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a b s t r a c t

Bones in the fossil record sometimes exhibit unusual structures that can be attributed to pathologies,
taphonomic alterations, or morphological variation. The goal of this work is to describe three bone ab-
normalities present in the type specimen of Bonitasaura salgadoi from the Cretaceous of north Patagonia,
Argentina. The studied material corresponds to a left femur, a left metatarsal III, and a right pre-
zygapophysis of a mid-caudal vertebra. Macroscopic and/or histological examinations were conducted,
and a discussion concerning the origin of each abnormality is provided. The results of this study suggest
that the anomalous structures are pathologies. In the femur, an osteoblastic tumor was identified by the
presence of a large outgrowth of ovoid appearance with a spiculated microstructural pattern. The
metatarsal III shows an enthesophyte (or bone spur) based on its location, shape and growth in parallel to
the long axis of the bone element. Finally, the abnormal tissue observed in the prezygapophysis of the
caudal vertebra was determined to be an infection by the presence of reactive new bone associated with
a local widening of the subperiosteal margin and a sinus of drainage. This is the first report of multiple
pathologies in a single specimen of a titanosaur, and it provides new insights about paleopathologies in
sauropod dinosaurs.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Vertebrates have a complex skeletal system that is susceptible to
disease and trauma. Diseases and traumas usually leave distinct
traces on bones that, allow for the identification of different types
of pathologies in living and extinct organisms (e.g., Rothschild and
Martin, 2006; Rothschild, 2009). Paleopathology is the study of
ancient disease and injuries (trauma) in the fossil to subfossil re-
cord (Tanke and Rothschild, 2002). Paleopathological studies pro-
vide information about the paleobiology, including lifestyle and
behavior, of extinct groups (e.g., Hanna, 2002; Ferigolo, 2007;
Martinelli et al., 2015).

Osseous pathologies in non-avian dinosaurs have been well
documented in both saurischian and ornithischian taxa and
a del Litoral CONICET, Ruta 5,
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include: fractures (e.g., Sullivan et al., 2000; Straight et al., 2009;
Xing et al., 2009; Hedrick et al., 2016), infections (e.g., Hanna,
2002; McWhinney et al., 2001b; Bell and Coria, 2013; Cerda et al.,
2014; Redelstorff et al., 2015; Ann�e et al., 2016; García et al.,
2016), osteopetrosis (e.g., Chinsamy and Tumarkin-Deratzian,
2009), degenerative disorders (e.g., Tanke and Rothschild, 2014),
tumors (e.g., Rothschild et al., 1998; Rothschild et al., 1999; de Souza
Barbosa et al., 2016; Dumbrav�a et al., 2016) and developmental
disorders (Witzmann et al., 2008). In the case of sauropodomorph
dinosaurs, paleopathological studies have been conducted in taxa
such as Apatosaurus Marsh 1877 (Gilmore, 1936; Rothschild and
Berman, 1991; Reid, 1996); Camarasaurus Cope 1877 (McWhinney
et al., 2001a; Tschopp et al., 2016); Diplodocus Marsh 1878
(Hatcher, 1901; Rothschild, 1987; Rothschild and Berman, 1991);
and Uberabatitan ribeiroi Salgado and Carvalho 2008 (Martinelli
et al., 2015). This last case corresponds to a titanosaur species
that was described as having two fused vertebrae and a hemal arch
with a fracture callus in two specimens. The fused vertebrae were
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interpreted as the result of a spondyloarthropathy, an infection, or
both (Martinelli et al., 2015).

Additionally, three reports on indeterminate titanosaurs have
been published (Chinsamy et al., 2016; de Souza Barbosa et al., 2016;
García et al., 2016). Chinsamyet al. (2016) reported on the occurrence
of three unusual bone tissues located in different skeletal elements
(metatarsal, vertebra and osteoderm) within an indeterminate sal-
tasaurine from the Upper Cretaceous of Argentina. In this case, the
unusual histology of the metatarsal was only diagnosed as a patho-
logical response. de Souza Barbosa et al. (2016)mentioned two types
of bone tumors (hemangioma and osteoma) in a caudal vertebra
corresponding to a titanosaur from Brazil. Finally, García et al. (2016)
reported evidence of osteomyelitis in a caudal vertebra from a tita-
nosaur from the Upper Cretaceous of Argentina. In addition to these
particular studies, Gallina (2012) and Gallina and Apesteguía (2015)
reported osseous abnormalities from femur, metatarsal III and pre-
zygapophysis in the holotype of Bonitasaura salgadoi Apesteguía
2004 (Upper Cretaceous of Patagonia, Argentina), which were
tentatively interpreted as possible pathologies. However, a detailed
analysis of these skeletal abnormalities was not performed.

