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Ab stract: Bite traces on fos sil ised bones can pro vide im por tant in for ma tion on pred a tor-prey re la tions and in ter -
ac tions in an cient en vi ron ments. In 2009, two new ichnotaxa, Linichnus serratus and Knethichnus parallelum,
were in tro duced to de velop the ap pli ca tion of bite traces as an ichnological tool. Ichnotaxa de fined by theropod
bite traces can pro vide use ful in for ma tion for un der stand ing feed ing be hav iour. How ever, ob jec tive in ter pre ta tion
of pos si ble bite traces can be dif fi cult us ing tra di tional vi sual in spec tion. In this study, the bite traces on a
fos sil ised di no saur bone were com pre hen sively ex am ined by cor re lat ing tra di tional na ked-eye in spec tion with
com puted to mog ra phy (CT) im ag ing, used to visu al ise the in ter nal mor phol ogy of the bite traces and in par tic u lar,
to clar ify the ap pear ance of one pos si bly healed bite trace. A fo ren sic pa thol o gist vi su ally ex am ined the bone with
the aid of stereomicroscopy and a ra di ol o gist ana lysed the CT scans. Six teen dif fer ent scan ner set tings were used
to op ti mise the CT pa ram e ters and avoid sig nal at ten u a tion, in the form of hypointense artefacts in the cen tral
trabeculated part of the bone frag ment. The use of CT scan ning pro vided in for ma tion on in ter nal mor phol ogy from 
the vi cin ity of the bite trace, in clud ing hyperdense zones, not iden ti fied us ing vi sual in spec tion alone. By ap ply ing 
the ex tended CT scale, the dense and radiopaque cor ti cal bone layer could be clearly iden ti fied and ap plied as a
pathomorphological marker to cor rectly dis tin guish non-healed from healed wounds. In con clu sion, the au thors
dem on strate that ex ter nal vi sual ex am i na tion of trace fos sils by ichnologists in com bi na tion with in te rior ex am i na - 
tion us ing CT im ag ing can be ap plied to char ac ter ise ichnotaxa de fined by bite traces and po ten tially pro vide clues 
on an cient feed ing be hav iour.
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IN TRO DUC TION

Traces on di no saur bones in clude mus cle im pres sions,
tram ple marks, signs of dis eases, in ju ries, and bite traces.
Sev eral stud ies of bite traces on di no saur bones, us ing tra di -
tional vi sual in spec tion and mi cros copy, have pro vided in -
sight into feed ing be hav iour. For ex am ple, the bite force of
a Tyrannosaurus has been es ti mated from bite traces (Erick- 
son and Olson, 1996; Erickson et al., 1996). In ad di tion,
bone con sump tion pat terns have pro vided in for ma tion on
feed ing strat egy and prey pref er ences for theropods (Fio-
rillo, 1991; Jacobsen, 1998; Rog ers et al., 2003; D’Amore
and Blumenschine, 2012; Boyd et al., 2013). Stud ies of

feed ing be hav iour in pres ent-day pred a tors, such as croc o -
diles (Erickson and Olson, 1996; Erickson et al., 1996; Njau 
and Blumenschine, 2012) and Ko mo do drag ons (D’Amore
and Blumenschine, 2012), have re vealed, that mod ern bite
traces may be cor re lated with the bite traces found on di no -
saur bones, es pe cially in the case of the ichnotaxon Knet-
hichnus parallelum (Jacobsen and Bromley, 2009; D’Amore
and Blumenschine, 2012).

