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Abstract

The largest dinosaurs were enormous animals whose body mass placed massive gravita-
tional loads on their skeleton. Previous studies investigated dinosaurian bone strength and
biomechanics, but the relationships between dinosaurian trabecular bone architecture and
mechanical behavior has not been studied. In this study, trabecular bone samples from the
distal femur and proximal tibia of dinosaurs ranging in body mass from 23-8,000 kg were
investigated. The trabecular architecture was quantified from micro-computed tomography
scans and allometric scaling relationships were used to determine how the trabecular bone
architectural indices changed with body mass. Trabecular bone mechanical behavior was
investigated by finite element modeling. It was found that dinosaurian trabecular bone vol-
ume fraction is positively correlated with body mass similar to what is observed for extant
mammalian species, while trabecular spacing, number, and connectivity density in dino-
saurs is negatively correlated with body mass, exhibiting opposite behavior from extant
mammals. Furthermore, it was found that trabecular bone apparent modulus is positively
correlated with body mass in dinosaurian species, while no correlation was observed for
mammalian species. Additionally, trabecular bone tensile and compressive principal strains
were not correlated with body mass in mammalian or dinosaurian species. Trabecular bone
apparent modulus was positively correlated with trabecular spacing in mammals and posi-
tively correlated with connectivity density in dinosaurs, but these differential architectural
effects on trabecular bone apparent modulus limit average trabecular bone tissue strains to
below 3,000 microstrain for estimated high levels of physiological loading in both mammals
and dinosaurs.
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Introduction

Terrestrial dinosaurs were massive animals that placed exceptional mechanical demands on
their bones, but it is unknown how trabecular bone architecture helped meet those demands.
Bones need to be sufficiently strong and robust to resist fracture during habitual physical activ-
ity. However, cellular maintenance and transport of bone during locomotion is metabolically
expensive. Thus, bony architecture must achieve mechanical competence while maintaining
low weight. If an individual bone was so large that the mechanical strains were very low during
routine activities such as walking and running, the animal would expend unnecessary energy
to move a large heavy skeleton. However, if mechanical loading becomes too large on bones,
the risk of failure increases [1, 2]. The physiological process of bone remodeling helps achieve
a balance between bone weight and mechanical competence, repairs and limits the accumula-
tion of fatigue damage [3], and adapts to limit strains [4]. Bone has adapted at the architectural
and tissue levels to its mechanical environments [5], including some highly specialized bone
structures to meet exceptional mechanical demands [6]. For example, the horncore of bighorn
sheep (Ovis canadensis) has a unique porous bone architecture that absorbs energy and
reduces brain cavity accelerations during impact [7]. Trabecular bone is a highly porous archi-
tectural foam that provides lightweight mechanical competence. It has been shown that trabec-
ular bone architectural indices (trabecular connectivity density, thickness, number, and
spacing) scale allometrically with body mass in animals ranging in size from mouse to elephant
[8, 9]. From previous studies, it is noteworthy that trabecular bone volume fraction does not
scale with body mass in mammalian and avian long bones. This is surprising because it is well
documented that the mechanical properties of trabecular bone positively correlate with vol-
ume fraction [10]. From an evolutionary perspective, it is possible that trabecular bone volume
fraction does not increase with body mass because the bones would become too heavy and
therefore too metabolically expensive to maintain and transport.

Trabecular bone architecture may be adapted and organized in a way that provides stiffer
trabecular bone material behavior at the continuum level in more massive animals. It has been
shown that more massive animals have improved mechanical properties such as higher fatigue
strength in cortical bone material [11]. Whole bones are known to become more robust with
increasing body mass [12-15]. Well-developed trabecular bone architecture in more massive
animals would help minimize the total amount of bone material needed to build a more robust
whole bone and therefore help minimize metabolic energy costs of cellular maintenance and
transportation. Trabecular architecture is related to mechanical performance. For example,
decreased trabecular thickness has been shown to cause a 2-5x reduction in strength [16] and
increased connectivity density is associated with increased strength [17, 18]. Finite element
models have been utilized to investigate the biomechanics of dinosaur trabecular bone [19-
21]. It was found that the trabecular bone architecture in plesiomorphic theropods more
closely resembles the trabecular architecture of modern humans than that of extant avian spe-
cies, implying similar biomechanics to humans. These conclusions were made based on the
oblique nature of the trabeculae in the proximal femoral metaphysis being like that of humans.
Previous research on dinosaur trabecular bone has contributed to our understanding of loco-
motor behavior [19-21]. However, the effects of dinosaur trabecular bone architecture on
mechanical performance have not been determined.

Dinosaur trabecular bone experienced extreme mechanical loads due to extreme body mass
(up to 47,000 kg) [22, 23]. Because bone remodels to optimize mechanical performance and
weight in response to habitual mechanical loading [5, 24], we hypothesized that the trabecular
architecture in the long bones of large mass dinosaurs confers a higher specific apparent elastic
modulus compared to animals with smaller body mass preventing bone strains from reaching
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Table 1. Species used in this study.
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Common Name
Java Mouse Deer
Troodontid
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Hadrosaur
Hadrosaur
Hadrosaur
Hadrosaur
Hadrosaur
White Rhinoceros
Asian Elephant
Hadrosaur
Hadrosaur

Mammoth

dangerous levels. Finite element models of trabecular bone were constructed from computed
tomography (CT) and micro-computed tomography (UCT) scans of trabecular bone cores
from extinct species with body masses up to 9,980 kg. The finite element models were used to
assess the effects of body mass on trabecular bone elastic modulus and principal strains. These
findings help explain how dinosaur skeletons supported such massive loads. Additionally,
dinosaur trabecular bone architectures adapted to extreme mechanical environments could
have implications for novel bioinspired engineering applications [25].

Materials and methods
Species analyzed

The species used in the finite element models of this study were chosen to cover a wide range
of body masses, from 1 to ~10,000 kg, and are listed in Table 1. CT and uCT scans from previ-
ous studies were used for some species as indicated in Table 1. For Mammuthus columbi and
Edmontosaurus, new bone samples were obtained and scanned with pCT for the current study.
One sample was used for each specimen listed in Table 1. The mammalian species utilized in
this study are all quadrupedal whose primary form of locomotion is walking and running. The
hadrosaur specimens were largely quadrupedal but capable of bipedal motion when necessary
[26-28]. All theropods were bipedal. Furthermore, the hadrosaur and theropods primary form

Specimen Number Species Body mass (kg)

UMZC H15013 Tragulus javanicus 1
MOR 748 Troodontidae 23
TMP 1986.036.0323 Caenagathidae 49
RVC sheep2 Ovies aries 57
TMP 1999.055.0337 Ornithomimidae 100
UMNH VP 12360 Falcarius Utahensis 128
RVC tiger_2 Panthera tigris 130
“DMNH 22386 Edmontosaurus annectens 420
“DMNH 22231 Edmontosaurus annectens 420
“DMNH 22235 Edmontosaurus annectens 420
“DMNH 2012 25-57 Edmontosaurus annectens 420
“DMNH 22228 Edmontosaurus annectens 420
“DMNH 22242 Edmontosaurus annectens 420
RVC french_rhino Ceratotherium simum 3,000
RVC gita Elephas maximas 3,400
"DMNH 44398 Edmontosaurus regalis 7,936
"DMNH 42169 Edmontosaurus regalis 7,936
48WA322-9 Mammuthus columbi 9,980

University Museum of Zoology Cambridge (UMZC), Cambridge, United Kingdom, Europe. Royal Veterinary College (RVC), London, United Kingdom, Europe.
Museum of the Rockies (MOR), Bozeman, Montana, United States of America.

Royal Tyrrell Museum of Palaeontology (TMP), Drumbheller, Alberta, Canada.
Natural History Museum of Utah (UMNH), Salt Lake City, Utah, United States of America. Perot Museum of Nature and Science (“DMNH), Dallas, Texas, United

States of America.

Denver Museum of Nature & Science ("DMNH), Denver, Colorado, United States of America.

University of Wyoming Archaeological Repository (UWAR), Laramie, Wyoming, United States of America. 48WA is the archaeological site identification code per the

Smithsonian trinomial system.

https://doi.org/10.1371/journal.pone.0237042.t001
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of locomotion is walking and running [29, 30]. Sex is unknown for all species, the mammals
were skeletally mature [9], and age or skeletal maturity is unknown for all dinosaurian species
as this is difficult to determine from the fossil record [31].

The body mass estimations for the extinct species of this study are as follows: Edmonto-
saurus regalis 7,936 kg [29], Edmontosaurus annectens 420 kg [29], Troodontid 23kg [32], Cae-
nagnathid 49kg [33], Falcarius utahensis 128 kg [34], Ornithomimid 100 kg [35], and
Mammuthus columbi 9,980kg [36]. For the Mammuthus columbi the body mass estimation is
for the specific specimen used in this study. For the other species, the body masses were
obtained from the published estimates shown above and were assumed to be the same for all
specimens of a given species.

