commonly filled, at least in part, with sedimentary matrix.
The endocast itself thus has a shape and a volume but no
internal structure. In the cranial cavity, the soft tissue form-
ing the interface with the surrounding skeleton is not the
brain but the superficial surface of the dural meninges and
vasculature enveloping the brain. The degree to which this
dural surface reflects the morphology of the underlying
neural tissue can vary widely between lineages and over
ontogeny (Jerison, 1973; Hopson, 1979; Hurlburt, 1996;
Evans, 2005; Macrini et al. 2007b; Witmer & Ridgely, 2008a;
George & Holliday, 2013; Hurlburt et al. 2013). This vari-
ance largely reflects the degree to which the brain fills the
cranial cavity. In general, highly encephalized taxa (those
with large brains relative to body size) tend to have brains
that nearly fill the cranial cavity, resulting in a strong corre-
lation between the volume/morphology of the endocast

© 2015 Anatomical Society

and that of the brain. The crown radiations of mammals
and birds are among the best examples of taxa with a high
brain-to-endocranial cavity correlation index (BEC index)
(Jerison, 1969, 1977; Hopson, 1979; Northcutt, 2002; Rowe
et al. 2011; Balanoff et al. 2013), but the brain also nearly
fills the endocranial space in some extant chondrichthyan
and teleost lineages (Northcutt, 1977, 2002; Van Dongen,
1998; Kotrschal et al. 1998; Coates, 1999) and seemingly in
some extinct lineages (e.g. pterosaurs; Witmer et al. 2003).
The thickness of the dura and extent of dural sinuses
ensure that even those taxa with a high BEC index express
some disparity between the shape and volume of the
endocast and that of the brain (Jerison, 1973).

There is a legitimate concern regarding the value of con-
structing an endocast when it is unclear whether the time
and effort will produce a meaningful approximation of the
brain. This is especially the case for fossils where poor con-
trast between matrix and bone and/or postmortem crushing
or distortion are often limiting factors. The answer depends
heavily on the hypothesis being tested, but virtually all
endocasts convey some useful morphological information
(even if it is only that the brain does not significantly fill the
endocranial space). In cases of uncertainty, a phylogenetic



perspective can be informative. If the taxon in question is
nested within a phylogenetic bracket comprising lineages
that express a reasonably uniform BEC index, it follows that
a similar index can be inferred for the fossil (Farris, 1983; de
Queiroz & Gauthier, 1992; Witmer, 1995). When one of the
crown clades comprising the bracket differs in its BEC index,
then the stem of that lineage should be witness to the apo-
morphic transformation, though the nature and timing of
the transformation remains unknown until it is established
empirically with endocasts from fossils. A good example of
this phenomenon is found in crown-group Archosauria.
Adult crown-group crocodylians express the plesiomorphic
condition in which the brain fails to fill the cranial cavity.
Thus, the braincase-dural interface does not accurately
reflect neural shape and volume (Hurlburt, 1996; George &
Holliday, 2013; Hurlburt et al. 2013). The extant sister taxon
to crown-group crocodylians is crown-group Aves (Gau-
thier, 1986; Gauthier et al. 1988), whose high BEC index
endocasts closely approximate the morphology of the brain
(Fig. 1). Much of the known diversity along the avian stem
is plesiomorphic in this regard, with high indices being a rel-
atively crown-ward apomorphy (Jerison, 1969; Hopson,
1979; Larsson et al. 2000; Northcutt, 2002; Dominguez
Alonso et al. 2004; Witmer & Ridgely, 2009; Balanoff et al.
2013). Endocasts from the earlier stem divergences are thus
less likely to produce a meaningful brain approximation,
but pinpointing the origin of the avian condition will
require new fossil discoveries and endocast studies.

A common dilemma in paleoneurology is the challenge
posed by incomplete or distorted specimens, which can
affect morphology as well as volume (Walsh et al. 2014).
Here, the focus of the study is critical, as some questions
require pristinely preserved material to address whereas
others can be addressed from rendering the deep surface of
even a single bony element. For example, the deep surface
of the avian frontal preserves the external signature of the
cerebrum, including the dorsal pallium (Wulst) — a sensory
processing center that appears to have had an important
influence on modern avian taxonomic and ecological diver-
sity (Emery & Clayton, 2005; Iwaniuk & Hurd, 2005; Reiner
et al. 2005; Iwaniuk & Wylie, 2006; Iwaniuk et al. 2007; Jar-
vis et al. 2013). When damage or distortion is restricted to
one side of the braincase, an endocast from the opposing
side can be constructed and then mirrored to estimate the
complete structure (e.g. Dominguez Alonso et al. 2004;
Balanoff & Rowe, 2007; Lautenschlager et al. 2012, 2014;
Balanoff et al. 2014). This approach is generally justified
given the symmetry of vertebrate neuroanatomy but will
clearly misrepresent the shape of asymmetrical features and
may be subject to error if the medial extent of the undis-
torted side is not clear. When an endocast is constructed
using right-left reflection, the method should be explicitly
stated not only in the methods section but also in the
appropriate figure captions to avoid any subsequent confu-
sion or over-interpretation of the data.
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In cases where brittle deformation has left a break in the
braincase it is best to follow the contour of the endocra-
nium across the break with the realization that the volume
of the cavity will likely be affected. Each case of brittle
deformation is different and should be addressed in a way
that minimally affects the shape of the endocast. In most
instances this amounts to drawing straight lines across any
openings. Any type of physical repair of this nature should
be made explicit within the methods. Some types of post-
mortem distortion may not significantly affect the endocra-
nial volume even when the shape relationships are altered.

The retrodeformation of both plastic and brittle distor-
tion is theoretically possible using algorithmic corrections.
These have been most actively pursued in the anthropologi-
cal literature (Boyd & Motani, 2008; Tallman et al. 2014)
but are beginning to be used on bird-line archosaurs (see
Witmer & Ridgely, 2008a).

What data are needed to construct an
endocast?

