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1 | INTRODUCTION
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Abstract

Derived ornithopods, such as hadrosaurids, show a high occurrence of fossilized le-
sions and diseases. However, paleopathologies in iguanodontians seem to be less
common, considering the rich fossil record of these taxa in Europe, in particular in
Belgium, Britain and Spain. Here, we describe an iguanodontian femur discovered in
England that exhibits a large overgrowth of its lateral aspect, not previously recog-
nized in any other similar remains. The specimen was scanned with micro-computed
tomography (microCT) and later sectioned in three sites of the overgrowth for histo-
logical analysis. The femur belongs to an early adult Iguanodontia indet., based on the
presence of a woven parallel fibered complex in the outer cortex and three to four
lines of arrested growth. Internal analysis of the dome-like overgrowth suggests it can
be diagnosed as a fracture callus. The injury might have negatively impacted upon the
animal's locomotion as the trauma had occurred in the region above the knee, a crucial
spot for hindlimb musculature. Finally, a cancellous medullary bone-like tissue was
recognized in the medullary cavity next to the pathological overgrowth. An attempt
was made to determine the precise nature of this tissue, as medullary bone is linked
with the ovulation period in (avian) dinosaurs, whereas other types of endosteal, med-

ullary bone-like tissue have previously been recognized in pathological bones.
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Hamm et al., 2020; Hanna, 2002; Senter & Juengst, 2016; Stowiak

Paleopathology, or the study of fossilized lesions and diseases,
and the associated implications for the biology and lifestyles of di-
nosaurs have gained increased momentum over the past 50years
(e.g. Bertozzo et al., 2021; Hanna, 2002; Tanke & Rothschild, 2014;
Tschopp et al., 2014). Analysis of an increasingly growing database
of pathological specimens from across the entire clade of Dinosauria
has enabled new knowledge to be gained about their healing pro-
cesses (e.g. Bertozzo et al., 2021; Hunt et al.,, 2019), locomotion
(e.g. Cruzado-Caballero et al., 2020), lifestyle (e.g. Foth et al., 2015;

et al.,, 2021) and even behavior related to pathological trends
(e.g. Bertozzo, Dal Sasso, et al., 2017; Brown et al., 2021; Farke
et al., 2009; Gutherz et al., 2020; Peterson et al., 2013). The devel-
opment of new analytical techniques, together with the assistance
of novel medical devices, is also contributing to the establishment
of a more precise and refined diagnosis in vertebrate paleontology
(e.g. Anné et al., 2016; Bertozzo et al., 2022; Hedrick et al., 2016;
Peterson et al., 2013). During the early stages of vertebrate paleo-
pathology, fossilized injuries and abnormal conditions were solely
described morphologically (e.g. Moodie, 1923), often resulting in an
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inaccurate identification (see Rothschild & Berman, 1991). However,
over the past 30years, the advent of tomographic pictures via CT
scan, microCT scan and synchrotron have offered a unique oppor-
tunity to compare the gross external morphology of lesions to their
inner characteristics. Several authors have highlighted the impor-
tance of these analyses for paleopathological studies of dinosaur re-
mains, including diagnoses of traumatic fractures (Butler et al., 2013;
Farke & O'Connor, 2007; Foth et al., 2015; Hedrick et al., 2016;
Hunt et al., 2019; Peterson & Vittore, 2012; Siviero et al., 2020;
Straight et al., 2009), stress bioproducts (Gonzalez et al., 2017,
Tschopp et al., 2014), Schmorl's nodes (Witzmann et al., 2016), the
sequelae of infection (Garcia et al., 2017; Hamm et al., 2020; Hunt
et al., 2019), septic arthritis (Anné et al., 2016), spondyloarthropa-
thy (Martinelli et al., 2015), a range of neoplasms including, ame-
loblastoma (Dumbrava et al., 2016), Langerhans cell histiocytosis
(Rothschild et al., 2020), osteosarcoma (Ekhtiari et al., 2020), oste-
oma and hemangioma (de Souza Barbosa et al., 2016). In some in-
stances, it is possible to gain additional data through paleohistology,
a more intrusive, yet crucial, type of analysis for facilitating reliable
diagnoses of trauma, infection and tumors (e.g. Griffin, 2018; Hamm
et al., 2020; Hedrick et al., 2016; Jentgen-Ceschino et al., 2020;
Redelstorff et al., 2014). Histological analyses not only provide in-
formation about externally visible anomalies but also detect lesions
within bones with an apparently healthy external appearance, as re-
cently reported by Jentgen-Ceschino et al. (2020). Histological sec-
tions allow researchers to analyze bones at a microstructure level at
a definition not yet reached through analysis of CT scans.