Computed tomography scanning

For the species in this study, trabecular bone samples from the medial portion of either the
proximal tibia or distal femur were analyzed based on availability (Fig 1). These locations were
selected because of similarities in the trabecular bone architectural indices in these two regions
[37]. Archival pCT scans of trabecular bone from the lateral femoral condyles were accessed
via a public database [38]. High-resolution CT scans of fossilized dinosaur limbs [19-21] were
provided by Dr. Peter Bishop at the Royal Veterinary College in the United Kingdom. Sections

Fig 1. A) Femoral core location, B, E) uCT scans of trabecular cores, C, F) finite element models of trabecular bone,
D) Tibial core location.

https://doi.org/10.1371/journal.pone.0237042.g001
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of trabecular bone were virtually cropped from the lateral femoral condyle in the CT scans.
New cylindrical cores of trabecular bone were collected from several hadrosaur specimens.
Two hadrosaur (Edmontosaurus annectens) tibiae were provided by the Denver Museum of
Nature & Science. Six hadrosaur (Edmontosaurus sp.) tibiae were provided by the Perot
Museum of Nature and Science. Additionally, a femoral core was collected from a Columbian
mammoth (Mammuthus columbi) in the University of Wyoming Archaeological Repository
fossil collection. Fig 1 displays the anatomical locations from which cores for this study and
from previous studies [9, 19, 38] were obtained. The new trabecular cores collected for this
study were harvested using a diamond sintered coring bit and were 8 mm in diameter and 50-
75 mm long. During drilling, water was pumped through the center of the coring bit to cool
the sample/bit and flush out debris.

The trabecular bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular
spacing (Tb.Sp), and connectivity density (Conn.D) for each CT scan [9, 19] were measured
using Bone] [39] and the trabecular number (Tb.N) was computed using the methods in [40].
The new trabecular cores were scanned with a SCANCO micro-computed tomography
machine (SCANCO uCT 80) at high resolution, 8W, and 70 kV peak excitation voltage to pro-
duce 10-micron voxels. To prevent image distortion, fossilized trabecular bone cores were
scanned through a copper filter [41].

Finite element model generation

The CT and uCT DICOM files were binarized with Seg3D to separate the bony material from
the marrow space. Finite element models were generated by cropping a cube from the center
of the cylindrical scan volume (Fig 1C & 1F). This location was chosen so that peripheral dam-
age from coring was not included in the finite element models. Bulk dimensions of the finite
element models varied due to differences in the available uCT scan regions of intact bone (e.g.,
some Edmontosaurus and the Mammuthus columbi samples had irregular geometries due to
the coring process). However, all finite element models had the dimensions required to treat
trabecular bone as a continuum, which is 5-10 trabecular spacings [42]. Sample image files
were exported in the ASCII STL file format for further file preparation. MeshMixer was used
to create a solid volume from the surface model exported from Seg3D and to repair any errors
during surface triangulation. The files were then meshed in ICEM CFD to generate a linear tet-
rahedral element mesh and finite element models were generated using ABAQUS.

Finite element modeling

Quasi-static compression simulations were performed on each finite element model. The solid
bone material within the finite element models was assigned an elastic modulus of 15 GPa [43,
44], Poisson’s ratio of 0.3 [43, 44], and modeled as a linear elastic material. We were interested
in the strain distributions (as an indicator of failure risk) in the trabecular bone during high
levels of estimated physiological loading. Therefore, compressive loading was simulated
through the application of an apparent level strain equal to one half of the trabecular bone
compressive yield strain (4,150 microstrain). The compressive yield strain (8,300 +/- 100
microstrain) of trabecular bone was used because it is remarkably similar across a large range
of relative densities and animals with a large range of body masses [45, 46]. Through the appli-
cation of equal apparent strain to each trabecular bone cube, the effect of the trabecular archi-
tecture on the apparent modulus and principal strains could be directly assessed [9]. The
apparent level strain was applied using displacement magnitudes based on the height of each
trabecular bone cube. These displacements were applied to the top nodes of each finite element
model in the direction of the bone long axis (z-direction in Fig 1) by using a roller-type
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Fig 2. Example finite element model after compression to a macroscopic strain of 4,150 microstrain (pe). The
color gradient corresponds to the max principal strain in each element.

https://doi.org/10.1371/journal.pone.0237042.9002

boundary condition. The nodes on the bottom surface of the finite element models were con-
strained in the z-direction only with frictionless contacts. An example finite element model is
shown in Fig 2. Finite element models were generated for all species listed in Table 1.

To determine the optimal mesh for the finite element models a mesh (numerical) conver-
gence study [47, 48] was performed. For this study, five unique mesh densities, ranging from
50,797 to 1,019,808 elements per cubic millimeter, were created for the trabecular bone speci-
men with the smallest average trabecular thickness and subjected to a strain of 4,150 micro-
strain. To determine whether the mesh had converged, the change in strain energy between
each mesh was analyzed and compared to the finest mesh as a percent difference using Eq 1.

X, — X,
A=2N_"2100% (1)
XN

Where A is the percent difference and X is strain energy. Xy is strain energy for the finest
mesh in the mesh convergence study and X; is the strain energy for the other meshes used in
the study. Convergence was achieved at a mesh density of 435,725 elements per cubic millime-
ter, which had a 3% difference from the finest mesh density of 1,019,808 elements per cubic
millimeter.

The effect of the trabecular bone architecture on the apparent elastic modulus (E ;) was
determined by dividing the peak apparent stress divided by the applied displacement for each
finite element model. The peak apparent stress was computed by dividing the peak load by the
specimen area, which computed from the bulk dimensions of each finite element model cube.
To account for BV/TV differences between each cube the specific apparent elastic modulus (E
App Spec) Was computed by dividing the apparent elastic modulus by the product of the bone
volume fraction and a trabecular bone tissue density of 1.874 g/cm? [49]. This value was used
and assumed to be the same for all samples because the bone tissue density of the fossilized
samples could not be accurately measured due to the fossilization process. By keeping the den-
sity constant across all samples, we were able to assess the effects of trabecular architecture on
the modulus and principal strains.
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In addition to apparent stiffness, we were interested in how trabecular architecture
impacted the failure risk in each sample. Traditional engineering failure theories such as the
distortion energy theory, maximum normal stress, maximum shear stress, and maximum
strain energy density do not accurately predict failure of bone tissue due to material anisotropy
[50-52]. The Tsai-Wu failure theory also does not work because the planar failure envelopes
were found to be uncoupled from each other during biaxial [53] and triaxial [54] loading of
bovine trabecular bone. The modified super ellipsoid failure theory improves on previous
approaches, but is anatomic site and patient-specific [45]. Therefore, to assess the likelihood of
failure of the samples in this study, trabecular principal strains were analyzed directly. The
normal and shear strain components were collected from element centroids for every element
in each finite element model using a custom Python script. Data were collected from element
centroids because this is the location of the Gauss (integration) point for a linear tetrahedral
element [55]. A custom MATLAB script was used to compute the principal strains for each
model by computing the eigenvalues of the 3D strain tensor [56-58]. The average tensile and
compressive principal strains (of all elements) were computed for each finite element model.
Additionally, as an indicator of failure risk, the average tensile and compressive principal
strains were computed for each finite element model only considering elements that had strain
values that exceeded the tensile (g, = 4,100 microstrain) or compressive (g, = -8,300 micro-
strain) yield strains of human trabecular bone. We refer to these as the largest tensile and com-
pressive principal strains. The yield strains for human trabecular bone were used because the
yield strains are narrowly distributed [46, 59, 60]. These four strain parameters were regressed
against body mass.

Allometric scaling relationships

To determine how the trabecular bone architectural indices of the specimen used in this study
scale with body mass, log-log plots for these properties were created and compared to extant
mammalian and avian species. Allometric scaling relationships were created for the trabecular
bone architectural indices versus body mass by linearization of the equation y = a-x” [61]
through a base-10 logarithmic transformation such that:

Zogw(y) = logw(a) +b- logw(x) (2)

In Eq 2, log10(y) and log;o(x) are the logarithmically transformed trabecular bone architec-
tural indices and body mass, respectively, and log;o(a) and b are the y-intercept and slope,
respectively, from the linear regressions performed on base-10 logarithmically transformed
values for the trabecular bone architectural indices and body mass [62]. Architectural indices
for the samples in this study (Table 1) were compared to those from the proximal tibia or distal
femur of mammalian [8, 9] and avian [9] species.