Digital endocast construction requires procuring digital serial
sections from the target specimen. These slices are generally
obtained using either a medical, micro- (u-) or industrial CT
scanner, although magnetic resonance imaging (MRI) and
synchrotron scanning have also been employed (Tafforeau
et al. 2006; Sutton, 2008; Cunningham et al. 2014; Rahman
& Smith, 2014). MRI has the benefit of showing greater dif-
ferentiation of tissues in specimens that are not alcohol-pre-
served (e.g. formalin-preserved, recently dead or live
specimens) but offers only a slight improvement over CT in
differentiating tissues in alcohol-saturated preserved speci-
mens (Van der Linden et al. 1998; Corfield et al. 2008).
Synchrotron scanning, which uses a particle accelerator as an
X-ray source, can produce exceptional images for extinct
taxa; it has even been able to distinguish organic soft tissue
in some fossil specimens (Tafforeau et al. 2006; Pradel et al.
2009). However, MRI and synchrotron scans are generally
costly or logistically complicated to acquire, and only need
to be pursued when their unique capabilities are required.

Endocasts can also be constructed from physical sections
made using a microtome or serial grinding (Sutton, 2008;
Cunningham et al. 2014). Once digitized, these histological
series can be aligned using one of the many available soft-
ware programs designed to deal with serial data and then
studied like any other digital dataset (Sutton, 2008; Corfield
et al. 2012). Digitizing and aligning existing collections of
histological series is time-consuming, but may provide new
information (Sutton, 2008; Cunningham et al. 2014).

If a fossil or extant specimen is broken such that the inter-
nal surface of the cranial cavity (or any space of interest) is
exposed, a partial ‘endocast’ can also be constructed from
surface scans of the internal surface of the endocranial
region. Surface scans produce data that are accurate and
can be easily manipulated and rendered in a range of

© 2015 Anatomical Society
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polygon mesh or point cloud file types (e.g. STL and PLY
models). The use of this technique essentially removes the
outer surface from the hollow model of the braincase, so
that only the internal surface is visible. This process can be
accomplished in freeware programs such as MesHLag (http://
meshlab.sourceforge.net). Additionally, surface scanning
can be used to digitize existing physical endocasts that are
catalogued in museums. As with endocasts generated from
CT data, the resulting visualization presents the interface of
bone and dura, which is an approximation of the brain dur-
ing life. Although physical tomography and surface scans
are useful methods, the discussion here focuses on the use
of X-ray CT data, as those are the most commonly available
and widely used data for constructing endocasts.

Are high-resolution CT scans required or are
medical-grade scans adequate?

Although X-ray CT scanners are available with a wide vari-
ety of options such as different beam shapes, they come in
two general grades: medical and high-resolution (uCT or

industrial grade) (Fig. 3). The great benefit of medical-
grade scanners is that they are widely available, being pre-
sent in essentially every community that has advanced med-
ical care facilities. Medical-grade scanners are also (typically)
extremely economical. In many countries, gaining access to
a medical CT facility for research purposes is not problem-
atic if the scientific need for the scans is stated clearly. Cost
and access will vary (especially internationally) depending
upon a community’s medical need for these scanners. Medi-
cal scanners, however, are designed for living subjects,
which may limit their application to neuroanatomical com-
parative studies. Moreover, radiation technologists operat-
ing the scanners are trained to optimize patient safety and
maintain X-ray dosage within safe levels, and therefore are
generally unfamiliar with parameters that are optimal for
non-human cadavers or fossils. Although medical scanners
often have capabilities that make them suitable for many
fossils, technologists may not be familiar with these capabil-
ities. These scanners typically use relatively low energies
(voltage) and modest power (amperage), which may be
insufficient to penetrate dense fossils and/or surrounding

POSITION SPECIMEN IN
SCANNER NORMAL TO
PREFFERED ANATOMICAL AXIS

!

CAN ~500 SLICES THROUGH
NO CRANIAL CAVITY BE OBTAINED?

YES

Ve

( ATTEMPT CT SCAN )

Y

»( YES

ARE BEAM HARDENING/
STARVATION ARTIFACTS PRESENT?/

NO

}
HIGH RESOLUTION SCANNING ( BEGIN SEGMENTAT,ON!)
FACILITY IS REQUIRED

A

DO ARTIFACTS REMAIN? )

( APPLY FILTER )

A

YES ( INCREASE X-RAY ENERGY )
( CAN ENERGY BE INCREASED? ) YES
NO

Fig. 3 Flow chart illustrating procedures to help determine if high-resolution CT scanning is the preferred method to deal with the specimen of

interest.
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matrix. Although medical scanners are now capable of
approaching the slice thickness of high-resolution systems
(~ 0.3 mm in the z-axis and no less than 0.4 mm? in x- and
y-axes, respectively), such resolutions are generally inade-
quate for very small specimens. These effects can sometimes
be mitigated if the technician operating the machine is
made aware of requirements for higher X-ray energies and
image resolution prior to scanning. Technicians may require
assurances that these settings will not damage their scan-
ners or facilities. The following references provide examples
of a variety of common medical scanner models and set-
tings used to acquire endocasts of fossil and extant material
(e.g. Chapla et al. 2007; Witmer & Ridgely, 2009; Kawabe
et al. 2013; Sales & Schultz, 2014; Carril et al. 2015).

Dataset resolution is an outcome of specimen size relative
to the size of the voxels (voxels, or ‘'volume elements’, are
the 3D equivalents of pixels). Endocasts are constructed by
segmenting (i.e. digitally isolating features of interest) the
cranial cavity from a series of slices and then interpolating
between those slices to create a 3D product (Fig. 2) (see
below). Morphological descriptions and measurements
using CT data require sufficient voxel coverage of the tar-
geted features (i.e. the voxel size must be small enough to
resolve the region of interest). If the voxels are too large,
the interface between bone and air/matrix may at points
appear blurred because it falls within a voxel (Walsh et al.
2014). This phenomenon, known as voxel partial volume
averaging (see below), is best avoided by scanning with a
resolution high enough to detect the boundary between
materials of contrasting attenuation.