Ichnotaxa for bioerosion trace fos sils have re cently
been sum ma rised by Pirrone and col leagues (Pirrone et al.,
2014), who con cluded that a few spe cific bioerosion trace



fos sils in bones even pres ent the po ten tial for iden ti fi ca tion
of the theropod, which made the bite traces, e.g., the ichno-
taxon Linichnus serratus Jacobsen and Bromley, 2009 and
Knethichnus parallelum Jacobsen and Bromley, 2009. This
is be cause theropod denticles are spe cies-spe cific, thereby
al low ing the ser ra tion pat terns to be matched with the den-
ticle mor phol ogy of teeth from the theropod fos sil re cord.
Linichnus serratus is char ac ter ised by a ser rated edge, while 
the trace Knethichnus parallelum con sists of par al lel lines
across an area of the sub strate (e.g., bone). By feed ing Ko -
mo do drag ons with goat car casses, D’Amore and Blumen-
schine (2012), found that the teeth of Ko mo do drag ons were 
in deed ca pa ble of pro duc ing the Knethichnus parallelum
ichnotaxon, a find ing that strength ens the use ful ness of an
ichnotaxon as a tool for un der stand ing feed ing be hav iour
from trace fos sils. On rare oc ca sions, stron ger ev i dence of
pred a tor-prey in ter ac tion can be found, such as a tooth di -
rectly em bed ded in a fos sil bone (Cur rie and Jacobsen,
1995; DePalma et al., 2013).

Vi sual in spec tion as sisted by mi cros copy has re vealed
im por tant de tails in ichnotaxa. How ever, in trin si cally li-
mited to sur face ob ser va tions, vi sual in spec tion does not re -
veal in ter nal struc tures. Four teen years ago, Ketcham and
Carlson (2001) pro vided an ex cel lent de scrip tion of com -
puted to mog ra phy (CT) and po ten tial ap pli ca tions of CT in
the geosciences. Here, the pres ent au thors there fore pro vide
only a sum mary of the most rel e vant phys ics and the tech -
niques un der ly ing CT.

As an X-ray-based im ag ing tech nique, CT pro vides
cross-sec tional im ages of the scanned ob ject in a pro cess
that does not dis turb the in ter nal struc tures. The source of
x-rays, i.e. the Röntgen tube, the x-ray de tec tor and sup ple -
men tary elec tron ics, ro tate around the scan ner bed, lo cated
in the cen tre of the sys tem. Some of the elec tro mag netic ra -
di a tion is ab sorbed or scat tered by the scanned ob ject and
does not reach the de tec tor. Multi-an gle x-ray pro jec tions of 
the scanned ob ject are ac quired, while the ob ject is si mul ta -
neously moved slowly through the x-ray beam by a motor -
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Fig. 1. Vi sual in spec tion, stereomicroscopy and x-ray com puted to mog ra phy of a hadrosaur (Hadrosauridae sp.) dis tal fe mur frag ment. 
Vi sual in spec tion (A, B) of a fos sil spec i men can be ac com pa nied by stereomicroscopic ex am i na tion (B) and x-ray com puted to mog ra phy
(CT) in ves ti ga tion (C, D) of re con structed 3-D mod els (C) and sec tions (D). Struc tures of in ter est, such as bite traces, can be seg mented
from CT data and used to gen er ate vir tual 3-D mod els (C, D) and 3-D prints of scale mod els (A, B). Scale bar is 1 cm. 3-D-printed mod els
in A are not scaled and nat u rally fit in side the fos sil, whereas prints in B are scaled to 400% to en hance mor pho log i cal in ter pre ta tion.



ised scan ner bed, re sult ing in a dataset of in for ma tion on
spa tially dis trib uted back-pro jected x-ray at ten u a tion. The
at ten u a tion in for ma tion is re con structed to two-di men sional 
cross-sec tional im ages, rep re sent ing the x-ray at ten u a tion in 
grey scales. By con ven tion, the x-ray ab sorp tion unit (i.e.
the CT-num ber) is mea sured in Hounsfield units (HU),
which give the pres ent x-ray at ten u a tion rel a tive to the x-ray 
at ten u a tion of wa ter. Typ i cal med i cal CT sys tems work in a
lim ited 12-bit HU-range of –1024 to +3071. Be cause the at -
ten u a tion of wa ter is low, rel a tive to ma te ri als con tain ing
heavy el e ments, e.g., bone (cal cium), rock (sil i con), and
met als, the con ven tional Hounsfield scale is po ten tially in -
ap pro pri ate for the CT im ag ing of fos sils. How ever, us ing a
scal ing pro ce dure, the con ven tional Hounsfield scale can be 
rescaled by a fac tor of 10 at the cost of rel a tive im age con -
trast be cause the HU depth is still re strained to 12 bits, re -
sult ing in HU steps of 10 HU in the ex tended Hounsfield
scale (Kolz et al., 1990; Link et al., 2000; Coolens and
Childs, 2003). This ex pands the den sity range of CT and
can be ben e fi cial, when scan ning large solid spec i mens and
po ten tially fos sils.