The specific goal of this work is to describe the abnormalities
mentioned in the femur, metatarsal III and prezygapophysis from
type specimen of B. salgadoi. Additionally, the possible causes and
paleobiological significance of these abnormalities are discussed.We
provide an analysis of the abnormalities through macroscopic and
histological examinations. The three abnormalities analyzed are
related toosseouspaleopathologies. This is thefirst reportofmultiple
pathologies in a single specimen of a titanosaur, and thus, it provides
new insights about paleopathologies in sauropod dinosaurs.
2. Materials and methods

All the postcranial skeletal elements from the holotype of
B. salgadoi (MPCA 460) were macroscopically examined. Since
osseous abnormalities where found only in three bones (left femur,
left metatarsal III, and a right prezygapophysis of a mid-caudal
vertebra), this study focused on these elements. The sauropod tita-
nosaur B. salgadoi was collected in the Bajo de la Carpa Formation
(Santonian), Río Negro province, northern Patagonia, Argentina
Fig. 1. Map of “La Bonita” site, Río Negro province, Argentina where the holotype (MPCA
(Apesteguía, 2004; Gallina and Apesteguía, 2011, 2015) (Fig. 1). The
materials were deposited in the collection of the Museo Provincial
Carlos Ameghino (MPCA), Cipolletti, Río Negro province, Argentina.

Three types of analyses were performed: 1) an examination of
the gross morphology (femur and metatarsal), 2) a histologic ex-
amination (femur and prezygapophysis), and 3) a CT scan (meta-
tarsal). For the macroscopic evaluation of osseous pathologies, we
followed Rega (2012). In this regard, we considered the texture,
shape, type of bone response (proliferative, lytic or mixed), longi-
tudinal location (epiphyseal, metaphyseal or diaphyseal) and its
transverse location (medullary, cortical or juxtacortical). We used
the term “outgrowth” (exostosis) to refer to the abnormal bone that
grew from the bone surface, as defined by Cohen et al. (1973).

The materials were analyzed using both visual inspection and an
Olympus (SZ51) stereoscope microscope. Images were taken with a
Panasonic (DMC-S5) camera. Histological sections where obtained
from the normal and abnormal areas of the femur. The gross
morphology of the prezygapophysis of the caudal vertebra could not
be assessed because thin sections had previously been made by
Gallina (2012) and pictures of the element where not taken before
sectioning. Thin sections of the femur were prepared at the Labo-
ratorio de Petrografía of the Instituto de Geocronología y Geología
Isot�opica (INGEIS) of the Universidad de Buenos Aires (UBA), ac-
cording to the method outlined by Chinsamy and Raath (1992). The
bone histological terminology follows Francillon-Vieillot et al. (1990)
and de Ricql�es et al. (1991). The thin sections were studied using a
Zeiss Axioskop 40 petrographic polarizing microscope, with an
attached PowerShot A640 digital camera (Canon). The metatarsal III
was scanned on a Siemens Somatom Emotion 16multislice CT at the
Departamento de Radiología of the Fundaci�on M�edica Cipolletti, Río
Negro Province. Due to both the size and the weight of the element,
a CT scan analysis of the femur could not be performed.
3. Results

3.1. Femur

This element exhibits a focal bony outgrowth, located on the
posterior side, below the fourth trochanter, approximately 33 cm
460) of Bonitasaura salgadoi was found (taken from Gallina and Apesteguía, 2011).