Statistical analyses

Linear regressions between trabecular bone architectural indices and body mass were made to
determine allometric scaling relationships for mammalian, avian, and dinosaurian species.
Pairwise comparisons were made between regression slopes of the mammalian, avian, and
dinosaurian species using a Tukey post-hoc test. In the pairwise comparisons, species was used
as a categorical predictor with dinosaurian species used as the reference level. Linear stepwise
regressions were used to determine if the trabecular bone architectural indices predict the
apparent and specific apparent elastic moduli. The candidate independent variables were Tb.
Th, Tb.Sp, and Conn.D, and the dependent variables were apparent elastic modulus and spe-
cific apparent elastic modulus. Trabecular number and bone volume fraction were excluded
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from stepwise regression models to avoid collinearity since both of these parameters are
dependent on trabecular thickness and trabecular spacing [40]. Independent variables were
rejected if p > 0.1. For the stepwise regressions the mammalian and dinosaurian apparent and
specific apparent elastic moduli data from the finite element models were analyzed separately.
Similarly, the apparent elastic modulus, specific apparent elastic modulus, and principal strains
for the dinosaurian and mammalian species were analyzed separately for linear regressions
versus body mass. Pairwise comparisons were made between the regression slopes for data
from the finite element models. Linear regressions, pairwise comparisons, and stepwise regres-
sions were computed using Minitab (version 18). Due to the imbalance between the numbers
of dinosaurian samples the average values for Edmontosaurus regalis and Edmontosaurus sp.
were used in all regressions. Due to the low number of dinosaur samples we let o= 0.1 to
reduce the chance of Type II error [63-65].

Results

Allometric scaling of trabecular bone architectural indices

Allometric scaling relationships indicate that for mammals, bone volume fraction, trabecular
thickness, and trabecular spacing show positive correlation with body mass, and trabecular
number and connectivity density show negative correlation with body mass. For the avian spe-
cies, the regressions indicate that bone volume fraction and trabecular thickness show positive
correlation with body mass, and trabecular number and connectivity density show negative
correlations with body mass. For the dinosaurian species, positive correlation (p < 0.09) with
body mass is observed for bone volume fraction, trabecular number, and connectivity density
and negative correlation with body mass for trabecular spacing. The allometric regression
results are shown in Table 2.

Finite element modeling
The apparent modulus and specific apparent modulus are shown in Figs 3 and 4, respectively.

For the dinosaurian species, positive correlation with body mass is observed for apparent

Table 2. Allometry linear regression results: Slope (b), with 95% confidence intervals (CI), intercept (log,o(a)), coefficient of determination (R*), and p-values for
the regression slopes.

Class b -CI +CI logio(a) R? P
Mammalian BV/TV (%) 0.040 0.02 0.06 1.425 0.161 <0.001
Tb.Th (um) 0.156 0.14 0.18 2.020 0.726 <0.001
Tb.Sp (um) 0.106 0.09 0.12 2.545 0.583 <0.001
Tb.N (mm"l) -0.118 -0.13 -0.10 0.334 0.698 <0.001
Conn.D (mm's) -0.376 -0.42 -0.33 1.449 0.763 <0.001
Avian BV/TV (%) 0.146 0.02 0.28 1.021 0.249 0.030
Tb.Th (um) 0.238 0.17 0.31 2.125 0.761 <0.001
Tb.Sp (um) 0.069 -0.11 0.24 3.209 0.039 0.416
Tb.N (mm™) -0.081 -0.24 0.08 -0.249 0.061 0.306
Conn.D (mm'3) -0.524 -0.79 -0.26 0.556 0.513 <0.001
Dinosaurian BV/TV (%) 0.068 -0.02 0.15 1.410 0.552 0.091
Tb.Th (um) -0.115 -0.40 0.17 2.753 0.235 0.330
Tb.Sp (um) -0.185 -0.37 0.00 3.036 0.649 0.053
Tb.N (mm™) 0.170 -0.04 0.38 -0.241 0.549 0.092
Conn.D (mm™) 0.631 -0.10 1.36 -0.619 0.591 0.074

https://doi.org/10.1371/journal.pone.0237042.t1002
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Fig 3. Apparent elastic modulus versus body mass. Trabecular bone apparent modulus is positively correlated with
body mass in dinosaurs, while for mammalian species no correlation is observed. The solid circle indicates the
mammoth.

https://doi.org/10.1371/journal.pone.0237042.9003

(p = 0.007, R* = 0.865) and specific apparent modulus (p = 0.008, R* = 0.857). For the mamma-
lian species, no correlation with body mass is observed for apparent (p < 0.268) and specific
apparent modulus (p = 0.164). The apparent and specific apparent moduli were dependent on
the trabecular bone architectural indices. For the dinosaurian species, apparent elastic modu-
lus was found to follow the equation E »,, = 0.0722 x Conn.D (p = 0.062, R* = 0.5337) and spe-
cific apparent modulus was found to follow the equation E App, spec = 0.0974 x Conn.D

(p = 0.056, R* = 0.5504). For the mammalian species, apparent elastic modulus was found to
follow the equation E 4, = 10.67 x Tb.Th (p <0.001, R* = 0.9644) and specific apparent modu-
lus was found to follow the equation E 4pp spec = 5.32 x Tb.Th + 4.65 x Tb.Sp (for the constants,
p = 0.056 and 0.017, respectively, for the regression, p = 0.001 and R* = 0.9741)

Average tensile and average compressive principal strains are shown in Fig 5, where all
strain magnitudes were all less than or equal 2,856 microstrain. For the dinosaurian models no
correlation with body mass was observed for the average tensile (p = 0.403) or average com-
pressive (p = 0.156) principal strains. Similarly, there was no correlation between body mass
and the largest tensile (5,394 + 1,750 microstrain, p = 0.668) or largest compressive (10,587 +
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Fig 4. Specific apparent elastic modulus versus body mass. The solid circle indicates the mammoth.

https://doi.org/10.1371/journal.pone.0237042.9004
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3,099 microstrain, p = 0.122) principal strains. For the mammalian models, no correlation
with body mass was found for the average tensile (p = 0.398) or average compressive principal
strain (p = 0.167). Similarly, for the mammalian models, no correlation was observed between
body mass and the largest tensile (4,992 + 1,080 microstrain, p = 0.649) and compressive
(10,018 + 2,062 microstrain, p = 0.316) principal strains.

Discussion

Allometry and mechanical performance of trabecular bone architecture of extant and extinct
species (i.e., dinosaurs and mammoth) were investigated to provide framework for under-
standing how trabecular bone helped support extremely massive animals. Previous studies of
extant mammalian and avian species found no correlation between trabecular bone volume
fraction and body mass in animals ranging in body mass from mouse to elephant [8, 9]. This
result is surprising since animals with greater mass require stiffer bone structures to support
larger gravitational loads and apparent elastic modulus is positively correlated with bone vol-
ume fraction [10]. It is possible that the trabecular architecture of extremely massive animals
was adapted to accommodate large gravitational loads while minimizing bone mass by main-
taining a constant bone volume fraction. The trabecular architecture of dinosaurs has been
related to locomotor behavior [19-21], but relationships between trabecular bone architectural
indices and mechanical performance indices were not established. Our results show that dino-
saurian trabecular bone volume fraction is positively correlated with body mass unlike what
has been observed in extant mammalian and avian species previously. However, when data
from mammalian and avian species is limited to trabecular bone from the femoral and tibial
condyles for direct comparison to samples in this study, they too demonstrate positive correla-
tion between bone volume fraction and animal mass. Additionally, trabecular spacing is nega-
tively correlated with body mass while connectivity density is positively correlated with body
mass in dinosaurs. These trends exhibit opposite behavior of the trends observed for extant
mammalian and avian species. Despite these differences, it was found that both mammalian
and dinosaurian trabecular bone architectures limit average trabecular tissue strains to under
3,000 microstrain for estimated high levels of physiological loading. Interestingly, mammalian
trabecular bone was found to limit strains by increasing trabecular thickness while dinosaurian
trabecular bone limits strains by increasing connectivity density.
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One limitation of this study is that human trabecular bone mechanical properties were used
in the finite element models because it was impossible to know the mechanical properties of
the fossilized bone samples. Despite this assumption, our findings are insightful because using
the same mechanical properties across all finite element models allows for direct comparison
between the trabecular architectures of these animals. However, it should be recognized the
fossilized samples could have had different material properties in life due to factors such as dif-
ferences in mineral content. Another limitation with this study is the relatively low number of
samples. This was due to the limited amount of dinosaur and mammoth bone samples avail-
able for assessing trabecular bone architecture. With that said, our results are insightful as this
is the first study to assess relationships between trabecular bone architectural indices and
mechanical behavior in dinosaurian species. A third limitation is that the exact mass of each
species was unknown. While current estimates of species masses likely provide reasonably
accurate values for the context of this study, a lack of individual sample masses limits the
power of the regression analyses. Despite these limitations, we found the trabecular bone
allometry in dinosaurian species exhibits allometric scaling with opposite behavior, except
bone volume fraction, compared to extant mammalian and avian species, apparent trabecular
bone stiffness is positively correlated with body mass in dinosaurian species, and dinosaurian
and mammalian trabecular bone architecture limits average strains to below 3,000 microstrain.
These findings provide insight into how trabecular bone in the distal femur and proximal tibia
adapted to support extremely large body masses. A fourth limitation is the mostly unknown
age of the of the fossil specimen of this study. Based on absolute size, sampled Edmontosaurus
regalis specimens fall into the adult ontogenetic stage. True growth curves based upon histo-
logical sampling have not been assembled for this dinosaur taxon and are well beyond the
scope of this work. Size is an accurate indicator of ontogenetic stage in hadrosaur dinosaurs
[66], and these samples were restricted to elements in the upper half of size, often associated
with somatic maturity in other dinosaur taxa. Similarly, using the basis of the specimens’ large
size, the theropod dinosaurs were presumed to all derive from adult animals [20], but assessing
ontogenetic status in any dinosaur is a notoriously tricky issue [31]. Based on prior histological
work by one of the authors, it was suggested that the Edmontosaurus annectens used in this
study were late stage juveniles [67, 68]. We recognize that the individuals represented by the
sample were not fully grown but given that these individuals do represent late stage juveniles,
as opposed to very young individuals. An additional limitation is that dinosaur sex is not cur-
rently attainable. Sex determination in dinosaurs is difficult in the absence of medullary bone
[21]. Dinosaur taxa for which large samples sizes are known (including Edmontosaurus in this
study) do not demonstrate any statistically discernable population dimorphism [69]. Further-
more, there has yet to be demonstrated a convincing argument for sexual dimorphism in any
extinct, non-avian dinosaur [70].

