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ABSTRACT

A small piece of cartilage or bone, the element of Paaw, occurs in the tendon of the stapedius muscle in some extant marsupial and placental 
mammals. It has been nearly a century since the last comprehensive treatment of the distribution of the element of Paaw in mammals. The current 
report updates knowledge on this structure by synthesizing the subsequent literature and providing new observations of extant marsupials from the 
collections of the Section of Mammals, Carnegie Museum of Natural History, and two online resources for CT scanned data: DigiMorph.org and 
MorphoSource.org. We found an element of Paaw in some representatives of all seven extant marsupial orders: Didelphimorphia, Microbiotheria, 
Notoryctemorphia, Peramelemorphia, Paucituberculata, Dasyuromorphia, and Diprotodontia. In the first four orders, the element is substantial, 
longer than the long axis of the fenestra vestiuli (oval window), which holds the stapedial footplate; it is smaller than the long axis of the fenestra 
vestibuli in Paucituberculata and we do not have measures to report for the last two orders. In most marsupials examined, the element of Paaw 
contacts the petrosal behind the oval window, suggesting it functions as a sesamoid bone, increasing the lever arm of the stapedius muscle. Although 
there is some variability in the presence of the bone both between and within individual museum specimens, we interpret this as the result of 
preparation techniques rather than true variation. 
 To place the element of Paaw in its anatomical context, we describe in detail the ear region and middle-ear auditory apparatus of the gray 
four-eyed opossum, Philander opossum (Linnaeus, 1758), a didelphid from Central and South America, based on a CT scanned specimen from 
Carnegie Museum of Natural History. It has an ossified element of Paaw with a volume greater than the stapes. Comparisons are made with petro-
sals of Didelphis marsupialis Linnaeus, 1758, and Monodelphis domestica (Wagner, 1842), also based on CT scanned specimens. 

Key WoRdS: didelphids, ectotympanic, element of Paaw, incus, malleus, petrosal, Philander opossum, stapes, stapedial ratio

INTRODUCTION

Among extant vertebrates, it is well known that mammals 
are distinguished by the presence of three small bones in 
the middle ear, the malleus, incus, and stapes, comprising 
the ossicular auditus or auditory ossicles, which transmit 
vibrations from the tympanic membrane to the inner ear. 
It is less well known that historically two additional bones 
have been proposed as the os quartum or fourth auditory 
ossicle: the os lenticulare and the element of Paaw. The os 
lenticulare or os orbiculare is a small oval or lens-shaped 
element located between the long process (crus longum) of 
the incus and the head of the stapes, which was considered 
by some anatomists even into the latter half of the nine-
teenth century to be independent of the incus (Asherson 
1978; Graboyes et al. 2011b); the currently accepted view 
is that the os lenticulare is part of the incus (Burford and 
Mason 2016; Rodríguez-Vázquez et al. 2018) to which it is 
connected by the processus lenticulare (Nomina Anatom-
ica Veterinaria 2017). The other candidate for the fourth 
ossicle is the element of Paaw (Graboyes et al. 2011a), a 
bone occurring in the tendon of the stapedius muscle in 

some therian mammals (Klaauw 1923; Abdala et al. 2019).  
	 The	 element	 of	 Paaw	was	first	 reported	 in	 1615	 as	 a	
small bone within the tendon of the stapedius muscle in 
oxen by Pieter Paaw, an anatomist in Leiden (Graboyes et 
al.	2011a).	After	 this	first	observation,	 the	element	came	
to be known as the cartilage of Paaw (misspelled Paauw 
by some according to Hinchcliffe and Pye 1969: 279), or 
when	ossified	the	os	quartum	or	skeletal	element	of	Paaw.	
Some authors (e.g., Meng and Hou 2016) hypothesized the 
element of Paaw to be a remnant of the interhyal (inter-
hyale), which connects the stapes and Reichert’s cartilage, 
the second pharyngeal arch cartilage, during development 
and gives rise to the stapedius muscle tendon (Rodríguez-
Vázquez 2005; Fig. 1). However, there is skepticism about 
this homology (e.g., Allin and Hopson 1992), and the ele-
ment may be a neomorph of some mammals given its late 
ontogenetic appearance (Shute 1956).
 Whether the element of Paaw is a fourth auditory os-
sicle	depends	on	the	definition	of	an	auditory	ossicle,	and	
in our search of the literature we found that to be a con-
cept	not	precisely	defined.	Anatomical	treatises,	either	on	
human (e.g., Strandring 2008) or domesticated mammals 
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(e.g., Sisson 1914; Evans 1993), merely describe the mal-
leus, incus, and stapes as auditory ossicles without pro-
viding	a	definition	for	the	term.	The	same	can	be	said	for	
general treatments of the auditory apparatus (e.g., Henson 
1974; Fleischer 1978) and specialized reports on the ossi-
cles themselves (e.g., Doran 1878; Henson 1961; Fleischer 
1973). We employ the description by Henson (1961: 159) 
for the criteria we employ in recognizing auditory ossicles: 

“The auditory ossicles, Malleus, incus and stapes, extend 
across the tympanic cavity and form a system of levers that 
morphologically and functionally connects the tympanic 
membrane	 with	 the	 fluids	 of	 the	 inner	 ear.”	 Accepting 
these	 criteria	 as	 a	definition,	 the	 element	of	Paaw	 is	not	
an auditory ossicle as it is not part of the articulated chain 
but an accessory structure only attached to the stapes by a 
tendon. 

Fig. 1.—Schematic ontogenetic model for the formation of the structures derived from the interhyal; A-D based on Rodríguez-Vázquez (2005); E de-
rived	from	Shute	(1956);	F	speculative	reflecting	the	condition	in	some	Mesozoic	mammals.	A, mesenchymal stage with Reichert’s cartilage connected 
to the stapes analage by the interhyal; B, mesenchymal stage with the stapedius muscle forming; C, cartilage (blue) forms in Reichert’s cartilage, otic 
capsule, and stapes; D, E, F, three possible outcomes for the segment of the interhyal between the stapedius muscle and stapes (the segment between the 
stapedius muscle and Reichert’s cartilage ultimately disappears in each): D, only the tendon of the stapedius muscle forms; E, cartilage of Paaw forms 
in the tendon of the stapedius muscle; F, muscular process of the stapes forms; when present in extant mammals, the muscular process is typically subtle 
(Doran 1878; Henson 1961; Fleischer 1973) but has been found to be quite large in some Mesozoic mammals (Meng and Hou 2016; Meng et al. 2018). 
Abbreviations: cP, cartilage of Paaw; fn, facial nerve; ih, interhyal; mp, muscular process of stapes; oc, otic capsule; Rc, Reichert’s cartilage; s, stapes; 
sm, stapedius muscle; smt, stapedius muscle tendon.
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 Recently, some fossils of Mesozoic mammals (e.g., the 
Middle Jurassic haramiyidan Arboroharamiya allinhop-
soni Han et al., 2017 (Han et al. 2017; Meng et al. 2020) 
and the Early Cretaceous multituberculate Sinobaatar pani 
Mao et al., 2020 (Mao et al. 2020)) have been reported to 
have	five	auditory	bones.	In	addition	to	the	malleus,	incus,	
and stapes, these authors included the ectotympanic, which 
supports the tympanic membrane, and the surangular, a 
bone widely present in non-mammalian cynodonts (Allin 
and Hopson 1992) but of limited and uncertain distribution 
in Mesozoic mammals (Wang et al. 2021). In explaining 
their usage, Meng et al. (2020: 52) stated “we use ‘auditory 
bones’ to imply the stapes, incus, malleus, ectotympanic, 
and surangular that are present in Arboroharamiya allin-
hopsoni.	We	restrict	‘middle	ear	bones’	to	the	first	three	of	
the	five	auditory	bones.	The	auditory	bones	and	the	middle	
ear bones are used interchangeably for the stapes, incus, 
and	malleus.”	As	discussed	by	Wang	et	al.	(2021),	we	find	
this usage unnecessary and confusing. There are many 
bones of the mammalian basicranium in addition to these 
five	that	contribute	in	myriad	ways	to	the	structure	of	the	
auditory apparatus (Kampen 1905; Klaauw 1931), includ-
ing the petrosal, squamosal, alisphenoid, basisphenoid, 
basioccipital, exoccipital, supraoccipital, entotympanics, 
and stylohyal. However, in extant mammals, there are 
only three small bones that form the articulated chain con-
necting the tympanum and oval window, which are best 
referred to as auditory or middle ear ossicles.
 The last comprehensive review of the distribution of the 
element of Paaw in therian mammals was by the Leiden 
zoologist C.J. van der Klaauw in 1923, who reviewed the 
literature and offered some new observations. We propose 
to do the same here, to update Klaauw’s summary with ob-
servations in the literature subsequent to 1923 and also to 
offer new observations on marsupials. We focus attention 
on didelphid marsupials, where the element of Paaw is a 
significant	structure,	and	take	the	opportunity	to	describe	
the ear region of the extant didelphid Philander opossum 
(Linnaeus, 1758) in some detail to put the element of Paaw 
in context. There is considerable literature on the ear re-
gion and auditory apparatus of extant didelphids, both 
from the standpoint of development (e.g., Toeplitz 1920; 
Maier 1987; Filan 1991; Clark and Smith 1993; Sánchez-
Villagra et al. 2002) and adult morphology (e.g., Segall 
1970; Fleischer 1973; Archer 1976; Reig et al. 1987; Wible 
1990, 2003; Wible and Hopson 1995; Sánchez-Villagra 
and Wible 2002; Schmelze et al. 2005). However, Philan-
der opossum has not been the subject of intensive study. 

MATERIALS AND METHODS

In addition to the literature, there are three primary sources 
for the specimens investigated here: (1) the research col-
lections of the Section of Mammals, Carnegie Museum of 
Natural History (CM), Pittsburgh; (2) DigiMorph.org; and 
(3) MorphoSource.org.

 Regarding #1, 470 CM marsupial specimens were stud-
ied with a stereomicroscope. One specimen, the didelphid 
Philander opossum, CM 110578, an adult female collected 
March 18, 1993 in El Salvador, was CT scanned at the 
Center for Quantitative Imaging, The Pennsylvania State 
University. The basicranium was scanned with the 300 
kV microfocus directional tube of the GE v|tome|x L300 
X-ray CT Scanner. The 360° specimen rotation produced 
1701 equally spaced images, the exposure time per pro-
jection was 500.084 milliseconds, and three frames were 
averaged for each of the 1700 images. Voltage was 180 
kV, current 60 µA, and voxel size 0.012 mm. The elements 
of the middle ear were segmented manually slice by slice 
using the pencil segmentation tool and measured in Avizo 
2019.4	 (Thermo	Fischer	 Scientific,	Waltham,	Massachu-
setts). 
 Regarding #2, Digital Morphology at the University of 
Texas at Austin (DigiMorph.org) is a repository for digital 
imagery. Skulls/heads of 36 extant marsupial specimens 
(Appendix 1), four extant monotremes, and 169 extant pla-
centals had coronal slice movies that we could access as of 
April 6, 2021. We studied these movies slice by slice in the 
area of interest. 
 Regarding #3, MorphoSource by Duke University 
(MorphoSource.org) is a repository for digital imagery. 
Stacks	of	Tiff	files	 resulting	 from	CT	scans	were	down-
loaded for nine marsupials (Appendix 1); the choice of 
taxa was constrained by our ability to access them during 
the time frame of the project. Measurements were made in 
Avizo 2019.4.
 The anatomical terminology employed here follows 
prior studies by the senior author (e.g., Wible 2003, 2009, 
2010) with terms for the auditory ossicles following Hen-
son (1961). Unless noted, soft tissue structures are inter-
preted for Philander opossum, CM 110578, based on the 
senior author’s prior study of Monodelphis Burnett, 1830 
(Wible 2003, personal observations). Taxonomic usage 
follows Wilson and Reeder (2005).

Institutional Abbreviations

AMNH—Department of Mammalogy, American Museum 
of Natural History, New York, New York, USA.

CM—Section of Mammals, Carnegie Museum of Natural 
History, Pittsburgh, Pennsylvania, USA.

DU BAA—Department of Biological Anthropology and 
Anatomy, Duke University, Durham, North Carolina, 
USA.

DU EA—Department of Evolutionary Anthropology, 
Duke University, Durham, North Carolina, USA.

FMNH—Field Museum of Natural History, Chicago, Il-
linois, USA.

KU—Division of Mammalogy, Biodiversity Institute and 
Natural History Museum, The University of Kansas, 
Lawrence, Kansas, USA.

NMV—Museum Victoria, Melbourne, Australia.
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TTM—Texas Memorial Museum, The University of Texas 
at Austin, Austin, Texas, USA.

UMMZ—Division of Mammals, Museum of Zoology, 
University of Michigan, Ann Arbor, Michigan, USA.

UMZC—Museum of Zoology, University of Cambridge, 
Cambridge, United Kingdom.

USNM—National Museum of Natural History, Smithson-
ian Institution, Washington, D.C., USA.