Fig. 2. Macroscopic examination of the left femur (MPCA 460) of B. salgadoi. (A) Posterior view exhibiting bony outgrowth (dashed line), below of the fourth trochanter (4th tr); (B)
Detail of the abnormality in posterior view. Note the irregular surface and superficial depressions (black arrow) in the mid-half anterior of the outgrowth. Dashed line indicates
planes of natural break observed at Fig. 2D and 2E; (C) Femur in lateral view showing a dense bony mass (outgrowth). The black arrow indicates a natural break on the bone; (D)
General view and detail of a natural fracture across the outgrowth (transverse to the element main axis). Note the presence of large vascular spaces radially oriented; (E) General
view of a natural fracture of the outgrowth (longitudinal to the element main axis). Note the spiculated pattern of the vascular spaces. Scale bars: AeC ¼ 10 cm; D ¼ 2 cm; E ¼ 1 cm.
White arrow indicate the end proximal in BeC and external surface in DeE.
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from the distal end (femur length equal to 118.5 cm) (Fig. 2A). The
outgrowth has a well-defined margin, and it is clearly distinctive
from the surrounding normal bone. The bony outgrowth shows an
oval shape, and its dimensions are approximately 21 cm in
proximo-distal length and 11.6 cm in latero-medial width. The
surface of the outgrowth varies from roughly smooth (in the distal
region) to irregular (in the proximal region). The irregular portion
exhibits superficial depressions that disrupt the bone surface
(Fig. 2B). In lateral andmedial views, the outgrowth protrudes up to
4.5 cm from the normal surface of the shaft (Fig. 2C). Natural
fractures occurring at the level of the abnormality allowed for a
gross examination of the internal anatomy of this bone. The
outgrowth is internally highly porous, and it exhibits some rela-
tively larger spaces (maximum diameter: 1.15 mm) (Fig. 2D). It is
not possible to determine if a similar type of abnormal bone tissue
is also present within the marrow cavity. A natural, longitudinal
fracture of the outgrowth reveals that the anomalous bone shows a
spiculated pattern. These spiculae are perpendicular to the long
axis of the femur (Fig. 2E).

The thin section shows two well-defined tissues: the outer
cortex of bone (zone I) and an anomalous tissue (zone II). The
transition between the two zones is abrupt and well defined
(Fig. 3AeB). Zone I consists of a highly vascularized fibrolamellar
tissue, with circumferentially and longitudinally oriented channels,
embedded in a woven bone matrix (Fig. 3C). The osteocyte lacunae
are small and ovoid, showing regular length canaliculi. This peri-
osteal cortical bone tissue was also identified by Gallina (2012) in
the outer cortex of a cross section of the femur, which was obtained
from a “normal” (i.e., lacking anomalous outgrowth) portion of the
element. Zone II exhibits fibrolamellar tissue with mostly radially
oriented vascular channels (Fig. 3D). Longitudinal channels are also
present. In some cases, radial rows of elongated primary osteons
are discernible. The diameter of these channels varies from
0.16 mm to 0.04 mm. Osteocyte lacunae from primary osteons are
flattened and oriented in parallel to the lamellae. Short canaliculi
radiate from these lacunae. The woven fibered bone of the matrix
contains densely packed globular osteocyte lacunae which exhibit
long canaliculi. A striking feature of zone II is the change in the
orientation of the vascularization (Fig. 3E). This inclination of the
channels generates an obtuse angle of approximately 160�.
Although some resorption cavities are clearly identified, no sec-
ondary osteons are observed in zone II. Towards the periphery of
the sample, bone spiculae and vascular channels open to the sur-
face (Fig. 3F). Sharpey's fibers, oriented perpendicular to the
external surface, were also identified (Fig. 3G).
3.2. Metatarsal III

This element displays an osseous outgrowth (spur-like) on the
medial face of the element, in the region of about the proximal third
of the diaphysis (Fig. 4A). The abnormal spur-like structure exhibits
a wide base that contacts the shaft. The outgrowth reaches a
proximo-distal length of 3 cm, is roughly parallel to the long axis of
the element, and is distinct from the surrounding bone. The
osseous outgrowth is an asymmetrical structure that exhibits a
roughly triangular shape. The proximal end of the outgrowth shows
two projections, one with a laminar shape and the other with
subcircular shape (Fig. 4B). The distal end of the outgrowth shows
Fig. 3. Bone microstructure of the left femur (MPCA 460) of B. salgadoi. (A and B) General vi
normal bone (zone I). The inset scheme of each image indicates the locations of the transvers
bone matrix; (D) Anomalous bone tissue formed by fibrolamellar bone tissue with radially o
change in the canals orientation (dashed line); (F) Outer cortex of the outgrowth showing
outgrowth showing aligned Sharpey's fiber (black arrows). All pictures are in normal light exc
LC: longitudinal canal; LB: lamellar bone; WB: woven bone, RCv: resorption cavity. Scale b
another small bony projection with a circular shape (Fig. 4C). The
abnormal spur-like structure, exhibits a slightly roughened texture
(Fig. 4D). Tomographic images reveal that there is not any particular
alteration (i.e., presence of reactive endosteal bone) in the marrow
cavity at level of the superficial outgrowth (Fig. 4EeF).