The allometric scaling relationships show how the trabecular bone architectural indices
scale with body mass in dinosaurian, mammalian, and avian species. Unlike previous studies
[8, 39], the present research focused only on the trabecular bone from the distal femur and
proximal tibia which uncovered some interesting differences. First, the trabecular bone vol-
ume fraction in these locations shows positive correlation with body mass for dinosaurian,
mammalian, and avian species (Fig 6). These results contrast previous findings that showed no
correlation between bone volume fraction and body mass when looking at numerous skeletal
locations together [8, 9]. Skeletal locations in previous studies included the calcaneus, femoral
condyles, head, trochanter, and neck, proximal and distal tibia, vertebrae, radius, ulna, iliac
crest, and humerus. It is possible that our results for the distal femur and proximal tibia differ
from previous results due to differences in mechanical loading at each location. Trabecular
bone in the distal femur and proximal tibia have been shown to have similar architectural
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Fig 6. Logarithmically scaled plots of the bone volume fraction (BV/TV) versus body mass. Pairwise comparisons
indicate the dinosaur regression slope is not different from the mammalian (p = 0.352) and avian (p = 0.695) slopes.
The solid circle indicates the mammoth.
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properties [37] and therefore may have adapted differently than trabecular architectures in
other bones to accommodate their specific mechanical loading conditions. Furthermore, it is
known that trabecular bone architectural indices scale [9] with body mass at higher rates than
cortical bone increases thickness [71], thereby indicating that trabecular bone would play a
larger role in load sharing at larger body masses. It is currently known that trabecular bone in
the femoral neck experiences 76-89% of the incident load [72]. Second, no correlation between
trabecular thickness and body mass was observed for dinosaurs while a positive correlation
was observed for mammalian and avian species (Fig 7). Previously, it has been shown that
larger body mass animals have greater trabecular thickness to prevent individual trabeculae
from being overly strained [9]. The fact that dinosaur trabeculae do not follow this trend is an
interesting result and suggests other trabecular bone indices may adapt to provide increased
mechanical competence instead. In support of this theory, we have shown that trabecular spac-
ing is negatively correlated with body mass, while trabecular number and connectivity density
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Fig 7. Logarithmically scaled plots of the trabecular thickness (Tb.Th) versus body mass. Pairwise comparisons
indicate the dinosaur regression slope is different from the mammalian (p < 0.001) and avian (p < 0.001) slopes. The
solid circle indicates the mammoth.

https://doi.org/10.1371/journal.pone.0237042.9007
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are positively correlated with body mass in the dinosaurian species (Figs 8, 9 and 10). These
trends are opposite of those observed for the avian and mammalian species. Thus, it appears
that, as dinosaurs grow larger, decreased trabecular spacing and increased connectivity density
and trabecular number provide sufficient mechanical stability while maintaining a relatively
constant trabecular thickness. These trends are further elucidated with results from the finite
element models.

Computational models demonstrated positive correlations between body mass and trabecu-
lar bone apparent and specific apparent moduli for the dinosaurian species as expected (Figs 3
and 4). These findings confirm the hypothesis that stiffer trabecular architectures are devel-
oped as animal size increases to support greater mechanical loads. Interestingly, this contrasts
previous findings which showed no correlation between animal size and apparent modulus of
trabecular bone in mammalian species [9]. For dinosaurian species, the apparent and specific
apparent moduli are both dependent only on connectivity density. For the mammalian species,
trabecular bone apparent modulus is dependent only on trabecular thickness, but specific
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Fig 9. Logarithmically scaled plots of the trabecular number (Tb.N) versus body mass. Pairwise comparisons
indicate the dinosaur regression slope is different from the mammalian (p < 0.001) and avian (p = 0.004) slopes. The
solid circle indicates the mammoth.

https://doi.org/10.1371/journal.pone.0237042.9009
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apparent modulus is dependent on trabecular thickness and spacing together. The dependence
of trabecular bone stiffness on trabecular thickness and connectivity density is not novel [10,
16-18]. However, it is interesting that increases in bone stiffness were achieved through
increased connectivity density in dinosaurs but increased trabecular thickness in mammals.
The reason for this is currently unclear, but one explanation could be that high connectivity is
a more efficient stiffening mechanism than increased trabecular thickness, especially for the
exceptional loads produced by the mass of the largest animals. This idea is analogous to the
load sharing utilized by trusses to achieve weight reduction in structural design and may have
been used by dinosaurs to constrain whole bone weight and trabecular bone tissue strains.

Despite the allometric scaling of the apparent and specific apparent moduli, we found that
the average principal strain magnitudes were not correlated with body mass. Furthermore,
average principal strain magnitudes were limited to 3,000 microstrain for all samples in this
study. Similar limits have been previously observed for mammalian bone from a variety of spe-
cies during routine activities such as running, jumping, walking, and chewing [4, 73-77].
Strain limits are achieved as bone remodels in response to mechanical loading [24, 78, 79]. The
remodeling process limits high strains to decrease the risk of fracture [76, 80] and low strains
to avoid excess bony material in areas where it is mechanically unnecessary [81]. Previous
studies on the trabecular architecture in mammalian species suggested that trabecular thick-
ness increased with increasing body mass in order to modulate the strains experienced in indi-
vidual trabeculae [9]. In the case of dinosaurian species, it appears that an equivalent result is
achieved by increasing connectivity density instead of trabecular thickness. This result is simi-
lar to what was observed for the apparent and specific apparent moduli of each species. It is
unclear why dinosaur bone adapted to have higher connectivity density instead of increased
trabecular thickness; however, as mentioned previously, it’s possible that this mechanism of
strain modulation more efficiently balances the structures mechanical competence and weight.
Unfortunately, testing this idea is beyond the scope of this paper. It may be possible for future
studies to carefully design a porous structure where trabecular thickness and connectivity den-
sity can be carefully controlled such that their individual effects can be ascertained.

The present study provides evidence of how trabecular architecture supported large body
masses. However, it must be considered that dinosaurian trabecular tissue may differ from
extant mammalian trabecular tissue on a compositional level which would have implications
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for the mechanical behavior of this tissue [82-93]. However, due to the fossilization of dino-
saur bones, this cannot be accurately assessed. Either way, using the same material properties
in direct comparisons of bone architectures showed that dinosaur trabecular bone apparent
modulus and bone volume fraction are positively correlated with body mass. Additionally, the
trabecular bone apparent modulus shows strong dependence on trabecular bone connectivity
density in dinosaurian species. Taken together, it is concluded that the trabecular architecture
in dinosaurs evolved to maintain bone stiffness and modulate strain levels to prevent failure
across a wide range of body masses. Our data also demonstrate that changes in connectivity
density were the primary mechanism for dinosaur bone adaptation. However, at this point, it
is unclear why dinosaurs altered connectivity density to achieve this result instead of adjusting
trabecular thickness like mammals. We suggest that increasing connectivity is a more efficient
stiffening mechanism than increasing strut thickness for animals of this extraordinary size.
This would have allowed for sufficient mechanical competence to be achieved with less bone
material (i.e. minimizing the metabolic cost of maintaining and transporting bony material).
These findings have potential implications for novel bioinspired designs of stiff and light-
weight structures that could be used in aerospace, construction, or vehicular applications.

Acknowledgments

The authors acknowledge Dr. Peter Bishop at the Royal Veterinary College (London, England,
UK) for his assistance in procuring CT scans of Troodontidae, Caenagnathidae, Ornithomimi-
dae, and Falcarius utahensis.

