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The middle ear of mammals is a major functional innovation, distinctive in that it is
detached from the mandible and has a tympanic membrane supported by a ring-like
ectotympanic. These novelties of the middle ear have enabled modern mammals to
develop more sensitive hearing than all other tetrapods, especially at higher frequencies.
Fossils from recent decades have clarified the evolution of the detached middle ear from
the jaw bones of Paleozoic therapsids and Mesozoic cynodonts, and the evolution of the
tympanum. These discoveries make it possible to answer important questions about the
functional significance of these features. Here, we evaluate the relative hearing efficacy
of a well-known cynodont precursor to mammals, 7hrinaxodon liorhinus. Using finite
element analysis (FEA), we calculated the harmonic response of the 7hrinaxodon ear to
bone-conducted and airborne sound and estimated the sound pressure level (SPL) at the
stapedial footplate across a broad range of frequencies. We provide evidence that airborne
sound received at the tympanum was the most effective mode of sound reception in
Thrinaxodon. In contrast, bone conducted sound through the mandibular bones barely
met our estimated hearing threshold. Our findings suggest that, like modern mammals,
cynodonts were already reliant on a soft tissue tympanum to receive airborne sound,
albeit with limited sensitivity to high frequencies. This is a detailed biomechanical evalu-
ation of tympanum function in the cynodont predecessors of mammals and yields insight
into the sequence of functional innovations during the evolution of mammal hearing.

tympanic membrane | finite element modeling | hearing evolution | therapsids | mammals

The highly derived middle and inner ears of mammals enable their enhanced hearing
capabilities relative to other tetrapods, particularly through increased sensitivity to a
broader and higher frequency range (1-3). This hallmark adaptation enabled early mam-
mals to occupy nocturnal niches in the Mesozoic (4, 5), and to radiate into a wide range
of auditory niches in the Cenozoic, including high frequency echolocation in bats and
toothed whales, seismic hearing in blind mole rats and golden moles, and long-distance
infrasonic hearing in elephants and baleen whales (6, 7). This extraordinary diversity of
hearing function is a manifest feature of the adaptive radiation of mammals (6, 7).

The evolution of the mammalian middle ear is the most thoroughly documented mor-
phological transformation in mammalian evolutionary history and exemplifies a profound
case of exaptation (3, 8—11). An abundant fossil record shows that the malleus, incus, and
ectotympanic ear bones of living mammals were derived from the postdentary bones of
Paleozoic therapsids and Mesozoic cynodonts through their detachment from the man-
dible, change in shape, and reduction in size (Fig. 1) (3, 8-13) (8] Appendix, Text S1).
The ectotympanic ultimately provided attachment for a soft tissue ear drum, or tympanum,
initially on the surface of the head, then subsequently at the deep end of an external meatal
tube. The tympanum and its associated ossicles evolved from the precursor mandibular
middle ear of therapsids, which had dual functions as part of the jaw joint during chewing
and the auditory apparatus during hearing (8) (Fig. 1).

Allin (8) hypothesized a postdentary origin of the mammalian tympanum, meaning
that the modern mammal middle ear tympanum evolved exclusively from a precursor
membrane housed in the lateral cleft of the angular bone (ectotympanic) in fossil cyno-
donts and therocephalian therapsids, without any structural relationship to the postquad-
rate tympanum in sauropsids. This scenario has been corroborated and further expanded
by genetic studies of middle ear morphogenesis in amniotes (14, 15), as well as by new
fossil evidence on the postdentary-attached middle ear in cynodonts that are phylogenet-
ically close to mammaliaforms (16-19) and in early-divergent mammaliaform clades, such
as Sinoconodon, Morganucodon and its relatives, and docodonts (20-27). Among the stem
therian clades of the crown Mammalia, the Meckelian-attached middle ear is also found
in eutriconodonts and spalacotherioids (26-31). Evaluating the morphological
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Fig. 1. Evolution of the mandibular middle ear and auditory function. (A) In therapsids, the mandibular middle ear included middle ear bones attached to the
mandible and a plate-like bony ectotympanic, which is hypothesized to have functioned as a sound receiver. The narrow cleft may have been bridged with a
tympanum but hearing likely relied primarily on bone conduction. (B) Thrinaxodon, the focus of this study, is a cynodont with a mandibular middle ear and a large
soft-tissue tympanum for hearing. We hypothesized that the mandibular middle ear of Thrinaxodon functioned primarily through airborne sound conduction.
(C) In the extant mammal Didelphis, the middle ear is detached from the mandible, and the soft-tissue tympanum serves as the primary receiver for airborne
sound. (D) Over synapsid-mammal evolution, auditory function transitioned from reliance on bone-conducted sound in atympanic synapsids to airborne sound
detection via a soft-tissue tympanum in modern mammals. Detailed phylogeny in Fig. 5.

transformations of the middle ear in fossil species within a phy-
logenetic framework has enriched our understanding of the oste-
ological evolution of the mammal ear (3, 24, 26, 29-32) and
prompted questions about the significance of these changes for
hearing function.

Functional interpretations of the mandibular middle ear of
cynodonts, including 7hrinaxodon, are of particular interest
because the middle ear bones were presumably used for both feed-
ing and hearing (Fig. 1) (8, 21, 33-38). The articular (the homolog
of the malleus in extant mammals) and the quadrate (the homolog
of the incus) still functioned as a load-bearing jaw joint in
Thrinaxodon, and for that reason were quite large (39). The angular
(the homolog of the ectotympanic) and the articular provided
attachment for a tympanic membrane which would transmit air-
borne sound to the articular, through the jaw joint, the quadrate,
and to the inner ear via the stapes. Further, it has been hypothe-
sized that the postdentary bones could transmit sound from the
rest of the mandible (8) via bone conduction from both the air
and the substrate. Many extant tetrapods use bone conduction
for hearing. It is likely that some nonmammalian therapsids heard
using bone conduction through the cranium and/or the mandib-
ular postdentary bones, including the plate-like reflected lamina
of the ectotympanic (Fig. 14 and SI Appendix, Text S2) (11, 21,
40, 41). What is unclear is how these two alternate routes of sound
transmission—airborne and bone conduction—individually and
in combination, impacted hearing sensitivity and frequency range
in cynodonts, such as 7hrinaxodon. How did these premammalian
cynodonts hear?