 One as pect of stud ies on the feed ing be hav iour of car -
niv o rous di no saurs is whether ac tive hunt ing or scav eng ing
pre vailed (DePalma et al., 2013). Al though the an swer to
this in ter est ing ques tion is spec u la tive in na ture, ev i dence of 
a healed bite trace with or with out em bed ded teeth would
in di cate that ac tive hunt ing oc curred.

Bone heal ing in mam mals is well de scribed and takes
place in sev eral phases (Geneser, 2002). The first three
phases in volve the for ma tion of non-cal ci fied tis sue and are
there fore not likely to be pre served in fos sil ised spec i mens.
The for ma tion of wo ven bone com mences in about one
week af ter the bone dam age, whereas the for ma tion of
lamellar bone takes place af ter 6 weeks. Sub se quently, the
bone can un dergo fur ther re mod el ling. Al though the bone
growth and re pair pro cesses are likely to be dif fer ent in di -
no saurs and mam mals, there is ev i dence of re pair pro cesses
from all ma jor di no saur groups, in clud ing dif fer ent stages
of cal lus for ma tion, re sem bling the pat terns seen in mam -
ma lian, rep til ian and avian spe cies (Straight et al., 2009).
Cal lus for ma tion de notes a pro cess, in which soft, fi brous
tis sue ad vances into the trau ma tised zone, where it min er al -
ises dur ing weeks af ter the trauma. This cal lus zone is of ten
re cog nis able ac cord ing to its mor phol ogy, ap pear ing ex ter -
nally as min er al ised sheet/crests around the frac ture zone
with grainy patches non par al lel to the long axis of the bone
and in ter nally dis play ing char ac ter is tic dif fer ences in the
de vel oped trabeculated net work. These pro cesses are tem -
po rally di vided in such a way that min er ali sa tion ap pears
only weeks, months or even years af ter traumatisation.
Identification of the re pair stage, in clud ing iden ti fi ca tion of
the cal lus stage, and healed wo ven, and lamellar bone, pro -
vide clues on the mag ni tude of the heal ing and there fore the
sur vival pe riod af ter traumatisation. In this study, a dis tal
frag ment of a di no saur fe mur bone dis play ing sev eral dis -
tinct bite traces was thor oughly ex am ined, us ing a clin i -
cal-like ap proach, in clud ing pathoforensic vi sual in spec tion 
of sur face traces, sup ple mented by CT eval u a tion. The au -
thors ap ply the hy poth e sis that one le sion on the fe mur frag -
ment could pos si bly be healed and may, there fore, be a re -

sult of an early non-fa tal at tack, while all other le sions are
bite traces, re sult ing from a fi nal, fa tal at tack and/or post
mor tem scav eng ing.

MA TE RI ALS AND METH ODS

The bone frag ment (length: 18 cm, width: 9.5–14.5 cm,
depth: 7.7 cm, vol ume: 1,295.5 cm3, weight: 3,009.6 g;
Fig. 1  and Sup ple men tary Ma te rial 1) is a Hadrosauridae sp.
dis tal fe mur frag ment, which was an un cata logued spec i men
from the col lec tion at The Royal Tyr rell Mu seum of Palaeon- 
tology, Al berta, Can ada. The frag ment was do nated by certifi-
cate to the main au thor (ARJ) in 1993, in con nec tion with re -
search col lab o ra tion to aid fur ther re search. Be cause this
study fo cuses on meth od ol ogy, the geo log i cal set ting and
spe cies in for ma tion are not rel e vant.