RESULTS

Ear Region of Philander opossum, CM 110578

Overview.—The central bone of the ear region is the pe-
trosal, which houses the inner ear and supports structures 
of the middle ear. In ventral view (Fig. 2), the petrosal has 
extensive sutural contacts with the basioccipital and exoc-
cipital medially, the alisphenoid anteriorly, the squamosal 
laterally, and the exoccipital posteriorly. CM 115078 does 
not preserve a suture between the basi- and exoccipital, but 
based on juveniles (e.g., CM 76735), the suture is situated 
just anterior to the foramen for the inferior petrosal sinus 
(“fips”	in	Fig.	2).	The	petrosal	also	has	a	point	contact	with	
the basisphenoid anteromedially at the posteromedial cor-
ner	of	the	foramen	for	the	greater	petrosal	nerve	(“fgpn”	
in Fig. 2); there is no suture between the basi- and alisphe-
noid but we follow the usual convention of delimiting the 
basisphenoid on the central stem and the alisphenoid as 
the wing. There are only three foramina bordered by the 
petrosal in ventral view. Posteromedially, between the ex-
occipital	and	petrosal	is	the	jugular	foramen	(“jf”	in	Fig.	
2), which following the models of Didelphis virginiana 
Kerr, 1792, and Monodelphis domestica (Wagner, 1842) 
(Wible 2003) transmits cranial nerves IX, X, and XI and 
no	 significant	 vein;	 the	major	 exit	 for	 the	 sigmoid	 sinus	
is	via	a	venous	sulcus	(“vs”	in	Fig.	3)	directed	at	the	fora-
men magnum. At the anterior pole of the petrosal are two 
small openings bordered by the alisphenoid: the piriform 
fenestra laterally and the foramen for the greater petrosal 
nerve	medially	(“pf”	and	“fgpn,”	in	Fig.	2,	respectively),	
as reported in Monodelphis domestica (Wible 2003); the 
foramen for the greater petrosal nerve also has a small 
contribution from the basisphenoid. Another opening sub-
equal in size and anteromedial to the jugular foramen is 
entirely within the exoccipital but close to the petrosal, the 
foramen for the inferior petrosal sinus. A crest extends pos-
teromedially from the medial aspect of this foramen to the 
posterior	of	the	two	hypoglossal	foramina	(“hf”	in	Fig.	2).	
On the specimen’s right side, the foramen for the inferior 
petrosal sinus is between the exoccipital and petrosal. 
 In oblique posterolateral view (Fig. 4), the petrosal is 
largely hidden from view by the overlying squamosal and 
the elements of the auditory apparatus. The exposure of 
the petrosal on the occiput is a narrow sliver between the 
squamosal laterally and the exoccipital medially, with the 
supraoccipital capping the petrosal dorsally.
 The middle ear is situated lateral and anterolateral to 

the petrosal. A complete bony auditory bulla surrounding 
the middle ear is lacking. However, processes from the pe-
trosal and its neighbors contribute to a partial bulla with 
the gaps between these elements presumably completed 
by connective tissue. The convex tympanic process of the 
alisphenoid	(“tpas”	in	Fig.	2)	is	the	largest	contributor	to	
the partial bulla, covering roughly the anterior half of the 
middle ear. The intratympanic surface of the alisphenoid 
tympanic process is smooth and concave, forming a large 
hypotympanic	 sinus	 (“hsas”	 in	Fig.	4)	of	 the	middle	 ear	
cavity, following the terminology of Klaauw (1931) and 
Archer (1976). The anterior extratympanic aspect of the 
alisphenoid tympanic process forms the posterior border of 
the	foramen	ovale	(“fo”	in	Fig.	2),	the	exit	for	the	mandibu-
lar division of the trigeminal nerve, cranial nerve V. Along 
the lateral aspect of the alisphenoid tympanic process are 
several openings, which vary in number and degree of clo-
sure between the right and left sides. On the left side, there 
are two incisures and three foramina, whereas on the right 
there	 are	 four	 incisures	 and	five	 foramina.	The	 anterior-
most incisure on both sides is interpreted as the Glaserian 
fissure	(“Gf”	in	Fig.	2)	for	the	chorda	tympani	nerve,	based	
on the position of the part of the malleus transmitting that 
structure (see below). The role of the other openings is un-
known. In the juvenile CM 76745, only the opening inter-
preted	as	the	Glaserian	fissure	is	present.
 The squamosal and exoccipital make minor contribu-
tions to the partial bulla. The small contribution from the 
squamosal	is	the	posttympanic	crest	(“ptcr”	in	Figs.	2,	4),	
which is directed ventromedially. In posterolateral view, 
the arch on the squamosal between the postglenoid process 
anteriorly	(“pgp”	in	Fig.	4)	and	the	posttympanic	crest	pos-
teriorly represents the dorsal margin of the bony external 
acoustic meatus. Regarding the exoccipital, there is a 
sliver of bone that extends anteriorly from the base of the 
paracondylar	process	(“pcp”	in	Fig.	2)	on	the	left	side	only.	
This bone appears to be continuous with the exoccipital 
and we tentatively identify it as an exoccipital tympanic 
process	(“tpeo”	in	Figs.	2,	4).	There	is	a	small,	dorsoven-
trally oriented foramen of unknown function in the base 
of	this	tympanic	process.	We	did	not	find	any	comparable	
structure in the CM Philander opossum sample except in 
CM 76748, which had a very small, isolated bony nodule 
abutting the caudal tympanic process of the petrosal (see 
below) in a similar location on the right side. The function 
of these structures is uncertain.
 For completeness, we illustrate the endocranial aspect 
of the petrosal as this surface is often overlooked (Fig. 3). 
The anterior border of the petrosal contacts the alisphe-
noid, with a narrow contact dorsally with the squamosal; 
ventrally the piriform fenestra and foramen for the greater 
petrosal nerve are visible in the alisphenoid-petrosal con-
tact. The squamosal has two small exposures: one in the 
rear	of	the	middle	cranial	fossa	(“mcf”	in	Fig.	3)	where	the	
alisphenoid and parietal are the major contributors and the 
other along the anterodorsal border of the petrosal. Poste-
rior to its contact with the squamosal, the dorsal border of 
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the petrosal contacts the parietal anteriorly and the interpa-
rietal posteriorly; the parietal and squamosal house a large 
sulcus	for	the	transverse	sinus	(“ts”	in	Fig.	3).	The	posterior	
border of the petrosal contacts the exoccipital exclusively. 
The exoccipital houses the broad venous sulcus transmit-
ting the sigmoid sinus out of the foramen magnum and bor-
ders the jugular foramen. Ventrally, the petrosal contacts 

the basisphenoid anteriorly and the basioccipital behind 
that. Both of these bones contribute to the large sulcus 
transmitting	the	inferior	petrosal	sinus	(“sips”	in	Fig.	3).	
The sutural area between the basisphenoid and basioc-
cipital	across	the	midline	is	essentially	flat,	that	is,	a	raised	
dorsum	sellae	posterior	to	the	hypophyseal	fossa	(“hyf”	in	
Fig. 3) is lacking.

Fig. 2.—Isosurface rendered from CT data of left basicranium of Philander opossum, CM 110578, in ventral view; anterior to the top of the page. Petro-
sal = light blue; ectotympanic = gray; malleus = red; incus = dark blue; stapes = green (barely visible medial to incus). Abbreviations: as, alisphenoid; 
ats, auditory tube sulcus; bo, basioccipital; bs, basisphenoid; cf, carotid foramen; eo, exoccipital; fgpn, foramen for greater petrosal nerve; fips, foramen 
for inferior petrosal sinus; fo, foramen ovale; gf, glenoid fossa; Gf,	Glaserian	fissure;	gnpc, groove for nerve of pterygoid canal; gpas, glenoid process 
of alisphenoid; gpju, glenoid process of jugal; hf, hypoglossal foramen; jf, jugular foramen; ju, jugal; oc, occipital condyle; pcp, paracondylar process; 
pf, piriform fenestra; pgf, postglenoid foramen; pgp, postglenoid process; pt, pterygoid; ptcr, posttympanic crest; ptp, posttympanic process; sq, squa-
mosal; tcf, transverse canal foramen; tpas, tympanic process of alisphenoid; tpeo, tympanic process of exoccipital.
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Petrosal.—The petrosal is composed of two parts, the 
pars cochlearis enclosing the cochlea and utricle and the 
pars canalicularis enclosing the saccule and semicircular 
canals. There is not a distinct boundary between these two 
parts: in ventral view (Fig. 5a), the pars cochlearis includes 
the promontorium and bone anteromedial to it and the pars 
canalicularis includes the bone lateral and posterior to the 
promontorium. 
	 The	promontorium	(“pr”	 in	Fig.	5)	 is	circular	 in	ven-
tral	view	enclosing	the	coils	of	the	cochlea	(“co”	in	Figs.	
5C–D), which following the method of Ekdale (2013) 
encompass 900° or 2.5 coils. From the promontorium, the 
pars cochlearis tapers anteriorly to a point that contacts 
the alisphenoid, separating the piriform fenestra laterally 
from the foramen for the greater petrosal nerve medially. 
Running on the ventral surface of this tapered part of the 

pars cochlearis is a faint ridge, which represents the base 
of	an	anterior	septum	(“asp”	in	Fig.	5A).	Extending	from	
the anterolateral aspect of the promontorium is a narrow 
horizontal	shelf,	the	epitympanic	wing	(“ew”	in	Fig.	5A).	
A shallow tensor tympani fossa occupies the medial aspect 
of	the	epitymmpanic	wing	(“ttf”	in	Fig.	5A),	but	is	largely	
hidden in ventral view. The promontorium is devoid of any 
vascular or nervous grooves. At the posteromedial aspect 
of the promontorium is a triangular process that extends 
ventrally and then ventrolaterally, the rostral tympanic 
process	 (“rtp”	 in	Fig.	5A),	which	contributes	 to	 the	par-
tial bulla. At the posterior and posterolateral aspects of the 
promontorium are two oval openings of similar size and 
dimensions, the fenestra cochleae (round window) and fe-
nestra	vestibuli	(oval	window),	respectively	(“fc”	and	“fv”	
in Fig. 5C). The latter has a ratio (length to width) of 1.60. 

Fig. 3.—Isosurface rendered from CT data of left basicranium of Philander opossum, CM 110578, in dorsomedial view; anterior to the right. Petrosal = 
light blue. Abbreviations: as, alisphenoid; bo, basioccipital; bs, basisphenoid; ccf, caudal cranial fossa; cf, carotid foramen; eo, exoccipital; fo, foramen 
ovale; fgpn, foramen for greater petrosal nerve; hf, hypoglossal foramen; hyf, hypophyseal fossa; ip, interparietal; jf, jugular foramen; mcf, middle 
cranial fossa; pf, piriform fenestra; sips, sulcus for inferior petrosal sinus; so, supraoccipital; sq, squamosal; tcf, transverse canal foramen; ts, transverse 
sinus; vs, venous sulcus.
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The round window is not recessed in from the promonto-
rial surface and a cochlear fossula is absent; the posterior 
half of the oval window is slightly recessed forming a shal-
low vestibular fossula. Separating the two windows is a 
thick	crista	interfenestralis	(“ci”	in	Fig.	5A)	that	is	broader	
than the long dimension of either window. The crista is not 
flat	but	has	a	significant	bulge	along	is	dorsolateral	aspect,	
extending between the oval and round windows. Dorsal 
to this bulge is a faint sulcus directed at the oval window.
 Lateral and posterior to the promontorium are trian-
gular shelves comprising the pars canalicularis, the for-
mer smaller and in a more dorsal plane than the latter 
(Fig. 5A). The lateral shelf is widest anteriorly where 
its lateral margin has a ventrally-directed crest. Medial 
to this crest is a concave surface, the epitympanic re-
cess	 (“er”	 in	 Fig.	 5A),	 forming	 the	 roof	 over	 the	 incu-
domallear articulation (Fig. 5B; Klaauw 1931). The area 

of this ventrally-directed crest represents the tegmen 
tympani	 (“tt”	 in	Fig.	 5A)	 (see	discussion	on	 the	 tegmen	
tympani in Sánchez-Villagra and Forasiepi 2017), the dor-
soventral extent of which is seen in lateral view (Fig. 6A). 
Between the epitympanic recess and promontorium is the 
broad	facial	sulcus	(“fs”	in	Fig.	5A)	at	the	anterior	end	of	
which	is	the	secondary	facial	foramen	(“sff”	in	Fig.	5A),	
both transmitting the facial nerve, cranial nerve VII. At the 
anteromedial corner of the lateral shelf is the large hiatus 
Fallopii	 (“hF”	 in	Fig.	5A)	 for	 the	greater	petrosal	nerve,	
a branch of the facial nerve. The bone between the hiatus 
Fallopii	and	secondary	facial	foramen	represents	the	floor	
of the cavum supracochleare, the space within the petro-
sal housing the geniculate ganglion of the facial nerve. 
Following the characterization of the hiatus position in 
Sánchez-Villagra and Wible (2002), CM 110578 has an 
intermediate	hiatus	Fallopii,	with	the	roof	and	floor	of	the	

Fig. 4.—Isosurface rendered from CT data of left basicranium of Philander opossum, CM 110578, in posterolateral view; anterior to the left. Petrosal 
= light blue; ectotympanic = gray; malleus = red; incus = dark blue. Abbreviations: eo, exoccipital; hsas, hypotympanic sinus of alisphenoid; ip, in-
terparietal; nc, nuchal crest; oc, occipital condyle; pa, parietal; pcp, paracondylar process; pgf, postglenoid foramen; pgp, postglenoid process; ptcr, 
posttympanic crest; ptf, posttemporal foramen; ptp, posttympanic process; smf, suprameatal foramen; so, supraoccipital; sq, squamosal; tpas, tympanic 
process of alisphenoid; tpeo, tympanic process of exoccipital; zpsq, zygomatic process of squamosal.
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Fig. 5.—Isosurfaces rendered from CT data of left auditory elements of Philander opossum, CM 110578, in oblique ventral view; anterior to the top 
of the page. A, petrosal; B, petrosal, ectotympanic (gray), malleus (red), incus (dark blue), stapes (green) (barely visible medial to incus), and element 
of Paaw (purple); C, transparent petrosal with inner ear; D, inner ear. Abbreviations: asc, anterior semicircular canal; asp, anterior septum; ci, crista 
interfenestralis; co, cochlea; cp, crista parotica; crc, crus commune; ctp, caudal tympanic process; end, endolymphatic duct; ew, epitympanic wing; fc, 
fenestra cochleae; fi, fossa incudis; fps, foramen for prootic sinus; fs, facial sulcus; fv, fenestra vestibuli; hF, hiatus Fallopii; lsc, lateral semicircular 
canal; pc, prootic canal; pp, paroccipital process; pr, promontorium; psc, posterior semicircular canal; rtp, rostral tympanic process; sf, stapedius fossa; 
sff, secondary facial foramen; smn, stylomastoid notch; sps, sulcus for prootic sinus; th, tympanohyal; tt, tegmen tympani; ttf, tensor tympani fossa.
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cavum supracochleare extending anteriorly to the same ex-
tent. Hidden in the anterolateral aspect of the facial sulcus 
is	a	small	vascular	foramen	(“pc”	in	Fig.	5A)	leading	into	a	
canal that runs dorsal to the epitympanic recess and opens 
laterally	in	the	sulcus	for	the	prootic	sinus	(“sps”	in	Fig.	
6A); this is the prootic canal, which transmits the prootic 
sinus to the lateral head vein (Rougier and Wible 2006); 
the former drains from the transverse sinus endocranially 
and the latter runs posteriorly in the facial sulcus. 