In this research, the bone tissue evident in a dome-like over-
growth on the lateral side of the Iguanodontia indet. femur NHMUK
PV R6609 is described at macroscopic (gross morphology) and mi-
croscopic (CT scan and histology) levels. The specimen is a stout,
columnar bone that suffered a significant antemortem trauma on the
lower part of the hindlimb. The aims of the study are to: (i) assign the
specimen to a proper taxon; (ii) determine whether the animal was
subadult or a full adult when the trauma occurred; (iii) investigate
how the bone reacted to the injury and if it was still healing at the
time of death and (iv) identify the possible presence of secondary
infection.

Institutional abbreviations: NHMUK, Natural History Museum
of London, England, UK and QUB, Queen's University Belfast,
Northern Ireland, UK.

2 | MATERIALS AND METHODS

NHMUK PV R6609 is a femur of an Iguanodontia indet. (Dinosauria,
Ornithischia) from the Weald Clay Formation of Smokejacks Quarry
(Barremian: Ockley, Surrey, England), acquired in January 1951 by
the Natural History Museum of London as part of the W.H.E. Rivett
Collection. The pathological nature of the overgrowth, located on
the distal craniolateral surface of the distal end of the shaft, was
recognized during a paleopathological survey undertaken at the
NHMUK as part of a doctoral research project (FB). The bone was
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photographed using a Sony Mirrorless a5100 (exposure time 1/60s,
ISO 1000, focal length 16 mm, maximum aperture of 3.617), with
a scale bar of 10cm, virtually obtained using the free software
Image)®. The pathological area displayed a swollen dome-like
structure, an anomalous feature compared to other iguanodontian
femora from England (Filippo Bertozzo, personal observation) and
Belgium (Norman, 1980, 1986). To confirm the pathological nature
of the structure, three histological transverse sections were taken:
(1) on the unaffected part of the diaphysis (the area between the
fourth trochanter and the beginning of the overgrowth); (2) at the
start of the overgrowth, where the bone surface started to rise and
(3) at the apex of the overgrowth, placed at its midpoint (Figure 1).
Since the technique is destructive, a 3D-model of the bone was ini-
tially created via surface scanning using a Faro ScanArm LLP (Laser
Line Probe). The data was captured using Geomagic Wrap software
and processed with the same software. The capture setting was
used by default to a resolution of 0.01 in (space between captured
points) and the final model file has been decimated by 20% to sim-
plify the mesh structure and make the file usable. The specimen was
also scanned using a Nikon HMX 225 ST at the Imaging and Analysis
Centre of the NHMUK. The CT data was processed using Avizo 3D
2021.1.

The histological samples were prepared at NHMUK. During
initial sectioning, the femur fractured into several pieces and was

(a)

