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ARTICLE

QUANTIFYING VASCULARITY IN THE FRONTOPARIETAL DOME OF STEGOCERAS
VALIDUM (DINOSAURIA: PACHYCEPHALOSAURIDAE) FROM HIGH RESOLUTION CT
SCANS
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ABSTRACT —The thickened frontoparietal in pachycephalosaurid dinosaurs expands dramatically during ontogeny from a
flat-headed to a domed state. This expansion results in the formation of zonal tissue characterized largely by differences in
vascularity and bony tissue structure that changes through ontogeny. Void space identified in CT scans of the
frontoparietal is a suitable proxy for relative vascularity. An increase in relative vascularity occurs with the development
of the dome in the pachycephalosaur Stegoceras validum, followed by a significant decrease in late stage ontogeny. We
employ a script adapted from an algorithm for human cortical bone imaging to: (1) determine the percent vascularity in
any given CT slice; (2) quantify these observed changes in relative vascularity within a complete frontoparietal; and (3)
identify ontogenetic changes in vascularity from a cranial growth series of Stegoceras. Morphological landmarks identified
in the CT scans facilitate an accurate slice-by-slice comparison of homologous regions of the dome between skulls. This
new tool enables: (1) a complete assessment of bone vascularity from CT scans; (2) is applicable to any fossil or modern
bone in the vertebrate skeleton; and (3) provides an alternative measure to pixel-by-pixel manual thresholding, a time
intensive and subjective process.
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2022. Quantifying vascularity in the frontoparietal dome of Stegoceras validum (Dinosauria: Pachycephalosauridae) from

high resolution CT scans. Journal of Vertebrate Paleontology. DOI: 10.1080/02724634.2021.2036991

INTRODUCTION

Pachycephalosaurid dinosaurs are a clade of small-to-medium
sized bipedal herbivores characterized by a thickened skull roof
and inflation of the frontals and parietal into a cranial dome
(Maryanska et al., 2004). The frontals and parietal expand dra-
matically during ontogeny from a flat-headed into a domed
state via formation of zonal bone tissue that has been subdivided
internally into three zones characterized by differences in poros-
ity or vascularity (see Goodwin and Horner, 2004). An increase
in relative vascularity correlates with the early development of
the frontoparietal dome in Stegoceras validum during ontogeny
(Goodwin and Horner, 2004).

Schott et al. (2011) were the first to use HRCT scan slices to
quantify bone histological signals in pachycephalosaurids using
the Huang thresholding method. Due to the complexity of
using a full CT dataset, a homologous slice of the frontal at the
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contact of the posterior supraorbital and postorbital sutures
was used as a proxy to compare vascularity. Schott et al. (2011)
noted a decreasing trend in vascularity through a hypothesized
ontogenetic series of cranial domes in Stegoceras validum. Sub-
sequent studies employed this method to quantify and assess
ontogenetic patterns in the dome of other pachycephalosaurids
including Foraminacephale brevis (Schott and Evans, 2017) and
Sphaerotholus buchholtzae (Woodruff et al., 2021), and found
the same general trend.

Bone porosity, identified in CT scans as void space, has been
used as a proxy for vascularity in pachycephalosaurs (Schott
et al., 2009; Schott and Evans, 2017; Woodruff et al., 2021). Rela-
tive bone porosity is also recorded as percent vascularity or vas-
cular density (Lee et al., 2013 and references cited therein). We
use the term ‘percent vascularity’ in this study, following previous
work, while recognizing that these spaces also contain nervous
tissue as part of the neurovascular network, lymphatics, and con-
nective tissues in vivo (e.g., Starck and Chinsamy, 2002). Percent
vascularity is useful as an alternative measure of vascular canal
size and distribution throughout bone tissue. This calculation is
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important because: (1) relative porosity describes irregularly
shaped canals within a three-dimensional bone matrix with a
single value; (2) growth rate is associated with cortical bone por-
osity in vertebrates (Williams et al., 2004); and (3) in cortical, and
by inference dermal bone, faster-growing individuals of the same
age possess significantly more porous bone tissue (Lee et al.,
2013).

