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A revision of the conductive hearing loss in Cranium 4 from the Middle Pleistocene site of Sima

de los Huesos (Burgos, Spain)

Abstract

Pathological conditions have been previously documented in the Middle Pleistocene
Sima de los Huesos hominins from northern Spain, and several of these have clear behavioral
implications. Within this fossil assemblage, Cranium 4 shows bilateral external auditory
exostoses which have been preliminarily interpreted as causing a significant hearing loss in this
individual. If confirmed, this would be the oldest recorded case of deafness in human history
and could have important implications for the antiquity of this condition, as well as social
interactions. To further investigate this case, the current study presents 3D reconstructions of
the entire outer and middle ear, based on computed tomography scans of both temporal bones
in Cranium 4. We established the degree of stenosis in both external auditory canals, showing
that in both cases the degree of stenosis is less than 52% of the original cross-sectional area of
each canal. Based on clinical studies in living humans, the buildup of wax due to the degree of
stenosis in Cranium 4 is unlikely to have caused frequent external ear infections. In addition, we
estimated the pattern of sound power transmission up to 5 kHz in both ears relying on a
comprehensive model developed in the bioengineering literature and which has been applied
previously to the Sima de los Huesos hominins. The model was modified to account for the
peculiar shape of the pathological external ear canals in Cranium 4. The results show that this
pathology had little to no influence on the sound power transmission in this individual. Thus, we
conclude that the exostoses present in both ears of Cranium 4 did not significantly affect their

hearing.

Keywords: Atapuerca; External auditory exostoses; Stenosis; Deafness; Audition; Hominin

1. Introduction
The site of the Sima de los Huesos (SH) in the Sierra de Atapuerca (northern Spain)
has yielded a large collection of Middle Pleistocene hominin remains. In addition to taxonomic

and evolutionary questions relevant to understand the course of human evolution in the Middle
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Pleistocene of Europe (Arsuaga et al., 2014, 2015), this collection has yielded multiple
examples of pathological individuals (Pérez et al., 1997; Bonmati et al., 2010; Gracia et al.,
2009, 2010, 2012).

The study of pathological conditions in fossil skeletons can reveal insights into the
health status, malnutrition, disease prevalence and trauma among fossil populations (Lovell,
1997, Wilbur et al., 2008). In addition, paleopathological studies can, on occasion, offer insights
into more ephemeral aspects of human existence, including quality of life, cooperative
relationships, social care/dependence, and compassion (Buikstra et al., 2010; Tilley and
Oxenham, 2011; Coqueugniot et al., 2014).

Among the SH fossils, several examples of paleopathology have been previously
reported, with clear behavioral implications. Cranium 14 represents an adolescent individual
showing a clear case of craniosynostosis, resulting in cranial and cerebral asymmetries and
likely some degree of cognitive impairment (Gracia et al., 2009, 2010). The survival of this
individual into adolescence has been interpreted as evidence of social care in the past.
Similarly, Cranium 5 represents an older adult individual showing pronounced orofacial lesions,
including periapical abscesses and periostitis, which have been posited as the likely cause of
death in this individual (Gracia et al.,2012). This condition would have been associated with
some degree of pain and probably difficulties in mastication, again implying some degree of
social care. Another old adult individual is represented by a nearly complete pelvis (Pelvis 1)
and lumbar spine exhibiting several deformities, including spondylolisthesis and Baastrup
disease (Bonmati et al., 2010). These conditions had postural consequences and would have
resulted in impaired movement. Finally, Cranium 17 shows two perimortem traumatic injuries on
the frontal bone that have been interpreted as evidence of lethal interpersonal violence (Sala et
al., 2015).