Vi sual in spec tion and stereomicroscopy

The first ap pear ance of a fos sil ised di no saur spec i men
is nat u rally in the field, where in ter est ing trace fos sils may
be dif fi cult to iden tify us ing only a brief vi sual ex am i na tion. 
Bite traces can be very hard to dis tin guish from tram ple
marks and other bone ero sion traces. Ac cord ingly, there is a
great risk that rel e vant spec i mens will be over looked and
never stud ied. Bones in col lec tions also have the po ten tial to 
bear im por tant feed ing traces that have sim ply been missed
ow ing to the lim i ta tions of vi sual in spec tion, as it takes a
trained eye to iden tify the rel e vant de tails. In this study, a
stereomicroscope (Olym pus, SZ-CTV) was used to en hance 
in ter pre ta tion of min ute an a tom i cal struc tures, rel e vant to
the iden ti fi ca tion of pos si ble bone heal ing.

CT im ag ing

The bone frag ment was CT scanned us ing a dual-source 
clin i cal CT sys tem (Siemens Somatom Def i ni tion; Siemens
Med i cal So lu tions, Forchheim, Ger many). To in ves ti gate
and op ti mize ac qui si tion pa ram e ters, 16 co-reg is tered scans
were per formed, ap ply ing dif fer ent tube volt ages (80, 100,
120 and 140 kV) and slightly dif fer ent cur rent×time pro-
duct (850 and 900 mAs). Im age res o lu tion was 322×322×
600 µm3 and the scan du ra tion was ap prox i mately 83 s, de -
pend ing on the set tings used. Ac quired pro jec tions were re -
con structed us ing dif fer ent con vo lu tion ker nels: B40s
(Heart View smooth), B46s (Heart View sharp), B50s,
B60s. The Siemens ker nel ab bre vi a tions re flect ker nel type,
e.g., “B” for body, im age sharp ness rep re sented by num bers 
(where a high num ber, e.g. “60”, is sharp and a low num ber, 
e.g. “40”, is smooth), and scan mode, where e.g. “s” rep re -
sent the stan dard mode.

Sil i con-rich fos sils are high-den sity struc tures, com -
pared to non-fos sil ised bone struc tures, typ i cally ex am ined
with x-ray CT in a clin i cal set ting; there fore, the au thors
tested data ac qui si tion with an ex tended CT scale in sev eral
scans. Ac quired im ages were com pared sub jec tively by
means of vi sual in spec tion by a ra di ol o gist (BF) to de ter -
mine which ac qui si tion pa ram e ters were the most use ful for
fos sil bone visu ali sa tion. Ad di tion ally, a pro file anal y sis
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was car ried out by re cord ing the den sity dis tri bu tion for
pro files, placed in the same po si tion in all ac quired scans
(for pro file place ment see Fig.1).

CT-gen er ated sec tions through the bite traces on the
fos sil ised bone were ex am ined for ev i dence of cal lus for ma -
tion or bone re con struc tion. The sur faces of the two ma jor
bite traces were seg mented us ing the Amira 5.6 soft ware
pack age (Amira 3D Soft ware for Life Sci ences, http://www. 
fei.com/soft ware/amira-3d-for-life-sci ences/) to gen er ate a
sur face re con struc tion of the bite trace, i.e., a neg a tive of the 
tip of the tooth that de liv ered the trace. Bite-trace re con -
struc tions were merged with a three-di men sional vir tual re -
con struc tion of the spec i men, gen er ated from 61 con sec u -
tive high-res o lu tion pho tos from dif fer ent an gles. These
were com piled in the freeware soft ware Autodesk 1 2 3
Catch (Autodesk 123D Catch, Gen er ate 3d model from
pho tos, http://www.123dapp.com/catch), ul ti mately gen er -
at ing an in ter ac tive three-di men sional model of the spec i -
men and bite trace, saved as an in ter ac tive .PDF file (Sup -
ple men tary Ma te rial 1). Ad di tion ally, the bite-trace re con -
struc tions were 3-D-printed us ing a Makerbot Replicator 2
Desk top 3D Printer (Stratasys, New York, USA) as scale
mod els (100% and 400% scal ing) in polylactic acid plas tic.