FIGURE 1 (a)Cranial view of the pathological femur NHMUK
PV R6609. The three lines correspond to the three cuts and
histological sections. (b) Section “A” taken in the apparently
“healthy” portion of the shaft. (c) Section “B” at the proximal
region of the dome-like overgrowth. (d) Section “C” in the middle
of the dome-like overgrowth. The white squares correspond to
histological sections in Figures 3 and 4. Scale bars=10cm (a) and
2cm (b-d).
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subsequently reconstructed using KEP epoxy resin, prior to embed-
ding it in the same resin to prevent further damage. The different
components of the femur were embedded by standing them upright
in a plastic container which was then filled with resin. The resin was
left to harden for 2days, after which it was mounted and cut in three
different transverse levels (Figure 1). The surface of each section
was polished by grinding using a 120 um grade disk, followed by lap-
ping the surface using 800 grade fixed abrasive paper. Once the sur-
face had been prepared, the samples were mounted on glass slides
using KEP epoxy resin and kept under pressure using a jig while the
resin set. The sections were left overnight to allow the resin to rest
and fix. The excess material was cut away and the sections were
ground to 200 um above their final thickness using Geoform, a ma-
chine with both a saw and grinding wheel built into either side of it.
The sections were then lapped with 600 grade carborundum using a
Logitech LP50 down to 60pum thickness. Each section was checked
to ensure it was the correct thickness under a petrographic micro-
scope before the cover slip was applied using Loctite AA358 UV
resin, and further checked for air bubbles under a petrographic mi-
croscope. Following this, the sections were put under a UV lamp for
3s to partially cure the resin. Any excess resin around the edges of
the cover slips was removed using a scalpel. The sections were then
put under the UV lamp again for 1 min to fully set the resin. The final
slides were analyzed with a Zeiss Axioscope polarized light micro-
scope using Zeiss ZEN imaging software at Vrije Universiteit Brussel.
The specimen, CT scans, and thin sections of the femur NHMUK
PV R6609 are all curated in the collections of the Natural History
Museum, London. Osteohistological terminology was based on de
Buffrénil and Quilhac (2021).

3 | RESULTS
3.1 | Osteological description

NHMUK PV R6609 is a right femur from a mid-sized ornithopod,
referred to Iguanodontia indet. The bone is 72cm long, measured
from the most proximal aspect of the femoral head to the most dis-
tal margin of the condyles. The shaft width of the femur remains
constant along the length of the specimen. The proximal portion
of the shaft is straight, but below the fourth trochanter it is curved
caudally. In caudal view, the femur is also slightly bowed (Figure 2).
Prominent curvature of the femur is a characteristic identified in dry-
osaurids, Camptosaurus dispar, Draconyx loureiroi, Barilium dawsoni,
Altirhinus kurzanovi, Probactrosaurus gobiensis (McDonald, 2012), and
Mantellisaurus atherfieldensis (McDonald, 2012; Norman, 1986) and
observed to be variably present (together with the straight morphol-
ogy) in Iguanodon bernissartensis (Verdu et al., 2017). The head of the
femuris prominent, wide and ball-shaped, set at 146° to the shaft,and
supported by a thick and strong neck. A wide and deep groove sepa-
rates the head of the femur from the greater trochanter, similar to
the morphology in Ouranosaurus nigeriensis (Bertozzo, Dalla Vecchia,
et al., 2017). The greater trochanter is wider than the femoral head,
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and the lateral surface is grooved by longitudinal striations for the
insertion of M. ischiotrocantericus (Maidment & Barrett, 2012), the
complex of M. ischiotrocantericus and M. iliofemoralis (Dilkes, 2000),
or M. iliotrochantericus (Norman, 1986). A faint bulge arises from the
caudolateral surface of the greater trochanter. The lesser trochanter
is not preserved and was detached from the femur, possibly dur-
ing fossilization. The original shape can be reconstructed from the
broken portion of the prominent ridge that runs downwards and di-
agonally towards the distomedial side of the femur, above the medial
condyle. It is well-developed, hence differing from the femora of I.
bernissartensis (Norman, 1980), M. atherfieldensis (Norman, 1986),
Eolambia caroljonesa (McDonald et al., 2012) and O. nigeriensis
(Bertozzo, Dalla Vecchia, et al., 2017). Based on the curvature of the
ridge, the lesser trochanter would have been prominent, as evident
in M. atherfieldensis. The fourth trochanter is missing, potentially de-
tached during fossilization, but it would have been quite thick (e.g.
Norman, 1980, 1986). It is located slightly below the mid-section of
the femur, more similar to that of I. bernissartensis (Norman, 1980),
M. atherfieldensis (Norman, 1986), Eolambia caroljonesa (McDonald
et al., 2012) and O. nigeriensis (Bertozzo, Dalla Vecchia, et al., 2017)
than in Probactrosaurus gobiensis (Norman, 2002), Tethyshadros in-
sularis (Dalla Vecchia, 2009) and Bactrosaurus johnsoni (Godefroit
et al., 1998). The distal area of the femur is characterized by two
prominent condyles. The medial one is the larger, and they are sepa-
rated by a U-like cranial intercondylar groove, and a narrow caudal
one, partially closed by a lateral projection of the medial condyle. In
cranial view, the medial condyle is taphonomically displaced, forming
a wide “scar” that shifted its lateral portion next to the lateral con-
dyle. In medial view, the outline of the medial condyle resembles the
wide and nearly horizontal one of I. bernissartensis more so than the
strongly curved condyle of M. atherfieldensis (Norman, 1980, 1986).
Finally, a well-formed dome-like overgrowth is evident on the lateral