 The shelf posterior to the promontorium has at its pos-
terior	apex	the	rounded	paroccipital	process	(“pp”	in	Fig.	
5 A), which is covered laterally by the posttympanic pro-
cess	of	the	squamosal	(“ptp”	in	Figs.	2,	4).	The	paroccipital	
process	is	not	fully	ossified,	as	denoted	by	the	gap	separat-
ing it from the rest of the petrosal (Fig. 6A), which would 
have	been	filled	with	cartilage	in	life.	Ascending	anteriorly	
from the paroccipital process is a crest, most easily visu-
alized in lateral view (Fig. 6A). This crest represents the 

Fig. 6.—Isosurfaces rendered from CT data of left auditory elements of Philander opossum, CM 110578, in posterolateral view; anterior to the left. A, 
petrosal; B, petrosal, ectotympanic (gray), malleus (red), and incus (dark blue); C, transparent petrosal with inner ear; D, inner ear. Abbreviations: asc, 
anterior semicircular canal; co, cochlea; cp, crista parotica; crc, crus commune; fc, fenestra cochleae; fi, fossa incudis; fps, foramen for prootic sinus; 
fv, fenestra vestibuli; hF, hiatus Fallopii; lsc, lateral semicircular canal; pc, prootic canal; pp, paroccipital process; pr, promontorium; psc, posterior 
semicircular canal; ptg, posttemporal groove; rtp, rostral tympanic process; sff, secondary facial foramen; sps, sulcus for prootic sinus; th, tympanohyal; 
tt, tegmen tympani; vc, vascular canal.
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Fig. 7.—Isosurfaces rendered from CT data of left auditory elements of Philander opossum, CM 110578, in dorsomedial view; anterior to the top of 
the page. A, petrosal; B, transparent petrosal with inner ear; C, inner ear. Abbreviations: asc, anterior semicircular canal; bof, basioccipital facet; cc, 
cochlear canaliculus; co, cochlea; crc, crus commune; crp, crista petrosa; end, endolymphatic duct; fai, foramen acusticum inferius; fas, foramen acus-
ticum superius; jfo, jugular fossa; lsc, lateral semicircular canal; pca, pars canalicularis; pco, pars cochlearis; pld, perilymphatic duct; psc, posterior 
semicircular canal; sac, saccule; saf, subarcuate forra; sips, sulcus for inferior petrosal sinus; ssps, sulcus for superior petrosal sinus; sss, sulcus for 
sigmoid sinus; tc, transverse crest; utr, utricle; va, vestibular aqueduct; vc, vascular canal.
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crista	 parotica	 (“cp”	 in	 Fig.	 6A),	which	 ends	 in	 the	 rear	
of	the	epitympanic	recess	(Fig.	5A).	There	is	an	inflection	
point on this crest where it turns sharply dorsally; this is 
the	tympanohyal	(“th”	in	Fig.	6A),	the	point	of	attachment	
of Reichert’s cartilage. The segment of the crista parotica 
anterior to the tympanohyal forms the medial wall of the 
fossa	 incudis	 (“fi”	 in	Fig.	6A),	housing	 the	crus	breve	of	
the incus; the petrosal also forms the roof of the fossa, with 
the squamosal comprising the lateral wall. The fossa incu-
dis is continuous with and much smaller than the epitym-
panic recess (Fig. 5A). Posteromedial to the tympanohyal 
is the exit point of the facial nerve from the middle ear, the 
stylomastoid	notch	(“smn”	in	Fig.	5A).	A	crest	arises	from	
the medial margin of the stylomastoid notch and extends 
posteromedially, separated from the rear of the promonto-
rium by a gap; this crest is the lateral section of the caudal 
tympanic	process	(“ctp”	in	Fig.	5A;	MacPhee	1981;	Wible	
and Shelley 2020). At its medial end, the caudal tympanic 
process is covered by the exoccipital (Fig. 2). The space 
between the caudal tympanic process and promontorium 
is the post-promontorial tympanic sinus (Wible 1990). In 
the	lateral	aspect	of	the	sinus	is	the	stapedius	fossa	(“sf”	in	
Fig. 5A), which houses the stapedius muscle. The stapedius 
fossa is oval with its long dimension nearly three times that 
of the oval window. Medial to the sinus is the jugular fora-
men, which is roughly twice the size of the round window.
 Between the exoccipital and squamosal, the posterior 
surface of the pars canalicularis is exposed on the occiput 
(Fig. 4), usually referred to as the mastoid exposure. In 
ventral view (Fig. 2), the ventral margin of the mastoid 
exposure is U-shaped, which houses a muscular fossa that 
occupies the ventral third of the mastoid exposure; based 
on muscle attachment in Didelphis virginiana (Coues 
1872), this fossa houses the sternomastoid and cleidomas-
toid. In the dorsolateral margin of the mastoid exposure is 
the posttemporal foramen, which is completed laterally by 
the	squamosal	(“ptf”	in	Fig.	4).	The	posttemporal	foramen	
leads into the posttemporal canal between the two bones, 
which based on Didelphis virginiana (Wible 1990) and 
Monodelphis domestica (Wible 2003) transmits the arteria 
and vena diploëtica magna. On the lateral surface of the 
pars canalicularis, the canal is represented by the broad, 
sinuous	posttemporal	groove	(“ptg”	in	Fig.	6A).	Just	an-
terior to the posttemporal foramen is a medially directed 
vascular	canal	(“vc”	in	Fig.	6A)	that	connects	the	posttem-
poral	groove	and	the	sulcus	for	the	sigmoid	sinus	(“sss”	in	
Fig. 7A) and is likely venous. Dorsal to the fossa incudis, 
the posttemporal groove narrows and joins the broad, dor-
soventrally	oriented	sulcus	for	the	prootic	sinus	(“sps”	in	
Fig. 6A), which in turn has three exit routes. The largest is 
laterally	 into	 the	 suprameatal	 foramen	 (“smf”	 in	Fig.	4),	
dorsal to external acoustic meatus, followed closely in size 
by	 a	 ventral	 exit	 into	 the	 postglenoid	 foramen	 (“pgf”	 in	
Figs. 2, 4), and the last is the small prootic canal mentioned 
above (Figs. 5A, 6A).
 The endocranial surface of the petrosal is dominated 
by two large apertures: the larger anteromedially directed 

subarcuate fossa for the petrosal lobule of the cerebellum 
and ventral to it the medially directed internal acoustic me-
atus (Figs. 3, 7A). The former is on the pars canalicularis 
and	the	latter	on	the	pars	cochlearis	(“pca”	and	“pco,”	re-
spectively in Fig. 7A). The internal acoustic meatus is as 
wide	as	deep	and	its	floor	has	a	low	transverse	crest	(“tc”	
in Fig. 7A). Anterior to the transverse crest is the foramen 
acusticum	superius	(“fas”	in	Fig.	7A),	which	contains	the	
cribriform superior vestibular area dorsally and the facial 
canal ventrally. Posterior to the transverse crest is the fora-
men	acusticum	inferius	(“fai”	in	Fig.	7A),	which	contains	
the spiral cribriform tract ventrally and the inferior ves-
tibular area and foramen singulare dorsally. Forming the 
rim of the aperture into the subarcuate fossa is the ante-
rior semicircular canal anteriorly and dorsally and the crus 
commune	 posteriorly	 (“asc”	 and	 “crc”	 in	 Fig.	 7C).	 The	
aperture is constricted compared to the fossa lateral to it, 
but it is wider than the fossa is deep. In the posterodorsal 
floor	of	the	subarcuate	fossa	is	a	small	foramen	that	when	
followed in the CT scans joins the vascular canal connect-
ing the posttemporal groove and the sulcus for the sigmoid 
sinus.
 The endocranial surface has three substantial sulci for 
venous sinuses. The largest, the sulcus for the inferior pe-
trosal	 sinus	 (“sips”	 in	 Fig.	 7A),	 is	 on	 the	 posteromedial	
aspect of the pars cochlearis. The anteromedial aspect of 
the pars cochlearis has a deep concavity that contacts the 
basioccipital	bone	(“bof”	in	Fig.	7A).	The	smallest	sulcus,	
for	the	superior	petrosal	sinus	(“ssps”	in	Fig.	7A),	runs	on	
the anterior aspect of the pars canalicularis and onto the 
pars cochlearis opposite the foramen acusticum superius. 
The raised medial margin of this sulcus represents a ru-
dimentary	crista	petrosa	 (“crp”	 in	Fig.	7A)	 to	which	 the	
tentorium cerebelli attached in life. The third sulcus, for 
the	sigmoid	sinus	(“sss”	in	Fig.	7A),	is	on	the	dorsal	aspect	
of the pars canalicularis and, as noted above, its primary 
outflow	is	onto	a	broad	sulcus	on	the	exoccipital	(Fig.	3).	
At the posterior end of the sulcus for the sigmoid sinus is 
the	opening	into	the	vascular	canal	(“vc”	in	Fig.	7A)	con-
necting to the posttemporal groove and subarcuate fossa. 
 The endocranial surface also has two openings associat-
ed with the endo- and perilymphatic systems. Dorsal to the 
jugular	fossa	(“jfo”	in	Fig.	7A),	the	petrosal’s	contribution	
to	the	jugular	foramen,	is	the	cochlear	canaliculus	(“cc”	in	
Fig.	 7A),	which	 transmits	 the	 perilymphatic	 duct	 (“pld”	
in Figs. 7B–C). The cochlear canaliculus is a little longer 
than the long dimension of the round window. Posterodor-
sal to the cochlear canaliculus is the vestibular aqueduct 
(“va”	in	Fig.	7A),	which	transmits	the	endolymphatic	duct	
(“end”	in	Figs.	7B–C).	The	endolymphatic	duct	connects	
to	the	saccule	near	the	crus	commune	(“sac”	and	“crc”	in	
Fig. 7C).

Auditory Elements.—The left osseous auditory elements 
of CM 110578, the ectotympanic, malleus, incus, stapes, 
and element of Paaw, are shown in articulation in Figure 8 
and are described separately below. Table 1 includes volume 
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measurements of the individual elements. Perhaps the 
most striking result is that the element of Paaw has a larger 
volume than the stapes.

Ectotympanic.—The ectotympanic is a simple U-shaped 
bone that has contacts with two other basicranial bones: 
a small abutment ventrally with the alisphenoid tympanic 
process	near	the	Glaserian	fissure	(Figs.	2,	4)	and	a	more	
substantial abutment with the malleus along the anterior 
half of the ectotympanic (Fig. 8). The ectotympanic has a 
shallow	sulcus	malleolaris	(“sm”	in	Figs.	9B–C)	that	ac-
commodates the rostral (anterior) process of the malleus. 
 The legs of the U-shaped ectotympanic are the anterior 
crus	 and	 posterior	 crus	 (“acr”	 and	 “pcr,”	 respectively	 in	
Fig. 9), and the broad gap separating the crura is the tym-
panic incisure, which in situ in the cranium is directed pos-
terodorsally (Fig. 4). The crurae are only slightly expanded 
from	a	generally	 round	profile.	On	 the	 anterolateral	 sur-
face near the midpoint between the crura is a low, rounded 
prominence,	the	styliform	process	(“sp”	in	Fig.	9A).	It	rep-
resents a remnant of the short third leg of the ectotympanic 
that is reported in early ontogenetic stages for Didelphis 
marsupialis	Linnaeus,	1758	(Toeplitz	1920:	taf.	III,	fig.	9)	
and Monodelphis domestica	 (Clark	 and	Smith	1993:	fig.	
1B). The inner surface of the U has a sulcus that runs the 
length	of	the	ectotympanic,	the	sulcus	tympanicus	(“st”	in	
Fig. 9), for the attachment of the pars tensa of the tym-
panic	membrane;	the	pars	flaccida	occupies	the	tympanic	
incisure. Based on the angulation of the ectotympanic, the 
pars tensa is at a near vertical angle in CM 110578: 82° as 
measured on section 666 in the transverse plane. 

Malleus.—The malleus is the largest and most complex of 
the three auditory ossicles. It is anteroposteriorly elongate 
and mediolaterally compressed (Fig. 10) with a posterior 
contact with the incus and an anterior contact with the ec-
totympanic (Fig. 8). 
	 The	head	of	the	malleus	(“hm”	in	Fig.	10)	is	compressed	
and set off on its lateral surface by a distinct capitular 

crest	 that	 ends	 in	 a	 rounded	 capitular	 spine	 (“cc”	 and	
“cs,”	respectively	in	Fig.	10A).	The	head	has	two	articular	
surfaces for the incus: the smaller inferior articular facet 
(“iaf”	in	Fig.	10D)	is	primarily	convex,	whereas	the	supe-
rior	articular	facet	(“suaf”	in	Fig.	10D)	is	centrally	convex	
and concave on its medial and lateral margins. The angle 
between the two facets is 100°. Inferior to the head is a 
distinct neck, which in turn is connected to the manubrial 
body	(“nm”	and	“mb,”	respectively	in	Figs.	10A–B).	On	
the medial surface of the neck is a low, barely raised pro-
cess	(“mp”	in	Fig.	10B)	that	we	interpret	as	the	attachment	
of the tensor tympani muscle. On the lateral surface of the 
manubrial body is a similarly low process that likely rep-
resents	the	lateral	process	(“lp”	in	Figs.	10A,	D).	Extend-
ing anteriorly from the manubrial body is the manubrium, 
which	tapers	to	a	point	at	its	anterior	end	(“mn”	in	Fig.	10).	
Connecting the head, neck, and manubrial body is the thin 
osseous	lamina	(“ol”	in	Fig.	10A).
 Extending anteriorly from the head is the thin, curved 
rostral	 (anterior)	 process	 (“rp”	 in	 Fig.	 10A).	 Those	 di-
delphids for which ontogenetic stages have been studied 
(e.g., Didelphis marsupialis, Toeplitz 1920; Monodelphis 
domestica and Caluromys philander (Linnaeus, 1758), 
Sánchez-Villagra et al. 2002) show the usual mammalian 
pattern with the rostral process formed primarily by the 
gonial,	a	separate	intramembranous	ossification	that	fuses	
to the rest of the malleus, which is derived from Meckel’s 
cartilage. At its anterior end, the rostral process expands 
into	the	tympanic	plate	(“tp”	in	Fig.	10).	The	dorsolateral	
and dorsomedial margins of the proximal rostral process 
have	 parallel	 crests,	 the	 outer	 and	 inner	 lamellae	 (“ola”	
and	“ila,”	respectively	in	Figs.	10A–C).	The	outer	lamella	
arises from the head, whereas the inner lamella arises from 
the osseous lamina. Between the two lamellae is the nar-
row	intralamellar	sulcus	(“ils”	in	Fig.	10D),	which	accom-
modates the chorda tympani nerve, a branch of the facial 
nerve. The chorda tympani reaches the intralamellar sul-
cus by running in a groove on the medial surface of the 
osseous	 lamina	(“gct”	 in	Fig.	10B)	and	 then	 into	a	short	

Table 1. Volume of isosurfaces of auditory elements rendered from CT scans of Philander opossum, CM 110578.

Bone Volume (mm3)

Element of Paaw (left) 0.062

Element of Paaw (right) 0.053

Stapes (left) 0.027

Stapes (right) 0.032

Incus (left) 0.128

Incus (right) 0.117

Malleus (left) 0.578

Malleus (right) 0.593

Ectotympanic (left) 1.919

Ectotympanic (right) 2.000
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canal	through	the	base	of	the	inner	lamella	(“cct”	in	Figs.	
10B–C).

Incus.—The incus has a broad articulation with the mal-
leus and narrow one with the stapes (Fig. 8). It has a body 
and two arms, the long arm or crus longum and the short 
arm	or	crus	breve	(“bi,”	“cl,”	and	“cb,”	respectively	in	Figs.	
11A, C). The body is composed of two articular surfaces 
that contact the corresponding surfaces on the malleus: 

the	superior	and	inferior	articular	surfaces	(“sas”	and	“sis,”	
respectively in Fig. 11B). Both are concave with the supe-
rior one convex on its medial and lateral margins. The crus 
longum is only slightly longer than the crus breve. Both 
the anterior and posterior surfaces of the crus longum are 
hollowed	out	producing	a	sulcus	incudis	(“si”	in	Fig.	11B);	
the sulcus on the posterior surface extends to the base of 
the crus breve. The distal end of the crus longum narrows 
and	 is	 bent	medially	 as	 the	 pedicle	 (“ped”	 in	Fig.	 11B),	

Fig. 8.—Isosurfaces rendered from CT data of left auditory apparatus of Philander opossum, CM 110578: A, lateral view; B, medial view. Ectotympanic 
= gray; incus = dark blue; malleus = red; stapes = green; element of Paaw = purple.
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which broadens into the disc-shaped lenticular process 
(“lpr”	in	Figs.	11B	and	C).	The	lenticular	process	articu-
lates with the head of the stapes. The rod-like crus breve 
is set off from the crus longum at an angle of 70° and ta-
pers distally to a point. It presumably has a ligamentous 
connection to the fossa incudis described with the petrosal 
above, but details of that connection cannot be obtained in 
our sample.