RE SULTS

A com par i son of the fos sil ised bone visu al ised and ex -
am ined with tra di tional vi sual in spec tion, stereomicroscopy 
and x-ray CT, re spec tively, is shown in Fig. 1. In ad di tion to 
the de scrip tion of the spec i men, the au thors pro vide a sup -
ple men tary file, con tain ing an in ter ac tive three-di men sional 
model of the fos sil spec i men, which can be visu al ised in 3D
and in ter ac tively ma nip u lated in nor mal freeware .PDF
read ers (see Sup ple men tary Ma te rial 1).

Vi sual in spec tion of the bone re vealed post-sed i men ta -
tion cracks caused by rock pres sure and sev eral le sions. The 
fo cus was on six le sions, namely two large (le sions 1 and 2
in Fig. 1A) and three mi nor (le sions 4, 5 and 6 in Fig. 1A)
with no fill ing. Ad di tion ally, the ap pear ance of one filled,
ap par ently cir cu lar le sion (le sion 3 in Fig. 1A) was es pe -
cially in ter est ing, ow ing to pos si ble signs of heal ing. The
bone fibres seemed to be crushed around the le sions (1, 2, 4, 
5, and 6 in Fig. 1A) and they were clas si fied as bite traces.
These bite traces did not show ev i dence of heal ing through
the for ma tion of new bone. Bite traces 1 and 2 were as -
signed to the ichnotaxon Nihilichnus nihilicus (Mikuláš et
al., 2006) be cause of their mor phol ogy. Vi sual ex am i na tion
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Fig. 2. Op ti mi sa tion of x-ray com puted to mog ra phy pa ram e -
ters via vi sual in spec tion. The sim i lar sec tion (see Fig. 1D for sec -
tion place ment) of 16 dif fer ent scans with vary ing ac qui si tion
pa ram e ters. Low tube volt age (80 kV) re sults in scale max out, us -
ing the nor mal 12-bit CT scale (A) and in x-ray at ten u a tion
(hypo-dense mid dle part of the sec tion). Ap ply ing the ex tended
CT scale re solves the prob lem of scale max out (B, C, D). A sharp
ker nel (B60s) vs. a smooth ker nel (B40s) yield slightly sharper im -
ages and a high cur rent×time prod uct in creases sig nal to noise ra -
tio. Scale bar is 1 cm.
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Fig. 3. Op ti mi sa tion of x-ray com puted to mog ra phy pa ram e ters via den sity dis tri bu tion pro file plots. Pro file plots through the 16 sec -
tions in Fig. 2 (pro file place ment in di cated by yel low line in Fig. 2). Low tube volt age (80 kV) re sults in scale max out, us ing the nor mal
12-bit CT scale (A) and in x-ray at ten u a tion (val ley in mid-por tion of pro files). Ap ply ing the ex tended CT scale re solves the prob lem of
scale max out (B, C, D).



alone and stereomicroscopy were not suf fi cient to in con test -
ably con clude whether le sion 3 is ac tu ally healed and/or if a
tooth could be im bed ded in the struc ture. There fore, CT was 
used to ex am ine the in ter nal mor phol ogy of the fos sil.

CT ac qui si tion was op ti mised us ing 16 co-reg is tered
scans with vary ing ac qui si tion pa ram e ters (Fig. 2). Vi sual
in spec tion of all scans by a ra di ol o gist showed that choos -
ing a high tube volt age, 140 kV, and a high cur rent×time
prod uct, 900 mAs, in com bi na tion with a sharp con vo lu tion
ker nel (B60s) and the ex tended CT scale, re sulted in sec -
tional im ages with op ti mal im age con trast be tween the dif -
fer ent an a tom i cal com part ments and a high sig nal-to-noise
ra tio (see bot tom im age in Fig. 2D). 