Here, we present a script written in MATLAB adapted
from an algorithm for human cortical bone imaging
(Kazakia et al., 2014; Nirody et al., 2015) to quantify patterns
of vascularity of the frontoparietal and measure how it com-
pares across the expanding dome. Morphological landmarks
enable a homologous slice-by-slice comparison between
skulls. This algorithm is an ideal method to evaluate variation
in vascularity in other bones, modern or fossil, in the ver-
tebrate skeleton.

Institutional Abbreviations—AMNH, American Museum of
Natural History, New York, US.A.; TMP, Royal Tyrrell
Museum of Palaeontology, Drumheller, Alberta, Canada;
UALVP, University of Alberta Laboratory for Vertebrate
Paleontology, Edmonton, Canada; UCMP, University of Califor-
nia Museum of Paleontology, Berkeley, U.S.A.; UTCT, Univer-
sity of Texas High Resolution X-Ray CT Facility, Austin, U.S.A.

MATERIALS AND METHODS

An assemblage of three specimens assigned to the genus Ste-
goceras (Fig. 1) represent a hypothetical cranial growth series
spanning flat-headed to fully domed states. The three skulls
are from relatively close proximity in space and time, the Cam-
panian Stage of Alberta and Montana, and are from closely
related species. Dinosaur cranial growth is a continuum and
the terms juvenile, subadult, and adult are based on compara-
tive cranial morphology and histological details revealed in
the CT slices. Cranial growth patterns are likely conserved in
Stegoceras and closely related pachycephalosaurid taxa (Wil-
liamson and Carr, 2002; Schott et al., 2011). Detailed locality
information is available to qualified researchers from the repo-
sitory of record.

AMNH 5450 is the youngest ontogimorph of S. validum in the
growth series and was collected by Barnum Brown in 1913 from
the Dinosaur Park Formation, Alberta, Canada in the valley of
the Red Deer River, 1 mile below Steveville. Historically
referred to as “primitive” due to the lack of a dome and large
supratemporal fenestrae (Wall and Galton, 1979), AMNH 5450
represents an early juvenile stage of S. validum with flat,
thickened frontals and parietal (Goodwin et al., 1998; Williamson
and Carr, 2002; Schott et al., 2011).

TMP 1984.005.0001 is a partial skull of S. validum from the
Upper Cretaceous lower Oldman Formation, Steveville area,
Alberta, Canada. A subadult age assignment is supported by
the domed frontals paired with an uninflated parietal, open
supratemporal fenestrae, dorsal tubercular ornamentation, and
open cranial sutures (Schott et al., 2011).

UCMP 130051 is a fully domed adult skull and the most com-
plete Stegoceras-grade pachycephalosaurid skull from the Judith
River Formation, Hill County, Montana. It has been identified
previously as Stegoceras sp. (Williamson and Carr, 2002) or
Hanssuesia sternbergi (Sullivan, 2003), or alternatively it may
represent a distinct species. UCMP 130051 was used as a
hypothetical end member of a Stegoceras validum cranial
growth series in other studies (Williamson and Carr, 2002).
UCMP 130051 possesses a smooth dorsal surface, reduced
cranial ornamentation, closed supratemporal fenestrae, and
extremely low vascularity throughout the nearly solid frontopar-
ietal dome. Midline frontal and frontoparietal suture oblitera-
tion are extreme and contrasts with the open lateral cranial
sutures.

High Resolution CT Imaging

The frontoparietal in TMP 1984.005.0001 and UCMP 130051
was segmented out digitally from the CT scans prior to analysis
by the MATLAB script to account for preservational differences
in the sample set. Note that optimal scanning resolution requires
voxels in the 40-80 micron range for the analysis presented here.
Scans may be adequate to image sutures and bone texture, but
fail to binarize due to limited scan resolution. The resolution of
CT scans completed at UTCT in 2000 of the iconic young adult
skull of Stegoceras validum, UAVLP 2 (see Bourke et al. 2014),
was insufficient for our analysis. As a result, UCMP 130051 was
selected as the adult end member.