3.3. Middle caudal vertebra

The osseous abnormality is only observed in the subperiosteal
margin of the prezygapophysis of the vertebra (Fig. 5A). Underlying
this tissue there is Haversian bone, which represents the normal
tissue, as reported by Gallina (2012). The zone of transition be-
tween the Haversian tissue and the abnormal tissue is gradual and,
without a clear boundary. The abnormal tissue corresponds to a
reactive new bone with a dome shape, and it exhibits a distinct
cavity/canal filled with sedimentary matrix. The border of the
cavity is composed of fibrolamellar tissue, resulting in a pitted
surface (Fig. 5B). The abnormal bone tissue consists of poorly vas-
cularized fibrolamellar tissue (Fig. 5C). The primary osteons lack
spatial organization and consist of a few longitudinal vascular ca-
nals (max. diameter: 0.2 mm) that, occur in a woven bone matrix
composed of bundles of coarse mineralized fibers (Fig. 5D). More-
over, abundant and densely grouped osteocyte lacunae are visible
in the woven matrix. In the adjacent region to the Haversian tissue,
a few small resorption cavities are developed (Fig. 5E). Sharpey's
fibers were not observed in the area corresponding to the abnormal
tissue.

4. Discussion

4.1. Origin of the abnormal structures

The abnormal osseous structures recognized in the three bones
of the holotype of B. salgadoi could be the result of distinct causes,
including taphonomic alterations, normal (nonpathologic)
morphological variation of the bones or pathological deformities.
Taphonomic processes affect bones, mainly by eroding (through
insect boring, root marks, chemical dissolution, transport, etc.) and/
or deforming (by compression, mineral or sediment adhesion, etc.)
the osseous structure (Wilson, 1988; Bell, 1990; Lyman, 1994).
However, these alterations are absent in the studied material. Perez
et al. (2009) carried out a stratigraphic and taphonomical analysis
of the B. salgadoi remains and concluded that the individual was
rapidly buried after death (low transport), allowing for (along with
other taphonomic causes) the excellent preservation of this spec-
imen. Additionally, the bone tissue of the abnormal osseous
structures does not exhibit signals of taphonomic alteration.
Another possible explanation for the presence of osseous out-
growths in the femur and metatarsal and the subperiosteal exca-
vations in the prezygapophysis could be related to a normal
anatomical variation of the skeleton that can be related to the
development of the associated soft tissues (Witmer, 1997; Tsuihiji,
2004; O'Connor, 2006; Holliday, 2009). In the case of themetatarsal
III, the osseous outgrowth observed in this element is absent in the
other preserved metatarsals (left: I, II and V; right: I, II, IV and V) of
the same specimen. Moreover, such structure is not reported in the
metatarsal III of other sauropod dinosaurs (e.g., Curry Rogers, 2009;
Gonz�alez Riga et al., 2016). The dome-shaped structure observed in
ew of the cross-section showing transition between the anomalous tissue (zone II) and
e section; (C) Normal primary bone composed of fibrolamellar bone tissue with woven
riented vascular channels; (E) General view of the anomalous tissue showing the slight
several vascular canals opened into the subperiosteal surface; (G) Outer cortex of the
ept figure C (polarized light). Abbreviations: CC: circumferential canal; RC: radial canal;
ars: A, B, E ¼ 0.5 mm; C, D, F, G ¼ 0.1 mm.



Fig. 4. Morphology of the left metatarsal III (MPCA 460) of B. salgadoi. (A) Medial view showing a distinct outgrowth (dashed line); (B) Detail of the outgrowth in medio-ventral
view. Note the two projections of laminar and subcircular shape (dashed line); (C) Ventral view showing another small projection on the surface bone (arrow); (D) Dorsal view
shows slightly roughened surface; (E) Longitudinal CT scan showing the outgrowth as an extension of normal cortical bone; (F) Four axial CT slices at different positions along of the
outgrowth showing a dense mineralization that not extend into the cancellous bone interior. Scale bars: A and E ¼ 10 cm; BeC ¼ 5 cm; D ¼ 2 cm and F ¼ 3 cm.