Note that most pCT scanners will typically deliver scan
data in which the voxels are isotropic (i.e. x, y, and z axes
are equal in length), but many older scanners, medical scan-
ners, and linear detector industrial scanners produce data
with anisotropic voxels (i.e. x and y lengths differ from z;
with z corresponding to the slice spacing). The required res-
olution for cranial cavity endocasts will vary with the com-
plexity of the space, but 500 slices probably lies on the low
end of this distribution, with most endocasts now being
constructed from more than 1000 slices. To put this in con-
text, to obtain 500 medical-grade slices (at an interslice
spacing of 0.3 mm) through a braincase would require that
the cranial cavity be 15 cm long — a length exceeding that
of most vertebrates. That stated, medical scanning often
produces good results (and is often the only option) for lar-
ger specimens.

The X-rays produced by a medical scanner range up to
~ 140 kV, an energy optimized to minimize dosage while
providing adequate X-ray penetration of typical human
subjects. Often medical scanners have preset parameters
designed to highlight various tissue types (e.g. bone, heart,
lungs), with a concomitant reduced emphasis on other tis-
sues. For example, when scanning skeletonized specimens,
the contrast in density between the skull and the air that
fills the cranial cavity is typically sufficient to obtain good
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resolution with common medical presets. In fact, these scan-
ners are equipped with settings (typically for dental amal-
gam, titanium pins, etc.) that can ameliorate ‘starburst’
artifacts caused by minerals such as pyrites and manganese
that are commonly seen in fossils. However, when scanning
fossils in which the cranial cavity is filled with hardened sed-
iment, we advise the acquisition of a series of short (i.e.
~ 10 slices) preliminary scans to determine the optimal scan-
ning parameters (i.e. highest resolution balanced with mini-
mal artifacts; see below). Beam energies produced by
medical scanners are sometimes inadequate to fully pene-
trate a densely permineralized fossil or one that is embed-
ded in matrix that has not been fully prepared away
physically. This generally leads to beam-hardening or beam-
starvation artifacts (see Discussion). The shape of the speci-
men can further exacerbate these artifacts, particularly if
the fossil is preserved on a slab (e.g. known specimens of
Archaeopteryx lithographica), although problems of speci-
men geometry are not unique to medical scanners.

To mitigate artifacts related to inadequate X-ray penetra-
tion, the scan protocol should take advantage of the high-
est energy X-rays permitted by the system. Higher energy
X-rays will better penetrate dense materials than lower
energy X-rays. The X-ray dose should also be maximized,
scanning for the greatest amount of time possible, and with
the highest permissible amperages. That being said, a con-
sequence of using higher energies is a reduction of contrast
and the ability to resolve materials of similar density (Carl-
son et al. 2003), which can be especially problematic in fos-
sils that have bone and matrix of similar density.

Finally, the specimen should be mounted for scanning in
a position that presents its smallest possible diameter to the
X-rays in order to minimize X-ray filtration by the sample.
For fossils, it is advisable to reduce the size of the surround-
ing matrix block prior to scanning, as this will reduce filtra-
tion of the X-ray beam through the specimen. This does not
necessarily mean removing the entirety of the matrix. Physi-
cal preparation is inherently dangerous because even with
great care, structures can be damaged and additional arti-
facts can be introduced into the CT slices at the air—fossil
interface (see below). Unfortunately, in many cases medical
scanners will simply be inadequate for scanning some fossil
specimens.

Assuming that there are no concerns about the adequacy
of the employed X-ray source to penetrate the sample, it is
also advisable that the specimen be scanned in a plane nor-
mal to standard anatomical axes. This will facilitate inter-
pretation and segmentation of the data by taking full
advantage of the natural symmetries of the specimen. Non-
orthogonal scans can certainly be used, and most of the
upper-end image-processing software facilitates realign-
ment of a specimen relative to standard anatomical planes,
although this type of realignment can result in loss of data
through partial volume averaging. Regardless, proper align-
ment at scanning will save considerable time and effort.

© 2015 Anatomical Society
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What information should be gathered prior
to scanning a specimen at a high-resolution
CT (HRCT) facility?

If logistics and costs permit, high-resolution scanners, either
uCT or industrial CT, are preferable to medical scanners
because they are engineered for research. These scanners
are typically restricted to research institutions (e.g. universi-
ties and museums) or industrial facilities and thus are gener-
ally less accessible than medical scanners, often requiring
either an affiliation/collaboration with the institution and/
or a fee that is based on the amount of required beam time
and the volume of data generated.

High-resolution scanners provide not only the benefit of
much higher-resolution (with many scanners attaining sub-
micron scale voxels), but also the capacity to employ higher-
energy X-rays that can penetrate dense materials and/or
large samples that cannot be imaged well with medical
scanners. Such scanners also have flexible geometries that
permit optimization of a wide range of object sizes and
shapes. Some nano-scanners even allow in vivo scanning.
HRCT facilities are usually staffed with research scientists
who understand how to maximize the quality of scan data;
however, receiving high quality HRCT data that can be con-
verted into a meaningful endocast may require clear com-
munication of your research needs.

As described above, image resolution is a key parameter
that is largely dictated by voxel size relative to specimen
size. In general we recommend capturing approximately
1000 slices through the length of the braincase. Thus, if
the braincase is 5 cm in length, we recommend ~ 50 um
voxel size (or interslice spacing for non-cubic voxels). All
data should be collected at as high a resolution as possible,
but this can lead to extremely large, memory intensive
datasets if one is scanning the entire skull, particularly for
birds with long beaks (e.g. scanning a skull with a 5 cm
braincase and a 30 cm total length would yield 6000 total
slices). In these instances, the cost and size of the dataset
can be reduced by scanning the braincase only. However,
the skull is an integrated system and, if possible, it is best
to procure a scan of the complete skull, even if this is not
immediately needed for the project at hand. Another
option is to scan the entire skull at a low resolution and
the braincase at a higher resolution. The endocranial struc-
tures can then be registered with the full skull for illustra-
tions and animations. As with medical scans, proper
orientation of the specimen and, if possible, trimming
excess matrix from fossil specimens will generally improve
scan quality due to improved X-ray penetration and
reduced specimen size.