Scan parameters and associated metadata were archived on
MorphoSource.org: https://doi.org/10.17602/M2/M397335 [AMNH
5450 frontoparietal]; https://doi.org/10.17602/M2/M397362 [TMP
1984.005.0001 partial skull; frontoparietal];

https://doi.org/10.17602/M2/M397324 [UCMP 130051 partial
skull; frontoparietal].

Image Segmentation and Quantification of Porosity Metrics

MATLAB Script—Image analysis was performed in
MATLAB (The MathWorks, Inc., Natick, MA, USA). A freely
available Python version of the same analysis workflow was
also made available. Image stacks were read in slice-by-slice
and were registered using an automated intensity-based
method. For each slice, a fixed-threshold binarization was
applied to the grayscale image using Otsu’s method, which separ-
ates pixels in the image into two classes using a single intensity
threshold chosen to maximize the variance between foreground
and background pixels (Otsu, 1979). Void space threshold was
set for a random slice from each individual specimen. The grays-
cale range for the void space will vary between specimens since
fossils scan differently due to preservational variances. All suc-
cessive analysis and quantification were performed using the
resulting binary images.

To account for artifacts or surface roughness and ensure the
full sample was included, a morphological closing of the image
was implemented to connect erroneously separated regions
(Kazakia et al., 2014). After this, contours delineating the per-
imeter of the bone were drawn. Qualitative inspection of the
automated generated contours was performed for quality assur-
ance. If a contour visibly deviated from the apparent boundary,
minor adjustments were made manually to the affected region,
leaving the remainder of the contour unaffected. The total area
within a slice was calculated using all pixels within this perimeter.

Within each layer, percent vascularity was computed to quan-
tify regional porosity. These vascular spaces also contain nervous
tissue as part of the neurovascular network and lymphatics in
vivo (e.g., Starck and Chinsamy, 2002). These additional struc-
tures require standard histological techniques and microCT syn-
chrotron analysis to image in fossils (Horner et al., 2014) and are
not under consideration in this study.

Pore pixels were summed at each slice to generate a per-slice
total pore area; per-slice percent vascularity was then calculated
from this value by division with the total slice area (calculated as
the sum of pixels in the filled, closed image; see Fig. 2). Individual
pore areas were also stored for each slice providing a method to
compute the mean and variance of the pore size distribution if
desired. Total percent vascularity for the entire sample was
then calculated as means across all slices of per-slice percent vas-
cularity. Samples were normalized by dividing by the total
number of slices, allowing comparison of samples with differing
thicknesses. Morphological landmarks used were the ventral
contact of the frontonasal suture at the anterior end of the fron-
toparietal dome and the posteriormost ventral terminus of the
parietal (see Goodwin, 1990; Schott et al., 2011). Additional
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A AMNH 5450

B TMP 1984.005.0001

C UCMP 130051

aso pso po

FIGURE 1. Growth series of Stegoceras validum in dorsal (top, middle) and left lateral (bottom) views. CT slices in the middle row reveal cranial
sutures and contrasting tissue texture in the development of the frontoparietal from a flat-headed to a domed morphology. A, AMNH 5450, holotype
of Ornatotholus browni now recognized as the frontoparietal of a juvenile S. validum; B, TMP 1984.005.0001, a subadult partial skull of S. validum; C,
UCMP 130051, a partial skull of S. validum (or possibly a new species of Stegoceras-grade pachycephalosaur) represents an adult. The shaded areas in
B and C (top row) were excluded from the MATLAB script analysis to ensure equivalent comparisons of relative vascularity in the frontal + parietal
(= frontoparietal) only. Abbreviations: aso, anterior supraorbital; f, frontal; n, nasal; p, parietal; pf, prefrontal; po, postorbital; pso, posterior supraor-

bital; sq, squamosal; stf, supratemporal fenestra. Scale bar equals 5 cm.

landmarks, such as the frontoparietal suture, were identified in
individual CT slices and facilitated comparisons between speci-
mens. All code is available at https:/github.com/jnirody/
domeporosity.