In addition to the well-documented conditions in these individuals, Cranium 4 (SH Cr. 4)
was initially diagnosed as suffering from hyperostosis (bone spurs) in the external auditory
canal (EAC) of both ears (Pérez et al., 1997). These bilaterally symmetrical hyperostoses
consist of an extensive growth of the tympanic bone that projects inside the EAC, considerably
narrowing its cross-section. Two different pathologies can lead to hyperostosis of the EAC:

exostoses and osteomas. Exostosis is defined as bilateral and symmetrical bone regrowth
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affecting exclusively the bony portion of the EAC (Michaels, 2006) and is usually found on the
medial end of the posterior wall of the EAC. An osteoma is usually not bilateral, has a pedicular
appearance and affects only a small area in the lateral end of EAC (Sheehy, 1958; Rhys-Evans
and Cameron, 2017). Relying on these criteria the bilateral pathology of the EAC of SH Cr.4
was diagnosed as exostoses (Pérez et al., 1997).

Since severe exostosis can lead to infections of the ear due to the accumulation of
cerumen (Kennedy, 1986) and can be associated with variable levels of hearing loss (Whitaker
et al., 1998; Cooper et al., 2010; Walling and Dickson, 2012), it has been proposed that SH Cr.4
had some type of hearing loss in both ears (Pérez et al., 1997). This individual has been
considered to represent the first documented case of deafness in human evolutionary history
(Trinkaus and Villotte, 2017). In living humans, hearing loss has clear social consequences
since it is associated with delays in language acquisition, increased behavior problems, and
psychological stress (Calderon and Greenberg, 2003; Stevenson et al., 2010).

The presence of external auditory exostoses is known in other human fossils of the
Middle and Late Pleistocene, including Homo neanderthalensis and Homo sapiens (Trinkaus
and Villotte, 2017; Trinkaus and Wu, 2017). The in-depth study of the external auditory
exostoses present in both external auditory canals of the Shanidar 1 Neandertal specimen has
led to the proposition that this individual was "effectively deaf in his right ear, and likely had at
least partial CHL [conductive hearing loss] in the left ear" (Trinkaus and Villotte, 2017: 4).
Additionally, in their exhaustive study on the presence of external auditory exostoses in eastern
Asian Middle Pleistocene archaic Homo, Trinkaus and Wu (2017) proposed that both individuals
from Xuchang (Xuchang 1 and 2) would have suffered CHL, although to a lesser extent in
Xuchang 1. The presence of CHL in the SH Cr.4, Shanidar 1 and the two individuals from
Xuchang has been presented as an argument in favor of social care in Middle and Late
Pleistocene populations (Trinkaus and Villotte, 2017; Trinkaus and Wu, 2017).

The initial diagnosis of stenosis (narrowing) in SH Cr.4 was based on the visual
inspection of the EAC and a single tomographic image of the left canal showing that it was
almost fully occluded (Pérez et al., 1997). To further evaluate this preliminary suggestion, we
have virtually reconstructed the outer and middle ears in SH Cr. 4 from high-resolution

computed tomography (CT) scans and precisely measured the degree of stenosis along the
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entire length of the EAC in both ears. Subsequently, we have reconstructed the sound power
transmission through the outer and middle ear in the SH hominins (Cr.3, Cr.4, Cr.5, Cr.7, Cr. 8,
Cr.13, Cr.15, AT-1907) relying on a model that has been previously developed for the study of
fossil hominins (Martinez et al., 2004, 2013; Quam et al., 2015, 2017). Sound power
transmission through the outer and middle ear is strongly correlated with auditory sensitivity up
to at least 5 kHz, and this approach accurately predicted the auditory capacities in humans and
chimpanzees and has also been applied to fossil hominin individuals (Martinez et al., 2004,
2013; Quam et al., 2015, 2017). Relying on this method, we have established the pattern of
sound power transmission through the right and left outer and middle ears in SH Cr.4 to
evaluate the degree of CHL in this individual.

This method for estimating the sound power transmission relies on modeling the EAC
as a cylinder. Since the EAC in SH Cr.4 has been altered by the presence of external auditory
exostoses, it was necessary to modify the cylindrical model of the EAC to account for its
peculiar form in SH Cr.4. To understand the influence of the external auditory exostoses on the
hearing abilities in this individual, we have also reconstructed a theoretical non-pathological
version of SH Cr.4 based on comparative measurements from other normal specimens in the
SH sample. Finally, the results of both the pathological and non-pathological versions of the SH
Cr.4 individual were compared with seven additional non-pathological individuals from the same
site to see whether the hearing pattern(s) in SH Cr.4 differ from the rest of the sample. This
represents a unique opportunity in paleontological research to compare a single, pathological

individual with a sample of healthy individuals from the same biological population.