A mandibular middle ear with a functional tympanum has long
been hypothesized for stem mammals (8, 11, 20, 21, 31, 38,
40-45). However, there is a dearth of direct biomechanical tests
of tympanum function in stem mammals. Function of the tym-
panum with the mandibular middle ear of stem mammalian fossils
was interpreted by lever mechanical analyses, including calculation
of the middle ear transformer ratio of Morganucodon (21, 42) and
Chiniquodon (43), estimates of the resonance frequency of the
ectotympanic in dicynodonts (44), and allometrical analysis of

https://doi.org/10.1073/pnas.2516082122

the ectotympanic in therocephalians (45). Previous studies have
found that there is a scaling relationship among the middle ear
structures involved in sound transmission (41, 42). However, these
studies are not fully integrated functional analyses of the mandib-
ular ear system, as they focused only on isolated components of
the ear—jaw system and did not account for the stiffness of the
ear—jaw interface. To address this deficiency, we present here a
finite element model (FEM) of auditory function in the cynodont,
Thrinaxodon (Fig. 2 and Movie S1). FE analysis (FEA) has proven
to be a powerful tool for the study of middle ear function in extant
mammals (46-51). Here, we use it to compare the relative hearing
efficacy of airborne and bone conduction routes in the early cyno-
dont 7hrinaxodon liorhinus (Figs. 3 and 4 and SI Appendix,
Figs. S$1-S6). We hypothesized that the direct reception of air-
borne sound via the tympanic membrane is more effective than
sound received via bone conduction through the reflected lamina
of the ectotympanic and the mandible (Fig. 1 and Movie S1).

We also used phylogenetic comparative methods to quantify
the evolutionary changes in key features of hearing function across
the therapsid-mammal lineage, including tympanic membrane
area, the primary transformer ratio, and sound pressure gain
(Fig. 5 and ST Appendix, Fig. S1). This analysis highlights two key
anatomical transformations that are most important for
therapsid-mammal middle ear hearing evolution and sheds light
on the early functional evolution of the mammal middle ear, a
defining trait of mammals.

Materials and Methods

Fossil Specimens and CT Scans. The foundation of this study is our anatomical
model of the mandible and middle ear of the cynodont T. liorhinus (Fig. 2 and Movie
$2) from which we obtained measurements of traits involved in hearing function
and built a FE model to estimate hearing sensitivity across the hearing range of
Thrinaxodon. The 3D anatomical model of Thrinaxodon was derived from micro-
computed tomography (4CT) scans of two specimens: UCMP V40466 (University of
California Berkeley Museum of Paleontology) and BP/1/7199 (Evolutionary Studies
Institute, Johanneshurg, South Africa). Specimen UCMP V40466 was uCT scanned
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Fig. 2. Structure of the mandibular middle ear of the cynodont Thrinaxodon and finite element analysis (FEA) of its hearing biomechanics. (A) Mandible and
mandibular middle ear (Right, oblique medial view; details in Movie S2). (B) Mandibular middle ear (Left, lateral view). (C-E) Finite element modeling of the harmonic
response of the mandibular middle ear. (C) FEA solid model. (D) Simulation of sound pressure level (SPL) on the anatomical model. (E) FEM harmonic response
in pressure and frequency sensitivity of the mandibular ear, simulated at 1,000 Hz with an input pressure of 58.089 dB. See Movie S1 (URL) for the vibroacoustic

response of the mandibular middle ear at 1,000 Hz.

at a voxel size of 39.209 um at the PaleoCT Laboratory at the University of Chicago.
Thisfossil is largely complete, butthe reflected lamina of the ectotympanicis slightly
damaged. We reconstructed the reflected lamina using specimen BP/1/7199 from
a synchrotron scan by Fernandez et al. (52), accessed through the repository of
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European Synchrotron Radiation Facility (ERSF) (retrieved in 2023). A specimen
of Didelphis virginiana (UCRC RV183) from the UChicago Research Collection was
uCT scanned at a voxel size of 10.736 um and modeled to evaluate the utility and
the limits of our modeling methods with an extant mammal.
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Fig. 3. Calibration of audiometric parameters for the hearing range of Thrinaxodon. (A) Comparative estimates of the best (lowest) sound pressure threshold by

Phylogenetic Comparative Methods: Phylo-pic—Phylogenetic Independent Contra

st analysis; Phylo-REML—Phylogenetic Restrictive Maximum Likelihood Analysis;

Phylo-ML—Phylogenetic Maximum Likelihood Analysis. Box-Whisker plot of hearing ranges of in vivo observation (best thresholds dB) of tetrapods with known
audiograms (S/ Appendix, Table S1). (B) Frequency sensitivity estimates of Thrinaxodon ear: Orange line—auditory frequency curve from FEA harmonic response
model: Thrinaxodon hearing range is from 10 to 2,650 Hz at 38 dB, and its best frequency is 1,000 Hz at minimal 28 dB SPL. The gray area is a more conservative
auditory estimate that is above auditory curve estimated by FEM harmonic frequencies, but also constrained further by low frequency limit of 38 Hz, and high

frequency limit of 1,243 Hz estimated from the tympanum and stapedial areas,
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according to scaling regression of these traits to hearing frequencies (41).
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Fig. 4. Hearing sensitivity of the mandibular middle ear of Thrinaxodon. (A) Frequency response of constituent parts of the middle ear to simulated sound pressure:
on dentary (A1), on ectotympanic reflected lamina (A2), on tympanum alone (A3), on both tympanum and ectotympanic (A4); and on the entire mandibular
ear bones and tympanum (A5). (B) Harmonic response of mandibular middle ear, both as an integrated system, and by its individual components (including
tympanum), as calibrated by the stapes footplate pressure (Y-axis in Pa) over hearing range (X-axis, in Hz). (C) Auditory area of Thrinaxodon mandibular ear and
its components, estimated by FEM harmonic response (same as Fig. 3B). The gray area indicates that the estimate of the response of the entire mandibular

ear is slightly better than by tympanum alone.