RESULTS

The combined bivariate plot of percent vascularity is normalized
and provides a slice-by- slice comparison of the three specimens of
Stegoceras validum (Fig. 3). AMNH 5450 records a mean vascular-
ity of 14.5% and vascularity is relatively constant throughout the
frontoparietal at this early ontogenetic stage. This compares
reasonably well to the 20.1% vascularity reported for the same
specimen in the single slice approach of Schott et al. (2011).

The frontals reveal initial doming reflected in the slightly
higher percent vascularity compared with the thickened parietal

which inflates after the frontals. The posterior parietal has a pro-
nounced increase in percent vascularity prior to expansion of the
dome in both AMNH 5450 and TMP 1984.005.0001. TMP
1984.005.0001 records a mean vascularity of 28.0% in this
study, compared with 17% in Schott et al. (2011). This relatively
greater percent vascularity stems from an inflated frontal, par-
tially inflated parietal, and the older ontogenetic age of TMP
1984.005.0001 compared with AMNH 5450. UCMP 130051 is
the oldest ontogenetically in the growth series and is character-
ized by a significant decrease in vascularity throughout the
entire frontoparietal dome that is nearly solid comparatively
with a mean vascularity of 1.2%. This trend in relative vascularity
of the frontoparietal in Stegoceras agrees with the observations
proposed earlier by Goodwin and Horner (2004), but differs
from that in Schott et al. (2011), in which vascularity was
observed to decrease from flat-headed to fully domed state, a
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FIGURE 2. An overview of the segmentation
algorithm and porosity quantification work-
flow. The original grayscale CT image of the

=8.74%| |

0 0.025
pore size (mm?)

frontoparietal of Stegoceras validum, AMNH
4 5450, is binarized using a global threshold
determined by Otsu’s method (Otsu, 1979).
This binarized image is separated into an
image denoting the filled area of the bone
and an image marking only the pores within
4 the bone. The porosity of a slice (percent vas-
cularity) is defined as the sum of the area of
each pore divided by the total filled area of
7| the bone. In addition to global statistics, our
proposed workflow computes the entire distri-
bution of pore area and localization which
allows for more detailed analysis. The field of
bright spots is an artifact from the charging of
mineral infilling during CT scanning.

pattern almost certainly due to the more limited single slice focus
of their analysis.

In the juvenile and subadult stages of AMNH 5450 and TMP
1984.005.0001 respectively, two zones of expansion (or develop-
ing expansion) are identified by increasing vascularity of the
frontals (~0-0.5 on the X axis) and parietal (~0.5-1.0 on the X
axis) in Fig. 3. The location of the frontal-parietal suture is indi-
cated by a slight decrease in vascularity, a result of denser bone in
the area of sutural contact at 0.5 in AMNH 5450 and TMP
1984.005.0001 (shaded bars in Fig. 3). UCMP 130051 does not
exhibit an equivalent decrease in vascularity at the frontal-parie-
tal suture loci on account of frontal-parietal suture obliteration
and more uniform, low porosity.

The frontal-parietal suture is visible in slice no. 870 in TMP
1984.005.0001 in coronal view and indicated on the bivariate
plot by the black vertical line (Fig. 4). Three zones of
growth are revealed in slice no. 870 and confirm the contrast-
ing porosity and density between the frontal-parietal suture
and the surrounding tissue. This slice-by-slice plot of percent
vascularity demonstrates the variability within the frontoparie-
tal dome.