2. Materials and methods

The SH site is located in the Sierra de Atapuerca (Burgos, Spain) and has yielded the
largest collection of Middle Pleistocene human fossils known (Arsuaga et al., 2014, 2015). From
1984 to 2018, more than 6900 human fossils have been recovered, corresponding to at least 28
individuals representing both females and males and ages of death between 11 and 50 years
(Bermudez de Castro et al., 2004; Bonmati et al., 2010). The age of the SH site is firmly
established at just over 430 ka by isotopic and biochronological methods (Arsuaga et al., 2014).

For the comparative study of SH Cr.4, seven non-pathological individuals from the same site
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have been used (Table 1). Since the EAC reaches adult size by the age of 9 years in modern
humans (Wright, 1997), the inclusion of three adolescent individuals in the study is justified.

SH Cr.4 is one of the most complete crania from the SH site and was recovered during
the 1992 field season (Arsuaga et al., 1993). This adult specimen preserves a complete
neurocranium and is attributed to a male individual based on its generally large dimensions and
brain size and the thickness of its cranial bones (Arsuaga et al., 1993, 1997, 2001). It preserves
both right and left EAC, the right malleus (AT-5166) and the right (AT-6812) and left (AT-5499)

incudes were also recovered from the tympanic cavities in this cranium.

2.1. CT scanning and 3D reconstruction

All the CT scanning was carried out with a YXLON Y.CT Compact scanner at the
University of Burgos (Table 1). Virtual reconstructions and metric data collection were
performed using Mimics® v.18 (Materialise, Leuven, Belgium) software following the standard
procedure established in previous works (Martinez et al., 2004, 2013; Quam et al., 2015). The
boundary between the temporal bone and the air-filled cavities has been established relying on
the half maximum height thresholding protocol (Spoor et al., 1993; Spoor and Zonneveld, 1995;
Coleman and Colbert, 2007) and was calculated as the average between the threshold for the
EAC and that of the mastoid air cells. It is well-known that differences in spatial resolution of CT
scans, as well as thresholding protocols can affect landmark placement and volumetric
measurements in 3D reconstructions (Kim et al., 2012; Kubicka et al., 2016; Belgin et al., 2019).
Nevertheless, the volume measurements included in the model have a very low influence on the
final results, and large errors (>50% difference) in measurement would be necessary to alter the
sound power transmission results in the SH crania (Supplementary Online Material [SOM] Text
S1; SOM Table S1).

Most of the measures necessary for estimating the sound power transmission were
taken on the 3D models using Mimics® (Fig. 1; Table 2). These measurements are
physiologically relevant for hearing, and include measurements, the volumes of the tympanic
cavity and mastoid air cells (Fig. 1a), size of the EAC (Fig. 1b,c), the tympanic membrane (Fig.
1¢) and the aditus (Fig. 1d), and some measurements of the ear ossicles (Fig. 1d). However,

the areas of the entry and exit of the aditus (Aapentrance) @aNd Aap(exity; Table 2; Fig. 1d) and the
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area of the cross-section of the EAC (Agac; Table 2; Fig. 1c) were measured in 2D images with

Photoshop® CS5.

2.2. Reconstruction of the EAC in SH Cr.4

The EAC is comprised of two anatomical structures. On the one hand, the bony external
auditory canal (bony EAC), or meatus acusticus externus osseus (Gray, 1913), is formed by the
squamous portion of the temporal bone in its upper half and by the tympanic bone in its lower
half. Lateral to the bony EAC is the cartilaginous external auditory canal (cartilaginous EAC), or
meatus acusticus externus cartilagineus (Gray, 1913). Both structures are responsible for
transmitting sounds from the outside environment to the tympanic membrane. Since only the bony
EAC is preserved in fossils, it is necessary to reconstruct the cartilaginous EAC dimensions (i.e.,
length and cross-sectional area) from the bony EAC measurements to study the transmission of
sound through the outer ear in fossil specimens (Table 2).