The authors thank Dr. Don Henderson and Mr. Brandon Strilisky at the Royal Tyrrell
Museum of Palacontology (Drumbheller, Alberta, CA) for allowing access to their Caenagnathi-
dae (TMP 1986.036.0323) and Ornithomimidae (TMP 1999.055.0337) specimen CT scans.

The authors also thank Dr. John Scannella and Ms. Amy Atwater at the Museum of the Rock-
ies at Montana State University and the land management agencies from whose land the speci-
mens were collected, for allowing us access of their Troodontidae (MOR 748) specimen CT scans.

Courtesy of Natural History Museum of Utah, UMNH VP 12360, the authors thank Dr.
Randall B. Irmis at the Natural History Museum of Utah for allowing us access to their Falcar-
ius utahensis specimen CT scans.

The authors acknowledge Dr. Marieka Arksey in the Department of Anthropology at the
University of Wyoming and the University of Wyoming Archaeological Repository for allow-
ing us to collect the Mammuthus columbi specimen sample (48WA322-9). Additionally, the
authors thank Ms. Rebecca Brower at the Washakie Museum in Worland Wyoming for coor-
dinating with the authors to collect a sample from the mammoth fossil.

Specimens sampled at the Denver Museum of Nature & Science are part of the Hankla
Family Collection, generously donated for the preservation and promotion of science.

The authors thank Dr. Ann Hess in the Department of Statistics at Colorado State Univer-
sity for her assistance with statistical methods utilized in this study.

The authors thank Alison Doherty and Jason Hinrichs in the Mechanical Engineering
Department at Colorado State University for assistance developing the uCT scanning proto-
cols for fossilized bone and for developing the methods for coring the Edmontosaurus samples,
and Steve Johnson in the Mechanical Engineering Department at Colorado State University
for design assistance, manufacturing of the mobile core drilling device used in this study and
helping collect the Mammuthus columbi trabecular core.

Edmontosaurus annectens specimens were collected under BLM permit number AA—-86367,
with administrative support from the Arctic Management Unit of the Bureau of Land
Management.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237042  August 19, 2020 15/20


https://doi.org/10.1371/journal.pone.0237042

PLOS ONE

Dinosaur trabecular architecture promotes stiffness and limits bone strain

All necessary permits were obtained for the described study, which complied with all rele-
vant regulations.

Author Contributions

Conceptualization: Trevor G. Aguirre, Seth W. Donahue.
Data curation: Trevor G. Aguirre, Tim W. Seek, Anthony R. Fiorillo, Joseph J. W. Sertich.
Formal analysis: Trevor G. Aguirre.

Investigation: Trevor G. Aguirre.

Methodology: Trevor G. Aguirre, Aniket Ingrole, Tim W. Seek.
Project administration: Seth W. Donahue.

Software: Trevor G. Aguirre.

Supervision: Seth W. Donahue.

Validation: Trevor G. Aguirre.

Visualization: Trevor G. Aguirre.

Writing - original draft: Trevor G. Aguirre.

Writing - review & editing: Trevor G. Aguirre, Luca Fuller, Anthony R. Fiorillo, Joseph J. W.
Sertich, Seth W. Donahue.

References

1. Carter DR, Caler WE, Spengler DM, Frankel VH (1981) Fatigue Behavior of Adult Cortical Bone: The
Influence of Mean Strain and Strain Range. Acta Orthopaedica Scandinavica 52:481-490. https://doi.
org/10.3109/17453678108992136 PMID: 7331784

2. Martin B (1995) Mathematical model for repair of fatigue damage and stress fracture in osteonal bone.
Journal of Orthopaedic Research 13:309-316. https://doi.org/10.1002/jor.1100130303 PMID: 7602391

3. Martin B (2003) Fatigue Damage, Remodeling, and the Minimization of Skeletal Weight. Journal of The-
oretical Biology 220:271-276. https://doi.org/10.1006/jtbi.2003.3148 PMID: 12602399

4. Rubin CT (1984) Skeletal strain and the functional significance of bone architecture. Calcif Tissue Int
36 Suppl 1:S11-18 https://doi.org/10.1007/BF02406128 PMID: 6430509

5. Currey JD (2003) The many adaptations of bone. Journal of Biomechanics 36:1487—1495. https://doi.
org/10.1016/s0021-9290(03)00124-6 PMID: 14499297

6. Doherty AH, Ghalambor CK, Donahue SW (2015) Evolutionary Physiology of Bone: Bone Metabolism
in Changing Environments. Physiology 30:17-29. https://doi.org/10.1152/physiol.00022.2014 PMID:
25559152

7. Drake A, Haut Donahue TL, Stansloski M, et al. (2016) Horn and horn core trabecular bone of bighorn
sheep rams absorbs impact energy and reduces brain cavity accelerations during high impact ramming
of the skull. Acta Biomaterialia 44:41-50. https://doi.org/10.1016/j.actbio.2016.08.019 PMID:
27544811

8. Barak MM, Lieberman DE, Hublin J-J (2013) Of mice, rats and men: Trabecular bone architecture in
mammals scales to body mass with negative allometry. Journal of Structural Biology 183:123-131.
https://doi.org/10.1016/j.jsb.2013.04.009 PMID: 23639903

9. Doube M, Klosowski MM, Wiktorowicz-Conroy AM, et al. (2011) Trabecular bone scales allometrically
in mammals and birds. Proceedings of the Royal Society B: Biological Sciences 278:3067-3073.
https://doi.org/10.1098/rspb.2011.0069 PMID: 21389033

10. Gibson LJ, Ashby MF, Harley BA (2010) Cellular Materials in Nature and Medicine. Cambridge Univer-
sity Press

11. Taylor D (1998) Fatigue of bone and bones: An analysis based on stressed volume. Journal of Ortho-
paedic Research 16:163-169. https://doi.org/10.1002/jor.1100160203 PMID: 9621890

PLOS ONE | https://doi.org/10.1371/journal.pone.0237042  August 19, 2020 16/20


https://doi.org/10.3109/17453678108992136
https://doi.org/10.3109/17453678108992136
http://www.ncbi.nlm.nih.gov/pubmed/7331784
https://doi.org/10.1002/jor.1100130303
http://www.ncbi.nlm.nih.gov/pubmed/7602391
https://doi.org/10.1006/jtbi.2003.3148
http://www.ncbi.nlm.nih.gov/pubmed/12602399
https://doi.org/10.1007/BF02406128
http://www.ncbi.nlm.nih.gov/pubmed/6430509
https://doi.org/10.1016/s0021-9290%2803%2900124-6
https://doi.org/10.1016/s0021-9290%2803%2900124-6
http://www.ncbi.nlm.nih.gov/pubmed/14499297
https://doi.org/10.1152/physiol.00022.2014
http://www.ncbi.nlm.nih.gov/pubmed/25559152
https://doi.org/10.1016/j.actbio.2016.08.019
http://www.ncbi.nlm.nih.gov/pubmed/27544811
https://doi.org/10.1016/j.jsb.2013.04.009
http://www.ncbi.nlm.nih.gov/pubmed/23639903
https://doi.org/10.1098/rspb.2011.0069
http://www.ncbi.nlm.nih.gov/pubmed/21389033
https://doi.org/10.1002/jor.1100160203
http://www.ncbi.nlm.nih.gov/pubmed/9621890
https://doi.org/10.1371/journal.pone.0237042

PLOS ONE

Dinosaur trabecular architecture promotes stiffness and limits bone strain

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,
23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Biewener AA (2005) Biomechanical consequences of scaling. Journal of Experimental Biology
208:1665—-1676. https://doi.org/10.1242/jeb.01520 PMID: 15855398

Biewener AA (1983) Allometry of quadrupedal locomotion: The scaling of duty factor, bone curvature
and limb orientation to body. J exp Biol 105:147—-171 PMID: 6619724

Campione NE, Evans DC (2012) A universal scaling relationship between body mass and proximal limb
bone dimensions in quadrupedal terrestrial tetrapods. BMC Biology 10:. https://doi.org/10.1186/1741-
7007-10-60

Schmidt-Nielsen K (1975) Scaling in biology: The consequences of size. Journal of Experimental Zool-
ogy 194:287-307. https://doi.org/10.1002/jez.1401940120 PMID: 811757

Silva MJ, Gibson LJ (1997) Modeling the mechanical behavior of vertebral trabecular bone: Effects of
age-related changes in microstructure. Bone 21:191-199. https://doi.org/10.1016/s8756-3282(97)
00100-2 PMID: 9267695

Parfitt AM, Mathews CH, Villanueva AR, et al. (1983) Relationships between surface, volume, and thick-
ness of iliac trabecular bone in aging and in osteoporosis. Implications for the microanatomic and cellu-
lar mechanisms of bone loss. https://www.jci.org/articles/view/111096/pdf. Accessed 12 Apr 2019