R. Gonzalez et al. / Cretaceous Research 79 (2017) 159e170164



R. Gonzalez et al. / Cretaceous Research 79 (2017) 159e170 165
the prezygapophysis has not been recorded in other caudal verte-
brae of the same specimen (RG pers. obs.). In the case of the distinct
outgrowth observed in the femur, a direct comparison with the
other femur is not possible since it is not preserved. Nevertheless,
morphological comparisons with other titanosaurian femora reveal
that such a structure is absent. A site for a strongmuscular insertion
can be excluded because the histological analysis does not support
this interpretation, given the absence of extrinsic fibers (Petermann
and Sander, 2013). The anomalous structures exhibit reactive new
bone, in the subperiosteal margin of the bones, which is congruent
with a pathological condition. For these reasons, and in agreement
with the original interpretation of Gallina (2012) and Gallina and
Apesteguía (2015), we conclude that the abnormalities present in
the bones of B. salgadoiMPCA 460 analyzed here are the product of
pathological conditions of the individual.

4.2. Identification of osseous pathology

4.2.1. Femur
The bony outgrowth detected in the femur could be the result of

several types of pathologies, such as trauma (e.g., fracture), infec-
tion (e.g., avian osteopetrosis) or tumor (e.g., osteosarcoma, osteoid
osteoma). Fracture is excluded here because neither internal
disruption (fracture line) nor bone callus formationwas observed in
this element (Rothschild andMartin, 1993; Lovell, 1997; Rothschild,
1997). Avian osteopetrosis is a viral infection that causes circum-
ferential deposition of bone around the entire diaphysis (Brothwell,
2002); however, we have observed a focal and well-defined lesion
in the femur. Another possible cause could be related with a mi-
crobial infection transferred from adjacent soft tissue (Hanna,
2002). However, significant features that characterized bone
infection, such as abscess formation, filigree texture, draining
channel (cloacae), formation of involucrum (new bone that forms
around a sequestrum) and sequestrum (dead bone) (Ortner and
Putschar, 1981; Rothschild and Martin, 2006), were not observed
in the femur. Finally, the relative large size, ovoid appearance and
spiculated appearance of the bone tissue suggest an osteoblastic
bone tumor (bone forming) for the pathology detected in the femur
(Edeiken et al., 1966; Lehrer et al., 1970; Wenaden et al., 2005;
Green and Mills, 2014). Neoplasms (tumor) result in uncontrolled
and uncoordinated cell proliferation with extensive cortical
disruption and the formation of abnormal masses (Aluja and
Vanda-Cant�on, 2011). In a clinical context, fresh tissue pathology
is the basis for the diagnosis of bone tissue tumors (de Boer et al.,
2013). Nevertheless, morphological and microanatomical features
can also provide important data for the diagnosis of possible tu-
mors in bone elements (Waldron, 2009; Rega, 2012). In addition,
some tumors are more commonly formed in particular bone ele-
ments and locations, which facilitates the diagnosis (Miller, 2008).
A classification of the different tumors and their main features are
summarized in Table 1. A hemangioma and Erwing's sarcoma are
unlikely causes because the former commonly affect vertebral
bodies, and the latter is characteristically intramedullary in a
transverse location (B�arbara et al., 1999; Rana et al., 2009). Osteoid
osteoma and metastasis can also be excluded because osteolytic
(nidus) and holes in the surface (“golf-ball surface” appearance) are
not present in the femur (Rothschild et al., 1998; Rothschild and
Martin, 2006). A parosteal osteosarcoma might be a possible
explanation for the lesion observed in our study. Parosteal osteo-
sarcoma is a malignant bone tumor formed at a slow growth rate
(Waldron, 2009). This type of tumor can achieve very significant
sizes and is predominantly localized in the posterior surface of the
distal portion of the femur (Waldron, 2009). The spiculated pattern
observed in the tumor tissue is similar to a “sunburst” type of
periosteal reaction, which is frequently observed in an
osteosarcoma (Edeiken et al., 1966; Lehrer et al., 1970; Wenaden
et al., 2005; Green and Mills, 2014). In addition, the irregular
texture and depressions observed in the surface of the lesion could
be result of lytic bone destruction that often characterize osteo-
sarcoma (L�opez, 2003). However, the lesion in the femur shows a
well-defined margin and a narrow transition zone, which are un-
common features in malignant tumors such as parosteal osteosar-
coma. Moreover, the prevalence of abundant radial canals
imbedded in a woven fibered matrix indicates fast rates of bone
formation, which does not concur with a parosteal osteosarcoma
hypothesis (Greenspan and Remagen, 2002). In this regard, paro-
steal osteosarcoma is characterized by the presence of “streamers”
of trabecular bone, with intervening neoplastic spindle cell stroma
(the so-called “streamer pattern”) (Hang and Chen, 2014). There-
fore, although the bone pathology observed in the femur of
B. salgadoi MPCA 460 can be regarded as an osteoblastic bone tu-
mor, its specific type cannot be discerned.