The length of the bony EAC (Lpeac; Fig.1b; Table 2) is measured from the most
posterosuperior point of the tympanic groove medially to the most anterior point of the
suprameatal spine laterally. To estimate the total length of the EAC (Leaccomplete; Table 2),
including the bony and cartilaginous portions, the length of the bony portion (LbEAC) is multiplied
by 1.5 following Masali et al. (1991). The cross-sectional area of the EAC (Agac; Table 2) is
constant, resembling a cylinder whose cross-sectional area can be measured at the
posterosuperior point of the insertion of the tympanic membrane (Martinez et al., 2004; Fig. 2;
Table 2).

In the case of SH Cr. 4, the exostosis has affected the bony EAC cross-section in the
posterosuperior region, at the insertion site of the tympanic membrane, in both ears (Fig. 3),
causing a partial stenosis that reduces the Agac value. Given this situation, we have chosen to
use the mean value for Agac based on seven healthy individuals from the SH site (Agac-SH = 39.4
mm?) as the most prudent approach to the original value of Agac for SH Cr.4.

As mentioned previously, in a non-pathological individual the value of the bony Agac
is equivalent to the value of the cartilaginous Agac, but in the case of SH Cr.4 it is necessary to
establish to what extent the exostosis affected the cross-sectional area (CSA) along the length

of the bony EAC. In this perspective, we compare the CSA in CT slices of the bony EAC in SH
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Cr.4 measured every 0.2 mm with the Agac-SH. When CSA is less than Agac-SH (i.e., CSA<
Aeac-SH), that section can be considered to be affected by the pathology and the CSA value of
that section will be used as the real value for the Agac. In those regions in which the CSA values
are greater than, or equal to, Agac-SH (i.e., CSA = Agac-SH), they will be considered unaffected
by the pathology and the value of Agac-SH will be used as real Agac values. In this way, it is
possible to reconstruct the cross-sectional area of the cartilaginous EAC value of each section

along the length of the bony EAC.

2.3. Estimating the sound power transmission in SH Cr.4

To calculate the sound power transmission in SH Cr.4, we followed the procedure
described in Martinez et al. (2004; 2013) and Quam et al. (2015; see SOM Text S2), where the
auditory structures are modeled as simple geometric bodies in which the sound power
transmission is known. The EAC can be modeled as a cylinder, the concha as a horn, and the
tympanic membrane as a thin membrane. The circuit analogy of these simple geometric
structures, such as a tube and a horn, is a two-port network, known as a quadripole. The
auditory system of the outer and middle ear is then modeled as a cascade of two-port networks
from the lateral edge of the external ear canal to the cochlea, in which the transmission value of
the entire set is equal to the product of the transmission of each of the two-port networks
included in the model (Rosowski, 1991, 1996; Quam et al., 2015).

The EAC has a strong influence on the sound power transmission results (Martinez et
al., 2004; SOM Table S1), so its modeling is especially important in the establishment of the
sound power transmission in SH Cr.4. To ensure the reliability of our results, we provide an
analysis of the intraobserver and interobserver measurement error and the effects on the sound
power transmission curves in the SOM (SOM Text S3; SOM Tables S2 and S3; SOM Figs. S1
and S2). Typically, the cartilaginous EAC is modeled as a cylinder whose length is Leaccomplete
and the cross-sectional area is Agac (Fig. 2; Table 2). However, in SH Cr. 4, 2D CT images of
several cuts along the length of the canal show that the respective sections are clearly
deformed (Fig. 4), and therefore the simple cylinder model does not reflect its true form.