Stapes.—The stapes, the smallest auditory ossicle, articu-
lates with the incus (Fig. 8) and is held in the fenestra ves-
tibuli of the petrosal by the annular ligament. The stapes 
has a head, anterior and posterior crura, and a footplate 
(“hs,”	“acr,”	“pcr,”	and	“fp,”	respectively	in	Figs.	11D–F).	
The two crura are rod-shaped, subequal, and separated by a 
narrow	stapedial	foramen	(“stf”	in	Fig.	11F).	The	posterior	
crus	has	a	prominent	muscular	process	(“mps”	in	Figs.	11D,	
F) for the attachment of the stapedius muscle tendon. The 

footplate is oval with a small perforation near the anterior 
crus on the left stapes (Fig. 11E) that in life would be cov-
ered by connective tissue. The appearance of this small 
opening does not appear to be a threshold issue in the CT 
scans. The right stapes has no such perforation.

Element of Paaw.—The element of Paaw is not a simple 
nodule or rod shape but is triangular in medial and lateral 
views, with a long, straight ventral axis, a short, straight 
dorsal axis, and an irregular posterior axis (Figs. 11G–H). 
The anterior end of the element is rounded and attached to 
the stapedius muscle tendon, which is preserved bilaterally 
in CM 110578. The posterior half is embedded in the sta-
pedius	muscle,	fibers	of	which	are	preserved	bilaterally	in	
CM 110574. The stapedius is a convergent muscle arising 
from the oval-shaped stapedius fossa on the pars canalicu-
laris described above, and the fan-shape of the element of 
Paaw’s	posterior	aspect	reflects	the	shape	of	the	stapedius	

Fig. 9.—Isosurfaces rendered from CT data of left ectotympanic of Philander opossum, CM 110578: A, lateral view; B, medial view; C, anterior view; 
D, posterior view. Abbreviations: acr, anterior crus; pcr, posterior crus; sm, sulcus malleolaris; sp, styliform process; st, sulcus tympanicus.
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muscle. In ventral view (Fig. 5B), the element of Paaw 
is not straight but slightly curved with its medial aspect 
concave and lateral convex. 
 The shape and size of the element of Paaw differs 
slightly between the right and left sides of CM 110578. A 
cross section through the right bone shows that both me-
dial and lateral surfaces are convex (see Fig. 12), but on 
the left side, the lateral surface is convex and the medial 
surface concave. The right element has a more irregular, 
spiny posterior border (Figs. 11G–J) and is also slightly 
smaller than the left (Table 1); the right bone is 89% the 
maximum length of the left. 
 Figure 12 shows four transverse sections from the CT 
scans of CM 110578: one through the fenestra vestibuli 
(Fig. 12A) and the others successively more posteriorly 
(Figs.	12B–D).	The	element	of	Paaw	(“eP”	in	Figs.	12B–
D) appears to have a density resembling that of the stapes 
and	the	crus	breve	(“s”	and	“cb,”	respectively	in	Fig.	12A).	

Given the adult status of the dentition of CM 110578, we 
anticipate	that	the	stapes	and	incus	are	fully	ossified,	which	
suggests that the element of Paaw is as well. However, this 
should be treated as a working hypothesis. 
 Figures 12B–C show that the medial surface of the ele-
ment of Paaw closely approximates the rear of the pars 
cochlearis, posterior to the fenestra vestibuli. Because the 
size of the gap between the two bones is comparable to 
that between the ventral ends of the squamosal and pe-
trosal, which are in sutural contact in the skull, we accept 
that the element of Paaw and petrosal are in contact here. 
Review of the CT sections on both the right and left sides 
shows that this contact includes roughly the anterior fourth 
of the element. The ventral view of the element in situ on 
the petrosal (Fig. 5B) reveals that the narrow anterior part 
of the element passes dorsal to the bulge on the crista in-
terfenestralis in the shallow sulcus described with the pe-
trosal above (see also Fig. 12B), whereas the fan-shaped 

Fig. 10.—Isosurfaces rendered from CT data of left malleus of Philander opossum, CM 110578: A, lateral view; B, medial view; C, anterior view; D, 
posterior view. Abbreviations: cc, capitular crest; cct, canal for chorda tympani nerve; cs, capitular spine; gct, groove for chorda tympani nerve; hm, 
head; iaf, inferior articular facet; ila, inner lamella; ils, interlamellar sulcus; lp, lateral process; mb, manubrial base; mn, manubrium; mp, muscular pro-
cess; nm, neck; ol, osseous lamina; ola, outer lamella; rp, rostral (anterior) process; suaf, superior articular facet; tp, tympanic plate of rostral process.
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Fig. 11.—Isosurfaces rendered from CT data of Philander opossum, CM 110578: left incus in A, lateral, B, anterior, and C, medial views; left stapes 
in D, dorsal, E, medial, and F, ventral views; left element of Paaw in G, lateral and H, medial views; right element of Paaw in I, lateral and J, medial 
views. Abbreviations: acr, anterior crus of stapes; bi, body of incus; cb, crus breve; cl, crus longum; fp, footplate of stapes; hs, head of stapes; ias, 
inferior articular surface of incus; lpr, lenticular process of incus; mps, muscular process of stapes; pcr, posterior crus of stapes; ped, pedicle of incus; 
sas, superior articular surface of incus; si, sulcus incudis; stf, stapedial foramen. 
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posterior part is angled slightly medially towards the sta-
pedius fossa. CM 110578 preserves connective tissue that 
attaches the narrow anterior part of the element to the pars 
cochlearis.

Petrosal of Philander opossum in Comparison to Didel-
phis marsupialis and Monodelphis domestica.—Rather 
than broad comparisons across Didelphidae, we chose to 
make remarks at a smaller scale by comparing Philander 
opossum with the two didelphids that the senior author 
has published on previously, Didelphis Linnaeus, 1758, 
and Monodelphis (Wible 1990, 2003; Wible and Hopson 
1995). Our comparisons concern only a single CT scanned 

specimen for each taxon; consequently, any issues aris-
ing	 from	 intraspecific	 variation	 cannot	 addressed.	 We	
chose to focus on the petrosal bone given that the ecto-
tympanic and auditory ossicles were not preserved in 
Didelphis marsupialis, DU BAA 0164, or did not provide 
the same level of detail in Monodelphis domestica, AMNH 
261241, because of the lower resolution of the CT scans. 
Current views (e.g., Jansa et al. 2014) on the relationships 
of these three didelphids are that Philander Brisson, 1762, 
and Didelphis are sister taxa with a mean divergence time 
of 3.5 million years and Monodelphis is more distantly 
related with a mean divergence time from Philander and 
Didelphis of 19.9 million years.

Fig. 12.—Transverse sections through the CT scan of the right ear region of Philander opossum, CM 110578. A, section 781 of 1400, through the 
fenestra vestibuli; B, section 804 of 1400, just posterior to the fenestra vestibuli; C, section 829 of 1400, more posterior to the fenestra vestibuli; D, 
section 857 of 1400, through the fenestra cochleae. Abbreviations: bo, basioccipital; cb, crus breve of incus; ci, bulge of crista interfenestralis; eP, ele-
ment of Paaw; fc, fenestra cochleae; iam, internal acoustic meatus; ips, inferior petrosal sinus; pe, petrosal; rtp, rostral tympanic process; s, stapes; saf, 
subarcuate fossa; sq, squamosal.
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 In ventral view (Fig. 13), the overall proportions and 
disposition of the pars cochlearis and par canalicularis are 
more similar in Philander and Didelphis; in Monodelphis, 
the pars canalicularis is compressed and does not extend far 
from the pars cochlearis. This is apparent, for example, by 
marking the relative distance between the promontorium 
and the paroccipital process. On the pars cochlearis, the 
rostral tympanic process is a simple process in all three, 
although Philander	differs	from	the	others	in	having	a	flat,	
plate-like process (Fig. 13B) rather than a digitiform one 
(Figs. 13A, C). In Philander and Didelphis, the rostral 
tympanic process is placed at the posteromedial aspect of 
the promontorium (Figs. 13A–B), whereas in Monodelphis 
it is more anteriorly positioned (Fig. 13C). Additionally, 
the rostral tympanic process in Monodelphis is continuous 
with a narrow medial shelf that extends nearly the length 
of	the	pars	cochlearis	(“ms”	in	Fig.	13C).	A	medial	shelf	
occurs in Didelphis but it is not connected with the ros-
tral tympanic process (Fig. 13A); Philander lacks a medial 
shelf. Monodelphis has a prominent anterior septum on the 
anteromedial	pars	cochlearis	(“asp”	in	Fig.	13C);	this	ridge	
is present but faint in Philander (Fig. 13B) and absent in 

Didelphis (Fig. 13A). In Monodelphis domestica (San-
chez-Villagra	 and	Forasiepi	2017:	figs.	4c–d),	 the	 tensor	
tympani	fossa	is	lateral	to	the	anterior	septum	(“ttf”	in	Fig.	
13C); Didelphis	 has	 the	 same	 configuration	 (Fig.	 13A),	
but in Philander the fossa is very narrow (Fig. 13B). A 
feature where Philander resembles Monodelphis concerns 
the crista interfenestralis; in these two taxa, the crista is 
broad, thicker than the longest dimension of the oval and 
round windows (Figs. 13B–C), but in Didelphis the crista 
is narrower than the longest dimension (Fig. 13A). How-
ever, Philander is the only one with a prominent bulge on 
the crista interfenestralis; Didelphis and Monodelphis have 
a faint bulge with a faint sulcus dorsal to it interpreted for 
the element of Paaw.
 On the pars canalicularis (Fig. 13), the position of the 
secondary facial foramen and the tympanic aperture of 
the prootic canal differ across the three taxa. In Didelphis, 
there is a common opening for both the secondary facial 
foramen and prootic canal anterolateral to the fenestra 
vestibuli (Fig. 13A); in Philander, the two openings are 
positioned farther from the fenestra vestibuli and separate 
but still connected by a ridge of bone between them (Fig. 

Fig. 13.—Isosurfaces rendered from CT data of left petrosals in ventral view. A, Didelphis marsupialis, DU BAA 0164; B, Philander opossum, CM 
110578; C, Monodelphis domestica, AMNH 261241. Scale = 2 mm. Abbreviations: asp, anterior septum; ci, crista interfenestralis; fi, fossa incudis; 
fs, facial sulcus; fv, fenestra vestibuli; ms, medial shelf; pc, prootic canal; pp, paroccipital process; rtp, rostral tympanic process; sff, secondary facial 
foramen; th, tympanohyal; tt, tegmen tympani; ttf, tensor tympani fossa.
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13B); in Monodelphis, the two openings are fully separate 
and even farther from each other and the fenestra vestibui 
(Fig. 13C). The difference in position of these apertures 
affects	 the	 size	 of	 the	floor	 beneath	 the	 cavum	 supraco-
chleare, which is most extensive in Didelphis and barely 
present in Monodelphis. As noted by Sánchez-Villagra 
and Wible (2002: character 12), the position of the hiatus 
Fallopii	is	the	same	in	these	three	taxa,	with	the	floor	and	
roof of the hiatus equal in length. The disposition of the 
areas on the pars canalicularis associated with the malleus 
and incus, the epitympanic recess and fossa incudis, is re-
markably consistent across the three didelphids (Fig. 13). 
The epitympanic recess is a small space continuous poste-
riorly with the fossa incudis and with a low, longitudinal 
ridge on its lateral border representing the ventral aspect of 
the tegmen tympani. The tegmen tympani of Monodelphis 
differs in that it ends anteriorly as a very narrow prong 
(Fig. 13C); this was not the case in the isolated petrosal 
of Monodelphis	 sp.	 illustrated	by	Wible	 (2003:	figs.	7A,	
C), which either represents variation or possible breakage. 
Philander and Monodelphis have a distinct tympanohyal 
on the crista parotica (Figs. 13B–C); this is absent in Di-
delphis (Fig. 13A).
 In lateral view (Fig. 14), the major differences concern 
features of the vascular system. All three taxa have a well-
developed sulcus transmitting the prootic sinus ventrally 
toward the postglenoid and suprameatal foramina in the 
squamosal as well as the diminuitive lateral aperture of 
the prootic canal in the petrosal. However, Philander and 
Didelphis differ from Monodelphis in that the petrosal en-
closes the sulcus to produce a foramen for the prootic sinus 
that is positioned dorsal to these three exit points. Such 
a	 foramen	 has	 not	 been	 identified	 previously	 in	 isolated	
petrosals of either Didelphis or Philander (e.g., Didelphis 
virginiana,	Wible	1990:	fig.	4;	Philander opossum, Sán-
chez-Villagra	and	Wible	2002:	fig.	3a),	which	we	cannot	
currently judge as absence due to breakage of relatively 
delicate structures or absence due to true variation. The 
other difference concerns the extent of the posttemporal 
groove; in Philander and Didelphis, it extends from the 
mastoid exposure to the sulcus for the prootic sinus (Figs. 
14A–B), but in Monodelphis, it is only present as a small 
indentation at the site of the posttemporal foramen on 
the mastoid exposure (Fig. 14C). The absence of a post-
temporal groove was also noted for isolated petrosals of 
Monodelphis sp., CM 5024, by Wible (2003). In contrast, 
Sánchez-Villagra and Wible (2002: character 13) reported 
the posttemporal groove as present in Monodelphis sp., 
AMNH	133248,	even	though	their	illustration	(2002:	fig.	
5d) does not show it as present.
 In dorsomedial view (Fig. 15), the size and shape of 
the internal acoustic meatus differ across the three taxa. In 
Didelphis, the meatus is circular and is much deeper than 
it is wide (Fig. 15A); in Philander, it is oval and as wide as 
deep (Fig. 15B); and in Monodelphis, it is oval and much 
wider than deep (Fig. 15C). The aperture of the internal 
acoustic meatus is about the same width as the aperture of 