Pugh JW, Rose RM, Radin EL (1973) Elastic and viscoelastic properties of trabecular bone: Depen-
dence on structure. Journal of Biomechanics 6:475-485. https://doi.org/10.1016/0021-9290(73)90006-
7 PMID: 4748497

Bishop PJ, Hocknull SA, Clemente CJ, et al. (a2018) Cancellous bone and theropod dinosaur locomo-
tion. Part I—an examination of cancellous bone architecture in the hindlimb bones of theropods. PeerJ
6:e5778. https://doi.org/10.7717/peerj.5778

Bishop PJ, Hocknull SA, Clemente CJ, et al. (b2018) Cancellous bone and theropod dinosaur locomo-
tion. Part Il—a new approach to inferring posture and locomotor biomechanics in extinct tetrapod verte-
brates. Peerd 6:€5779. https://doi.org/10.7717/peer].5779

Bishop PJ, Hocknull SA, Clemente CJ, et al. (c2018) Cancellous bone and theropod dinosaur locomo-
tion. Part lll—Inferring posture and locomotor biomechanics in extinct theropods, and its evolution on
the line to birds. Peerd 6:€5777. https://doi.org/10.7717/peer|.5777

Benton MJ (2012) Prehistoric Life. Dorling Kindersley, Edinburgh, Scotland

Foster J (2007) Jurassic West: The Dinosaurs of the Morrison Formation and Their World. Indiana Uni-
versity Press

Lieberman DE (2003) Optimization of bone growth and remodeling in response to loading in tapered
mammalian limbs. Journal of Experimental Biology 206:3125-3138. https://doi.org/10.1242/jeb.00514
PMID: 12909694

Seek T W (2018) Exploration of Unique Porous Bone Materials for Candidacy in Bioinspired Material
Design. Colorado State University

Horner JR, Weishampel DB, Forster CA (2004) Hadrosauridae. In: Dinosauria The, 2nd ed. University
of California Press, pp 438—463

Sellers WI, Manning PL, Lyson T, et al. VIRTUAL PALAEONTOLOGY: GAIT RECONSTRUCTION OF
EXTINCT VERTEBRATES USING HIGH PERFORMANCE COMPUTING. 27

Maidment S, Barrett P (2012) Osteological correlates for quadrupedality in ornithischian dinosaurs.
Acta Palaeontologica Polonica. https://doi.org/10.4202/app.2012.0065

Eberth DA, Evans DC (2014) Hadrosaurs. Indiana University Press

Lockley MG, Young BH, Carpenter K (1983) HADROSAUR LOCOMOTION AND HERDING BEHAV-
IOR: EVIDENCE FROM FOOTPRINTS IN THE MESAVERDE FORMATION, GRAND MESA COAL
FIELD, COLORADO. The Mountain Geologist 20:5-14

Hone DWE, Farke AA, Wedel MJ (2016) Ontogeny and the fossil record: what, if anything, is an adult
dinosaur? Biology Letters 12:20150947. https://doi.org/10.1098/rsbl.2015.0947 PMID: 26888916

Xu X, Tan Q, Sullivan C, et al. (2011) A Short-Armed Troodontid Dinosaur from the Upper Cretaceous
of Inner Mongolia and Its Implications for Troodontid Evolution. PLoS ONE 6:€22916. https://doi.org/
10.1371/journal.pone.0022916 PMID: 21915256

YuY,Wang K, Chen S, et al. (2018) A new caenagnathid dinosaur from the Upper Cretaceous Wangshi
Group of Shandong, China, with comments on size variation among oviraptorosaurs. Scientific Reports
8:. https://doi.org/10.1038/s41598-018-23252-2

Lautenschlager S, Rayfield EJ, Altangerel P, et al. (2012) The Endocranial Anatomy of Therizinosauria
and Its Implications for Sensory and Cognitive Function. PLoS ONE 7:e52289. https://doi.org/10.1371/
journal.pone.0052289 PMID: 23284972

PLOS ONE | https://doi.org/10.1371/journal.pone.0237042  August 19, 2020 17/20


https://doi.org/10.1242/jeb.01520
http://www.ncbi.nlm.nih.gov/pubmed/15855398
http://www.ncbi.nlm.nih.gov/pubmed/6619724
https://doi.org/10.1186/1741-7007-10-60
https://doi.org/10.1186/1741-7007-10-60
https://doi.org/10.1002/jez.1401940120
http://www.ncbi.nlm.nih.gov/pubmed/811757
https://doi.org/10.1016/s8756-3282%2897%2900100-2
https://doi.org/10.1016/s8756-3282%2897%2900100-2
http://www.ncbi.nlm.nih.gov/pubmed/9267695
https://www.jci.org/articles/view/111096/pdf
https://doi.org/10.1016/0021-9290%2873%2990006-7
https://doi.org/10.1016/0021-9290%2873%2990006-7
http://www.ncbi.nlm.nih.gov/pubmed/4748497
https://doi.org/10.7717/peerj.5778
https://doi.org/10.7717/peerj.5779
https://doi.org/10.7717/peerj.5777
https://doi.org/10.1242/jeb.00514
http://www.ncbi.nlm.nih.gov/pubmed/12909694
https://doi.org/10.4202/app.2012.0065
https://doi.org/10.1098/rsbl.2015.0947
http://www.ncbi.nlm.nih.gov/pubmed/26888916
https://doi.org/10.1371/journal.pone.0022916
https://doi.org/10.1371/journal.pone.0022916
http://www.ncbi.nlm.nih.gov/pubmed/21915256
https://doi.org/10.1038/s41598-018-23252-2
https://doi.org/10.1371/journal.pone.0052289
https://doi.org/10.1371/journal.pone.0052289
http://www.ncbi.nlm.nih.gov/pubmed/23284972
https://doi.org/10.1371/journal.pone.0237042

PLOS ONE

Dinosaur trabecular architecture promotes stiffness and limits bone strain

35.

36.
37.

38.

39.

40.

M.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

Zanno LE, Makovicky PJ (2012) No evidence for directional evolution of body mass in herbivorous the-
ropod dinosaurs. Proceedings of the Royal Society B: Biological Sciences 280:20122526—20122526.
https://doi.org/10.1098/rspb.2012.2526

Lister A, Bahn P (1994) Mammoths: Giants of the Ice Age. University of California Press

McGee ME, Magic KW, Miller DL, et al. (2007) Black bear femoral porosity decreases and mechanical
properties increase with age despite annual periods of disuse (hibernation). Engineering Fracture
Mechanics 74:1942—1952. hitps://doi.org/10.1016/j.engfracmech.2006.05.010

Doube M, Ktosowski MM, Hutchinson J, Shefelbine SJ(2018) X-ray microtomography images of trabec-
ular bone from the femoral head and condyle of 18 avian, 72 mammalian and one crocodilian species

Doube M, Kifosowski MM, Arganda-Carreras |, et al. (2010) Boned: Free and extensible bone image
analysis in Imaged. Bone 47:1076-1079. https://doi.org/10.1016/j.bone.2010.08.023 PMID: 20817052

Hildebrand T, Laib A, Miiller R, et al. (1999) Direct Three-Dimensional Morphometric Analysis of
Human Cancellous Bone: Microstructural Data from Spine, Femur, lliac Crest, and Calcaneus. Journal
of Bone and Mineral Research 14:1167—1174. https://doi.org/10.1359/jbmr.1999.14.7.1167 PMID:
10404017

Hunter AK, McDavid WD (2012) Characterization and correction of cupping effect artefacts in cone
beam CT. Dentomaxillofac Radiol 41:217—223. https://doi.org/10.1259/dmfr/19015946 PMID:
22378754

Martin RB, Burr DB, Sharkey NA(1998) Skeletal Tissue Mechanics. Springer Science & Business
Media

Wang J, Zhou B, Liu XS, et al. (2015) Trabecular plates and rods determine elastic modulus and yield
strength of human trabecular bone. Bone 72:71-80. https://doi.org/10.1016/j.bone.2014.11.006 PMID:
25460571

Wu D, Isaksson P, Ferguson SJ, Persson C (2018) Young’s modulus of trabecular bone at the tissue
level: A review. Acta Biomaterialia 78:1—12. https://doi.org/10.1016/j.actbio.2018.08.001 PMID:
30081232

Bayraktar HH (2004) The Modified Super-Ellipsoid Yield Criterion for Human Trabecular Bone. Journal
of Biomechanical Engineering 126:677. https://doi.org/10.1115/1.1763177 PMID: 15796326

Bayraktar HH, Morgan EF, Niebur GL, et al. (2004) Comparison of the elastic and yield properties of
human femoral trabecular and cortical bone tissue. Journal of Biomechanics 37:27-35. https://doi.org/
10.1016/s0021-9290(03)00257-4 PMID: 14672565

Niebur GL, Yuen JC, Hsia AC, Keaveny TM (1999) Convergence Behavior of High-Resolution Finite
Element Models of Trabecular Bone. Journal of Biomechanical Engineering 121:629. hitps://doi.org/
10.1115/1.2800865 PMID: 10633264