The non-pathological region of the EAC (CSA 2= Agac-SH) can be modeled as a cylinder

whose length corresponds to the length of the non-pathological segment of the EAC and whose
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Aeac corresponds to the mean value in the SH sample (Agac-SH). In the pathological region of
the EAC, it is necessary to establish the changes of form experienced by the EAC to determine
if the pathological region can still be modeled by one or more geometric bodies. With all this, the
EAC can be modeled as the married association of the quadrupole corresponding to the healthy
region (cylinder) and those corresponding to the different geometric bodies in which the
pathological region can be modeled.

To assess the effect of the pathology in SH Cr.4, the values of the sound power
transmission obtained are compared with those in a theoretically non-pathological SH Cr.4
individual. For this we have modeled its EAC as a cylinder of length Leaccomplete (Table 2) and
whose cross-sectional area is equal to Agac-SH. Similarly, the sound power transmission in the
pathological and theoretically non-pathological SH Cr.4 individuals were compared with the
sound power transmission results for the non-pathological SH individuals to see how both

versions of SH Cr.4 compare with the rest of the sample.

Results

Table 3 provides the values for the anatomical variables measured in SH Cr.4 and the
summary statistics for the non-pathological SH sample. Figure 5 shows the CSA values of SH
Cr.4 measured every 0.2 mm from the most posterosuperior point of the tympanic membrane
insertion in both ears. In the right ear, the region affected by the exostosis (CSA < Agac-SH)
extends 9.2 mm from the tympanic membrane, and two different segments are recognizable.
The first segment (Ciigre in Fig. 5) has a length of 4.4 mm and a fairly constant CSA. The lateral
endpoint of this segment was delimited at the point where the CSA is larger than the CSA value
measured in the first slice closest to the tympanic membrane. This segment can be modeled as
a cylinder with an Agac equal to the average CSA of all the slices in this segment (19.9 mm?2)
and a length of 4.4 mm (sector C,igr; in Fig. 6). A second segment has a length of 4.8 mm (Hgn
in Fig. 5) extends laterally and the value of CSA increases continuously. The lateral endpoint of
this segment was delimited by the last slice where the CSA value falls below the Agac-SH. This
segment can be modeled as a horn whose length is 4.8 mm and whose entrance and exit areas

are 21.2 mm? and 38.3 mm?, respectively (sector H,gp in Fig. 6). The non-pathological third
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segment (CSA = Agac-SH) is modeled as a cylinder with a length of 19.7 mm and a cross-
sectional area equal to Agac-SH (right non-pathological region in Fig. 6).

In the left ear, the region affected by exostosis (CSA < Agac-SH) has a length of 7.2 mm
from the tympanic membrane, and two different segments are recognizable. The first segment
(Ciet in Fig. 5) has a length of 1.2 mm and a fairly constant CSA. The lateral endpoint of this
segment was delimited at the point where the CSA is larger than the value measured in the first
slice closest to the tympanic membrane. This segment can be modeled as a cylinder with an
Agac equal to the average CSA of all the slices in this segment (21.5 mm?2) and a length of 1.2
mm (sector Cie in Fig. 6). A second segment has a length of 6.0 mm (H in Fig. 5) extends
laterally and the value of CSA increases continuously. The lateral endpoint of this segment was
delimited by the last slice where the CSA falls below Agac-SH. This segment can be modeled as
a horn whose length is 6 mm and whose entrance and exit areas are 22.8 mm?2 and 37.8 mm?2,
respectively (sector Hes in Fig. 6). The non-pathological third segment (CSA = Agac-SH) is
modeled as a cylinder with a length of 19.6 mm and an Agac equal to the mean value in the SH
sample (left non-pathological region in Fig. 6).

For comparative purposes, the left and right EAC in SH Cr.4 have also been modeled
as if they were healthy. Both EAC were modeled as cylinders whose cross-sectional areas are
equal to Agac-SH (39.4 mm?2) and whose lengths correspond to the respective values for
Leaccomplete (28.9 mm in the right ear and 26.8 mm in the left ear; Table 3). We then estimated
the pattern of sound power transmission through the outer and middle ear between 0-5 kHz in
both cartilaginous EAC (pathological and healthy) in the right and left ears of SH Cr.4 (Table 4;
Fig.7). We have also modeled the sound power transmission in seven additional non-
pathological individuals from the same site.