For an ob jec tive eval u a tion of the ef fect of dif fer ent ac -
qui si tion pa ram e ters, the au thors re corded den sity dis tri bu -
tion pro files from the sim i lar sec tion in all 16 dif fer ent scans 
(Fig. 3). Ap ply ing the con ven tional Hounsfield scale re -
sulted in the HU cut-off of high in ten si ties above 3071 HU
at low tube volt ages (Fig. 3A), whereas ap ply ing the ex -
tended CT scale re solved this prob lem (Fig. 3B–D). Ap ply -
ing smooth ver sus sharp con vo lu tion ker nels only re sulted
in mi nor dif fer ences be tween the den sity dis tri bu tion pro -
files (com pare Fig. 3B, C). Ap ply ing a low tube volt age re -
sulted in sig nif i cant x-ray at ten u a tion, af fect ing deep struc -
tures in the sam ple, which ap peared as a hypointense (i.e.
dark) zone in the mid dle of the sam ple (Fig. 2) and ac cord -
ingly as a val ley in the mid-por tion of the den sity pro file
plots (Fig. 3); this arte fact, how ever, was coun ter acted com -
pletely by in creas ing the tube volt age. Ad di tion ally, in -
creas ing the cur rent×time prod uct from 850 mAs to 900
mAs re sulted in an in creased sig nal-to-noise ra tio. The
reader is in vited to com pare the two curves in Fig. 3D, ob -
tained at 140 kV 850 mAs B60s and 140 kV 900 mAs B60s, 
re spec tively. The 900 mAs curve rides on top of the 850
mAs curve, as a re sult of a slightly higher sig nal.

CT was used to gen er ate sec tions through the bite traces 
of the fos sil spec i men and ob tain high-res o lu tion im ages of
the in ter nal mor phol ogy (Fig. 4). A ra di ol o gist per formed
vi sual in spec tion of the CT-gen er ated im ages that clearly
dis played a ra dio-dense pe riph eral cor ti cal layer (Figs 2, 4)
and in ter nal cancellous (i.e., trabecular or spongy) bone
struc tures (Fig. 4). CT im ag ing re vealed the same three ma -
jor bone le sions at the sur face of the bone as vi sual in spec -
tion by a fo ren sic ex am iner (Fig. 4A). Le sion 1 mea sured 12 
mm in width, while le sion 2 mea sured 10 mm and ap peared
clearer and more sharply de fined than le sion 1 (Fig. 4A).
The bone frac tures of le sions 1 and 2 ap peared to have the
same di rec tion and were 6 and 10 mm deep, re spec tively.
The cor ti cal lay ers of le sions 1 and 2 have ev i dently been
bro ken and their subcortical bone den si ties were hy per-
dense, in di cat ing that the corticalis and the subcortical bone
have been com pressed. Le sions 4, 5 and 6 (Fig. 4A, B) were 
mi nor and all dis played an in tact cor ti cal layer. Le sion 3
(Fig. 4A) was 3 mm deep cen trally and dis played a sharply
de fined le sion in the cor ti cal layer, 20 mm wide. How ever,
the subcortical bone and the un der ly ing cancellous bone did 
not con firm signs of com pres sion and ap peared un changed
by com par i son with neigh bour ing ar eas of the fos sil,
thereby con tra dict ing the vi sual im pres sion that le sion 3
could dis play signs of bone for ma tion and heal ing. Fur ther -

more, CT re vealed ev i dence that no tooth rem nants or other
for eign ob jects were lo cated in as so ci a tion with le sion 3 or
any of the five other bite traces (Fig. 4).