Tumors have been reported throughout the entire spectrum of
vertebrates in the fossil record (Capasso, 2005). Reports about tumors
innon-avian dinosaurs are relatively scarce, but they have been some
reports, including: hemangioma, metastatic cancer, desmoplastic
fibroma, osteoblastoma, osteoma, and ameloblastoma (Rothschild
et al., 1999; Arbour and Currie, 2011; de Souza Barbosa et al., 2016;
Dumbrav�a et al., 2016; Tschopp et al., 2016). The hadrosauroids
have an apparent predisposition to tumoral pathologies (Dumbrav�a
et al., 2016). In sauropod titanosaurs, to date, only the study of de
Souza Barbosa et al. (2016) reports two possible cases of benign tu-
mors in a caudal vertebra (osteoma and hemangioma). Thus, the
femur MPCA 460 is only the second record of a tumor in titanosaurs.

A particular histological feature observed in the tumoral tissue
of B. salgadoi consists of a clear change in the orientation of the
radial vascular spaces. Variations in the vascular pattern of anom-
alous tissues have been interpreted as evidence for biomechani-
cally adaptive periosteal bone modeling in other non-avian
dinosaurs (Cubo et al., 2015). Nevertheless, the current data do not
provide evidence to support/reject this hypothesis.

4.2.2. Metatarsal III
The abnormal outgrowth detected in the metatarsal resembles

two conditions: an enthesophyte (bony projection along tendon/
ligament attachments) and an osteochondroma (benign neo-
plasms) (Greenspan and Remagen, 2002). This last case can be
ruled out because the abnormal outgrowth lacks cortical and
medullar continuity from the host bone, which is a pathognomonic
feature of an osteochondroma (Murphey et al., 2000). Moreover,
the osteochondroma presents “cauliflower-like” appearance and
grows at right angles to the surface of the bone (Resnick, 2002).
These features are absent in the metatarsal of B. salgadoi. Addi-
tionally, the features detected in the metatarsal that are congruent
with the presence of an enthesophyte or bony spur include: loca-
tion periarticular, asymmetrical morphology, and projection in
parallel to the long axis of the bone (Benjamin et al., 2006; Campillo
et al., 2006; Bell, 2010). An enthesophyte is an abnormal bony
projection at the attachment of a tendon or ligament (Rogers et al.,
1997). This abnormality is caused by different diseases, such as
spondyloarthropathies, diffuse idiopathic skeletal hyperostosis
(DISH) and repetitive stresses (Rothschild and Martin, 2006; Bell,
2010; García et al., 2016). However, DISH and spondyloarthrop-
athy are typically reported in both the axial skeleton and joints,
respectively (Rothschild and Rothschild, 1994; Resnick, 2002;
Rothschild and Martin, 2006). Therefore, those diseases can be
excluded for our case study. An enthesophyte, by repetitive stress
on ligament or tendon, is the most likely explanation for the
outgrowth inmetatarsal III. This outgrowth is in parallel to the shaft
of the bone, indicating the direction of the natural pull of the
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Table 1
Osseous tumors and their main features (Eggli et al., 1993; Greenspan and Remagen, 2002; Rothschild and Martin, 2006; Miller, 2008; Rana et al., 2009).

Bone tumor Bone commonly affected Margin definition Type of
destruction

Zone of
transition

Comments

Periosteal Hemangioma Vertebral bodies Well defined Lytic Narrow Benign vascular tumor characterized by “polka-dot”
appearance in cross section.