The sound power transmission values for SH Cr.4 in both pathological ears are close to
the mean and within the range of variation in the non-pathological SH sample, over nearly the
entire frequency range under study (Fig. 7; Table 4). Both pathological ears show a sound
power transmission value slightly below the range of the other non-pathological SH individuals
only at 5 kHz (0.7 dB in the right ear and 1.4 dB in the left ear). On the other hand, when
comparing the sound power transmission values in SH Cr.4 for both the pathological and non-

pathological reconstructions, no notable differences are observed. Only at 2 kHz does the right
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ear, in which the region affected by the pathology is somewhat longer, show a slightly lower
value (1.1 dB) of sound power transmission than in the normal reconstruction. Thus, it can be
concluded that the exostoses did not significantly affect the hearing of the SH Cr.4 individual,
neither when compared with the rest of SH sample nor when compared with the non-
pathological version of itself.

Finally, the degree of stenosis of the EAC due to exostosis in SH Cr.4 has been
quantified at the maximum point of occlusion of the EAC (i.e., minimum CSA), yielding values of

51.9% blockage in the right ear and 46.8% blockage in the left ear.

Discussion and conclusions

Auditory exostosis is a well-known pathology of the external ear in current clinical cases
that is usually associated with a genetic predisposition (Steinbock, 1976; Hurst et al., 2004) or
prolonged exposure to cold water (Kennedy, 1986; Wong et al., 1999; Wang et al., 2005;
Cooper et al., 2010). In the case of SH Cr.4, given that similar pathologies are not found in the
other SH individuals and that it is difficult to account for conditions that would imply a continuous
exposure to cold water, Pérez et al. (1997) suggested that the most likely hypothesis for the
origin of this pathology was an infectious process that stimulated an underlying genetic
predisposition.

Several studies have classified the degree of stenosis of the EAC based on otoscopic
inspection (Crowe et al., 2010; Attimayr and Smith, 2015). Our results in SH Cr.4 allow us to
classify the exostosis of both ears as grade 2 according to the classification of Crowe et al.
(2010) and moderate stenosis according to that of Attimayr and Smith (2015). Other cases of
exostoses are known in the bony EAC of Pleistocene Homo fossils, including the Shanidar 1
Neandertal specimen and the Asian archaic Homo individuals Xuchang 1 and 2 and Xujiayao
15 (Trinkaus and Villotte, 2017; Trinkaus and Wu, 2017). Following the classification of Crowe
et al. (2010), the authors have classified the exostoses of Xujiayao 15 and Xuchang 1 as grade
1 and grade 2, respectively, while Shanidar 1 and Xuchang 2 were considered as grade 3.
Therefore, the exostosis present in the SH Cr.4 is more pronounced than that of Xujiayao 15,

equivalent to that of Xuchang 1 and less pronounced than those of Shanidar 1 and Xuchang 2.
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Most cases of exostosis are asymptomatic, and only when there is a severe stenosis of
the EAC does one suffer hearing loss, recurrent external ear infections and a sense of ears
being ‘plugged’ (Lennon et al., 2016). At the same time, in cases of EAC exostosis that are
associated with conductive hearing loss, this is not usually caused by the stenosis itself, but,
rather, is a consequence of the accumulation of detritus and wax that can cause external ear
infections (Kennedy, 1986; Whitaker et al. al., 1998) and that can produce a hearing loss of up
to 50 dB (Graham, 1979). These accumulations, and the associated infections, usually appear
in clinical cases with a level of occlusion of the EAC which is greater than 80% and are very
uncommon in patients with an occlusion of less than 60% (Whitaker et al., 1998). In SH Cr.4 the
occlusion of the bony EAC is 51.9% in the right ear and 46.8% in the left ear, which makes it
very unlikely that wax accumulations would occur leading to recurrent severe external ear
infections that could cause important hearing losses. In summary, the results of our study
indicate that the level of stenosis caused by the exostosis of both bony EAC of SH Cr.4 would
not have produced an appreciable decrease in the sound power transmission through the outer
and middle ear. At the same time, the level of stenosis of the bony EAC of SH Cr.4 is not severe
enough to expect recurrent infections produced by the accumulation of wax and detritus.
Therefore, it is reasonable to conclude that the SH Cr.4 individual did not suffer conductive
hearing loss as a consequence of the exostosis in their EAC. This result can be extended to
other fossils in which a degree of stenosis less than or equal to that of SH Cr.4 has been
reported, such as the cases of Xujiayao 15 and Xuchang 1 (Trinkaus and Wu, 2017). In the
cases of Shanidar 1 and Xuchang 2, with a degree of stenosis greater than that of SH Cr.4
(Trinkaus and Villotte, 2017; Trinkaus and Wu, 2017), the possibility remains that they suffered
a loss of hearing as a result of the exostoses in their EAC. Virtual study of the EAC in these
individuals, following similar procedures as those outlined here, would allow for confirmation of