DIS CUS SION

The pres ent study de scribes a clin i cal-like meth od ol ogy 
in clud ing a pathomorphological in ves ti ga tion and CT ex -
am i na tion of the in ter nal struc tures of a fos sil di no saur bone 
spec i men, bear ing bite traces. The ap proach ap plied was
suit able for test ing and re ject ing the orig i nal hy poth e sis of
the au thors, namely that the pres ent bone spec i men dis -
played two dif fer ent types of trace; i.e. sev eral dis tinct post
mor tem bite traces and one pos si bly healed bite trace,
maybe even with an im bed ded tooth.

The owner of the spec i men (ARJ) wanted to clar ify
whether the cir cu lar le sion (3 in Figs 1A, 4A) was a po ten -
tially healed struc ture. How ever, mi cro scopic en large ment
of the le sion and a sound pathomorphological in ter pre ta tion
re ject this oth er wise very in ter est ing hy poth e sis. Dif fer -
ences in growth pat terns be tween di no saur and mam ma lian
bones have in deed been iden ti fied. For ex am ple, bone os si -
fi ca tion in mam mals hap pens from an epiphyseal plate,
whereas endochondral os si fi ca tion in the juxtaarticular car -
ti lage is pres ent in ex tant saur ians and pos si bly func tioned
sim i larly in di no saurs (Golder and Chris tian, 2002). Even
with pos si ble dif fer ences in growth rate taken into ac count,
the ev i dence of heal ing in le sion 3 is too sparse to con clude
that there was more than one week of sur vival af ter a pos si -
ble pred a tor-prey in ter ac tion. If the an i mal was alive one
week or more af ter the trauma, le sion 3 could be ex pected to 
dis play ev i dence of bony cal lus, ei ther in the subperiosteal
re gion or deeper in the le sion (Straight et al., 2009). How -
ever, none of these find ings was ev i dent, when the fos sil
was care fully ex am ined by means of the stereomicroscope.

While mi cros copy and high-res o lu tion pic tures in com -
bi na tion with den tal putty casts can be uti lised to cost-ef fec -
tively cre ate rep re sen ta tive mod els of fos sil bite traces, they
are in trin si cally re stricted to sur face in spec tion. Hence, pre -
vi ous stud ies have used CT to visu al ise the in ter nal mor -
phol ogy of di no saur bones (e.g., Straight et al., 2009; Boyd
et al., 2013; DePalma et al., 2013) and to es ti mate pterosaur
skel e tal mass (Mar tin and Palmer, 2014). In the pres ent
study, CT im ag ing was also em ployed to rule out the pos si -
bil ity of an im bed ded tooth in le sion 3 (Fig. 4; e.g., Cur rie
and Jacobsen, 1995; DePalma et al., 2013). Ad di tion ally,
CT im ag ing con clu sively re vealed that le sion 3 does not dis -
play cal lus for ma tion, in di cat ing that no bone re pair occur-
red fol low ing in jury. Le sions 4, 5 and 6 dis played in tact
cor ti cal lay ers and the subcortical lay ers in these le sions
were less hyperdense, com pared to the deeper bite traces
(com pare le sions 4, 5 and 6 to le sions 1 and 2 in Fig. 4A, B), 
in di cat ing that CT can be used to iden tify at least rel a tive
dif fer ences in bite force and the mor phol ogy of bite traces.

 By ap pre ci at ing the fun da men tal phys ics un der ly ing
CT mo dal ity, ap pro pri ate set tings can be cho sen to pre vent
im age artefacts and mis in ter pre ta tion of the re sult ing mor -
phol ogy (Ketcham and Carlson, 2001). Ac cord ingly, the au -
thors spec u late whether the hypodense core of the fos sil left
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fe mur of Dysalotosaurus lettow-vorbecki (e.g., fig. 2C in
Golder and Chris tian, 2002) is the re sult of x-ray at ten u a tion 
due to an en ergy lim i ta tion of the 120 kV x-rays used to
pen e trate the spec i men, rather than a pre cise visu ali sa tion of 
the in ter nal mor phol ogy of the spec i men. If used with re -
spect to the in her ent lim i ta tions in x-ray absorbance by fos -
sil-ma te rial, CT data can aid ef fec tive com mu ni ca tion of
key data through gen u ine dig i tal rep re sen ta tion of in ter nal
and ex ter nal anat omy, in clud ing the pro duc tion of in ter ac -
tive 3-D mod els. For ex am ple, the reader could open Sup -
ple men tary ma te rial 1 in a stan dard .PDF reader and ex plore 
the in ter ac tive fea tures (see in for ma tion in p. 464). As well,
it is even pos si ble to rec re ate struc tures that are phys i cally
miss ing (i.e. “neg a tive”), ex em pli fied here by the two 3-D
prints (Fig. 1A and B) that un equiv o cally re vealed the
tooth-like morphologies of le sion 1 and 2.