DISCUSSION

Degree of porosity, microstructure, and comparative histology
are used to analyze and infer dynamic processes in both modern
(e.g., Bouxsein et al., 2010 and references therein) and fossil bone
(e.g., Huttenlocker et al., 2013 and references therein) and to
document patterns of suture morphology and variation (Bailleul
and Horner, 2016; Bailleul et al., 2016). Bone tissue vascularity in
extinct animals is useful in characterizing the evolution and
development of novel cranial anatomical features in deep time
(e.g., Kulik and Sidor, 2019; Nesbitt et al., 2021). Similarly, the
analysis and characterization of phenotypic specializations in
bone shape and density, cortical thickness, and vascularity in
extant species have proven helpful in forming and testing
various ecomorphological and phylogenetic hypotheses (e.g.,
Samuels and Van Valkenburgh, 2008; Doube et al., 2009; Hous-
saye et al., 2016; Kilbourne and Hutchinson, 2019).

Early studies showed that bone porosity is not spatially
uniform (Atkinson, 1965). Importantly, regional analysis—that
is, analysis of the distribution of porosity rather than simply aver-
aged metrics—has also shown to have functional relevance for
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FIGURE 4. Percent vascularity (PV) versus
CT slice number for the frontoparietal dome
of TMP 1984.005.0001. Three zones of dome
growth (sensu Goodwin and Horner, 2004)
are labeled Z-1, Z-II, and Z-III. Denser bone
appears lighter-colored in the CT slice. The

black vertical line marks the position of slice
no. 870 shown above the graph. Percent vascu-
larity continues to decrease slightly along the
denser frontoparietal sutural contact at slice
no. 870, peaks at slice no. 1000, before decreas-
ing again at slice no. 1300. A final increase in
PV occurs prior to inflation of the parietal
into the dome. The frontal-parietal sutural
contact appears as a distinctive “V”-shape
internally where the anterior projection of the
parietal bisects the left and right frontals. The 0

frontal-parietal suture is traced by the black 0 200 400
dotted line in the enlarged call-out.

600 800 1000 1200 1400 1600 1800
CT slice number

locomotor performance (e.g., Skedros et al., 2004; Atkins et al.,
2014), as well as to elucidate the mechanisms underlying age-,
gender-, or species-related variation in bone microstructure
(e.g., Kazakia et al., 2014; Wang et al., 2020). For example,
quantification of pore distributions and the associated longitudi-
nal changes in these distributions may provide insight into pore
network expansion (e.g., Nirody et al., 2015; Heilmeier et al.,
2016). Determining microstructure distribution may also prove
helpful in assessing fracture risk and providing personalized
pharmacologic interventions. However, the lack of automated
workflows has limited the widespread use of distribution analysis
thus far.

We demonstrate that cranial vascularity varies throughout the
rapidly growing frontoparietal dome by evaluating both individ-
ual CT slices and the total range of values present in the entire
specimen. This approach improves upon the single slice analysis
by Schott et al. (2011) because use of a single slice approach fails
to capture this variation. This can lead to mischaracterization of
dome growth due to variable timing of dome expansion and indi-
vidual variation. The 3D thresholding and visualization approach
taken here provide a more complete characterization of the vas-
cular patterns in bone and a more data-rich approach to ontogen-
etic studies of bone dynamics.

CONCLUSION

Here, we present a script for semi-automated quantification of
both percent vascularity as well as pore size and spatial distri-
bution in any bone or biomineralized tissue. The script offers a
repeatable, standardized alternative to manual thresholding
and segmentation. We provide both MATLAB and Python
scripts that implement the method described (available at
https://github.com/jnirody/domeporosity), in complement to
available ImageJ macros (Doube et al., 2010). Importantly, the
modular nature of our workflow allows for easy customization
by users. Comparisons are improved when morphological land-
marks, such as sutures or tissue regions, are identified in CT
scans. This script: (1) facilitates the documentation of vascularity,
sutural morphology, tissue texture, and growth patterns in
modern and fossil bone; (2) complements 2D histological
studies; and (3) has potentially broader application in vertebrate

paleontology and paleobiology beyond the study of dinosaurs as
well as human and veterinary medicine.
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