Osteoid Osteoma Femur, tibia (all areas
of the bone)

Well defined Sclerotic Narrow Benign bone tumor characterized by “button-like”
appearance and the presence of a small focus lytic (nidus).

Parosteal Osteosarcoma Femur (distal diaphyses) Ill-defined Sclerotic Wide Malignant tumor of low grade. Cortical destruction and
marrow invasion is uncommon.

Erwing's sarcoma Long bones (diaphyses
and metaphyses)

Ill-defined Lytic Wide Malignant tumor. There is a permeative destruction
pattern with irregular cortical destruction.
Intramedullary in transverse location

Metastasis Wide skeletal distribution Ill-defined Lytic Wide Frequently form multiple holes, irregular
trabeculae, and present residual cortical shell.
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ligament or tendon involved (Rogers et al., 1997). The position of
the lesion in the metatarsal is probably correlated with the inser-
tion site for the muscle extensor digitorum longus (Tarsitano, 1981;
Gallina, 2011). Therefore, the bony outgrowth of the Metatarsal III
is identified as bony spur or enthesophyte.

Enthesophytes have been previously noted in non-avian di-
nosaurs. Farke and O'Connor (2007) reported an abnormal growth
in a caudal vertebra of the theropod Majungasaurus crenatissimus
Dep�eret 1896. This abnormality was attributed to an idiopathic
ossification or a possible enthesophyte. Bell (2010) reported a
theropod Albertosaurus sarcophagus Osborn 1905 with bony spurs
in three pedal phalanges. These bony spurs were interpreted as
enthesophytes of unknown etiological origin. Arbour and Currie
(2011) reported bony spicules in caudal vertebrae of Euoplocepha-
lus Lambe 1910 (ankylosaurid). The authors suggest either devel-
opmental abnormalities or enthesophytes as probable cause of the
lesion. Tschopp et al. (2016) reported enthesophytes in pedal un-
guals of a camarasaurid sauropod. García et al. (2016) mentioned
the presence of enthesophytes in two caudal vertebrae of an un-
determined titanosaur. Therefore, the identification of an enthe-
sophyte in B. salgadoi MPCA 460 represents the third report of this
type of osseous pathology in sauropod dinosaurs.
4.3. Caudal vertebra

The abnormal tissue noted in the prezygapophysis of the caudal
vertebrae is here interpreted as a periosteal bone inflammation,
likely by infection. The infection is recognized by the presence of
reactive new bone associated with local widening of the sub-
periosteal margin and sinus of drainage (Rothschild and Martin,
2006; Waldron, 2009; Rothschild, 2010; Weston, 2012). These
features are recognized in the prezygapophysis of the caudal
vertebra of MPCA 460. The fibrolamellar tissue is considered the
reactive new bone from the subperiosteal margin, and the cavity
observed in the fibrolamellar tissue is interpreted as a drainage
canal of infectiousmaterial into adjacent tissues (sinus of drainage).
The fibrolamellar tissue exhibits a dome shape that could be result
of the elevation of the periosteum due to infection (Weston, 2012).
The abundant woven bone matrix from this tissue indicates a rapid
rate of osteogenesis in the affected area (Chinsamy-Turan, 2005).
Bone infections occur when pathogenic organisms invade the bone,
such as bacteria, viruses, parasites, etc (Weston, 2012).
Fig. 5. Bone histology of the prezygapophysis of mid-caudal vertebra (MPCA 460) of B.
zygapophysis in cross section showing the location of the abnormal structure. Dashed line in
abnormal tissue showing both fibrolamellar and Haversian bone. Dashed line indicates th
extensive development of woven fibered bone, primary osteons and a cavity filled with sedim
osteocyte lacunae. Note the bundles of coarse mineralized fibers (detail in the upper right
observed. Abbreviations: P: pore; WB: woven bone; SO: secondary osteon; GR: grain of sed
mineralized fibers. Scale bars B ¼ 1 mm; CeE ¼ 0, 1 mm.
Infections associated with traumatic injuries, as well as non-
traumatic injuries, have been documented in several non-avian
dinosaurs (e.g., McWhinney et al., 2001b; Hanna, 2002; Canudo
et al., 2005; Peterson and Vittore, 2012; Bell and Coria, 2013;
Redelstorff et al., 2015; Mallon et al., 2016). In titanosaur sauro-
pods, García et al. (2016) reported a case of osteomyelitis that
affected a sequence of 16 caudal vertebrae.
5. Paleobiological implications