 CON CLU SIONS

CT im ag ing is an ex cel lent ad junc tive tool to tra di tional 
vi sual in spec tion and mi cro scope meth od ol ogy, used in the
ex am i na tion of fos sil di no saur bones. This study showed
that the uti li sa tion of a clin i cal-like ex am i na tion pro ce dure,
in clud ing pathoforensic ex am i na tion and CT eval u a tion,
could re ject the hy poth e sis that the bone frag ment un der
study dis played signs of post-trau matic heal ing. Al though
proper stereomicroscopic ex am i na tion iden ti fied miss ing
key fea tures of bone re gen er a tion, in vis i ble to the non-ex -
pert, the CT scans proved es pe cially use ful for de ter mi na -
tion of the morphologies of six dif fer ent le sions. A com par i -
son of dif fer ent CT set tings clearly showed that high tube
volt ages and cur rent×time prod uct are ad van ta geous, ow ing 
to ex ten sive x-ray at ten u a tion in the min er al ised fos sil.

VISU ALI SA TION OF MOR PHOL OGY OF BITE TRACE ICHNOTAXA 463

Fig. 4. In spec tion of bite trace us ing x-ray com puted to mog ra phy. Sec tions through six le sions (i.e. bite traces) on the fos sil ised spec i -
men. The pe riph eral cor ti cal layer and in ter nal cancellous struc ture are clearly vis i ble. Le sions are num bered from 1–6 and as so ci ated sec -
tions from 1s-6s. A. Le sions 1 and 2 dis play bro ken cor ti cal lay ers and hyperdense sig nals in the subcortical re gion, pos si bly in di cat ing
that the bite event caused sig nif i cant com pres sion of the un der ly ing bone tis sue. B. Le sions 4, 5 and 6 dif fer from 1 and 2 in their in tact
cor ti cal layer, but do ap pear slightly hyperdense subcortically, com pared to neigh bour ing struc tures. The cor ti cal layer is ab sent from le -
sion 3, which does not dis play no tice able sig nal change be low the sur face. Scale bar is 1 cm.



Also, the ex tended CT scale can ex pand the den sity-quan ti -
ta tive range.

The au thors en cour age re search ers in ge ol ogy, palae on -
tol ogy, an thro pol ogy, and zo ol ogy to ap ply in ter ac tive files
to aid the com mu ni ca tion of com plex ob jects un der study.
In this study, the au thors used tra di tional pho tog ra phy and
freeware soft ware to gen er ate the in ter ac tive Sup ple men -
tary Ma te rial 1. Ad di tion ally, 3-D print files of key struc -
tures could po ten tially be pub lished as ma te rial that is sup -
ple men tary to sci en tific ar ti cles, be cause they are eas ily dis -
trib uted in con trast to, for ex am ple, den tal putty mod els.
This is use ful, as most peo ple op ti mally in ter pret in tri cate
mor pho log i cal struc tures (e.g., tooth and jaw mor phol ogy,
joint struc tures, res o nance cham bers, etc.) through “see ing
with the hands”. This ef fort has be come re al is tic be cause
3-D print ing is now widely af ford able through the in tro duc -
tion of sim ple, low-cost desk top print ers (Barnatt, 2013). 
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