Anatomical Model Construction. The Thrinaxodon model was constructed
by digitally segmenting the mandible and middle ear bones from uCT scans
in Avizo v9, including the dentary, splenial, coronoid, angular, prearticular,
surangular, articular, quadrate, quadratojugal, stapes, and fenestra vestibuli.
Each segmentation was subsequently converted into a 3D surface mesh and
imported into Geomagic v17 to smooth and repair holes in their triangulated
surfaces. Retrodeformation was not necessary for the well-preserved specimen
UCMP V40466, which exhibits no deformation (Movie 52). However, the malleus
was missing the retroarticular process in specimen UCMP V40466.To repair this
defect, the retroarticular process of specimen BP/1/7199 was grafted onto the
articular of specimen UCMP V40466. Further, the ectotympanic has an uneven
(likelyincomplete) ventral edge of its reflected lamina, in both specimens UCMP
V40466 and BP1/7/7199.This uneven edge of the reflected lamina was minimally
restored in our 3D model (Movie S2: 00:21-00:24). We preferred the minimal
reconstruction from the available fossil data. The same general process was used
to build the FE model of mandible, middle ear, and fenestra vestibuli from the
Didelphis virginiana (UCRC RV183) uCT scan.

The models were then imported into Strand7 for finite element modeling
and meshed with four-noded tetrahedral elements. The tympanic membrane
was reconstructed in Strand7 by inserting plate elements spanning the ecto-
tympanic cleft ("angular fossa") (11). These plates were exported from Strand7,
and back into Geomagic v17 for mesh cleaning, and then imported back into
Strand7 for finite element modeling. Material properties of solid bones and the
tympanic membrane (S/ Appendix, Table S3) were derived from Koike et al. (53)
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and Lautenschlager et al. (54), respectively. Based on our survey of the material
and structural properties of the tympana in extant mammals and other tetra-
pods (S Appendix, Table S4), we conducted sensitivity analyses to account for the
stiffness, thickness, and density of the tympanum in a range of these variables
(S Appendix, Text S4 and Fig. S6). Soft tissue connections of sutural ligaments and
cartilaginous contacts between bones were modeled as beam elements. Sutures
were built between all bones except the quadrato-articular (jaw) joint, which was
modeled as cartilage. An annular ligament was constructed with beam elements
to unite the stapes footplate with the fenestra vestibuli.

FEA Loading Conditions. The FE model of the mandibular ear of Thrinaxodon
was used to perform an analysis of auditory response, including stapedial foot-
plate pressure, across a hearing frequency range (bandwidth) (Figs. 3 and 4).
Strand7 was used to assign boundary conditions and solve the FE analyses. Modal
and harmonic response analyses were performed with the Natural Frequency
Solver and Harmonic Response Solver, respectively. For all simulation models, a
single node on both the medial and ventral surfaces of the mandibular symphysis
was constrained against all rotations and translations to hold the model in place.
To hold the dentary rigid, a constraint against all translations and rotations was
placed on the canine as well as the 2nd, 4th, and 6th postcanines. These con-
straints were necessary to ensure mass participation in harmonic response was in
the postdentary ear bones. These constraints mean that our FEM simulated hear-
ing of the animal with its jaws closed, with the lower and upper teeth in contact.
Anode on the coronoid was constrained against medial translation to mimic the
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Fig. 5. Evolution of auditory capacity in synapsids-mammals by phylogenetic comparative methods for ancestral state reconstruction. (A) Evolution of hypothetical
tympanum size across synapsids. (B) Evolution of the tympanic transformer ratio across synapsids. (C) Evolution of estimated sound pressure gain in the middle
ear across synapsids. (D) Hypothesized stepwise evolution of auditory function in synapsids. The tympanic membrane first appeared in Therapsida (Node 1),
a fully functioning soft-tissue tympanum reliant on airborne hearing and an effective transformer ratio evolved in Cynodontia (Node 2). The first appearance
of an elaborated ossicular lever system in Mammaliaformes (Node 3). This further increased the ability of the middle ear to amplify sound at a wider hearing

range occurred with the detached middle ear of crown Mammalia (Node 4).

pterygoid buttress. The postdentary ear bones were constrained according to the
anatomical interpretation of Luo and Crompton (55). Asingle constraint against all
translations and rotations was placed on the dorsal surface of the quadratojugal to
maintain its rigid contact with the basicranium (not modeled here). Asingle con-
straintallowing only for ventral translation was placed on the dorsal surface of the
quadrate, because the cranium would prevent dorsal translation (55). Constraints
against all rotations and translations were placed on all sides of the fenestra

PNAS 2025 Vol.122 No.51 2516082122

vestibuli to immobilize the fenestra. The nodes on the caudal edge of tympanic
membrane, where the tympanum spans the articular and the reflected lamina
of the angular, were given the stiffness of skin (S/ Appendix, Table S2) to mimic
the thick skin which likely would have spanned the gap, as seen in opossums
(15), monotremes (56, 57), and lizards (58). Other soft tissue structures, such as
muscles, major ligamentous structures, and hyoid-jaw connections, were likely
present (8, 15, 32) and could affect auditory sensitivity. However, anatomical
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reconstruction of these soft- and hard-tissue structures is beyond the scope of our
study. To model the effects of jaw adductor musculature activity on hearing capac-
ity, we created three different model treatments where 1) a constraint against all
translations and rotations was placed on the coronoid process, simulating active
jaw adductor muscles); 2) nodes on the coronoid process were given the stiffness
of flaccid muscle, simulating inactive but anatomically present jaw muscles; and
3)no constraints or stiffness were applied to the coronoid, simulating a hypothet-
ical absence of jaw muscles (S/ Appendix, Text S3 and Fig. S5).