Fig. 14.—Isosurfaces rendered from CT data of left petrosals in lateral 
view. A, Didelphis marsupialis, DU BAA 0164; B, Philander opossum, 
CM 110578; C, Monodelphis domestica, AMNH 261241. Scale = 2 mm. 
Abbreviations: fps, foramen for prootic sinus; pp, paroccipital process; 
ptg, posttemporal groove; rtp, rostral tympanic process; sps, sulcus for 
prootic sinus; tt, tegmen tympani.
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the subarcuate fossa in Monodelphis (Fig. 15C), is slightly 
smaller in Philander (Fig. 15B), and is much smaller in 
Didelphis (Fig. 15A). In Didelphis, the aperture of the sub-
arcuate fossa is the widest part of the recess (Fig. 15A), but 
in Philander and Monodelphis, the aperture is constricted 
compared to the fossa (Figs. 15B–C). Also, the subarcuate 
fossa is deeper than wide in Didelphis but wider than deep 
in Philander and Monodelphis. All three have a sulcus for 
the superior petrosal sinus anterolateral to the subarcuate 
fossa (Fig. 15), but only Didelphis has a raised crista pe-
trosa forming the anterior edge of that sulcus (Fig. 15A). 
Each has a small area anterior to the sulcus for the superior 
petrosal sinus that is exposed in the middle cranial fossa 
(Fig. 3), although this is more substantial in Didelphis 
(Fig. 15A) than in the other two (Figs. 15B–C). In Philan-
der (Fig. 3) and Didelphis, the anterior edge of this area 
contacts the squamosal bone in the middle cranial fossa, 
but in Monodelphis, it is separated from contact with the 
squamosal by the parietal and alisphenoid. All three have 
a sulcus for the sigmoid sinus. In Didelphis (Fig. 15A) and 
Monodelphis (Fig. 15C), it is both dorsal and posterior to 
the subarcuate fossa; however, in the former it has a fora-
men magnum exit via a sulcus in the exoccipital (see also 

Dom et al. 1970), whereas in the latter its exit is the jugular 
foramen. In Philander (Fig. 15B), the sulcus is only dorsal 
to the subarcuate fossa and exits via the foramen magnum 
(Fig. 3). The vestibular aqueduct for the endolymphatic 
duct is in essentially the same position in all three, but the 
cochlear canaliculus for the perilymphatic duct differs. In 
Didelphis, it is proximate to the vestibular aqueduct but 
in the jugular fossa and not within the endocranium (Fig. 
15A). In Monodelphis, the cochlear canaliculus is wide-
ly separated from the vestibular aqueduct and within the 
endocranium (Fig. 15C). Philander is intermediate, with 
some separation between the two (Fig. 15B) and the co-
chlear canaliculus at the juncture of the endocranium and 
jugular fossa. Finally, each has a deep concavity along the 
anteromedial aspect of the pars cochlearis that represents 
a	facet	for	 the	basioccipital	(“bof”	in	Fig.	15).	In	Mono-
delphis this facet is about one-third the length of the pars 
cochlearis, whereas it is half the length in Philander and 
Didelphis.

Auditory Ossicle Characters in Philander opossum.—
Schmelzle et al. (2005) reported the distribution of 13 
characters of the auditory ossicles across 31 species of 

Fig. 15.—Isosurfaces rendered from CT data of left petrosals in dorsomedial view. A, Didelphis marsupialis, DU BAA 0164; B, Philander opossum, 
CM 110578; C, Monodelphis domestica, AMNH 261241. Scale = 2 mm. Abbreviations: bof, basioccipital facet; cc, cochlear canaliculus; crp, crista 
petrosa; iam, internal acoustic meatus; mcf, bone exposed in middle cranial fossa; saf, subarcuate forra; sips, sulcus for inferior petrosal sinus; ssps, 
sulcus for superior petrosal sinus; sss, sulcus for sigmoid sinus; va, vestibular aqueduct.
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extant marsupials, including Philander opossum based 
on CM 4995. Given how little we know about possible 
variation,	we	compare	our	findings	for	Philander opossum, 
CM 110578, with those in Schmelzle et al. (2005) for CM 
4995. Unfortunately, there are no ossicles currently pre-
served with CM 4995, which means we cannot verify the 
prior observations.
 Our observations on CM 110578 are congruent with 
those of Schmelzle et al. (2005) in the following: character 
1, the superior articular facet of the malleus is longer than 
the inferior (Fig. 10D); character 2, the distal end of the 
manubrium is not spatulated (Figs. 10A–B); character 6, 
the crus longum is gracile (Figs. 11A–C); character 7, the 
angle between the crus longum and crus breve is greater 
than 90 degrees (Figs. 11A, C); Character 8, the incus sul-
cus is present (Fig. 11B); character 10, the ventral surface 
of the crus breve is smooth (Figs. 11A, C); character 12, 
the stapes is bicrurate and not columelliform (Figs. 11D, 
F);	 and	 character	 13,	 the	 stapes	 base	 (footplate)	 is	 flat	
(Figs. 11D, F). Schmelzle et al. (2005: character 11) scored 
the stapedial ratio for Philander opossum as less than 1.8, 
which we found for CM 110578 (Table 4), but following 
the ratios published in Horovitz et al. (2008) based on 
more specimens, this taxon should be scored polymorphic, 
both below and above 1.8.
 Our observations on CM 110578 differ from those of 
Schmelzle et al. (2005) in the following: character 3, the 
angle between the manubrium and manubrial base is more 
than 100 degrees in CM 110578 (Figs. 10A–B) (see also 
CM 52731 and 69803) but was reported as approximately 
a right angle in Schmelzle et al. (2005); character 4, the 
neck of the malleus projects beyond the manubrial base 
in CM 110578 (Figs. 10A–B) (see also CM 52731 and 
69803), but was reported as not projecting in Schmelzle 
et al. (2005); character 5, the manubrium is straight in CM 
110578 (Figs. 10A–B) (see also CM 52731 and 69803), 
but was reported as curved in Schmelzle et al. (2005); and 
character 9, the dorsal surface of the incus appears even 
in CM 110578 (Figs. 11A, C) (see also CM 52731 and 
69803) but was reported as grooved in Schmelzle et al. 
(2005). These discrepancies may relate to differences in 
the interpretation of the characters and states; Schmelzle 
et al. (2005) did not provide measurement guides and the 
differences between the grooved and smooth states for the 
dorsal surface of the incus appear subtle (compare Betton-
gia penicillata	in	fig.	4	and	Spilocuscus maculatus	in	fig.	5	
in Schmelzle et al. 2005).

Observations of the Element of Paaw 
from the Literature

In his summary of the literature to date, Klaauw (1923) 
recorded a cartilaginous and/or osseous element of Paaw 
in representatives of the following therian orders (# of 
genera): Didelphimorphia (1), Diprodontia (2), Cingulata 
(4), Pilosa (3), Primates (1), Scandentia (1), Dermoptera 

(1), Artiodactyla (3), Perissodactyla (2), Chiroptera (1), 
Pholidota (2), and Erinaceomorpha (1). In Table 2, the 
post-1923 instances of an element of Paauw in the litera-
ture are added to those in Klaauw (1923). Table 2 includes 
two placental orders not in Klaauw (1923): Rodentia and 
Carnivora, each with two genera. In addition, our literature 
review increased the number of genera in four orders as 
follows: Didelphimorphia (+2), Diprotodontia (+1), Scan-
dentia (+1), and Chiroptera (+12). None of these obser-
vations from the literature include precise information on 
size, shape, or position, and there are few illustrations of 
the entire bone/cartilage.
	 	A	few	orders	have	conflicting	observations.	In	Scanden-
tia, an element of Paaw is reported in adult Tupaia	Raffles,	
1821, by Hinchcliffe and Pye (1969) and Wible (2009) but 
was not found in prenatal stages by Spatz (1964), MacPhee 
(1981), and Zeller (1983). In Erinaceomorpha, Parker 
(1885b) reported an element in Erinaceus europaeus Lin-
naeus, 1758, but Henson (1961) and MacPhee (1981) spe-
cifically	noted	 its	absence.	The	only	reported	 instance	 in	
Primates is in Homo sapiens Linnaeus, 1758, based on sev-
eral old anatomical texts as summarized by Klaauw (1923; 
see also Graboyes et al. 2011a). One of these, “Quain’s 
Elements	of	Anatomy”	(Sharpey	et	al.	1878:	638),	stated	
“A very slender spine of bone has been found occasion-
ally in the tendon of the stapedius in man: and a similar 
piece of bone, though of a rounder shape, exists constantly 
in	the	horse,	the	ox,	and	other	animals.”	This	is	also	not-
ed	 in	 “Rauber’s	Lehrbuch	der	Anatomie	 des	Menschen”	
(Kopsch 1909: 194) but we have not found similar obser-
vations in subsequent textbooks of human anatomy (e.g., 
Jackson 1914; Robinson 1921). Graboyes et al. (2011a: 
1187) stated “To the authors’ knowledge, there is no cur-
rent	evidence	for	an	ossicle	of	Paaw	in	humans.”	However,	
there	 are	 reports	 in	 humans	of	 congenital	 ossification	of	
the stapedius tendon resulting in hearing loss correctable 
by surgery (e.g., Kurosaki et al. 1995; Carmino and Blanco 
2018). The description of this abnormality resembles that 
above by Sharpey et al. (1878), which makes us wonder 
if that malformation was being reported in old anatomical 
texts.
 In their paper on the distribution of sesamoid bones in 
tetrapods, Abdala et al. (2019: table 1) noted the presence 
of the cartilage of Paaw among mammals in Marsupialia, 
Carnivora, Primates, and Rodentia, citing Hinchcliffe and 
Pye (1969). Obviously, this does not cover all the high-
er-level diversity noted by Klaauw (1923). Moreover, 
the inclusion of Primates by Abdala et al. (2019) is in 
error. Hinchcliffe and Pye (1969) included one observa-
tion in Primates, that in Tupaia, and on one side only in 
one specimen. In 1969, treeshrews were considered to be 
members of Primates (e.g., Napier and Napier 1967), but 
they are now placed in their own order Scandentia (Wilson 
and Reeder 2005). Other than the controversial element 
reported in humans, an element of Paaw is unknown in 
Primates.
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Table 2. Reports of cartilaginous or osseous element of Paaw in the literature.
(continued on following page)

Order Family Taxon Age Composition Term Used Reference

Didelphimorphia Didelphidae Caluromys philander newborn cartilage cartilage of 
Paauw

Sánchez-Villagra et 
al. 2002

Didelphimorphia Didelphidae Caluromys philander pouch young cartilage cartilage of 
Paauw

Sánchez-Villagra et 
al. 2002

Didelphimorphia Didelphidae Didelphis virginiana pouch young cartilage then 
bone

Paauw’s cartilage McClain 1939

Didelphimorphia Didelphidae Monodelphis brevicau-
data

adult bone element of Paaw Wible 2003

Didelphimorphia Didelphidae Monodelphis domestica prenatal day 
12, 30, new-
born, pouch 
young

cartilage then 
bone

cartilage of 
Paauw

Sánchez-Villagra et 
al. 2002

Didelphimorphia Didelphidae Monodelphis domestica pouch young cartilage Paauw’s cartilage Filan 1991

Didelphimorphia Didelphidae Monodelphis domestica pouch young cartilage element of Paaw Sánchez-Villagra & 
Forasiepi 2017

Diprotodontia Macropodidae Macropus eugenii pouch young cartilage element of Paaw Sánchez-Villagra & 
Forasiepi 2017

Diprotodontia Macropodidae Macropus rufogriseus pouch young cartilage element of Paaw Sánchez-Villagra et 
al. 2002

Diprotodontia Phalangeridae Trichosurus vulpecula adult bone not named Hyrtl 1845

Diprotodontia Vombatidae Vombatus ursinus adult bone not named Hyrtl 1850

Cingulata Dasypodidae Dasypus hybridus embryo cartilage interhyal Parker 1885a

Cingulata Dasypodidae Dasypus hyfridus adult bone element of Paaw Basso et al. 2020

Cingulata Dasypodidae Dasypus novemcinctus adult bone not named Hyrtl 1845

Cingulata Dasypodidae Dasypus novemcinctus adult bone cartilage of Paaw Wible 2010

Cingulata Chlamyphoridae Chaetophractus vel-
lerosus

adult bone element of Paaw Basso et al. 2020

Cingulata Chlamyphoridae Chaetophractus villosus embryo cartilage interhyal Parker 1885a

Cingulata Chlamyphoridae Chaetophractus villosus adult bone element of Paaw Basso et al. 2020

Cingulata Chlamyphoridae Priodontes maximus adult bone not named Hyrtl 1845

Cingulata Chlamyphoridae Cabassous unicinctus adult bone not named Hyrtl 1845

Pilosa Choloepodidae Choloepus didactylus embryo cartilage interhyal Parker 1885a

Pilosa Myrmecophagidae Cyclopes didactylus embryo cartilage interhyal Parker 1885a

Scandentia Ptilocercidae Ptilocercus lowii adult bone element of Paaw Wible 2009

Scandentia Tupaiidae Tupaia glis adult bone element of Paaw Wible 2009

Scandentia Tupaiidae Tupaia sp. ? bone not named Hyrtl 1845

Dermoptera Cynocephalidae Cynocephalus volans adult ? interhyal Parker 1885b

Rodentia Heteromyidae Microdipodops pallidus adult cartilage Paaw’s cartilage Hinchcliffe & Pye 
1969
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Table 2. Reports of cartilaginous or osseous element of Paaw in the literature.
(continued from previous page)

Order Family Taxon Age Composition Term Used Reference

Rodentia Cricetidae Oryzomys laticeps adult cartilage Paaw’s cartilage Hinchcliffe & Pye 
1969

Artiodactyla Bovidae Bos taurus adult bone not named Hyrtl 1845; 
Chauveau 1871

Artiodactyla Bovidae Ovis aries adult bone not named Chauveau 1871

Artiodactyla Suiidae Sus scrofa embryo; new-
born

cartilage interhyal Parker 1874

Perissodactyla Tapiridae Tapir terrestris adult bone not named Hyrtl 1845

Perissodactyla Equidae Equus caballus adult bone not named Chauveau 1871

Chiroptera Molossidae Molossus ater adult ? Paauw’s cartilage Pye 1966

Chiroptera Molossidae Molossus coebensis adult ? Paauw’s cartilage Pye 1966

Chiroptera Molossidae Molossus major adult ? Paauw’s cartilage Pye 1966

Chiroptera Molossidae Tadarida brasiliensis adult cartilage skeletal element 
of Paauw

Henson 1961

Chiroptera Natalidae Natalus mexicanus adult bone skeletal element 
of Paauw

Henson 1961

Chiroptera Natalidae Natalus tumidirostris adult cartilage Paaw’s cartilage Hinchcliffe & Pye 
1969

Chiroptera Phyllostomidae Anoura geoffroyi adult cartilage Paaw’s cartilage Hinchcliffe & Pye 
1969

Chiroptera Phyllostomidae Artibeus jamaicensis adult cartilage Paaw’s cartilage Hinchcliffe & Pye 
1969

Chiroptera Phyllostomidae Chiroderma villosum adult cartilage Paaw’s cartilage Hinchcliffe & Pye 
1969

Chiroptera Phyllostomidae Glossophaga soricina adult cartilage skeletal element 
of Paauw

Henson 1961

Chiroptera Phyllostomidae Platyrrhinus helleri adult cartilage Paaw’s cartilage Hinchcliffe & Pye 
1969