Finally, with both medical and high-resolution CT data, it
is important that the grayscale values in the reconstructed
CT data are appropriately optimized to best showcase
meaningful contrast in the specimen. The grayscale values
in CT data are correlated to X-ray attenuation through the
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scanned materials (attenuation coefficient), which is a func-
tion of density and elemental composition of the scanned
object. By convention, darker grays are mapped to less
attenuating materials, with air generally being the least
dense material in the scan. To facilitate accurate threshold-
ing (see below) and to improve 3D renderings, air should
be assigned a range of values above the minimum (i.e. pure
black) grayscale value. Similarly, the most attenuating mate-
rials should not be mapped to the maximum gray value (i.e.
pure white), unless it is clear that the material is not of bio-
logical significance.

How are CT artifacts recognized and
corrected?

A number of characteristic CT artifacts can potentially
negatively affect segmentation results. There are many
techniques that a skilled scan operator can employ to
improve the quality of the scan (see Ketcham & Carlson,
2001). In general, it is important to mitigate CT artifacts
as well as possible during the scanning and reconstruction
stage, as they can complicate subsequent processing of
the data.

Among the most common CT artifacts are those related
to ‘beam hardening’. Beam hardening is a phenomenon
occurring in all CT data employing polychromatic X-ray
sources (i.e. all scans apart from those collected with syn-
chrotron sources). Polychromatic X-ray sources, such as
those used in medical and HRCT scanners, generate a spec-
trum of energies, of which the reported energy value gen-
erally corresponds to the peak energy. This necessarily
results in differential filtration of X-rays as they pass
through the scanned specimen, with less-energetic X-rays
being more highly attenuated than higher-energy X-rays.
This results in an increase in the average energy recorded
by the detectors (hence the ‘beam-hardening’ moniker). In
the data, this is manifested as an artificial brightening of
the edge of objects compared with the interior. Accord-
ingly, the gray values associated with a particular material
may differ depending on their location in the scan, and a
threshold value may not be valid to define the boundary
between materials (e.g. bone vs. matrix in a fossil specimen)
at all locations in the object of interest.

Beam-hardening artifacts are best minimized as the scan
is acquired. Preventative measures include pre-filtering the
X-ray beam to remove the lower energy X-rays, and the use
of higher-energy (filtered) X-rays to provide more of the
signal that is able to penetrate the specimen. Copper filters
are commonly employed, but the CT technician typically will
be aware of which filter is most appropriate. Note that the
use of higher-energy X-rays will lower the contrast between
materials, and the use of filters will reduce the overall sig-
nal, leading to noisier image data. This phenomenon can
be compensated for by increasing the amperage, or X-ray
flux, which unfortunately will itself lead to a defocusing of



the X-rays, causing slightly blurrier data. The ultimate
choice of parameters is thus almost always a compromise
between competing variables.

Beam hardening can generally be partially corrected by
application of a software filter to the raw data as they are
being reconstructed into CT slices, typically using propri-
etary software packages that are bundled with the CT scan-
ner. Such software filters generally involve warping the
gray values in the CT slices to minimize the grayscale vari-
ability. When examining data to look for the occurrence of
beam-hardening artifacts it is important to be aware that
overcorrected data can manifest the opposite pattern, with
the specimen becoming artificially brightened in the
interior.

Beam starvation is another class of artifacts related to
beam hardening, occurring when there is an inadequate X-
ray signal through the specimen. This often manifests as
wavy lines running through the data, or as a marked
increase of noise towards the interior of specimens. Apart
from rescanning with higher energy (if possible), there is lit-
tle that can be done to correct beam-starvation artifacts.

Rings are another common class of CT artifact and are the
manifestation of detectors being out of calibration relative
to their neighbors. Rings are generally exacerbated in
dense, uniform materials. Different scanners have various
strategies for minimizing rings including use of filters while
scanning, dithering, and post-reconstruction ring correc-
tion. Minor rings tend to be more of a visual distraction
than an artifact resulting in loss of data, and when they are
encountered in the data, one is advised to try to look past
them.

What software applications are available for
endocast construction and visualization?

A plethora of programs are available for viewing and seg-
menting CT data in order to digitally construct 3D endocasts
(Zollikofer & Ponce de Ledn, 2005; Martin et al. 2013;
Cunningham et al. 2014; Atala & Yoo, 2015; http:/bio
comp.stanford.edu/3dreconstruction/software.html). Most
offer the same basic features, differing primarily in avail-
able types of segmentation tools, smoothing algorithms,
allowable size of datasets, quality of rendering, and price.
Several software programs are available free for download.
A few popular examples of this freeware include 3p sucer
(Fedorov et al. 2012), the non-medical version of OsiriX
(Rosset et al. 2004), orisHn (http:/sf.anu.edu.au/Vizlab/
drishti/index.shtml), spiers (http://spiers-software.org/), Sec3D
(http://Avww.sci.utah.edu/cibc-software/seg3d.html), and
Image) (Abramoff et al. 2004). Although some of the afore-
mentioned packages are written for specific operating sys-
tems (e.g. OsiriX is available only for Mac Os X 10.8 or later),
most can be used on multiple platforms. In these cases, the
best operating system for processing these data is a matter
of user preference. Most of these programs offer some vari-
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ation of a free-hand and threshold tool for segmentation,
can visualize the 3D object either as a volumetric or isosur-
face rendering, and can export volumetric data as a poly-
gon model (e.g. STL or PLY). Those functions encompass
most of the needed features for endocast construction, but
some of these programs cannot handle a dataset that is
over 1 gigabyte (GB) in size. For datasets larger than 1 GB
(which includes almost all those generated by pCT scanners),
the free programs available may be insufficient. The propri-
etary programs, not surprisingly, are able to import larger
datasets. The most popular of these for segmenting the
endocranial space include Mimics, VGStubio Max, avizo, and
AMIRA, TO name only a few.