surface above the distal region, where the femur bends caudally.

3.2 | Paleopathological description
3.2.1 | Morphological analysis

The dome-like overgrowth is located on the distal craniolateral
portion of the femur (Figures 1 and 2c,d). The margins are contigu-
ous with the normal bone surface of the shaft. The surface of the
dome is slightly irregular, but no draining sinuses are observed. The
overgrowth is subcircular in lateral view, developing more proximo-
distally than cranio-caudally, and the lateral surface has a flattened
appearance in medial view. Externally, the overgrowth does not
show definitive signs of an infectious or neoplastic process.

3.2.2 | Histological analysis

At the histological level, the lesion is clearly recognizable through the
three sections taken. Section “A” represents the apparently “healthy”
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FIGURE 2 Drawing of the pathological femur NHMUK PV R6609 in medial (a), caudal (b), cranial (c), lateral (d), proximal (e) and distal (f)
views. The pelvic and muscular reconstruction of Mantellisaurus atherfieldensis from Norman (1986) are used as a basis for reconstructing the
articulation of NHMUK PV R6609 (g). The original fourth trochanter and the lesser trochanter are reconstructed based on M. atherfieldensis
(Norman, 1986). The green circle corresponds to the pathological area. AMB, M. ambiens; caig, caudal intercondylar groove; cf, caput
femoris (head of the femur); crig, cranial intercondylar groove; FMTL, M. femorotibialis; ftr, fourth trochanter; il, ilium; ILFB, M. iliofibularis; is,
ischium; IT1, M. iliotibialis 1; 1T2, M. iliotibialis 2; Icd, lateral condyle; Itr, little trochanter; mcd, medial condyle; ovg, overgrowth; p, pubis; tfr,

taphonomical fracture. Scale bars=10cm.

unaffected part of the femur (Figure 1a). A large medullary cavity
opens at the center, and the bone tissue is composed of two genera-
tions of secondary osteons (Mitchell et al., 2017) (Figure 3a).

The plexiform primary bone contains well-developed primary
osteons. We did not observe any external fundamental system (EFS);
however, the primary bone shows an overall maturity and numer-

ous secondary osteons that decrease in number moving from the

internal area to the surface. Section “B” corresponds to the proxi-
mal region of the dome-like overgrowth (Figure 1c). The medullary
cavity contains an endosteal woven bone tissue (Figures 3a and 4a),
characterized by a high density of irregularly shaped osteocyte lacu-
nae, high vascularity and a cancellous structure. However, the gen-
eral appearance of this tissue differs from the endosteal bone that
surrounds the medullary cavity (Figure 4a). An inner circumferential
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FIGURE 3 (a) The clear separation between the secondary
bone of the inner cortex and the medullary bone-like tissue filling
the medullary cavity. (b) Area of transition between the original
cortex, formed by the parallel fibered complex with scattered
secondary osteons, and the reactive woven bone of the periosteal
overgrowth. gm, growth marks (marked as white lines in b); ICL,
inner circumferential layer; mlb, medullary bone-like tissue; ovg,
overgrowth; pfc, parallel fibered complex; sb, secondary bone.
Scale bars=500pum.

layer (ICL) of lamellar bone (Figure 3a) separates this endosteal
bone from the inner cortex along the entire margin of the section,
as demonstrated by a disruption in the lacunocanalicular system.
The outer cortex is composed of secondary bone, formed initially
by tightly packed secondary osteons. Two generations of osteons
are recognized. Following Mitchell et al. (2017), this conforms to a
remodeling stage 3, however, considering the obvious pathological
state of the specimen, identification of the remodeling stage may be
affected by the lesion.