A harmonic response analysis can be performed by two primary methods: the
full harmonic method and the mode superposition method. The latter method com-
putes the structural response by summing scaled mode shapes obtained from a
preceding modal analysis. We adopted the mode superposition method because
of its lower computational cost and significantly faster solution times than the full
harmonic method. After application of boundary conditions, the Natural Frequency
Solver, which is an analytic module in Strand7, was used to find 300 eigenmodes
from 0t0 20,000 Hz. The results of the Natural Frequency Solver (i.e., calculation of
mode shapes and their corresponding frequencies) are the input data for our har-
monic response analysis. The Harmonic Response Solver was used to measure the
response of the mandibular ear model to a harmonic load of 0.016 Pa [equivalent
t0 58.089 dB sound pressure level (SPL)] from 10 to 4,000 Hz, which is a hypothet-
ical hearing range at which the stapedial footplate pressure decreases to 0 Pa.The
input sound pressure is 30 dB above a best threshold at 28.089 dB as estimated
by Phylogenetic Comparative Methods from a comparative dataset of best hearing
thresholds of amphibians, reptiles,and mammals (Fig. 3 and S/ Appendix, Table S1).
To compare the frequency response of these different routes, or their combination(s),
and to test their relative efficacy for hearing, we ran harmonic response analyses
separately (Fig.4): 1) on the soft-tissue tympanum (an evolutionarily derived struc-
ture)(Fig. 4,43), 2) on the ectotympanicalone, in light of the hypothetical function
of its reflected lamina in therapsids and cynodonts (Fig. 4, A4) (8,44, 45), 3) on the
dentary alone in light of its hypothetical function in contact hearing (Fig. 4, A1);
4) on the ectotympanic and tympanum together; and 5) on the whole mandible,
including the tympanum (Fig. 4, 45) (21, 42).

FEA Result Assessment. Our methods are aimed at determining the sensitivity (in
SPL) overthe hearing range (in frequencies) of the auditory capability of Thrinaxodon
from FEA Harmonic Response Analysis of the whole mandibular system. Our FEA
model of mandibular ear system is also cross-verified against independent func-
tional estimates from individual ear structuresof Thrinaxodon (Fig. 3B).
Independent estimates of auditory function. Three auditory parameters are
fundamental for assessment of hearing performance of tetrapods in general,
and for Thrinaxodon (and Didelphis): the lower frequency limit, higher frequency
limit, and the best frequency that corresponds to the lowest SPL, also known as
the best sensitivity threshold. Of these, the lower frequency limit and higher fre-
quency limit can be independently estimated by a correlation of these parameters
with tympanum size (area) and stapedial footplate size (area), on the basis of
the power functions that relate the tympanum area and stapedial footplate area
to these auditory parameters (21, 42) (51 Appendix, Table S1). See SI Appendix,
Text S5 for discussion of the use of cochlea morphometrics to estimate auditory
parameters (59).

Tympanum size. The area of the tympanum (soft-tissue tympanic membrane) was
measured on the composite model of specimens UCMP V40466 and BP/1/7199
(Fig. 2 and S/ Appendix, Table S1 and Movie S2), following the interpretation by
Allin (8). Tympanum areas of other synapsids and mammals were taken from the
literature (S/ Appendix, Table S3). Scaling regression of tympanum size with man-
dible length and evolutionary changes of tympanum area in synapsid evolution
are presented in Fig. 5 and S/ Appendix, Figs. S7 and S8.

Stapedial footplate. The footplate of the stapes fits to the fenestra vestibuli
and forms the junction of the middle and inner ears. The stapedial footplate of
Thrinaxodon was measured in specimen UCMP V40466. Estimates of the stape-
dial footplate in comparative taxa of synapsids were taken from the literature
(51 Appendix, Table S3).

Transformer ratio (TR) of tympanum and stapes footplate. Sound transfer from
the tympanum through the malleus-incus-stapes to the inner ear was estimated
by using the ratio of tympanum and stapedial footplate areas (21, 42, 60). This
transformer ratio is an anatomical proxy of the pressure gain between the tym-
panum and the fenestra vestibuli, and of the impedance match of the air and the
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inner ear fluid. This metric was used for estimating the hearing frequency ranges
and sensitivities (Fig. 2 and S/ Appendix, Fig. S9).

2
TR = EATympanuml [1]

A Footplate

where ATympanu? is the tympanum area (mm?), Atootpiate IS the area of stapedial
footplate (mm®), and 2/3 is the ratio of the effective area for hearing function to
the total area of tympanum (21, 42, 43).
Best sensitivity threshold. This threshold is defined by the lowest audible dB
SPL. Forauditory function of extant tetrapods, the best threshold is established by
invivo observation, but this threshold cannot be estimated from the bony anatomy
of fossils. Here, we performed an ancestral state reconstruction by Phylogenetic
Comparative Methods to estimate the best threshold for Thrinaxodon, using a
comparative dataset of best hearing thresholds of amphibians, reptiles, and
mammals (Fig. 3A and S/ Appendix, Table S1). This estimate was performed
using the R package ape (61) (https://CRAN.R-project.org/package=ape) with a
synapsid-mammal phylogeny from Hellert etal.(13). We performed phylogenetic
independent contrasts (pic), maximum likelihood (ML), and restricted maximum
likelihood (REML) ancestral state reconstructions of the best threshold (Fig. 34 and
Sl Appendix, Fig. S1). Our estimate for the best threshold is 28.089 dB (Table 1).
To facilitate our FEAfunctional analysis of stapedial footplate pressure in Pascals
(Pa) (Fig. 4B), this decibel threshold was then converted to Pa using Eq. 2 (62):

L
p=2et.10(%), 2]
where pis the pressure in Pa (as measured by FEA) and L, is the pressure (in dB).