Chiroptera Rhinolophidae Rhinolophus ferrum-
equinum

adult cartilage skeletal element 
of Paauw

Henson 1961

Chiroptera Rhinopomatidae Rhinopoma microphyl-
lum

adult cartilage not named Bondy 1907

Chiroptera Vespertilionidae Eptesicus fuscus adult bone skeletal element 
of Paauw

Henson 1961

Chiroptera Vespertilionidae Myotis albescens adult ? Paauw’s cartilage Pye 1966

Chiroptera Vespertilionidae Myotis myotis adult bone os quartum; carti-
lage of Paaw

Cabezudo et al. 
1983

Chiroptera Vespertilionidae Pipestrellus pipestrellus adult ? Paauw’s cartilage Pye 1966

Carnivora Nandiniidae Nandinia binotata adult bone cartilage of 
Paauw

Wible & Spaulding 
2013
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Observations of the Element of Paaw from Digital 
Morphology at the University of Texas at Austin

Table 3 shows the specimens of extant mammals with coro-
nal slice movies on DigiMorph.org where we observed an 
element of Paaw, bilaterally in most instances. The element 
is present in 15 of the 37 marsupial specimens studied (see 
Appendix 1) and in one of the 169 placental specimens, but 
is absent in the four monotreme specimens. We note that 
these movies are not all of the same resolution and that our 
failure to observe an element of Paaw may be the result 
of the difference in resolution. Given the circumstances of 
the data available in these slice movies, we did not attempt 
to measure the element. We assume that the structure in 
question is osseous as it appears to be similar in density 
to	neighboring	bone,	but	cannot	confirm	this.	Additionally,	
the element of Paaw had some contact with the pars cochle-
aris in the majority of these movies; the exceptions were 
the 27 and 90 day-old Monodelphis domestica, Cercarte-
tus caudatus (Milne-Edwards, 1877), and Petauroides vo-
lans Thomas, 1888, where a narrow gap separates the two 
bones.	Table	3	adds	significantly	to	the	diversity	of	marsu-
pials with an element of Paaw, including representatives of 
all orders except Notoryctemorphia, adding Paucitubercu-
lata (1 genus), Microbiotheria (1 genus), Dasyuromorphia 
(1 genus), and Peramelemorphia (2 genera) to what was 
known previously (Table 2). It also adds another genus of 
Didelphimorphia and two of Diprotodontia.
 The lone placental found with an element of Paaw was 
the nine-banded armadillo, Dasypus novemcinctus Linnae-
us, 1758; it also had the element in contact with the pars 
cochlearis. The cartilage of Paaw has been reported previ-
ously in prenatal D. novemcinctus by Reinbach (1952a, b) 
and	an	ossified	element	of	Paaw	in	adults	by	Hyrtl	(1845)	
and Wible (2010).

Observations of the Element of Paaw from CT 
Scanned Specimens from MorphoSource.org

The CT scan data for the nine marsupials downloaded 
from MorphoSource.org (Appendix 2) revealed the bilat-
eral presence of an element of Paaw, except for Didelphis 
marsupialis, in which the element was preserved only on 
the left side. We considered the elements to be osseous as 
they appear similar in density to neighboring bone. Table 4 
includes measurements of the element, the stapedial foot-
plate, and skull length for these nine specimens plus Phi-
lander opossum, CM 110578. The element is a substantial 
structure that is longer than the long axis of the stapedial 
footplate, except in the caenolestid Rhyncholestes raphanu-
rus Osgood, 1924, where the element is 70% the length of 
the footplate. An element of Paaw longer than the footplate 
occurs in representatives of four orders, Didelphimorphia, 
Microbiotheria, Peramelemorphia, and Notoryctemorphia. 
 The element of Paaw is a straight rod in eight of the 
nine marsupial specimens; the exception is Notoryctes 
typhlops (Stirling, 1889), which has a triangular outline 

reminiscent of that in Philander opossum, CM 110578, al-
though it is straight and not bent as in the latter. In those 
with a rod shape, the element tapers anteriorly in Cal-
uromys sp., Caluromysiops irrupta Sanborn, 1951, Di-
delphis marsupialis, Didelphis sp., and Monodelphis do-
mestica, tapers posteriorly in Rhyncholestes raphanurus 
and Isoodon obesulus (Shaw, 1797), and is uniform in Dr-
omiciops gliroides Thomas, 1894. As described above in 
Philander opossum, CM 110578, the anterior end of the el-
ement contacts the pars cochlearis posterior to the fenestra 
vestibuli	in	five	of	the	nine	marsupials.	In	the	four	lacking	
such contact, there is a slight gap between the two bones 
in Caluromys sp. and Monodelphis domestica, the element 
is fully divorced from the petrosal, in Notoryctes typhlops, 
and the element has been shifted in position in Didelphis 
marsupialis given that the long axis of the one preserved 
element is mediolateral rather than anteroposterior. 
 We also captured data on the shape of the stapedial 
footplate, which occupies the fenestra vestibuli, by calcu-
lating the stapedial ratio (of Segall 1970; length/width of 
the footplate). The ratios (Table 4) range from a low of 
1.40 in Notoryctes typhlops to a high of 2.07 in Caluro-
mysiops irrupta. 

Observations of the Element of Paaw from Carnegie 
Museum of Natural History Specimens 

Table 5 lists species of marsupials in the collections of the 
Carnegie Museum of Natural History in which an element 
of Paaw was found in some representatives. This includes 
representatives of all 27 species of Didelphidae in the col-
lection along with three Dasyuridae, one Peramelidae, and 
one Vombatidae. In Table 5, we report the number of spec-
imens of each of these 32 species that we examined and 
the percentage that had no element of Paaw, the element 
on one side only, and the element on both sides. Fifteen 
species had 100% bilateral incidence in the specimens ex-
amined. The largest sample was Didelphis virginiana, with 
100 specimens of which 37 had bilateral elements, 24 had 
one element, and 39 had no element. We did not attempt to 
measure the element of Paaw as the extent of visual access 
to the bone varies considerably across the sampled taxa. 
Our general impression is that the element is generally at 
least as long as the stapedial footplate or fenestra vestibuli.
 Table 6 lists the 17 species of marsupials in the CM col-
lection for which we were unable to observe an element of 
Paaw. The vast majority of these have a complete or nearly 
complete osseous bulla, which obscures view of the area 
where the element of Paaw would be expected. There were 
only	three	species	with	specimens	that	we	could	confirm	
the absence of the element of Paaw: Thylacinus cynoceph-
alus (Harris, 1808), CM 20975, Phascolartos cinereus 
(Goldfuss, 1817), CM 20928, and Tarsipes rostratus Ger-
vais and Verreaux, 1842, CM 11899.
 The shape of the element of Paaw reported for Philander 
opossum, CM 110578, was essentially repeated in the rest 
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of the CM Philander opossum sample preserving the bone. 
Contact between the element of Paaw and the pars cochle-
aris as in CM 110578 occurred in about three-quarters of 
the Philander opossum sample; when there was no con-
tact, the two bones were close. 
 In the remaining CM marsupials, the shape of the el-
ement of Paaw was a uniform straight rod (Gracilianus, 
Lutreolina, Marmosa, Marmosops, Thylamys, Antechi-
nus, Dasyuroides, Dasyurus, Perameles, and Vombatus), a 
straight rod strongly tapered anteriorly (Caluromys, Didel-
phis, Metachirus, and Monodelphis), and a curved element 
wider posteriorly as in Philander opossum (Chironectes). 
It was only in didelphids that there was contact between 
the element of Paaw and the pars cochlearis, but as with 
Philander opossum, such contact was not present in all 
specimens.

DISCUSSION

The Element of Paaw in Marsupials

Our review of the literature, the collections of Carnegie 
Museum of Natural History, and online specimens at Digi-
morph.org and MorphoSource.org shows that an element 
of Paaw is present in representatives of all seven orders of 
extant marsupials (Tables 3–5). Moreover, we found the 
element of Paaw to be a substantial structure, longer than 
the stapedial footplate, in representatives of four orders: 
Didelphimorphia, Microbiotheria, Peramelemorphia, and 
Notoryctemorphia, whereas it is shorter than the footplate 
in Paucituberculata. We were not able to accurately mea-
sure the element in Dasyuromorphia and Diprotodontia, 
but our impression is that it is at least as long as the stape-
dial footplate. In Didelphimorphia, the most diverse order 
in the CM collections, we found the element in all 11 rep-
resented genera (Table 5), out of the 18 reported by Burgin 
et al. (2018). In total, we found the element of Paaw in 41 
marsupial species (Tables 3–5), out of the 379 reported by 
Burgin et al. (2018). 
 The CM sample included 27 marsupial species with the 
element of Paaw (Table 5) and 17 in which the element 
was	 absent	 or	 could	 not	 be	 confirmed	 (Table	 6).	Of	 the	
27 species with the element, 15 had 100% bilateral occur-
rence; the remainder had some mix of bilateral and unilat-
eral occurrence and four of these had some specimens with 
no element of Paaw. Our illustrations of the left and right 
elements in Philander opossum, CM 110578 (Fig. 11G–
J) reveal some asymmetry, which we also noted in other 
CM	marsupials	but	did	not	record.	Intraspecific	variation	
in the presence/absence of the element of Paaw has been 
reported for some bats (Hinchcliffe and Pye 1969) and ar-
madillos (Basso et al. 2020), and presence on one side only 
has been reported in the treeshrew Tupaia (Hinchcliffe and 
Pye 1969) and the large hairy armadillo Chaetophractus 
villosus (Desmarest, 1804) (Basso et al. 2020). However, 
note that in the two studies reporting variation (Hinchcliffe 
and Pye 1969; Basso et al. 2020), the specimens examined 

began as whole heads that were either serially sectioned 
or CT scanned and were not museum osteological speci-
mens. The variable incidence of the element of Paaw in 
some species of CM marsupials may be true variation, but 
it may also result from preparation techniques used to pro-
duce museum specimen, a view that we favor. The absence 
of the element of Paaw in CM marsupials was noted most 
frequently in specimens that also lacked auditory ossicles. 
There is little that holds the element of Paaw in place be-
yond its soft tissue connection to the stapes, the pars co-
chlearis, and the stapedius fossa. With the usual removal 
of soft tissue in museum specimen preparation, it is not 
surprising that we encountered the element of Paaw miss-
ing as well. The only way to truly evaluate the incidence of 
this structure is through head dissection or serial section, 
either with a microtome or with an x-ray beam, as done 
by Hinchcliffe and Pye (1969) and Basso et al. (2020), 
respectively.
 Other variables regarding the element of Paaw in the 
studied sample are its size and shape and its contact with 
the pars cochlearis. The general pattern is to have the an-
terior part of the element in contact with or very close to 
the pars cochlearis, with connective tissue cementing the 
relationship. There are clear exceptions where the element 
is widely separated from possible petrosal contact (e.g., 
Notoryctes typhlops, UMZC A5. 1/1). A concern that can-
not be overlooked regarding the presence or absence of 
contact is the effect of drying and shrinkage that occurs in 
museum specimen preparation on the position of the ele-
ment of Paaw. We hypothesize that the petrosal contact is 
real in light of the frequency of connective tissue attach-
ment, but further studies on wet specimens, either through 
dissection, serial sectioning, or CT scanning, are needed to 
address this. 
 Based on the distribution of the element of Paaw across 
all extant marsupial orders, we hypothesize its presence to 
be primitive for Marsupialia. We are less certain about the 
presence or absence of the element at the level of Placen-
talia or Theria. The element’s currently known distribution 
across Placentalia is patchy (Table 2), although it occurs in 
representatives of three of the four higher-level placental 
clades (in Xenarthra, Euarchontoglires, and Laurasiathe-
ria, but unreported in Afrotheria). A caveat here is that a 
study like ours for marsupials with museum osteological 
specimens and primary CT scan data has not been done for 
a broad spectrum of placentals, aside from our study of the 
169 coronal CT slice movies available on DigiMorph.org. 
Until that is accomplished, the ancestral condition of the 
element of Paaw for Placentalia and Theria is best consid-
ered uncertain. Additionally, to date, an element of Paaw 
has not been reported for any fossil mammal, although 
this is not surprising, given the element’s loose attachment 
to the basicranium. There are possible exceptions to this: 
long muscular processes of the stapes have been described 
for the Middle Jurassic haramiyidan Arboroharamiya jen-
kinsi Zheng et al., 2013 (Meng et al. 2018) and the Early 
Cretaceous eutriconodontan Chaoyangodens lii Hou and 
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Meng, 2014 (Meng and Hou 2016), with that in the former 
longer than the stapedial footplate length. These long mus-
cular processes may represent an element of Paaw fused 
to the stapes (as suggested in Fig. 1F). New discoveries of 
Mesozoic mammals may resolve the homologies of these 
structures.   
 Regarding the function of the element of Paaw, three 
primary functions are attributed to the stapedius and ten-
sor tympani muscles (Pilz et al. 1997:180). “First, they 
prevent desensitization, i.e., overloading of the sensory 
receptors of the cochlea, thereby maintaining a good level 
of sensitivity… Second, in mammals it is well established 
that the action of the middle ear muscles decreases mainly 
lower frequencies… Third, the middle ear muscles protect 
the ear from noise damage… The three functions of the 
middle ear muscles are incorporated in the desensitiza-
tion, interference and injury-preventing theory (DIIP) by 
Borg	et	al.	 (1984).”	Some	authors	 (e.g.,	McCrady	1938;	
McClain 1939; Henson 1961) have considered the ele-

ment of Paaw to function as a sesamoid bone, whereas 
others (e.g., Sánchez-Villagra et al. 2002) disagree with 
the sesamoid analogy. One’s view on this really depends 
on	one’s	definition	of	a	sesamoid	bone.	In	a	recent	review	
paper on sesamoids in tetrapods, Abdala et al. (2019: 2) 
noted	“Sesamoids	are	currently	defined	as	any	organized	
intratendinous/intraligamentous structure, including those 
composed	by	fibrocartilage,	adjacent	to	an	articulation	or	
joint.”	By	this	broad	definition,	the	element	of	Paaw	with	
its tip within the tendon of the stapedius muscle near the 
stapes is a sesamoid bone. Sesamoids are generally held to 
serve a mechanical role: the patella, for example, acts as 
a fulcrum, increasing the lever arm of the quadriceps, but 
does so by pivoting against the femur (Fox et al. 2012). 
Mechanical roles have been suggested for the element of 
Paaw: reduction of friction between the stapedius tendon 
and the enveloping middle ear mucosa (Henson 1961; 
Hinchcliffe and Pye 1969) or “concentrating and transmit-
ting	forces	between	the	stapedial	muscle	and	the	stapes”	

Table 3. Incidences of element of Paaw in coronal slice movies on DigiMorph.org at the University of Texas at Austin  
(see Appendix 1).