What file format should be used to visualize
data?

Different types of scanners output their data in different
file formats. The medical scanning community has almost
universally adopted the DICOM (.dcm) format. DICOM files
are useful because they include many scanning parameters
and volume dimensions as part of the header information,
and that information generally is incorporated automati-
cally by the wide variety of software packages available for
visualizing and processing serial image data (see below).
Loading other, non-proprietary forms of slice data (e.g.
TIFF, BMP, PNG) into these programs minimally requires
manually entering the voxel dimensions. We discourage the
use of JPEGs or any type of compressed images. Providing
the correct dimensions is imperative, lest the size and aspect
ratio of the specimen be distorted and any subsequent lin-
ear or shape measurements (see below) become inaccurate.
In all cases, it is vital to obtain information regarding voxel
size before generating endocasts. Voxels from most recent
uCT scanners models are cubic (isometric), and are often
reported as ‘voxel size’. Older uCT scanners and some high-
energy scanners with linear detectors generate non-cubic
voxels (anisometric). In either case, voxel metadata from
such scanners are provided as either x, y, and z spacing or as
the field of reconstruction and the interslice spacing. In the
latter case, the x and y spacing must be calculated by divid-
ing the 2D field of reconstruction (mm) by the number of
pixels that make up that field (usually 512, 1024 or, more
recently, 2048).

HRCT scanners can output data in a variety of image file
types, although standard TIFFs are commonly used. TIFF
images usually are saved as either 8-bit or 16-bit grayscale
formats. The bit depths refer to the number of gray values
in each voxel (28 or 256 grays for 8-bit data; and 2'6, or
65536 grays for 16-bit data). The 16-bit data are much lar-
ger than the 8-bit data but can be useful, particularly for
many fossils, when there is minimal X-ray contrast between
bone and matrix. Similarly, visualization of soft tissues in
differentially stained modern specimens may be facilitated
by use of 16-bit data (Fig. 2C). Generally speaking, 8-bit
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data are adequate for resolving modern osteological speci-
mens, where there is inherently greater X-ray contrast
between air and bone (Fig. 2A). The main reason to prefer
8-bit data over 16-bit data is because the large size of 16-bit
CT data sets may be computationally intractable on many
desktop computers.

Because of the relatively large size of CT datasets, it is
advisable to use a computer equipped with a large amount
of RAM, fast processors, and a high-end graphics card that
has ample RAM. The amount of computer power required,
of course, depends on the size of the CT datasets to be ana-
lyzed, and this is a moving target. As CT scanning systems
improve, they will likely generate ever-larger datasets. As a
rule of thumb, however, the amount of RAM available
should be at least twice the size of the CT dataset being
analyzed. Furthermore, even in cases where the analysis of
very large CT datasets is impossible with available comput-
ing resources, we recommend acquiring the highest-resolu-
tion data that one can afford. Data can always be
downsized for analysis, and the larger dataset may be more
useful for future research.

What if the dataset is too large to be opened
by the image processing software or
becomes too burdensome for the system’s
processing capabilities?

Although we advocate using the best data possible, we
realize that this is not always feasible for many researchers.
Large datasets can pose a number of problems, including
simply loading them into the image-processing software.
Recommended steps for dealing with overwhelming data
are outlined in Fig. 4 and discussed here. As a first step, 3D
visualization applications usually allow the user to crop
excess canvas (typically air) surrounding the specimen
before the data are fully imported, which will reduce file
size without loss of resolution or quality of the data. If this
is not an option, image-processing applications such as Ima-
Ge) can be used as well. Cropping the rostrum (while pre-
serving a full archival dataset) is also an option at this point
in data processing.

Although we discourage their use, if the data are still too
large to open or easily manipulate, then options that result
in data loss may need to be taken. TIFF images can be
downsized from 16- to 8-bit. This reduces the number of
gray values in the data, but does not change their spatial
resolution. If one is planning on adjusting the grayscale
contrast prior to segmentation (e.g. for a scan of a fossil
exhibiting poor contrast between bone and matrix), this
should be done prior to downsizing to 8-bit format to mini-
mize information loss. Conversion to JPEGs (8-bit) is not rec-
ommended because this is a ‘lossy’ compression that
reduces the quality of the data. Besides having a smaller ini-
tial number of grayscale values, JPEG images must be
decompressed and recompressed each time they are
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DATATOO LARGE TO IMPORT OR
USE IN 3D RENDERING PROGRAM?

()

YES

CROP DATA
Remove excess canvas from around
specimen (recommended: Image))

v

( STILL TOO BIG? )—»( NO>—

YES

REDUCE BIT DEPTH FROM 16 TO 8
If necessary, adjust contrast prior to
reduction (recommended: ImageJ)

v

( STILLTOO BIG? )—P( NO>_

YES

BIN DATA (in x,y, and z; in x and y; or
justin z).

Record new dimensions for x, y, and z
(recommended: Imagel))

v
( STILLTOO BIG? )—»( NO>—

( BEGIN SEGMENTATION! )

Fig. 4 Flow chart illustrating preferred procedures for reducing CT
data size.

opened and resaved, resulting in further reduction in the
number of gray values.

In more extreme cases, one can reduce the data size by
lowering the resolution (i.e. by increasing the voxel size/re-
ducing voxel number). This is best accomplished in applica-
tions such as Imace) that allow the data to be binned in X,
Y, and Z dimensions. Binning is a process in which multiple
voxels are combined into a single voxel and is preferable to
simpler methods of reduction (such as discarding every
other slice) because it accounts for the lost data, and
accordingly will mitigate artifacts engendered by missing
data. Note that if one chooses to bin data on X and Y, but
not Z, then the aspect of the voxels will be changed (the
altered parameters will need to be used when loading the
resized data into image-processing software). In all cases of
data modification one should keep an archival set of the
unaltered slices as a reference.