FEA Estimates of Hearing Ranges and Pressure Gain. The next stepin eval-
uating the efficacy of hearing function was to calibrate the minimal stapedial
footplate pressure cutoff, above which Thrinaxodon would hear. This cutoff was
defined by first calculating the frequency-dependent sound pressure gain of
the system with Eq. 2:

’Doutput

Gain = —, [3]

input
where P, is the input sound pressure applied to a given component of the
mandibular ear (in ourloading conditions 0.016 Pa/58.089 dB), and Py, is the
outputsound pressure at the stapedial footplate (Figs. 38and 4C) to be computed
by FEA. We then used the pressure gain and our estimated best threshold to
calculate a minimal stapedial footplate pressure cutoff for hearing, using Eq. 4:

P StapesMin = Gammax . PBestThreshold' [4]

where Pe, e is the minimal stapedial footplate pressure required to distort
the cochlear duct to perceive sound, Gain,,,, is the calculated gain at the best fre-
quency (the frequency corresponding to best (lowest) sound pressure threshold),
and Pgogmreshord 1S the best (lowest) SPL. This Eq. (4) allowed us to compare our
FEA results against independent estimates from other structures in the auditory
system.

We measured stapes footplate pressure starting at 10 Hz until the results no
longer met the stapedial footplate pressure cutoff (0.0052 Pa). Routes of sound
conduction were considered “to be viable" if the stapes footplate pressure met or
exceeded the cutoff pressure in the estimated Thrinaxodon hearing range (38.05
to 1,243 Hz) (Fig. 3B). We loaded our Didelphis model with sound pressures
from an audiogram by an in vivo experimental study of Didelphis across its full
hearing range (63). We then collected stapes footplate pressure under these
conditions. To validate our assumptions, we checked that stapes footplate pressure
was greater than or equal to an estimated minimal stapedial footplate pressure
cutoff derived from best threshold (Eq. 4), analogous to our Thrinaxodon FEM
simulation. Didelphis results are presented in S/ Appendix, Fig. S3.

We summarize the hearing range of Thrinaxodon in a conceptual audiogram
(Fig. 4C) using the calculated gain from the FEA with Eq. 5:

PStapesMin
Gain; '

(5]

Input =
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Table 1. Auditory parameter estimates from FEA harmonic response analyses, from phylogenetic comparative
methods on best (lowest) hearing threshold, and from the tympanum and stapedial footplates.

Lowest Best Highest
Estimators of parameter frequency frequency  frequency Method reference
FE harmonic response at 38 dB and 38 Hz 890 Hz 1,243 Hz  Current Study and Rosowski and Graybeal (42)
Tympanum area (mmz)
FE harmonic response 38 dB and 38 Hz 741 Hz 1,243 Hz  Current Study and Rosowski and Graybeal (42)
Stapes footplate area (mm?)
FE harmonic response at 38 dB 10 Hz 1,000 Hz 2,325Hz  Current study (tympanum estimate)
FE harmonic response at 38 dB 10 Hz 1,000 Hz 2,650 Hz Current study (mandibular ear estimate)
Best (Lowest)
Threshold
Phylogenetic comparative methods 28.09dB Current study & Data in S/ Appendix, Table S1
Minimal
stapedial
pressure
FE harmonic response 0.0052 Pa Eq. (3)
where Py, is the input SPL (vertical axis of an audiogram) and Gainy is the pres- Results

sure gain at a given frequency. For testing sound conduction routes, a route is
considered to be functional across the estimated hearing range if the stapedial
footplate pressure is greater than or equal to the stapedial footplate pressure
cutoff. For the test case of Didelphis, our FEA simulation computed the stapedial
footplate pressure reasonably accurately from 10 t0 2,650 Hz at stapedial pressure
of 0.0052 Pa (S/ Appendix, Fig. S3 and Text S5). However, at higher frequencies
(22,650 Hz), our FEA simulation deviated from the in vivo data (49) (S| Appendix,
Fig. S3).This is likely because the static pressure at the stapes did not account for
dynamic material properties of the cochlear duct, which is known to deform at
higher frequencies under less pressure (49). Our model could be less sensitive
to higher frequencies, for this reason (49), among other modeling factors (2).
Despite these limitations, calculating the footplate pressure from FEA can help
to rank the effectiveness of individual routes of hearing (Fig. 4).

Mapping of Hearing Function Across Synapsid Evolution. To evaluate phy-
logenetic evolution of the hearing function estimated by our FE analyses, we per-
formed ancestral state reconstructions of biomechanically significant anatomical
characters for hearing in synapsids (S/ Appendix, Table S3), specifically the relative
tympanum area, primary tympanic transformer ratio, and estimated maximum
tympanic pressure gain.

We estimated the area of the tympanum and the area of the stapes foot-
plate of synapsids from published graphics and images from the literature
(S Appendix, Table S3). The location of the tympanic membrane was recon-
structed in the angular cleft following Allin (8). The angular cleft is an osteologi-
cal proxy for tympanum size and was used for the analysis of the morphological
transformations of the tympanum. As a size-correcting step, we calculated
residuals from the linear regression of log-transformed tympanic membrane
area on log-transformed jaw length (S Appendix, Fig. S4), which were then
mapped on a synapsid phylogeny. Sound transfer from the tympanum through
the malleus-incus-stapes to the inner ear was also estimated by using the ratio
of tympanum area and stapedial footplate area, also known as the primary
tympanic transformer or area ratio (21, 42). The primary tympanic transformer
ratio was calculated with Eq. 1.