Order Family Species Specimen # Age Slice #

Didelphimorphia Didelphidae Chironectes minimus AMNH 129701 adult 1345

Didelphimorphia Didelphidae Monodelphis domestica TTM M-7595 day 27 411

Didelphimorphia Didelphidae Monodelphis domestica TTM M-7536 day 48 316

Didelphimorphia Didelphidae Monodelphis domestica TTM M-8266 day 56 687

Didelphimorphia Didelphidae Monodelphis domestica TTM M-7539 day 57 335

Didelphimorphia Didelphidae Monodelphis domestica TTM M-7542 day 75 417

Didelphimorphia Didelphidae Monodelphis domestica TTM M-7545 day 90 403

Didelphimorphia Didelphidae Monodelphis domestica TTM M-7599 adult 403

Paucituberculata Caenolestidae Caenolestes fulginosus KU 124015 adult 799

Microbiotheria Microbiotheriidae Dromiciops gliroides FMNH 127463 adult 589

Dasyuromorphia Dasyuridae Sminthopsis crassicaudata AMNH 126686 adult 580

Peramelemorphia Perameledae Echymipera kalubu1 AMNH 190970 adult 429

Peramelemorphia Thylacomyidae Macrotis lagostis AMNH 74486 adult 468

Diprotodontia Burramyidae Cercartetus caudatus AMNH 155090 adult 571

Diprotodontia Pseudocheiridae Petauroides volans1 AMNH 15005 adult 534

Cingulata Dasypodidae Dasypus novemcinctus2 TTM M-7147 adult 603

1Element of Paaw on right side only.
2Dasypus novemcinctus,	TMM	M-7147,	Dr.	Ted	Macrini,	2005,	“Dasypus	novemcinctus”	(On-line),	Digital	Morphology.	Accessed	April	8,	2021	
at http://digimorph.org/specimens/Dasypus_novemcinctus/
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(Sánchez-Villagra et al. 2002: 234). However, in the most 
recent pronouncement on function of the element of Paaw, 
Basso	et	al.	(2020:12)	stated	“The	intra-specific	variability	
that has been documented previously (Hinchcliffe & Pye, 
1969) and was also found in the present study suggests 
that	the	element	of	Paaw	has	no	vital	function.”	This	may	
be true for the small elements of Paaw reported in some 
armadillos by Basso et al. (2020), but it is hard to imag-
ine that a structure with a larger volume than the stapes 
(as in Philander opossum, CM 110578) that we surmise 
is universally present in a number of related taxa does not 
have a vital function. Given that we found the element of 
Paaw in Philander opossum, CM 110578, to be in broad 
contact with the pars cochlearis posterior to the fenestra 
vestibuli (Figs. 5B, 12B, C) and observed similar contact 
in the vast majority of the marsupial specimens examined, 
we suggest the element of Paaw acts as a sesamoid bone in 
most marsupials, increasing the lever arm of the stapedius 
muscle.  
 Mammals are not the only tetrapods with sesamoid 
bones in the head. The review paper by Abdala et al. 
(2019) presented seven examples that have been reported 
from non-mammalian tetrapods. Only one of these bears 
any similarity positionally to the mammalian element of 
Paaw, the sesamoid in the squamosal-columellar ligament 
in some salamanders. Although it has an attachment to the 
homologous bone (columella=stapes), it is not associated 
with muscle.

The Stapedial Ratio

The stapedial ratio was introduced by Segall (1970: 170–
171), who noted “Since the stapes plate, with the help of 
the	stapedial	ligaments,	fits	snugly	into	the	fenestra	ovalis	
[vestibuli], the contours of the latter give an exact outline 
of the plate. Therefore, measurements of the fenestra were 
taken in specimens lacking the stapes…Measurements 
of the fenestra ovalis were easier to take and for this rea-
son proved even more exact than the measurements of 
the stapes ratio based on the stapes in place. The results 
were repeatedly checked, and small differences were often 
found.	The	figures	arrived	at	are,	therefore,	meaningful	ap-
proximations.”	Segall	(1970)	reported	the	stapedial	ratio	to	
be 1.0 (i.e., round) in the monotreme Tachyglossus Illiger, 
1811, between 1.1 and 2.1 in a sample of marsupials, and 
between 1.8 and 2.9 in a sample of placentals. Rounded 
as primitive for mammals, as suggested by Segall (1970), 
has been supported by subsequent studies of Mesozoic 
mammaliaforms (Wible and Hopson 1993). Of the 18 gen-
era	of	marsupials	examined	by	Segall	(1970),	five	are	in	our	
study (Caluromys J.A. Allen, 1900, Didelphis, Philander, 
Dromiciops Thomas, 1894, and Notoryctes Stirling, 1891, 
in Table 4). The ratios are the same in Notoryctes (1.4) and 
comparable in Philander (1.5 vs. ours at 1.48), and less so 
in Didelphis (1.3 vs. ours at 1.52 and 1.56), Dromiciops 
(2.1 vs. ours at 1.92), and Caluromys (1.5 vs. ours at 1.86). 
Segall (1970) did not include species or specimen numbers.
 Horovitz et al. (2008) examined the dimensions of the fe-

Table 4. Measurements of the element of Paaw and stapedial footplate from CT scanned marsupials, all downloaded from 
MorphoSource.org, with the exception of Philander opossum (this study).

Order Species Specimen # Skull 
length

Elem. 
Paaw 
length

Elem. 
Paaw 
width

Elem. 
Paaw 

surface 
area

Elem. 
Paaw  

volume

Stapes 
foot-
plate 

length

Stapes 
foot-
plate 
width

Stap. 
ratio 
(l/w)

Didelphimorphia Caluromys sp.1 DU EA 162 60.45 1.05 0.18 0.478 0.014 0.65 0.35 1.86

Caluromysiops irrupta1 FMNH 60698 74.70 0.93 0.46 0.908 0.054 0.87 0.42 2.07

Didelphis marsupialis1 DU BAA 0164 55.69 0.64 0.27 0.803 0.071 0.42 0.27 1.56

Didelphis sp.2 DU EA 202 84.30 0.71 0.33 0.737 0.045 0.50 0.33 1.52

Monodelphis domestica2 AMNH 261241 35.72 0.61 0.24 0.362 0.013 0.47 0.28 1.68

Philander opossum1 CM 110578 75.62 1.32 0.50 1.165 0.062 0.62 0.41 1.48

Paucituberculata Rhyncholestes raphanurus2 FMNH 127476 31.62 0.28 0.15 0.092 0.002 0.40 0.28 1.42

Microbiotheria Dromiciops gliroides2 UMMZ 156354 28.84 0.57 0.20 0.265 0.007 0.48 0.25 1.92

Peramelemorphia Isoodon obesulus2 UMZC A7. 4/5 70.05 0.72 0.33 0.654 0.036 0.61 0.37 1.65

Notoryctemorphia Notoryctes typhlops2 UMZC A5. 1/1 25.36 0.92 0.35 0.671 0.021 0.80 0.57 1.40

1Measurements based on left side.
2Measurements based on right side.
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nestra vestibuli in a larger number of marsupials, including 
multiple specimens for ten didelphid species. They 
found	 intraspecific	 variation	 as	 well	 as	 left/right	 asym-
metry in the stapedial ratios. For Philander opossum, for 
example, they reported on 13 oval windows, with a low ra-
tio of 1.23 and high of 1.88, and a mean of 1.46 (close to CM 

110578 at 1.48). There were two specimens of Philander  
opossum with the left and right sides measured, with values 
of 1.42 vs. 1.64 and 1.44 and 1.36, respectively. The other 
two species in common between Horovitz et al. (2008) and 
our study (Table 4) are Monodelphis domestica (1.26 and 
1.46 vs. 1.68) and Notoryctes typhlops (1.57 vs. 1.40).

Table 5. Incidence of element of Paaw in CM marsupial specimens.

Order Species Number of 
specimens 
examined

Number (%) 
with two 

elements of 
Paauw

Number (%) 
with one 

element of 
Paauw

Number (%) 
with no ele-

ment of Paaw

Examples with ele-
ment of Paaw

Didelphimorphia Caluromys derbianus 2 0 (0%) 1 (50%) 1 (50%) CM 51988

Caluromys philander 3 0 (0%) 3 (100%) 0 (0%) CM 4680, 52689, 
52690

Chironectes minimus 2 2 (100%) 0 (0%) 0 (0%) CM 98580, 119053

Didelphis albiventris 15 13 (87%) 0 (0%) 2 (13%) CM 42774, 80013

Didelphis marsupialis 59 43 (73%) 9 (15%) 7 (12%) CM 52707, 52712

Didelphis virginiana 100 36 (36%) 25 (25%) 39 (39%) CM 23802, 33648

Gracilinanus agilis 3 2 (67%) 1 (33%) 0 (0%) CM 1854, 2168, 
80015

Gracilinanus dryas 1 1 (100%) 0 (0%) 0 (0%) CM 70720

Lutreolina crassicaudata 3 2 (67%) 0 (0%) 1 (33%) CM 42775, 42778

Marmosa demerarae 5 5 (100%) 0 (0%) 0 (0%) CM 63503, 63504

Marmosa mexicana 94 91 (97%) 3 (3%) 0 (0%) CM 112874, 112875

Marmosa murina 17 16 (94%) 1 (6%) 0 (0%) CM 68349

Marmosa rapposa 6 6 (100% 0 (0%) 0 (0%) CM 2754, 5049

Marmosa robinsoni 10 9 (90%) 1 (10%) 0 (0%) CM 1015

Marmosops dorothea 1 1 (100%) 0 (0%) 0 (0%) CM 4979

Metachirus nudicaudatus 3 3 (100%) 0 (0%) 0 (0%) CM 12173, 52728, 
78215

Monodelphis arlindoi 7 5 (71%) 2 (29%) 0 (0%) CM 68358, 68359

Monodelphis brevicaudata 2 2 (100%) 0 (0%) 0 (0%) CM 52730, 68360

Monodelphis dimidiata 2 1 (50%) 1 (50%) 0 (0)% CM 86609

Monodelphis domestica 26 26 (100%) 0 (0%) 0 (0%) CM 80017, 80025

Monodelphis glirina 2 2 (100%) 0 (0%) 0 (0%) CM 4681, 5061

Monodelphis osgoodi 1 0 (0%) 1 (100%) 0 (0%) CM 5242

Monodelphis touan 4 4 (100%) 0 (0%) 0 (0%) CM 76731, 76730

Philander opossum 58 56 (95%) 0 (0%) 2 (5%) CM 61833, 76748, 
110578

Thylamys cinderella 18 4 (22%) 14 (78%) 0 (0%) CM 42784, 42787

Thylamys pusillus 3 2 (67% 1 (33%) 0 (0%) CM 42800, 42803

Thylamys venustus 2 0 (0%) 2 (100%) 0 (0%) CM 5227, 5231

Dasyuromorphia Antechinus stuartii 16 16 (100%) 0 (0%) 0 (0%) CM 50824, 50825

Dasyuroides byrnei 2 2 (100%) 0 (0%) 0 (0%) CM 50840, 50841

Dasyurus maculatus 1 1 (100%) 0 (0%) 0 (0%) CM 50842

Peramelemorphia Perameles nasuta 1 1 (100%) 0 (0%) 0 (0%) CM 20977

Diprotodontia Vombatus ursinus 1 1 (100%) 0 (0%) 0 (0%) CM 50801
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 Ekdale (2011) reported considerable variation in the 
fenestra vestibuli in a sample of 65 isolated petrosals of 
Pleistocene elephantimorphs from Friesenhahn Cave in 
Texas. The ratio of fenestra length to width ranged from 
1.4 to 2.1 with a mean of 1.8. It is unclear how many taxa 
are represented in this sample, although 97 percent of the 
teeth from the cave are Mammuthus Brookes, 1828, with 
the remainder Mammut Blumenbach, 1799. For one speci-
men, Ekdale (2011) calculated the ratio based on both the 
fenestra vestibuli and the stapedial footplate and found the 
former to be slightly larger than the latter (1.8 vs. 1.7). 
Discrepancy in the dimensions of the fenestra vestibuli 
and stapedial footplate has been reported in other placen-
tals (e.g., Spalax Güldenstaedt, 1770, Mason et al. 2010; 
Gerbillurus setzeri Schlitter, 1973, Mason 2016; Hetero-
cephalus glaber Rüppell, 1842, Mason et al. 2016). These 
observations contradict Segall’s (1970) insistence that the 
ratios based on these structures correspond.
 A character of the stapedial ratio is frequently used in 
phylogenetic analyses, with states equal to or below 1.8 
or above 1.8, which is said to capture rounded versus el-
liptical (e.g., Bi et al. 2018). The discrepancies between 
ratios based on the stapedial footplate versus the fenestra 
vestibuli in the same specimen reported by Ekdale (2011), 
the discrepancies in the size of the footplate and fenestra in 
some rodents (Mason et al. 2010, 2016; Mason 2016), and 
the	range	of	intraspecific	variation	and	left/right	asymme-
try reported by Horovitz et al. (2008) represent cautionary 
tales regarding the use of this character. Nevertheless, de-
spite	the	range	of	intraspecific	variation	in	the	didelphids	
studied by Horovitz et al. (2008), only one, Philander 
opossum, would be scored as polymorphic for this char-
acter and that based on a single specimen above 1.8 (at 
1.88).	A	more	fundamental	concern	is	the	significance	of	
the cut-off of 1.8. When a larger comparative dataset is 
available, this character should be reviewed for alternative 
partitioning of states.