Once the data are loaded, what is the
process for constructing an endocast?

The process of constructing a digital endocast (i.e. segment-
ing the space of interest and rendering it in 3D) will vary
based on the software and especially the nature of the
dataset. The general goal, however, should always be to
construct the endocast in the most objective way possible.
Data segmentation does not precede the scientific process,
but is very much a part of that process. A segmentation is a
hypothesis and thus needs to be repeatable.

Segmentation at the most basic level involves assigning
pixels in a region of interest (ROI) with a digital label. These
label fields are essentially 1-bit image overlays that gain vol-
ume when adjacent tomograms are tagged with the same
label, resulting in tagged voxel models that resemble sculp-
tures made of bricks until rendered by the software. The
most objective criteria on which to base segmentation are
usually the grayscale values. Grayscale values in CT data
reflect the density and elemental composition of a material
and, ideally, the various tissues and fluids represented in a
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dataset will be defined by a unique range of grayscale val-
ues (Fig. 2). If the contrast of grayscales between various
components of the data (e.g. between the grays of bone
and air for scans of an osteological specimen) is sufficient
and consistent throughout the dataset, then one can define
a threshold value that will separate those components.

In the best-case scenario, the true threshold between two
components can be specified by the half-maximum height
protocol that calculates the threshold value as the mean of
the maximum and minimum grayscale values in the pixels
spanning a boundary (see Coleman & Colbert, 2007). Most
programs that enable segmentation offer threshold tools,
or ‘magic wand’ tools for which a threshold can be speci-
fied. Because of its objectivity and relative speed, particu-
larly with osteological specimens, threshold selection
should be the initial step in the construction of every endo-
cast (Figs 2 and 5). There are, however, several cases where
a calculated threshold value will fail. These most commonly
include the situation where the grayscale values between
bone and the material filling the endocranial space (i.e. air,
tissue or matrix) are broadly overlapping and thus no

Fig. 5 In some cases there is no single
threshold value that will correctly select the
surface of interest because of partial volume
effects. (A) In this example the specimen
(Tapirus pinchaque: MVZ 124091) has regions
of thin and thick bone. (B). Use of the half-
maximum thresholding protocol will correctly
define the surface location in regions of thick
bone but not in regions where the bone is
too thin to reach the true CT value for bone.
(C) Accordingly, the threshold will drop out
surfaces defined by thin bone.
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unique threshold value can accurately describe the bound-
ary. This overlap can result from natural causes (as is the
case in many fossils), differential staining or from artifacts
in the CT data. Another common problem with defining a
threshold relates to a partial volume effect, where the
thickness of a material (either bone or endocranial fill) is
not sufficient to capture the average gray value for that
material seen elsewhere (Fig. 5), necessitating the use of
local thresholds, or definition of the boundary using other
tools.

If the product of the threshold segmentation needs to be
refined (which is almost always the case), or if the threshold
segmentation largely failed, segmentation can proceed
using the more subjective freehand tools, such as the lasso
or paintbrush. Of these tools, the lasso is generally pre-
ferred for its higher degree of accuracy in-and-around com-
plex structures. However, different programs offer a variety
of segmentation tools and, at some level, the choice of tool
comes down to personal preference. Some high-end ren-
dering software packages enable interpolation between
selections on non-contiguous slices. Interpolation can save
considerable time and effort as it requires a selection to be
defined only every few slices. Although this method has the
potential to miss fine-scale features, it generally results in a
cleaner 3D surface than when the selection is hand-drawn
for each slice. Interpolation is most effective when the fea-
ture of interest is relatively uncomplicated (e.g. the internal
surface of the calvarium). Segmentation in three orthogo-
nal planes also typically results in a cleaner surface by pro-
viding a useful way to observe the full complexity of
anatomical structures.

With respect to foramina and fenestrae, how
should the anatomical limits of a cranial
endocast be defined?

The cranial cavity of most skeletally mature vertebrates,
including birds, is largely enclosed by bone, but in all verte-
brates the cranial cavity communicates with the exterior
through several large openings. Posteriorly the foramen
magnum opens into the spinal canal, and anteriorly the cra-
nial cavity is confluent with the interorbital space and nasal
cavity. Opening laterally, a series of perforations convey the
cranial nerves, primary cerebral vessels, and secondary neu-
rovascular bundles. Defining limits to the endocast during
segmentation can be difficult to achieve with precision and
objectivity, but failure to do so can significantly affect the
shape and volume of the endocast. As a means to increase
objectivity and ease comparisons between datasets, we
advise stopping the endocast segmentation at the first slice
in which the margin of a foramen or fenestra is encoun-
tered in two of the orthogonal planes. This approach cre-
ates two intersecting lines when viewed in the third plane.
These two lines form two of three sides of a right triangle
that can be objectively completed in the third plane (Fig. 6).
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Fig. 6 Suggested approach for drawing the anatomical cutoff point
for openings into the endocranial space such as the foramen mag-
num. Sagittal slice through skull of Eurypyga helias, in which the
endocast has been segmented in the coronal and horizontal planes
(blue). The red dotted line indicates where the third line should be
drawn to complete this cutoff.

Although the product of this approach is sometimes jagged
and not necessarily aesthetically pleasing, it does provide a
relatively accurate and standardized approximation of the
2D opening even when that opening lies at a marked angle
to the sectional planes.

The rostral end of the endocast can be especially chal-
lenging. Unlike the condition in crown mammals where the
boundary between the cranial and nasal cavities is
clearly indicated by the ossified cribriform plate, this transi-
tion is often broadly confluent in most other vertebrate lin-
eages (including the majority of mammalian and avian
stem taxa). In crown birds, this space typically is enclosed to
varying degrees by ossifications of the orbital (laterosphe-
noid and orbitosphenoid) and ethmoid cartilages (meseth-
moid). Thus, the anterior opening can be segmented using
the approach outlined above. In many non-avian dinosaurs,
however, the olfactory bulbs leave a depression on the
internal surface of the frontals but their ventral and ventro-
lateral margins are not defined by bone. Instead of trying
to guess the ventral dimensions of this structure, we recom-
mend defining a plane to close the ventral surface based on
the lower limits of the ossified margins. This will underesti-
mate the volume of the olfactory bulbs, and thus the endo-
cast as a whole, but it is a conservative and objective
approach.