The estimates of maximum tympanic gain are mostly based on the primary
tympanic transformer ratio in synapsids through stem mammaliaforms (Fig. 5,
Node 3).In crown Mammalia, the incus (long process) and malleus (manubrium)
are a fully developed lever system, which made it feasible for us to calculate
maximum gain from both the mechanical advantage of the middle ear levers
and the primary tympanic transformer ratio (Fig. 5, Node 4).

Allometrically corrected tympanum size, primary tympanic transformer
ratio, and estimated tympanic maximum gain were mapped on to a syn-
apsid phylogeny with ancestral state reconstruction in the R package ape,
using the pic, ML, and REML methods. The results with the narrowest 95%
Cl ranges are reported in Fig. 5 and more details are given in Fig. 5 and
Sl Appendix, Fig. S8.
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Analysis of Auditory Parameters. Lower frequency hearing limic,
best frequency, upper hearing frequency limit, and best threshold
were predicted from multiple estimators of the middle ear (Fig. 3
and Table 1 and S7 Appendix, Table S2). The metrics with the best
statistical support were used to determine frequencies and volumes
at which 7hrinaxodon could likely register sound (Fig. 3). These
parameters allowed us to evaluate whether the FEM produces
enough stapedial footplate pressure for Thrinaxodon to register
sound within an audible frequency range that was independently
estimated for 7hrinaxodon.

Ancestral state reconstructions were used to generate a best
threshold estimate for 7hrinaxodon. All three ancestral state recon-
struction methods produced similar results for the amniote node,
which are close to the average tetrapod best threshold (Fig. 34).
Thus, we set best threshold at 28.089 dB.

Allometrical power functions of two traits (tympanum area and
stapedial plate area) were used as additional, independent estimates
of the hearing frequency range of 7hrinaxodon. The lowest fre-
quency was determined to be 38.05 Hz, and the highest frequency
was determined to be 1,243 Hz (Fig. 3B). The best hearing fre-
quency was estimated to be about 741 Hz based on stapedial
footplate area, or about 890 Hz based on tympanum area (Table 1).

From FEA and our stapedial footplate pressure hearing cutoff
criterion, we obtained a broader estimated hearing range, with a
low limit of 10 Hz and a high limit of 2,325 Hz (when only the
tympanum was stimulated) to 2,650 (when the entire mandibular
middle ear was stimulated), at 38 dB SPL. This was an arbitrary
SPL used to create a parabolic pseudoaudiogram, without further
constraints by functional characters of tympanum area and stape-
dial footplate area (Figs. 3B and 4C). The greatest sensitivity of
hearing occurred around 1,000 Hz (Fig. 3B and Table 1).

Comparison of Sound Conduction Routes. There are several
sound-conducting routes in the mandibular middle ear. A
sinusoidal sound pressure was applied to the different parts of
the mandibular middle ear (Fig. 44): 1) the ventral dentary, 2) the
reflected lamina, 3) the tympanum, 4) the reflected lamina and
the tympanum, and 5) the entire mandible and ear. All of these
routes were tested with the same auditory parameters postulated
for Thrinaxodon (frequency range of 38 to 1,243 Hz at 38 dB
SPL; minimal best threshold at 28 dB and stapedial pressure at
0.0052 Pa) (Fig. 3) (20, 40). Each of these routes was considered
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functioning if the stapes footplate registered its minimal pressure
0f 0.0052 Pa or more.

Our most important result is that sound pressure on the tym-
panum alone yielded sufficient pressure (=0.0052 Pa) at the sta-
pedial footplate for hearing across the estimated frequency range
(Fig. 3 A and B). By comparison, sound pressure (either substrate-
borne, or airborne) exclusively on the reflected lamina only gen-
erated enough pressure at the stapedial footplate for hearing near
1,000 Hz (Fig. 3 A and B). Footplate pressure associated with
substrate-borne sound (modeling jaw—ground contact) did not
produce enough stapedial pressure to meet the minimal stapedial
footplate pressure cutoff (Fig. 3 A and B). Sound stimulation on
the combined tympanum and bones (ectotympanic and dentary)
slightly improved the hearing sensitivity (Fig. 4B).

An additional consideration of our 7hrinaxodon model is its
sensitive response to the dual musculoskeletal functions of the
mandible for feeding and hearing. Since the mandibular ear is an
integral part of the jaw hinge, hearing function and jaw muscle
action for feeding should interact with each other. Our 7hrinaxodon
model also considered the potential impact of chewing action on
sound perception (SI Appendix, Text 3). Isometric contraction of
the temporalis muscles had frequency-dependent impacts on audi-
tory sensitivity (SI Appendix, Fig. S5). At lower (10 to 1,000 Hz)
frequencies, a simulated active temporalis muscle slightly increased
the model sensitivity for auditory response (S Appendix, Fig. S5B).
Opver the hearing frequency range of 1 to 2,500 Hz, the model
with inactive (relaxed) temporalis muscles, had a better sensitivity
at a lower auditory threshold (ST Appendix, Fig. S5C). At 2,500
Hz, activating the temporalis muscle increased auditory sensitivity
and extended the hearing range (S Appendix, Fig. S5D). Our
Thrinaxodon model illustrates how jaw muscles and feeding may
influence the function of hearing in a mandibular middle ear.

We observed that sound stimulation on combined mandibular
bones and the tympanum can improve auditory function for
Thrinaxodon relative to stimulation of the tympanum alone
(Fig. 4C). We further note that the profile of the harmonic response
curve of the entire mandibular middle ear is comparable between
stimulation on the integrated ectotympanic-tympanum and the
stimulation on the tympanum only. If the ectotympanic (including
its prominent plate-like structure) is stimulated, the hearing sensi-
tivity is significantly lower than tympanum alone (Fig. 4C). Sound
pressure on the dentary (either substrate-borne or airborne sound)
without the tympanum did not meet the minimal hearing threshold
over the estimated range of frequencies.