SUMMARY

(1) The osseous structures of the middle ear of the didel-
phimorphian Philander opossum are described in detail 
based on CT scans of CM 110578. Certain osteological 
features are sampled in an additional 57 Philander opos-
sum specimens in the CM collection. Fifty-six of 58 speci-
mens	have	a	substantial	ossified	element	of	Paaw,	and	in	
three-quarters of these, the element contacts the petrosal 
behind the fenestra vestibuli. We suggest that the absence 
of the element in two specimens and the absence of petro-
sal contact for the element in one quarter of the sample re-
sult from the preparation process and are not true variation. 
We further suggest that because of its contact with the pe-
trosal, the element of Paaw functions as a sesamoid bone, 
increasing the lever arm of the stapedius muscle.
 (2) We sampled 386 specimens from 26 additional didel-
phimorphian species in the CM collection and encountered 

results for the element of Paaw like those for Philander 
opossum. Ten species have 100% bilateral occurrence of an 
ossified	element,	whereas	the	remainder	have	a	mix	of	bi-
lateral and unilateral occurrence and absence. There is also 
a mix of specimens with and without petrosal contact for 
the element. As hypothesized for Philander opossum, we 
suggest that these differences result from the preparation 
process and are not true variation. We also propose that the 
element of Paaw functions as a sesamoid bone in didel-
phimorphians. A difference across the didelphimorphian 
sample is the shape of the element of Paaw, which ranges 
between a uniform straight rod, a straight rod tapering an-
teriorly, and a bent triangular shape.
 (3) The sample sizes for non-didelphimorphian mar-
supials available in the CM collections, DigiMorph.org, 
and MorphoSource.org are much smaller. Along with our 
observations	 on	 Didelphimorphia,	 we	 report	 an	 ossified	
element of Paaw in some representatives of the remaining 
extant marsupial orders: Paucituberculata, Microbiotheria, 
Dasyuromorphia, Notoryctemorphia, Peramelemorphia, 
and Diprotodontia, supporting the presence of the element 
in the marsupial common ancestor. The element in most 
specimens is a uniform straight rod with petrosal contact, 
suggesting a sesamoid function. However, there are clear 
instances (e.g., Notoryctes typhlops) where the element 
has no petrosal contact, suggesting the sesamoid analogy 
is not ubiquitous in Marsupialia. 
 (4) We compare the petrosals in the didelphimorphians 
Philander opossum, Didelphis marsupialis, and Monodel-
phis domestica. Major differences concern features associ-
ated with the course of certain veins and nerves. Philander 
and Didelphis have a foramen for the prootic sinus formed 
by the petrosal, which has not been reported previously 
for these taxa; the foramen is lacking in Monodelphis. 
Philander and Didelphis also have a well-developed post-
temporal groove, which is essentially absent in Monodel-
phis.	There	is	a	difference	in	the	extent	of	the	floor	of	the	
cavum supracochleare, which impacts the relationship be-
tween the secondary facial foramen and the foramen for 
the prootic canal. These foramina have a common aperture 
in Didelphis, are connected by a ridge in Philander, and 
are fully separated in Monodelphis.
 (5) We calculate the stapedial ratio (length/width of the 
stapedial footplate) for ten marsupials based on CT scans. 
Our results add to a growing literature that raises ques-
tions about the utility of this ratio and a similar ratio of 
the length/width of the fenestra vestibuli in phylogenetic 
analyses.	Concerns	are	intraspecific	variation	and	the	dis-
crepancy between the dimensions of the footplate on the 
one hand and the oval window on the other.
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aPPendiX 1. Marsupial specimens on DigiMorph.org with available coronal slice movies studied here.
(continued on the following page)

Didelphimorphia
Chironectes minimus	(Zimmerman,	1780),	AMNH	129701,	Ms.	Jeri	Rodgers,	2009,	“Chironectes	minimus”	(On-line),	Digital	Morphology.	Accessed	

November 2, 2020 at http://digimorph.org/specimens/Chironectes_minimus/;
Didelphis virginiana	Kerr,	1792,	TMM	M-2517,	Dr.	Ted	Macrini,	2005,	“Didelphis	virginiana”	(On-line),	Digital	Morphology.	Accessed	November	2,	

2020 at http://digimorph.org/specimens/Didelphis_virginiana/;
Monodelphis domestica	(Wagner,	1842),	TTM	M-7595,	Dr.	Ted	Macrini,	2001,	“Monodelphis	domestica”	(On-line),	Digital	Morphology.	Accessed	

November 2, 2020 at http://digimorph.org/specimens/Monodelphis_domestica/day27/;
Monodelphis domestica	(Wagner,	1842),	TMM	M-7536,	Dr.	Ted	Macrini,	2001,	“Monodelphis	domestica”	(On-line),	Digital	Morphology.	Accessed	

November 2, 2020 at http://digimorph.org/specimens/Monodelphis_domestica/day48/;
Monodelphis domestica	(Wagner,	1842),	TMM	M-8266,	Dr.	Ted	Macrini,	2009,	“Monodelphis	domestica”	(On-line),	Digital	Morphology.	Accessed	

November 2, 2020 at http://digimorph.org/specimens/Monodelphis_domestica/day56/;
Monodelphis domestica	(Wagner,	1842),	TMM	M-7539,	Dr.	Ted	Macrini,	2001,	“Monodelphis	domestica”	(On-line),	Digital	Morphology.	Accessed	

November 2, 2020 at http://digimorph.org/specimens/Monodelphis_domestica/day57/;
Monodelphis domestica	(Wagner,	1842),	TMM	M-7542,	Dr.	Ted	Macrini,	2001,	“Monodelphis	domestica”	(On-line),	Digital	Morphology.	Accessed	

November 2, 2020 at http://digimorph.org/specimens/Monodelphis_domestica/day75/;
Monodelphis domestica	(Wagner,	1842),	TMM	M-7545,	Dr.	Ted	Macrini,	2001,	“Monodelphis	domestica”	(On-line),	Digital	Morphology.	Accessed	

November 2, 2020 at http://digimorph.org/specimens/Monodelphis_domestica/day90/;
Monodelphis domestica	(Wagner,	1842),	TMM	M-7599,	Dr.	Ted	Macrini,	2001,	“Monodelphis	domestica”	(On-line),	Digital	Morphology.	Accessed	

November 2, 2020 at http://digimorph.org/specimens/Monodelphis_domestica/adult/;

Paucituberculata
Caenolestes fuliginosus (Tomes,	 1863),	 KU	 124015,	 Dr.	 Ted	Macrini,	 2007,	 “Caenolestes	 fuliginosus”	 (On-line),	 Digital	Morphology.	Accessed	 

November 2, 2020 at http://digimorph.org/specimens/Caenolestes_fuliginosus/;

Microbiotheria
Dromiciops gliroides	 Thomas,	 1894,	 FMNH	 127463,	 Dr.	 Ashley	 Gosselin-Ildari,	 2006,	 “Dromiciops	 gliroides”	 (On-line),	 Digital	 Morphology. 

Accessed November 2, 2020 at http://digimorph.org/specimens/Dromiciops_gliroides/ 

Dasyuromorphia
Dasyurus hallucatus	Gould,	1842,	TMM	M-6921,	Dr.	Ted	Macrini,	2005,	“Dasyurus	hallucatus”	(On-line),	Digital	Morphology.	Accessed	November	

2, 2020 at http://digimorph.org/specimens/Dasyurus_hallucatus/;
Myrmecobius fasciatus	Waterhouse,	1836,	AMNH	155328,	Dr.	Ashley	Gosselin-Ildari,	2007,	“Myrmecobius	fasciatus”	(On-line),	Digital	Morphology.	

Accessed November 2, 2020 at http://digimorph.org/specimens/Myrmecobius_fasciatus/;
Sarcophilus laniarius (Owen,	1838),	USNM	307639,	DigiMorph	Staff,	2004,	“Sarcophilus	laniarius”	(On-line),	Digital	Morphology.	Accessed	Novem-

ber 2, 2020 at http://digimorph.org/specimens/Sarcophilus_laniarius/;
Sminthopsis crassicaudata (Gould,	 1844),	 AMNH	 126686,	 Dr.	 Ted	 Macrini,	 2009,	 “Sminthopsis	 crassicaudata”	 (On-line),	 Digital	 Morphology. 

Accessed November 2, 2020 at http://digimorph.org/specimens/Sminthopsis_crassicaudata/;

Peramelemorphia
Echymipera kalubu (Fischer, 1829), AMNH 190970, Dr.	Ted	Macrini,	2008,	“Echymipera	kalubu”	(On-line),	Digital	Morphology.	Accessed	November	

2, 2020 at http://digimorph.org/specimens/Echymipera_kalubu/;
Isoodon macrourus (Gould, 1842), TMM M-6922, Dr. Ted Macrini, 2005, “Isoodon	macrourus” (On-line),	Digital	Morphology.	Accessed	November	2,	

2020 at http://digimorph.org/specimens/Isoodon_macrourus/;
Macrotis lagotis	(Reid,	1837),	AMNH	74486,	Dr.	Ashley	Gosselin-Ildari,	2007,	“Macrotis	lagotis”	(On-line),	Digital	Morphology.	Accessed	November	

2, 2020 at http://digimorph.org/specimens/Macrotis_lagotis/;

Notoryctemorphia
Notoryctes typhlops	(Stirling,	1889),	AMNH	202107,	Ms.	Jeri	Rodgers,	2008,	“Notoryctes	typhlops”	(On-line),	Digital	Morphology.	Accessed	Novem-

ber 2, 2020 at http://digimorph.org/specimens/Notoryctes_typhlops/;

Diprotodontia
Acrobates pygmaeus	(Shaw,	1794),	AMNH	155057,	DigiMorph	Staff,	2016,	“Acrobates	pygmaeus”	(On-line),	Digital	Morphology.	Accessed	April	6,	

2021 at http://digimorph.org/specimens/Acrobates_pygmaeus/;
Cercartetus caudatus (Milne-Edwards,	1877),	AMNH	155090,	Dr.	Ted	Macrini,	2008,	“Cercartetus	caudatus”	(On-line),	Digital	Morphology.	Accessed	

November 2, 2020 at http://digimorph.org/specimens/Cercartetus_caudatus/;
Dactylopsila trivirgata Gray,	1858,	AMNH	104040,	Ms.	Jeri	Rodgers,	2009,	“Dactylopsila	trivirgata”	(On-line),	Digital	Morphology.	Accessed	Novem-

ber 2, 2020 at http://digimorph.org/specimens/Dactylopsila_trivirgata/;
Dendrolagus lumholtzi	Collett,	1884,	AMNH	65254,	Dr.	Ted	Macrini,	2007,	“Dendolagus	lumholtzi”	(On-line),	Digital	Morphology.	Accessed	Novem-

ber 2, 2020 at http://digimorph.org/specimens/Dendrolagus_lumholtzi/;
Hemibelideus lemuroides Collett,	1884,	AMNH	154375,	Ms.	Jeri	Rodgers,	2009,	“Dactylopsila	trivirgata”	(On-line),	Digital	Morphology.	Accessed	

November 2, 2020 at http://digimorph.org/specimens/Hemibelideus_lemuroides/;
Lasiorhinus	sp.,	NMV	C33128,	Dr.	Alana	Sharp,	2016,	“Lasiorhinus	sp.”	(On-line),	Digital	Morphology.	Accessed	November	2,	2020	at	http://digi-

morph.org/specimens/Lasiorhinus_sp/;
Macropus rufus	(Desmarest,	1822),	NVM	C23045,	Dr.	Alana	Sharp,	2015,	“Macropus	rufus”	(On-line),	Digital	Morphology.	Accessed	November	2,	

2020 at http://digimorph.org/specimens/Macropus_rufus/skull/;
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Petauroides volans Thomas,	1888,	AMNH	15005,	Ms.	Jeri	Rodgers,	2009,	“Petauroides	volans”	(On-line),	Digital	Morphology.	Accessed	November	2,	
2020 at http://digimorph.org/specimens/Petauroides_volans/;

Petropseudes dahli	(Collett,	1895),	AMNH	183391,	Ms.	Jeri	Rodgers,	2009,	“Petropseudes	dahli”	(On-line),	Digital	Morphology.	Accessed	November	
2, 2020 at http://digimorph.org/specimens/Petropseudes_dahli/;

Phalanger orientalis Pallas,	1766,	AMNH	157211,	Dr.	Ted	Macrini,	2010,	“Phalanger	orientalis”	(On-line),	Digital	Morphology.	Accessed	November	
2, 2020 at http://digimorph.org/specimens/Phalanger_orientalis/;

Phascolarctos cinereus	(Goldfuss,	1817),	TMM	M-2946,	DigiMorph	Staff,	2004,	“Phascolarctos	cinereus”	(On-line),	Digital	Morphology.	Accessed	
November 2, 2020 at http://digimorph.org/specimens/Phascolarctos_cinereus/;

Potorous tridactylus Desmarest,	1804,	AMNH	65337,	Dr.	Ted	Macrini,	2009,	“Potorous	tridactylus”	(On-line),	Digital	Morphology.	Accessed	Novem-
ber 2, 2020 at http://digimorph.org/specimens/Potorous_tridactylus/;

Pseudocheirus occidentalis (Thomas,	1888),	TMM	M-847,	Dr.	Ted	Macrini,	2007,	“Pseudocheirus	occidentalis”	(On-line),	Digital	Morphology.	Ac-
cessed November 2, 2020 at http://digimorph.org/specimens/Pseudocheirus_occidentalis/;

Pseudochirops cupreus (Thomas,	1897),	AMNH	151829,	Ms.	Jeri	Rodgers,	2009,	“Pseudochirops	cupreus”	(On-line),	Digital	Morphology.	Accessed	
November 2, 2020 at http://digimorph.org/specimens/Pseudochirops_cupreus/;

Pseudochirulus forbesi (Thomas,	1887),	AMNH	104136,	Ms.	Jeri	Rodgers,	2009,	“Pseudochirulus	forbesi”	(On-line),	Digital	Morphology.	Accessed	
November 2, 2020 at http://digimorph.org/specimens/Pseudochirulus_forbesi/;

Trichosurus vulpecula (Kerr,	1792),	TMM	M-849,	Dr.	Ted	Macrini,	2007,	“Trichosurus	vulpecula”	(On-line),	Digital	Morphology.	Accessed	November	
2, 2020 at http://digimorph.org/specimens/Trichosurus_vulpecula/;

Vombatus ursinus	(Shaw,	1800),	TMM	M-2953,	DigiMorph	Staff,	2004,	“Vombatus	ursinus”	(On-line),	Digital	Morphology.	Accessed	November	2,	
2020 at http://digimorph.org/specimens/Vombatus_ursinus/

Wallabia bicolor	Desmarest,	1804,	TMM	M-4169,	Dr.	Ted	Macrini,	2005,	“Wallabia	bicolor”	(On-line),	Digital	Morphology.	Accessed	November	2,	
2020 at http://digimorph.org/specimens/Wallabia_bicolor/.
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aPPendiX 2. Marsupial specimens downloaded and studied from MorphoSource.org.

Didelphimorphia
Caluromys sp., DU EA 161, head and partial neck, https://www.morphosource.org/concern/biological_specimens/0000S5302?locale=en; 
Caluromysiops irrupta Sanborn, 1951, FMNH 60698, skeleton, https://www.morphosource.org/concern/biological_specimens/000S24214?locale=en; 
Didelphis marsupialis Linnaeus, 1758, DU BAA 0164, skull and postcranial skeleton, https://www.morphosource.org/concern/biological_

specimens/0000S5277?locale=en; 
Didelphis sp., DU EA 202, whole body wet specimen, https://www.morphosource.org/concern/biological_specimens/0000S6489?locale=en; 
Monodelphis domestica (Wagner, 1842), AMNH 261241, cranium, https://www.morphosource.org/concern/biological_specimens/0000S5433?locale=en; 

Paucituberculata
Rhyncholestes raphanurus Osgood, 1924, FMNH 127476, whole body wet specimen, https://www.morphosource.org/concern/biological_

specimens/000S24219?locale=en; 

Microbiotheria
Dromiciops gliroides Thomas, 1894 (=Dromciops australis), UMMZ 156354, skeleton, https://www.morphosource.org/concern/biological_

specimens/000S19901?locale=en; 

Peramelemorphia
Isoodon obesulus (Shaw, 1797) (=Perameles obesula), UMZC A7. 4/5, skeleton, https://www.morphosource.org/concern/biological_specimens/000S2

4233?locale=en;  

Notoryctemorphia
Notoryctes typhlops (Stirling, 1889), UMZC A5. 1/1, skeleton, https://www.morphosource.org/concern/biological_specimens/000S19907?locale=en. 