this suggestion.
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FIGURE CAPTIONS

Figure 1. 3D model of the temporal bone SH Cr.7 (AT-804) showing the definitions of the
anatomical variables used to estimate the sound power transmission through the outer and
middle ear. a) Complete 3D model of the ear structures. b) 3D model of the temporal bone and
external auditory canal (EAC) showing the measurement of the length of the bony EAC. c) 3D
model of the EAC showing measurement of the size of the tympanic membrane and cross-
section of the EAC. d) 3D model of the aditus ad antrum showing definition of the aditus
entrance and exit measurements. e) Measurements of the auditory ossicles. Abbreviations: Vya
= volume of mastoids cells; Vyec = volume of the middle ear cavity; Lyeac = length of the bony
EAC; Rmy = half of the greater diameter of the tympanic membrane; Ry, = half of the lesser
diameter of the tympanic membrane; Agac = area of the cross-section of the EAC; Aapexiyy = area
of the exit of the aditus to the mastoid antrum; Aap(entrance) = area of the entrance to the aditus
from the middle ear cavity; Lap = length of the aditus: Ly, = functional length of the malleus; L, =
functional length of the incus; Arp = area of the stapes footplate. See Table 2 for measurement
definitions.

Figure 2. Coronal slice of the temporal bone of SH Cr.7 (AT-804) showing the cylindrical model
of a non-pathological external auditory canal (EAC): A = plane of the tympanic membrane; B =
axis of the EAC from the center of the tympanic membrane to the center of the external acoustic
meatus. In normal ears, the cartilaginous EAC is typically modeled as a cylinder and extends
laterally beyond the bony EAC. White arrow = posterosuperior point of the insertion of the
tympanic membrane. Complete length of the EAC (Lgaccompiete) @nd the cross-sectional area of
the EAC (Aeac) as defined in Table 2. Abbreviations: L = left side; R = right side. Scale bar = 5
mm.

Figure 3. Comparison of the CT images showing the cross-sectional area of the bony EAC at the
posterosuperior insertion point of the tympanic membrane (Agac) in @ non-pathological, normal
individual (a) and that in SH Cr.4 (b, c) showing stenosis: a) SH Cr.7; b) SH Cr.4, left; c) SH Cr.4,
right. Scale bar = 1 mm.

Figure 4. 3D reconstruction of the outer and middle ear structures in the right ear of SH Cr.4
showing the mastoid air cells (purple), aditus ad antrum (green), tympanic cavity (yellow),

Eustachian tube (pink) and EAC (blue). Three slices along the length of the EAC (insets 1, 2, 3)

17



507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

show the variation in the cross-section. Point 1 corresponds to the posterosuperior insertion of
the tympanic membrane. Point 2 is placed 4.4 mm lateral of Point 1. Point 3 is placed 4.8 mm
lateral of Point 2, and represents the lateral limit of the pathological section of the EAC. Scale
bars =5 mm (main figure) and 1 mm (insets).