In the outermost region of the outer cortex, the osteons are more
scattered within a laminar—plexiform primary bone, that shows
clear woven parallel fibered complex features close to the external
margin of the periosteum (Figure 3b). The periosteal reactive bone
deposition is much more extensive and clearly visible in Section
“C” (Figure 1d). This section is taken from the middle region of the
dome-like overgrowth, and it overlaps the cortex (Figure 3b). The
overgrowth is formed predominantly by primary osteons with few
scattered secondary osteons located near the cortex (Figure 3b).
Within one region of the superficial cortex, there is a 2.5cm long
focus of cortical bone that is disrupted and partially separated cir-
cumferentially from the surrounding adjacent cortex. This creates a
discontinuous island of cortical bone entrapped within its surround-
ings (Figures 4b and 5), and likely occurred as a result of the trauma.

T AN T QMIGA witey-L

This region consists of a lens-shaped area of parallel fibered bone
(herein referred to as “lens”), located between the outer cortex and
the periosteal overgrowth in Section B (Figures 4b and 5), and is also
clearly visible in the CT scans (Figure 6a,b).

Along the margin of this “lens,” areas of resorption cavities dis-
rupt the contour of the structure. A total of three, perhaps four,
growth lines (sensu Woodward et al., 2015; Wosik et al., 2020; Wosik
& Evans, 2022) are recognized in thin section (Figure 3b) similar to
what can be observed in hadrosaurids (Woodward et al., 2015), but
a precise comparison and growth rate analysis is beyond the scope
of the current study.

4 | DISCUSSION

4.1 | Species, differential diagnosis, and healing
status

The size and morphology of the element and the histological anal-
ysis revealed that the iguanodontian femur likely belonged to an
early adult (cf. Wosik et al., 2020; Wosik & Evans, 2022). The ex-
ternal morphology resembles that of Mantellisaurus atherfieldensis
(Norman, 1986) in relation to the caudal curvature of the distal half
and the prominent lesser trochanter (based on the curvature of its
remaining basal portion). However, the shape of the medial condyle
is more similar to that of Iguanodon bernissartensis (Norman, 1980),
being mostly horizontal and not as strongly curved as in M. ather-
fieldensis. Overall, the femur seems to show an intermediate mor-
phology between the two iguanodontian species but, because of its
isolated nature, it is regarded as Iguanodontia indet.

The plexiform primary bone contains well-developed primary os-
teons. We did not observe any EFS, but the stage of remodeling and
presence of numerous secondary osteons (that decrease in number
moving from the internal area to the surface) suggests the individual
was almost fully grown (cf. Woodward et al., 2015).

The pathological overgrowth is located on the distal craniolat-
eral surface of the femur, precisely at the location where the distal
half curves caudally (Figure 2c,d). Such raised dome-like structures
can typically be caused by trauma, infection or tumors (Cruzado-
Caballero et al., 2021).

Primary benign and malignant bone tumors that can cause ex-
pansile or disruptive growths in the long bones include osteoma,
osteoid osteoma, osteoblastoma, osteochondroma, chondromyx-
oid fibroma, fibrous dysplasia, aneurysmal bone cyst, and osteosar-
coma among others. These were considered as possible differential
diagnoses for this lesion but, since none of these exhibited similar
gross, CT or histological features, they were subsequently ruled
out as a possible cause. One alternative interpretation is ossified
hematoma, but it is a rare condition, associated with dystrophic
mineralization of a hematoma (i.e. subdural hematoma in Mansour
et al., 2023), showing different radiological and histological fea-
tures, without creating abundant perpendicularly oriented reactive
new woven bone tissue. The regular morphology of the dome-like