Phylogenetic Analyses. Ancestral state reconstruction gives unique
insight into the origin of a functional tympanum in synapsid-
mammal evolution (Fig. 5 and S/ Appendix, Figs. S$8-510). Using
residuals of tympanum area (S Appendix, Fig. S6), we found a
trend of increasing relative tympanum size, beginning with the
ancestor of Therapsida (Fig. 54, Node 1), and then another trend
to miniaturization of the tympanum (Fig. 54), consistent with the
overall reduction of body mass in the cynodont—-mammaliaform
transition (12, 52). Early synapsids and most therapsids (11)
did not have a large enough tympanic membrane relative to the
stapedial footplate (tympanic transformer ratio) to detect airborne
sound with harmonic pressure applied to the tympanum alone
(Fig. 5B). An increase in the tympanic transformer ratio came
with cynodonts, later in evolution, accompanied by increases in
tympanum vs. stapes pressure gain (Fig. 54). A narrow soft-tissue
tympanic membrane was likely present already in therapsids (8,
11, 12, 45), but it is not until cynodonts that the tympanum was
large enough to become a functional sound receiver, as indicated
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by the new data on the tympanum transformer ratio and stapedial

pressure gain (Fig. 5 4 and B).

Discussion

These analyses and data are comprehensive biomechanical assess-
ment of the earliest-known functional tympanic membrane in a
nonmammalian therapsid, as exemplified by 7hrinaxodon (Fig. 1).
Our most important finding is that our data support the hypoth-
esis that the soft-tissue tympanum is the most effective route for
hearing in 7hrinaxodon. Sound pressure at the tympanum alone
could generate stapedial footplate pressure above our estimated
hearing cutoff of 0.0052 Pa across the estimated hearing range.
This demonstrates that the reconstructed tympanum in
Thrinaxodon (Figs. 2 and 4) is sufficient for hearing by this extinct
cynodont. Our results suggest a surprisingly “mammal-like” mode
of hearing in this stemward taxon, despite its possession of a man-
dibular middle ear. With a neomorphic soft-tissue tympanum as
the main receiver for sound, our data provide evidence that
Thrinaxodon had already transitioned to reliance on direct hearing
of airborne sound. Our FEA also shows that conduction routes
through the mandible had a complementary (although limited)
contribution to the overall hearing function of 7hrinaxodon.

The material properties of the soft tissue tympanum make it
more effective at detecting a broader range of frequencies (espe-
cially higher frequencies) and more sensitive to lower SPLs. This
contrasts with sound transmitted through bone conduction, or
directly via the skull to the ear bones. Mass participation in the
harmonic response by bony elements will decrease at higher fre-
quencies because of the damping properties of bone (53). This
means that mandibular ear bones, by themselves, are likely limited
to sound reception at lower frequencies (53) (SI Appendix, Fig. S2).
The functional innovation is in the soft-tissue tympanum—the
neomorphic part of the mandibular ear—which enables
Thrinaxodon to expand its hearing to a more mammal-like range
of frequency sensitivity (Figs. 1 and 3). Without the tympanum
and the bony reflected lamina, the dentary alone could not gen-
erate enough pressure at the stapedial footplate to meet our esti-
mated hearing threshold across all frequencies (Fig. 4B). Likewise,
the reflected lamina of the ectotympanic bone, by itself, could
generate only a very low level of stapedial footplate pressure across
the full frequency range (Fig. 4B and S Appendix, Fig. S4), which
was well below the better sensitivity level of the tympanum.

Estimating auditory parameters for a nonmammalian cynodont
by correlations and scaling analysis from extant sauropsids and
mammals (42) can produce biased estimates. These estimates
assume similar allometrical patterns of middle ear size for both
extinct therapsids and extant mammals. But it is now demon-
strated (45) that sound-receiving structures can show distinct
allometrical patterns, specific to individual therapsid clades (see
also Fig. 54). Moreover, these analyses (unlike FEA) cannot
account for the stiffness of the attachment between the middle
ear and dentary in nonmammalian therapsids (42), which could
limit middle ear motion or perhaps even increase hearing sensi-
tivity at higher frequencies (87 Appendix, Fig. S5; 42, 53) beyond
what would be expected from studying the bony middle ear in
isolation. Despite these technical limits on estimation of auditory
parameters by regression analysis, we believe these estimates rep-
resent an independent test of the auditory function inferred from
FEA of the middle ear (Fig. 3). As such, it still is currently the best
test for the hypothetical hearing ranges of 7hrinaxodon.

Our harmonic response analyses on the constituent structures of
the mandibular-ear system of 7hrinaxodon are comprehensive in
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covering all functional scenarios proposed previously and yields a
key insight: The soft-tissue tympanum is the main structure that
expands auditory function for a wider hearing range to higher fre-
quencies at better sensitivity. We performed a series of ad hoc sen-
sitivity analyses on the material property parameters of the
tympanum (S/ Appendix, Text S4) over a range of values reported
in the literature (57 Appendix, Table S4). We found that soft tissue
tympana of differing properties generate similar model results within
this range of variable parameter values (57 Appendix, Fig. S6).

The air chamber (recessus mandibularis) internal to the ecto-
tympanic cleft in therapsids provided a useful resonance chamber
(Fig. 5A4) (11). The homologous mandibular air chamber and the
ectotympanic cleft are further enlarged in cynodonts (8, 11, 43).
The larger air chamber and soft-tissue tympanum are key for
Thrinaxodon to develop a much more mammal-like hearing rela-
tive to precynodont therapsids (Figs. 1 and 3), representing a
major phylogenetic transition (Fig. 5: crownward from node 2).