Wheatley BB, Fischenich KM, Button KD, et al. (2015) An optimized transversely isotropic, hyper-poro-
viscoelastic finite element model of the meniscus to evaluate mechanical degradation following trau-
matic loading. Journal of Biomechanics 48:1454—1460. https://doi.org/10.1016/j.jpoiomech.2015.02.028
PMID: 25776872

Oftadeh R, Perez-Viloria M, Villa-Camacho JC, et al. (2015) Biomechanics and Mechanobiology of Tra-
becular Bone: A Review. Journal of Biomechanical Engineering 137:010802. https://doi.org/10.1115/1.
4029176

Keyak JH, Rossi SA (2000) Prediction of femoral fracture load using finite element models: an examina-
tion of stress- and strain-based failure theories. Journal of Biomechanics 6

Keaveny TM, Wachtel EF, Ford CM, Hayes WC (1994) Differences between the tensile and compres-
sive strengths of bovine tibial trabecular bone depend on modulus. Journal of Biomechanics 27:1137—-
1146. https://doi.org/10.1016/0021-9290(94)90054-x PMID: 7929463

Morgan EF, Keaveny TM (2001) Dependence of yield strain of human trabecular bone on anatomic
site. Journal of Biomechanics 34:569-577. https://doi.org/10.1016/s0021-9290(01)00011-2 PMID:
11311697

Niebur GL, Feldstein MJ, Keaveny TM (2002) Biaxial Failure Behavior of Bovine Tibial Trabecular
Bone. Journal of Biomechanical Engineering 124:699. https://doi.org/10.1115/1.1517566 PMID:
12596638

Keaveny TM, Wachtel EF, Zadesky SP, Arramon YP (1999) Application of the Tsai—Wu Quadratic Mul-
tiaxial Failure Criterion to Bovine Trabecular Bone. J Biomech Eng 121:99-107. https://doi.org/10.
1115/1.2798051 PMID: 10080095

Logan D I. (2002) A First Course in the Finite Element Method, 3rd ed. Brooks/Cole

Boresi AP, Schmidt RJ (2003) Advanced mechanics of materials, 6th ed. John Wiley & Sons, New
York

PLOS ONE | https://doi.org/10.1371/journal.pone.0237042  August 19, 2020 18/20


https://doi.org/10.1098/rspb.2012.2526
https://doi.org/10.1016/j.engfracmech.2006.05.010
https://doi.org/10.1016/j.bone.2010.08.023
http://www.ncbi.nlm.nih.gov/pubmed/20817052
https://doi.org/10.1359/jbmr.1999.14.7.1167
http://www.ncbi.nlm.nih.gov/pubmed/10404017
https://doi.org/10.1259/dmfr/19015946
http://www.ncbi.nlm.nih.gov/pubmed/22378754
https://doi.org/10.1016/j.bone.2014.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25460571
https://doi.org/10.1016/j.actbio.2018.08.001
http://www.ncbi.nlm.nih.gov/pubmed/30081232
https://doi.org/10.1115/1.1763177
http://www.ncbi.nlm.nih.gov/pubmed/15796326
https://doi.org/10.1016/s0021-9290%2803%2900257-4
https://doi.org/10.1016/s0021-9290%2803%2900257-4
http://www.ncbi.nlm.nih.gov/pubmed/14672565
https://doi.org/10.1115/1.2800865
https://doi.org/10.1115/1.2800865
http://www.ncbi.nlm.nih.gov/pubmed/10633264
https://doi.org/10.1016/j.jbiomech.2015.02.028
http://www.ncbi.nlm.nih.gov/pubmed/25776872
https://doi.org/10.1115/1.4029176
https://doi.org/10.1115/1.4029176
https://doi.org/10.1016/0021-9290%2894%2990054-x
http://www.ncbi.nlm.nih.gov/pubmed/7929463
https://doi.org/10.1016/s0021-9290%2801%2900011-2
http://www.ncbi.nlm.nih.gov/pubmed/11311697
https://doi.org/10.1115/1.1517566
http://www.ncbi.nlm.nih.gov/pubmed/12596638
https://doi.org/10.1115/1.2798051
https://doi.org/10.1115/1.2798051
http://www.ncbi.nlm.nih.gov/pubmed/10080095
https://doi.org/10.1371/journal.pone.0237042

PLOS ONE

Dinosaur trabecular architecture promotes stiffness and limits bone strain

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

Bucalem ML, Bathe K-J (2011) The mechanics of solids and structures: hierarchical modeling and the
finite element solution. Springer, Heidelberg

Roark RJ, Young WC, Budynas RG (2002) Roark’s formulas for stress and strain, 7th ed. McGraw-
Hill, New York

Bayraktar HH, Keaveny TM (2004) Mechanisms of uniformity of yield strains for trabecular bone. Jour-
nal of Biomechanics 37:1671-1678. https://doi.org/10.1016/j.jbiomech.2004.02.045 PMID: 15388309

Kopperdahl DL, Keaveny TM (1998) Yield strain behavior of trabecular bone. Journal of Biomechanics
31:601-608. https://doi.org/10.1016/s0021-9290(98)00057-8 PMID: 9796682

Packard GC (2014) On the use of log-transformation versus nonlinear regression for analyzing biologi-
cal power laws: Analyzing Biological Power Laws. Biol J Linn Soc Lond 113:1167—1178. hitps://doi.org/
10.1111/bij.12396

Skedros JG, Knight AN, Clark GC, et al. (2013) Scaling of Haversian canal surface area to secondary
osteon bone volume in ribs and limb bones. American Journal of Physical Anthropology 151:230-244.
https://doi.org/10.1002/ajpa.22270 PMID: 23633395

Kim JH, Choi | Choosing the Level of Significance: A Decision-theoretic Approach. Abacus. https://doi.
org/10.1111/abac.12172

Wasserstein RL, Lazar NA (2016) The ASA Statement on p -Values: Context, Process, and Purpose.
The American Statistician 70:129-133. https://doi.org/10.1080/00031305.2016.1154108

Wasserstein RL, Schirm AL, Lazar NA (2019) Moving to a World Beyond “p < 0.05.” The American Stat-
istician 73:1-19. https://doi.org/10.1080/00031305.2019.1583913

Prieto-Marquez A (2014) A juvenile Edmontosaurus from the late Maastrichtian (Cretaceous) of North
America: Implications for ontogeny and phylogenetic inference in saurolophine dinosaurs. Cretaceous
Research 50:282-303. https://doi.org/10.1016/j.cretres.2014.05.003

Gangloff RA, Fiorillo AR (2010) Taphonomy and paleoecology of a bonebed from the Prince Creek For-
mation, North Slope, Alaska. PALAIOS 25:299-317. https://doi.org/10.2110/palo.2009.p09-103r

Takasaki R, Fiorillo AR, Tykoski RS, Kobayashi Y (2020) Re-examination of the cranial osteology of the
Arctic Alaskan hadrosaurine with implications for its taxonomic status. PLOS ONE 15:€0232410.
https://doi.org/10.1371/journal.pone.0232410 PMID: 32374777

Knell RJ, Naish D, Tomkins JL, Hone DWE (2013) Sexual selection in prehistoric animals: detection
and implications. Trends in Ecology & Evolution 28:38-47. https://doi.org/10.1016/j.tree.2012.07.015

Mallon JC (2017) Recognizing sexual dimorphism in the fossil record: lessons from nonavian dinosaurs.
Paleobiology 43:495-507. https://doi.org/10.1017/pab.2016.51

Brianza SZM, D’Amelio P, Pugno N, et al. (2007) Allometric scaling and biomechanical behavior of the
bone tissue: An experimental intraspecific investigation. Bone 40:1635-1642. https://doi.org/10.1016/.
bone.2007.02.013 PMID: 17400044

Nawathe S, Nguyen BP, Barzanian N, et al. (2015) Cortical and trabecular load sharing in the human
femoral neck. Journal of Biomechanics 48:816-822. https://doi.org/10.1016/j.jpiomech.2014.12.022
PMID: 25582355

Rubin CT, Lanyon LE (1984) Dynamic strain similarity in vertebrates; an alternative to allometric limb
bone scaling. Journal of Theoretical Biology 107:321-327. https://doi.org/10.1016/s0022-5193(84)
80031-4 PMID: 6717041

Lewton KL (2015) In vitro bone strain distributions in a sample of primate pelves. Journal of Anatomy
226:458-477. https://doi.org/10.1111/joa.12294 PMID: 25846322

Sugiyama T, Meakin LB, Browne WJ, et al. (2012) Bones’ adaptive response to mechanical loading is
essentially linear between the low strains associated with disuse and the high strains associated with
the lamellar/woven bone transition. Journal of Bone and Mineral Research 27:1784—1793. https://doi.
org/10.1002/jbmr.1599 PMID: 22431329