It is often desirable to segment and study the morphol-
ogy of the neurovascular canals communicating with the
cranial cavity. For example, the assessment of the relative
importance of certain sensory modalities requires informa-
tion about cranial nerve bundle thickness (Hall et al. 2009;
Walsh & Milner, 2011b). In such cases, the digital cast of the
cranial cavity should be terminated at the opening into the
cranial cavity using the above-described approach. Individ-
ual neurovascular canals can then be segmented distal to
this point as separate partitions. Keep in mind that it is easy
to combine partitions but often labor-intensive to partition
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a segment into components (although some 3D visualiza-
tion packages include 3D segmentation tools). We there-
fore encourage the use of multiple partitions in the initial
segmentation.

Can a cranial endocast be partitioned to
reflect different regions of the brain?

In taxa with a high BEC index where a close correlation
exists between the shape of the braincase-dural interface
and the underlying brain, it may be possible to meaning-
fully partition that space into some combination of the
regions comprising the brain (cerebrum, cerebellum, olfac-
tory bulbs, optic lobes, medulla, etc.). The great challenge
in this endeavor lies in the relationships of these regions. In
life, cell layers contact one another in complex patterns
deep within the brain, but endocasts can provide only sur-
face morphology. How these neurological regions relate to
the surrounding skeleton is an active area of research
(Walsh & Milner, 2011a; Balanoff et al. 2013; Kawabe et al.
2015; Morhardt et al. 2012) and represents an important
step forward in integrating endocast, neuroanatomical,
and neurophysiological data. It is probably too early to
articulate a detailed ‘best practices’ for subdividing the
endocast into functional regions because approaches tar-
geting a restricted area of the tree are likely to differ from
those aimed at the important task of broad phylogenetic
comparisons. We encourage researchers to explore different
means of partitioning the endocast, and to do so in the
spirit of promoting objectivity and comparability in endo-
cast research, using homologous osteological landmarks
whose impressions are readily visible on the endocranial
surface.

How should a completed endocast be
visualized?

Because an endocast is a reflection of surface morphology
with no internal structure, it is best visualized as an isosur-
face. In the context of endocasts, an isosurface is a 3D sur-
face corresponding to a 3D contour of a particular grayscale
value (e.g. the value separating the endocast segment from
material outside that segment) within the selected region
of interest.

Isosurfaces can be saved as polygon files in various for-
mats (STL and PLY are commonly used) that can be read
by most 3D visualization programs and also distributed as
3D PDFs. These files also can be used for rapid prototyp-
ing (i.e. ‘3D printing’). The size of these files is largely
dependent upon the number of polygons defining the
surface and can be reduced by decimation (i.e. reducing
the number of polygons). When decimating a polygon
rendering to reduce file size, it is important to pay atten-
tion to how image quality and surface detail are affected.
Overly decimated renderings can begin to look like cubist
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paintings, which can obscure potentially informative
anatomical features.

In addition to presenting the isosurface as a file that can
be manipulated, one can present visualizations of the endo-
cast either as still images or 3D PDFs (for conventional publi-
cation) or animations. Such animations typically depict the
endocast rotating around its anatomical axes, and can be
generated in most 3D visualization programs.

What are the benefits and costs of
smoothing an isosurface?

In addition to tools for smoothing voxel segmentations, 3D
visualization programs generally offer a number of options
for smoothing polygon surfaces. This process removes or at
least reduces the stair-stepping artifacts that characterize
many raw endocasts, especially those constructed from fos-
sil specimens in which segmentation has been done manu-
ally or where the interslice spacing exceeds the resolution
in the x-y plane. Smoothing increases the aesthetic quality
of the endocast and, by reducing the stair stepping, may
actually produce a shape and volume that is more biologi-
cally realistic. However, it should be recognized that too
much smoothing may produce misleading volumetric values
and/or obscure potentially important morphological details.
Very thin structures, such as nerve and vessel canals or semi-
circular canals of the inner ear, can be distorted or lost
entirely due to smoothing. Generally speaking, smoothing
is likely to have a greater impact on surface area measure-
ments than on volumetric analyses, but it is clear that sensi-
tivity analyses are needed to test the implications of
smoothing, especially with regard to the overall size of the
endocast (smaller specimens and smaller structures likely
being more sensitive to smoothing effects). Until there is an
empirical understanding of the effects of smoothing, we
recommend that researchers find a balance between the
benefits and potential problems of smoothing, and explic-
itly report their smoothing parameters.

How should measurements be taken from
the endocast?

Most 3D visualization software includes tools for taking
both volumetric and linear measurements. Volumes and
surface areas are generally obtained from the isosurface
polygon renderings (see above regarding the potential
effects of smoothing). To help standardize the volumes of
cranial endocasts, these should be calculated without the
casts of the neurovascular canals as these have the potential
to add a large amount to the total volume. Some software
packages can take linear measurements from the stack of
2D slices or linear and curved surface measurements from
the 3D volume rendering. Both methods are effective, but
taking measurements using the 2D slices can be more diffi-
cult if the specimen was scanned in a non-orthogonal
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plane. At any rate, taking measurements from the 3D ren-
dering is more intuitive to most workers and since because
there are no internal structures to measure within an endo-
cast, the 3D option is generally preferred.

What other data should be acquired while in
possession of the specimen?