The ectotympanic reflected lamina of therapsids shows surface
features that suggest that it served a sound reception function (8,
11, 34, 36, 4345, 53) (Fig. 14). The ectotympanic reflected lamina
could also transfer sound to the tympanum suspended from it,
analogous to the bone conduction from the hyoid to ectotympanic
in bats (51). Our functional estimate on the reflected lamina of
Thrinaxodon indicates that a harmonic load on this structure alone
can result in stapedial footplate pressure of 0.0052 Pa over a hearing
range from 10 to 2,600 Hz (Fig. 4B), but at much less sensitivity
than the tympanum. For the reflected lamina to approach the level
of sound pressure gain of the tympanum (S/ Appendix, Fig. S5), it
would have to be five times larger than in this 7hrinaxodon FEM.
This observation is consistent with the earlier intuitive interpretation
of the tympanum over the air-chamber of recessus mandibularis for
Thrinaxodon by Allin (8) and corroborates the previous interpreta-
tion of a somewhat limited auditory capability of the ectotympanic
reflected lamina (8, 11).

It is widely accepted that the larger tympanum of 7hrinaxodon
is an evolutionary novelty of cynodonts in its own right, relative
to the anatomy of therocephalians. But our FEM provides con-
crete metrics of the capability of 7hrinaxodon for direct airborne
sound reception with a soft tympanum (Fig. 34), just like extant
mammals, with or without the aid of bone conduction from man-
dibular ear bones. Although our analysis clearly shows 7hrinaxodon
lacked a sufficient sensitivity to higher frequencies above 3,000
Hz, as previously suggested for cynodonts (64, 65), the functional
mammal-like tympanum makes the ear much more sensitive than
the ear would be from bone conduction of sound alone (Fig. 4).
Despite being viewed as a transitional morphotype of cynodont
ear evolution, the middle ear of 7hrinaxodon likely relied on the
tympanum in a remarkably mammal-like manner.

Using phylogenetic comparative methods, we can quantita-
tively estimate the functional evolution of the middle ear across
synapsid phylogeny (Fig. 5). In precynodont synapsids, the tym-
panum was likely far too small to be a viable sound receiver
(Fig. 54, node 1). If a tympanum developed in the ancestor of
Therapsida, its surface area would be an intermediate, between
the plesiomorphic basal synapsids, many of which are atympanic,
and a full eardrum of the Cynodontia (Fig. 54, node 2). Further
development of an elaborated ossicular lever system in mamma-
liaforms, including a neomorphic stapedial process of the incus
(3, 21, 43), further increased the tympanic transformer ratio for
sound transmission, potentially compensating for decreasing tym-
panum size in mammaliaforms (Fig. 5, node 3) (54). In crown
mammals (Fig. 5, node 4), detachment of the middle ear from
the jaw resulted in different evolutionary trajectories for
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morphofunctional traits in the jaw and middle ear (66). It is
important to note, however, that these transformations do not
represent a scala naturae toward mammal-like traits; rather, these
are adaptive peaks specific to different auditory functional
demands (44), such as locating prey, avoiding predators, parental
care, or mating. Thus, it is not unexpected that the estimated
increase in hearing capability does not show a simple linear evo-
lutionary change across synapsids. Notably, tympanic hearing
offers dramatically better auditory sensitivity (lowered threshold
for more sensitive hearing) (Fig. 4). Thus, we hypothesize that
requirements for hearing softer sounds drove the transition to
tympanic hearing (Fig. 5, node 2).

Our preferred hypothesis is that cynodonts had transitioned to
the tympanic membrane as a primary receiver reliant on airborne
sound, in contrast to a mandibular ear system in precynodont syn-
apsids, which lacked such a tympanum (Fig. 5). The hypothesized
bone conduction hearing of substrate-borne lower frequency sound
through the mandible is ancestral to synapsids, because most of the
earlier synapsids are atympanic and lack an angular (ectotympanic)
cleft (Fig. 5). This is consistent with the ancestral atympanic con-
dition of diapsids, many of which can hear well as discussed previ-
ously (2, 11, 21, 43-45, 64, 65, 67, 68).

A full tcympanum capable of direct sound reception, on top of
sound stimulation via reflected lamina, is a novelty of 7hrinaxodon
(Fig. 44), as demonstrated here. The hypothesized transition from
reliance on bone-conducted sound to reliance on tympanic hear-
ing likely occurred much earlier in therapsid evolution than pre-
viously understood (3).

Conclusions

The middle ear with tympanum, malleus, and incus detached from
the mandible, is a defining trait of living mammals and is associ-
ated with more sensitive hearing (5, 24, 41). Here, we offer a
hypothesis regarding the evolution of the soft-tissue tympanum
based on a biomechanical model of the mandibular middle ear of
Thrinaxodon, which occupies a transitional position in therapsid-
mammal evolution. We estimated auditory function using har-
monic response analysis of the middle ear, independently
constrained by parameters estimated by phylogenetic comparative
modeling (Figs. 1, 3, and 5).

Our harmonic response analysis supports the hypothesis that
the tympanic membrane in 7hrinaxodon is the primary sound
receiver, and that a conservative estimate of hearing range of
Thrinaxodon is from 38 to 1,243 Hz, with highest sensitivity at
1,000 Hz at an incident sound pressure of 28 dB (estimated by
FEM harmonic response) or 740 Hz (FEM plus the estimate from
stapedial footplate area). From the new data and analyses, we
further argue that bone conduction through the mandible would
have slightly improved hearing in 7hrinaxodon but was much less
important than the neomorphic tympanum in driving hearing
performance. This clarifies the relative importance of the bone
conduction vs. direct reception of airborne sound and their respec-
tive routes in the structural components of the mandible-attached
ear of cynodonts, beyond what could be resolved by previous
qualitative studies. Phylogenetic analysis shows that any precyno-
dont therapsid mandibular ear still did not have a sufficiently
functional tympanum. Tympanic hearing became effective only
in cynodonts. These results provide the foundation for future
investigations into the evolution of synapsid hearing.

Data, Materials, and Software Availability. Study data are included in the
article and/or supporting information.
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