Sugiyama T, Price JS, Lanyon LE (2010) Functional adaptation to mechanical loading in both cortical
and cancellous bone is controlled locally and is confined to the loaded bones. Bone 46:314-321.
https://doi.org/10.1016/j.bone.2009.08.054 PMID: 19733269

Groning F, Fagan M, O’higgins P (2013) Comparing the Distribution of Strains with the Distribution of
Bone Tissue in a Human Mandible: A Finite Element Study. The Anatomical Record 296:9-18. https://
doi.org/10.1002/ar.22597 PMID: 22976999

Currey JD (2002) Bones: Structure and Mechanics, 2nd. Princeton University Press

Carter DR, Beaupre GS (2001) Skeletal Function and Form: Mechanobiology of Skeletal Development,
Aging, and Regeneration. Cambridge University Press, Cambridge

PLOS ONE | https://doi.org/10.1371/journal.pone.0237042  August 19, 2020 19/20


https://doi.org/10.1016/j.jbiomech.2004.02.045
http://www.ncbi.nlm.nih.gov/pubmed/15388309
https://doi.org/10.1016/s0021-9290%2898%2900057-8
http://www.ncbi.nlm.nih.gov/pubmed/9796682
https://doi.org/10.1111/bij.12396
https://doi.org/10.1111/bij.12396
https://doi.org/10.1002/ajpa.22270
http://www.ncbi.nlm.nih.gov/pubmed/23633395
https://doi.org/10.1111/abac.12172
https://doi.org/10.1111/abac.12172
https://doi.org/10.1080/00031305.2016.1154108
https://doi.org/10.1080/00031305.2019.1583913
https://doi.org/10.1016/j.cretres.2014.05.003
https://doi.org/10.2110/palo.2009.p09-103r
https://doi.org/10.1371/journal.pone.0232410
http://www.ncbi.nlm.nih.gov/pubmed/32374777
https://doi.org/10.1016/j.tree.2012.07.015
https://doi.org/10.1017/pab.2016.51
https://doi.org/10.1016/j.bone.2007.02.013
https://doi.org/10.1016/j.bone.2007.02.013
http://www.ncbi.nlm.nih.gov/pubmed/17400044
https://doi.org/10.1016/j.jbiomech.2014.12.022
http://www.ncbi.nlm.nih.gov/pubmed/25582355
https://doi.org/10.1016/s0022-5193%2884%2980031-4
https://doi.org/10.1016/s0022-5193%2884%2980031-4
http://www.ncbi.nlm.nih.gov/pubmed/6717041
https://doi.org/10.1111/joa.12294
http://www.ncbi.nlm.nih.gov/pubmed/25846322
https://doi.org/10.1002/jbmr.1599
https://doi.org/10.1002/jbmr.1599
http://www.ncbi.nlm.nih.gov/pubmed/22431329
https://doi.org/10.1016/j.bone.2009.08.054
http://www.ncbi.nlm.nih.gov/pubmed/19733269
https://doi.org/10.1002/ar.22597
https://doi.org/10.1002/ar.22597
http://www.ncbi.nlm.nih.gov/pubmed/22976999
https://doi.org/10.1371/journal.pone.0237042

PLOS ONE

Dinosaur trabecular architecture promotes stiffness and limits bone strain

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

Nagaraja S, Couse TL, Guldberg RE (2005) Trabecular bone microdamage and microstructural
stresses under uniaxial compression. Journal of Biomechanics 38:707—716. https://doi.org/10.1016/j.
jbiomech.2004.05.013 PMID: 15713291

Squire M, Brazin A, Keng Y, Judex S (2008) Baseline bone morphometry and cellular activity modulate
the degree of bone loss in the appendicular skeleton during disuse. Bone 42:341-349. https://doi.org/
10.1016/j.bone.2007.09.052 PMID: 17997144

Boivin G, Meunier PJ (2002) The Degree of Mineralization of Bone Tissue Measured by Computerized
Quantitative Contact Microradiography. Calcif Tissue Int 70:503-511. https://doi.org/10.1007/s00223-
001-2048-0 PMID: 12019458

Follet H, Boivin G, Rumelhart C, Meunier PJ (2004) The degree of mineralization is a determinant of
bone strength: a study on human calcanei. Bone 34:783-789. https://doi.org/10.1016/j.bone.2003.12.
012 PMID: 15121009

Fonseca H, Moreira-Gongalves D, Coriolano H-JA, Duarte JA (2014) Bone Quality: The Determinants
of Bone Strength and Fragility. Sports Med 44:37-53. https://doi.org/10.1007/s40279-013-0100-7
PMID: 24092631

Unal M, Creecy A, Nyman JS (2018) The Role of Matrix Composition in the Mechanical Behavior of
Bone. Curr Osteoporos Rep 16:205-215. https://doi.org/10.1007/s11914-018-0433-0 PMID:
29611037

Banse X, Sims TJ, Bailey AJ (2002) Mechanical Properties of Adult Vertebral Cancellous Bone: Corre-
lation With Collagen Intermolecular Cross-Links. Journal of Bone and Mineral Research 17:1621—
1628. https://doi.org/10.1359/jomr.2002.17.9.1621 PMID: 12211432

Bailey AJ, Sims TJ, Ebbesen EN, et al. (1999) Age-Related Changes in the Biochemical Properties of
Human Cancellous Bone Collagen: Relationship to Bone Strength. Calcified Tissue International
65:203-210. https://doi.org/10.1007/s002239900683 PMID: 10441651

Boskey A (2003) Bone mineral crystal size. Osteoporosis International 14:16—21. https://doi.org/10.
1007/s00198-003-1468-2

Bouxsein ML (2003) Bone quality: where do we go from here? Osteoporosis International 14:118-127.
https://doi.org/10.1007/s00198-003-1489-x

Yerramshetty JS, Akkus O (2008) The associations between mineral crystallinity and the mechanical
properties of human cortical bone. Bone 42:476-482. https://doi.org/10.1016/j.bone.2007.12.001
PMID: 18187375

Lefévre E, Farlay D, Bala VY, et al. (2019) Compositional and mechanical properties of growing cortical
bone tissue: a study of the human fibula. Sci Rep 9:17629. https://doi.org/10.1038/s41598-019-54016-
1PMID: 31772277

Jepsen KJ, Schaffler MB, Kuhn JL, et al. (1997) Type | collagen mutation alters the strength and fatigue
behavior of Mov13 cortical tissue. Journal of Biomechanics 30:1141-1147. https://doi.org/10.1016/
s0021-9290(97)00088-2 PMID: 9456382

Wynnyckyj C, Willett TL, Omelon S, et al. (2011) Changes in bone fatigue resistance due to collagen
degradation. Journal of Orthopaedic Research 29:197-2083. https://doi.org/10.1002/jor.21228 PMID:
20803484

PLOS ONE | https://doi.org/10.1371/journal.pone.0237042  August 19, 2020 20/20


https://doi.org/10.1016/j.jbiomech.2004.05.013
https://doi.org/10.1016/j.jbiomech.2004.05.013
http://www.ncbi.nlm.nih.gov/pubmed/15713291
https://doi.org/10.1016/j.bone.2007.09.052
https://doi.org/10.1016/j.bone.2007.09.052
http://www.ncbi.nlm.nih.gov/pubmed/17997144
https://doi.org/10.1007/s00223-001-2048-0
https://doi.org/10.1007/s00223-001-2048-0
http://www.ncbi.nlm.nih.gov/pubmed/12019458
https://doi.org/10.1016/j.bone.2003.12.012
https://doi.org/10.1016/j.bone.2003.12.012
http://www.ncbi.nlm.nih.gov/pubmed/15121009
https://doi.org/10.1007/s40279-013-0100-7
http://www.ncbi.nlm.nih.gov/pubmed/24092631
https://doi.org/10.1007/s11914-018-0433-0
http://www.ncbi.nlm.nih.gov/pubmed/29611037
https://doi.org/10.1359/jbmr.2002.17.9.1621
http://www.ncbi.nlm.nih.gov/pubmed/12211432
https://doi.org/10.1007/s002239900683
http://www.ncbi.nlm.nih.gov/pubmed/10441651
https://doi.org/10.1007/s00198-003-1468-2
https://doi.org/10.1007/s00198-003-1468-2
https://doi.org/10.1007/s00198-003-1489-x
https://doi.org/10.1016/j.bone.2007.12.001
http://www.ncbi.nlm.nih.gov/pubmed/18187375
https://doi.org/10.1038/s41598-019-54016-1
https://doi.org/10.1038/s41598-019-54016-1
http://www.ncbi.nlm.nih.gov/pubmed/31772277
https://doi.org/10.1016/s0021-9290%2897%2900088-2
https://doi.org/10.1016/s0021-9290%2897%2900088-2
http://www.ncbi.nlm.nih.gov/pubmed/9456382
https://doi.org/10.1002/jor.21228
http://www.ncbi.nlm.nih.gov/pubmed/20803484
https://doi.org/10.1371/journal.pone.0237042