85U8017 SUOWILLIOD BA1TER1D) 8|qeo! [dde aup Aq peuenob aJe Ssjoie YO ‘8sh Jo se|n. Joj Akeid)8uluO /8|1 UO (SUONIPUOD-pUe-SWBI W00 A8 |1 Afe.d | juluoy/:SAny) SUORIPUOD Pue swie | 81 8es " [7Z0z/S0/0T] Uo Ariqiiauliuo A8|im ‘Ariqi AiseAlun sBpulld AQ £505Te0lTTTT'OT/I0p/W00 48| IMAeIq1BUI|UO//StNY WO. pepeojumod ‘0 ‘0852697T



FIGURE 4 (a) Medullary cavity showing medullary bone-

like deposition. (b) Detail of the “lens” of parallel fibered bone.
cor, cortex; end, endosteal bone; In, “lens” of parallel fibered
bone; mlb, medullary bone-like tissue; sh, secondary bone. Scale
bars=500pum.

overgrowth is also not compatible with an infectious etiology, par-
ticularly when considered in conjunction with the absence of drain-
ing sinuses (i.e. cloacae).

As such, fracture callus formation following a major traumatic
lesion is the most probable remaining diagnosis to consider. The
dome-like overgrowth is characterized by rapidly growing and highly
vascularized primary bone, a tissue which can be found in fracture-
related callus. The radial/perpendicular orientation of the patholog-
ical woven bone is similar to those previously reported in an injured
fibula of Psittacosaurus (Hedrick et al., 2016) and fractured hadro-
saurid ribs (Straight et al., 2009), suggesting a similar healing process
in Cerapoda (the clade comprising these taxa). In humans, complete
healing of an uncomplicated, non-displaced fracture in young indi-
viduals usually happens by the 16th week of healing (Rothschild &
Martin, 2006), and well-formed callus, usually forms 3-4 weeks after
such an injury occurs (Lovell, 1997; Marsell & Einhorn, 2011). These
features all suggest that the overgrowth on the femur is a chronic
fracture callus.

A limitation of this interpretation, however, is the lack of a clear
fracture line in either the sections or the microtomographies, and this
could contrast with the developmental stage of the overgrowth. It
is possible that the fossilization processes introduced artifacts that
make fracture identification difficult (cf. occasional detection of neu-
rocentral or cranial sutures in other fossils). The time of repair/heal-
ing varies between modern animals, with a longer period occurring

in reptiles compared to that required in birds and mammals (Hedrick
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etal., 2016, and references therein). In the absence of a specific med-
ical history, however, only an approximate estimation of the duration
of a fracture callus can be estimated. The development of the perios-
teal overgrowth suggests the animal survived for some time, but the
exact time of death following the injury is impossible to determine.

4.2 | The presence of endosteal bone growth
reaction in the pathological area

A cancellous and heterogeneous type of woven and endosteal tissue
is located in the medullary cavity of the femur in the area covered by
the overgrowth (Figures 3a and 4a). This diminishes away (proximally
and distally) from the pathological region, corresponding to the ap-
parently healthy regions of the bone, not affected by the overgrowth
(section “A"). In the CT scans, the typical endosteal bone is recognized
in the medial side of the medullary cavity, whereas the abnormal en-
dosteal structure is distributed in the area immediately adjacent to
the overgrowth, on the lateral side of the cavity (Figure 6b). The tis-
sue is composed of primary woven bone that is highly vascularized
and apparently similar to avian medullary bone. The latter is a bone
tissue mainly deposited in the long bones of birds during the pre-
ovulatory cycle and is estrogen-dependent (Canoville et al., 2019;
Schlumberger, 1959). It acts as a supply of calcium used to build the
eggshell (Prondvai, 2016) and its presence is thus highly suggestive of a
sexually mature female individual. The tissue has been used as a proxy
to identify sexes in avian and non-avian dinosaurs (Hibner, 2012;
Lee & Werning, 2008; Schweitzer et al., 2005, 2016) but was later
proposed to also be correlated to other biological conditions such
as certain diseases or injuries, e.g. osteopetrosis (Cerda et al., 2014;
Chinsamy & Tumarkin-Deratzian, 2009; Prondvai, 2016), or even
for a non-reproductive and non-pathological function (Prondvai &
Stein, 2014). In fact, an endosteal tissue with a microstructure similar
to the medullary bone can also be detected in pathological bones of
birds (Canoville et al., 2020), and the distinction between the two tis-
sues in the fossil record, especially for isolated/fragmentary materials,
is still complicated (Canoville et al., 2021). The distribution and char-
acteristics of the endosteal, medullary bone-like tissue along the shaft
of the iguanodontian femur resembles that seen in the pathological
humerus of Larus argentatus NCSM-19601 (Canoville et al., 2020) and
in the femur of Mussaurus patagonicus (Cerda et al., 2014), suggesting
that a pathological endosteal bone was deposited in the medullary
region of the bone. This finding further emphasizes the importance
of adopting a cautious approach when hypothesizing about the pres-
ence of ovulatory medullary bone, especially in isolated or fragmen-