Before returning a scanned specimen to its archival collec-
tion, it is often desirable to collect associated data. While
the possibilities for additional data collection are nearly
endless, body size is a variable commonly compared with
endocast volume, often to estimate an encephalization
quotient (e.g. Jerison, 1973; Dominguez Alonso et al. 2004;
Balanoff et al. 2013). Body mass at death may be recorded
directly but this information is comparatively rare for most
museum specimens. More often, body mass is estimated
from one or more skeletal dimensions. Body mass in crown-
group birds (both flying and flightless) scales closely with
the minimum circumference of the femoral shaft
(R? = 0.9527; Field et al. 2013) but other estimators may
perform better within more exclusive clades (Field et al.
2013; Smith, in press). The relationship between any skeletal
metric and body mass includes inherent statistical uncer-
tainty that should be reported as a statistical prediction
interval (Elzanowski et al. 2012; Field et al. 2013). This prac-
tice will make subsequent calculations, such as encephaliza-
tion quotients, more conservative and less prone to over- or
underestimation due to statistical chance (Campione &
Evans, 2012; Field et al. 2013).

When dealing with fossils it is important to recognize
that all skeletal dimensions have some relationship with
body mass, so even fragmentary fossil material may yield
useful measurements for body mass estimation (e.g. Lon-
grich et al. 2011); however, it may not be statistically defen-
sible to apply equations derived from skeletons of the
crown group to stem-group lineages. Fortunately for
researchers of stem-group birds, a general statistical conver-
sion has been derived to facilitate the estimation of body
mass in these non-avian bipeds (Campione et al. 2014).

What details of the scan should be reported
in the methods section of a publication?

Publishing observations and analysis of digital endocasts
requires that certain parameters of the original scan be
reported to enable replication of the work and allow inter-
pretation of the results. These data should minimally
include the make and model of the scanner, date of the
scan, the lab in which it was scanned, the power of the X-
ray beam (kV, mA), the size of the CT slices in pixels (e.g.
1024 x 1024), the number of slices, the voxel dimensions
(mm or um), the catalogue number of the specimen, and its
sex (if known). Other useful pieces of information that
should be included if known include exposure time, frame
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averaging, number of views, filter type, and any corrections
applied during reconstruction. Although not standard
practice at this time, we advocate including a sample of the
primary data in the form of one or more CT slices through
the endocranium to provide the reader insight into the
quality of the segmented data.

How, where, and what data should be
publicly archived?

Publication of endocasts and other forms of CT data raises
important but complex questions regarding public access to
the data, and how and where those data should be
archived. We do not propose a resolution of this issue here,
but we would like to provide information on the currently
available possibilities and make some general comments
about how we might best move forward.

Determining which data should be archived is often
dependent on the requirements of the journal in which the
endocast is being published. However, because the use of
CT data to construct endocasts is a relatively new technique,
few journals have any stringent guidelines in place at this
time. This situation may change as these studies become
more prevalent. Although rapidly changing, authors cur-
rently have a large say in what data are shared with the
public, ranging from the full CT dataset to a table of mea-
sured endocranial volumes. Ideally, the type of study should
dictate what data are shared. Morphological studies (e.g.
pure description or phylogenetic analyses) should try to
make available the CT slices (at least in a reduced, com-
pressed format) and the polygon model of the endocast. If
the journal does not offer an outlet for such data, a digital
library such as DigiMorph.org or Datadryad.org may be
used. For comparative analyses of endocranial volumes, a
table of volumes likely would be sufficient. In some cases,
full datasets and 3D models cannot be included because the
lending institution asserts copyright and will not permit
these data to be shared. It is therefore critical that permis-
sion is granted from the lending institution prior to scan-
ning their specimen(s) or sharing proprietary data. This
situation is one that will only be resolved through discus-
sion and creation of clear and unambiguous guidelines, but
as copyright laws are not universal we suspect that such
guidelines will be slow to appear.

Ideally, the journal supports 3D PDFs as part of the pri-
mary publication; however, few journals currently offer this
as an option. The most widely available recourse is to share
digital data within the supplementary information. 3D
models and movies of image stacks that have been reduced
in size and compressed are typically small enough to be
included as supplementary data. This outlet may not always
be a viable option, however, if you are planning to upload
a full, unreduced CT dataset because many journals have
strict restrictions on supplemental file sizes. In recent years,
a number of online servers have become available that are



able to host large amounts of digital data associated with
publications (e.g. datadryad.org). Some funding bodies
(e.g. the UK Natural Environment Research Council) also
operate open access archives for datasets generated by their
grant funding, and such archiving is often a condition of
the grant award.

It is clear that the interests of science are generally served
by making data available so that results can be tested, eval-
uated, and replicated. This is both logistically and legally
complicated in the case of CT data and their derivative
products. It is hoped that the scientific community can come
together to establish not only standards for data dissemina-
tion, but also the necessary funding to support this dissemi-
nation.

Conclusions

The construction and study of endocasts is almost certain to
continue its rapid ascent within the broader neuroanatomi-
cal community. In addition to achieving a more meaningful
understanding of the spatial relationships between the
endocast and the 3D morphology of underlying neural
structures, a major challenge researchers collectively face is
to make our endocast data as replicable and as broadly
comparable as possible. This is especially critical as endocasts
become integrated into synthetic analyses aimed at estab-
lishing evolutionary patterns across the chordate tree.

There are several points in the process of endocast con-
struction and analysis where human error and biologically
uninformative variation might be introduced. These range
from the relatively simple, such as how and where to define
the limits of the endocast, to more complex computation
and rendering issues whose implications for evolutionary
studies need to be studied using formal sensitivity analyses.
Such issues include relative error rates when taking mea-
surements on isosurface models vs. volumetric renderings,
the influence of data reduction and data resolution on the
endocast, as well as the repeatability of endocast recon-
struction. It is our intent that this paper stimulates discus-
sion and empirical testing of methods, so that scientific
consistency can be achieved throughout this research com-
munity. It is hoped that the suggestions and best practices
discussed here will help address some of the common ques-
tions regarding endocast reconstruction, encourage
researchers to construct endocasts that can be easily repur-
posed for comparative analyses, and stimulate conversation
regarding future development of best practices for endo-
cast construction, analysis and data dissemination.
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