The three pathologies are closely related to the subperiosteal
margin. In living vertebrates, an organic layer of connective tissue
(i.e., periosteum) is located above this margin. The periosteum is a
dynamic zone composed by two layers; an outer fibrous layer and
an inner cellular layer (Wenaden et al., 2005) that is osteoblastic
(Allen et al., 2004) and could lead to neoplasm and other tumor-like
conditions (McWhinney et al., 2001a). Many types of pathologies
are caused by the inflammation of the periosteum resulting in
periostitis (Meese and Sebastianelli, 1996; Wenaden et al., 2005;
Rana et al., 2009). Adler (2000) mentioned that pathologies asso-
ciated with the periosteum also cause pain because it is a highly
sensitive layer. Therefore, the pathologies reported for B. salgadoi
MPCA 460 are all related with periosteum and probably caused
periostitis and pain to this individual.

The possible bone tumor in the femur could have affected the
adjacent muscles such as the adductors femores group. These
muscles insert on the posterior surface of the diaphysis of the femur
in extant archosaurs and, by inference, reconstructed as such in
titanosaurs (Borsuk-Bialynicka, 1977; Otero and Vizcaíno, 2008;
Gallina, 2011). McWhinney et al. (2001a) mentioned a case of
periostitis in the distal diaphysis of the humerus of Camarasaurus
grandis Cope 1877 that, could have caused a secondary inflamma-
tion of the muscles (myositis). Therefore, a similar inflammation
could be inferred in the associated musculature near the large tu-
mor observed in the femur.

Regarding the pathology in the caudal vertebra, it is interesting
to note that the infection is localized in the tail, a region of high
mobility in sauropods (Borsuk-Bialynicka, 1977; Wilson and
Carrano, 1999; Farke and O'Connor, 2007). In diplodocids and the
derived titanosaur, the “whiplash” tail has been interpreted as a
defensive function or noisemaking specialization (e.g., Hatcher,
1901; Holland, 1915; Norman, 1985; Bakker, 1986; Myhrvold and
salgadoi. (A) Schematic representation of the vertebra (left) and an outline of pre-
the vertebral diagram indicates where the sample was taken; (B) General view of the

e border of cavity infilled with sediment; (C) Detail of the abnormal tissue showing
entary matrix; (D) Abnormal tissue is composed of woven matrix with densely packed
margin); (E) A cavity of osteoclastic resorption associated with abnormal tissue was
iment; PO: primary osteon; OL: osteocyte lacunae; RCv: resorption cavity; CF: coarse
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Currie, 1997). Therefore, the tail could be particularly susceptible to
injury and subsequent infection of the overlying soft tissue.

It is also worth noting that the tumor in the femur and the
enthesophyte in themetatarsal III are both located in the same limb
and, therefore, could be related. Therefore, the tumor possibly
affected the normal locomotion of the individual, provoking an
increased stress on a tendon of the metatarsal III. This would pro-
mote the formation of the enthesophyte.

6. Conclusions

The results of these analyses suggest that the abnormal bony
structures observed in the left femur, in the metatarsal III, and in
the caudal vertebra of the holotype (MPCA 460) of B. salgadoi are
the result of three different etiologies. In the femur, an osteoblastic
tumor was identified by the presence of a large outgrowth of ovoid
appearance and spiculated bone pattern. The origin of the tumor is
unknown. The bony outgrowth identified in the metatarsal shows a
case of enthesophyte based on both the location, shape and type of
growth. The origin of this pathology is possibly the result of re-
petitive stress. Finally, the abnormal tissue observed in the pre-
zygapophysis of the caudal vertebra is recognized as an infection by
the presence of reactive new bone associated with local widening
of the subperiosteal margin, and a sinus of drainage. The cause of
this pathology probably is a response to an infection in the tail. We
suspect that the pathologies identified would have limited the lo-
comotor capabilities of the animal. Finally, to date, this is the first
report of multiple pathologies in a single titanosaur individual.
These results contribute to our knowledge of dinosaur paleopa-
thologies and, particularly, titanosaur sauropods.
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