tary dinosaur bones.
4.3 | Muscular reconstruction and locomotory
implications

The overgrowth, likely corresponding to a trauma on the thigh of
the iguanodontian, is located on the distal craniolateral region of
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FIGURE 5 Composite picture showing the full extent of the “lens” of parallel fibered bone, located just below the cortex and
the pathological periosteal overgrowth. cor, cortex; In, “lens” of parallel fibered bone; ovg, overgrowth; sb, secondary bone. Scale

bars=2000pum.

FIGURE 6 CT scans of the pathological area of NHMUK PV R6609, respectively in cross (a) and longitudinal (b) sections. The medullary
cavity is hollow and irregularly sparse medullary bone-like tissue is present inside. The “lens” of parallel fibered bone placed below the
periosteal overgrowth might represent a fragment of cortical bone following a blunt trauma. cor, cortex; In, “lens” of compact bone; mc,

medullary cavity; mlb, medullary bone-like tissue; ovg, overgrowth.

the femur, below the line of the fourth trochanter and above the
point of caudal angulation of the distal section of the bone. Based
on previous muscular reconstructions (Dilkes, 2000; Maidment &
Barrett, 2012; Norman, 1986; Romer, 1927), the focal pathology
would have been covered by the distal fascia, perhaps the tendinous
cup, of the M. triceps femoris (formed by the inner M. ambiens and
M. femorotibialis, and the superficial M. iliotibialis) and M. iliofibularis

(Figure 2g).

M. triceps femoris originates along the dorsally raised margin of
the ilium, inserting onto the cnemial crest of the tibia via a patel-
lar tendon commune to its three sections (Norman, 1986), pass-
ing above the pathological overgrowth. M. iliotibialis, which forms
the main part of the triceps femoris, is separated into M. iliotibia-
lis 1 (located cranially) and M. iliotibialis 2 (located caudally, and
greater in size than M. iliotibialis 1). M. ambiens is a small muscular

fascia that originates on the proximal portion of the pubis, in front
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of the acetabulum but before the pubic neck begins to develop
(Norman, 1986; Romer, 1927). M. femorotibialis occupies the distal
region of the femur in its medial (M. femorotibialis medialis) and lat-
eral (M. femorotibialis lateralis) surfaces (Bates et al., 2012; Maidment
& Barrett, 2012). M. iliofibularis is located ventrally to and separated
from the M. triceps femoris and is assumed to originate on the lateral
surface of the post-acetabular process of the ilium, inserting onto
the proximolateral surface of the fibula (Dilkes, 2000).

M. iliotibialis 1, M. iliotibialis 2, M. ambiens and M. femorotibialis
work in concert as M. triceps femoris extends the knee, while it is
flexed by M. iliofibularis (Carrano & Hutchinson, 2002). The M. ilio-
tibialis 1 and M. ambiens could have aided the flexion of the femur
(protraction) together with the M. puboischiofemoralis externus
(Bates et al., 2012). M. iliofibularis and the caudal portion of the M.
triceps femoris, together with other muscles (M. caudofemoralis brevis,
M. caudofemoralis longus and flexor cruris) could have retracted the
femur, extending the hip (Bates et al., 2012). In summary, the loca-
tion of the pathological overgrowth is at a key position for movement
of the lower thigh, particularly extension and flexion of the tibia, and
protraction of the distal femur since it corresponds to the commu-
nal patellar tendon. The etiology of the injury cannot be precisely
identified as it likely corresponds to a single traumatic impact, such
as a fall to the ground, a blow from another individual (e.g. another
iguanodontian or a predator) or some other environmental factors
(e.g. Bertozzo et al., 2021). It is clear that the trauma could have neg-
atively affected the musculature and locomotory capabilities of the
individual. Similar direct blunt force trauma injuries in the proximity
of the knee in humans, which also result in muscle contusions, can
cause stiffness and restriction of movement of the knee (Bencardino
et al., 2000; Dhillon et al., 2005). The area above the patella, over-
lain by the thin distal sheaths of M. triceps femoralis, appears to be
thinner compared to the central and proximal regions of the femur,
which is covered by the thick upper musculature. Major limb trauma
at this point results in weakness of the quadriceps (formed by the
homologous muscles of M. triceps femoralis and M. iliofibularis) in
humans (Hennrikus et al., 1993), and it can be hypothesized that
NHMUK PV R6609 had a limp, possibly putting it at increased risk of
predation. Further ecological reconstructions cannot be offered at
this time, however, due to the absence of additional skeletal material

from the individual.

5 | CONCLUSIONS

Paleopathological lesions can reveal much about the diseases and
injuries of fossilized individuals, offering a glimpse into their lifestyle
and general response to traumatic events or diseases. NHMUK PV
R6609 is a femur from an early adult Iguanodontia indet. individual,
presenting a large and well-developed periosteal overgrowth, here
diagnosed as evidence of a traumatic callus secondary to a knee
injury. Analysis of CT scans and histological sections show no evi-
dence of an intra vitam fracture line, but a “lens” of parallel-fibered
bone is located near the external cortex, adjacent to the area of the
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periosteal overgrowth. This may be a bone fragment that was previ-
ously broken and later became encased within the healing region
and is also suggestive of a blunt force trauma. The site of the in-
jury corresponds to the initial development of the commune patel-
lar tendon, which comprises the distal fascia of M. triceps femoralis
(formed by M. iliotibialis 1, M. iliotibialis 2, M. ambiens and M. femo-
rotibialis) and M. iliofibularis, and it might have negatively influenced
the animal's locomotion, causing stiffness and weakness to the knee
joint. The injury may have caused the dinosaur to limp and perhaps
contributed to its death since it would have made it easier prey for
predators.

The histological analysis confirmed the traumatic origin of the
overgrowth of the femur, with an internal organization of pathological
tissue similar to those already reported in injuries in Psittacosaurus and
hadrosaurids (Hedrick et al., 2016; Straight et al., 2009). A peculiar
structure comprising endosteal, trabecular and woven bone tissue ev-
ident in the medullary cavity is reminiscent of avian medullary bone,
usually associated with females in pre-ovulatory stages. However, re-
cent works (e.g. Canoville et al., 2020) have noted similarities between
avian medullary bone and the endosteal tissue visible in pathological
bones in birds and the difficulties of reliably differentiating between
the two forms in the absence of histochemical analyses and the pres-
ence of medullary bone in paired bones (e.g. left and right femora). In
fact, it has been suggested that ovulatory medullary bone can only
be recognized by the presence of keratan sulfate and its deposition
in paired elements (Canoville et al., 2021), proxies that cannot be ap-
plied to NHMUK PV R6609. Previous reports of abnormal endosteal
bone have associated such tissue with pathological conditions, as
in Mussaurus (Cerda et al., 2014). The similarities evident between
the tissue in Mussaurus and NHMUK PV R6609 suggest it is highly
likely that the bone tissue in the medullary cavity is directly related
to the pathological condition of the bone. Future histological analy-
ses of traumatic bones in other ornithischian clades (e.g. Stegosauria,
Ankylosauridae, Pachycephalosauridae), similar to those undertaken
in this study, may help determine if they share a similar healing pro-
cess to Cerapoda (with large, fast-growing calluses). Such comparative
analysis might reveal the occurrence of distinctive strategies between
taxa living in different habitats and being selected under different
ecological pressures. For example, the complex armed coverage of
Ankylosauria might have served as a different calcium supply, aiding
callus formation and resorption and leading to a different mode and
tempo of healing than in ornithopod dinosaurs.
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