Figure 5. Cross-sectional area (CSA) of the pathological segment of the bony external auditory
canal (EAC) in SH Cr4. CT Slices are separated by 0.2 mm starting from the most
posterosuperior point of the tympanic membrane insertion. The values of the left ear (triangles)
and the right ear (circles) are represented. The dashed line represents the mean area of the EAC
(Agac) value for the non-pathological SH sample (i.e., Aeac-SH).All sections below that line are
affected by exostosis and all sections above that line are considered non-pathological. The Ce
and Cign regions correspond to those sections whose CSA is approximately constant and are
modeled as a cylinder. The Hie and Hiign: regions correspond to those sections whose CSA values
increase continuously with distance from the tympanic membrane and are modeled as a horn.
Figure 6. Graphic representation of the model of the external auditory canal (EAC) in both ears
of SH Cr.4 based on simple geometric shapes. Abbreviations: Cg = right segment modeled as a
cylinder; Hg = right segment modeled as a horn; C_ = left segment modeled as a cylinder; H_ =
left segment modeled as a horn.

Figure 7. Graphic representation of the pattern of sound power transmission in both
ears (pathological and normal) of SH Cr.4 and in seven additional non-pathological
individuals from the same site. Py is a threshold value of sound power, equal to 10-18
W. Peochiea refers to the sound power at the entrance to the cochlea for an incident

plane wave intensity of 10-'2 W/m?2.
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Table 1

SH sample and CT scanning parameters.

Slice Pixel Image
Voltage Current
Age at Number increment size size Field of

(kV) (mA)
Specimen Side death of slices  (mm) (mm) (pixels) view (mm)
Cr.3 Left Adolescent 303 0.2 0.033 2048 67.53 160.00 4.00
Cr4 Right Adult 332 0.2 0.033 2048 67.53 160.00 4.00
Cr4 Left Adult 307 0.2 0.033 2048 67.53 160.00 4.00
Cr.5 Left Adult 330 0.2 0.029 2048 59.91 170.00 3.75
Cr.7 Left Adolescent 230 0.2 0.073 2048 149.9 170.00 3.75
Cr.8 Left Adult 285 0.2 0.035 2048 71.21 160.00 4.00
Cr.13 Right Adult 347 0.2 0.033 2048 67.53 170.00 3.75
Cr.15 Right Adult 351 0.2 0.033 2048 67.53 160.00 4.00

AT-1907  Right Adolescent 260 0.2 0.037 2048 75.01 160.00 4.00




Table 2

Measurements used to calculate the sound power transmission through the outer and
middle ears.?

Measurement (unit) Definition

Figure

Volume of the middle ear cavity, limited by the plane that coincides
Vyec (mm3) with the tympanic sulcus and by the entrance plane to the aditus ad

antrum

Combined volume of the mastoid antrum and the mastoid air cells
Via (mm3)

connected to it

Length of the bony external auditory canal measured from the most
Lpeac (mm) posterosuperior point of the tympanic sulcus to the most anterior

point of the spina suprameatum

Length of the complete cartilaginous external auditory canal (EAC).

To include the exclusively cartilaginous lateral portion of the EAC
I—EACcompIete (mm)

we have calculated it by multiplying the length of the bony EAC by

a factor of 1.5, following Masali et al. (1991)

Area of the cross-section of the EAC. Measured at the most

posterosuperior point of the tympanic sulcus and perpendicular to
Aeac (mm?)

the axis between the central point of the tympanic membrane and

the central point of the external acoustic meatus

Half of the greater diameter of the tympanic membrane, measured
Rt (Mmm)

in the tympanic sulcus

Half the lesser diameter of the tympanic membrane, measured in the
Rrmz (mm)

tympanic sulcus perpendicular to the RTM1

Tympanic membrane area calculated as an ellipse of radii RTM1
Ary (mm2)

and RTM2

Area of the entrance to the aditus ad antrum entrance from the

AAD(entrance) (mm2)
middle ear cavity

Fig. 1a

Fig. 1a

Fig. 1b

Fig. 1c

Fig. 1c

Fig. 1c

Fig. 1d



Anp(exity (MmM?)

Lap (Mmm)

Mwu + M, (mg)

Lm (mm)

Ly (mm)

Lw/Ly

Ms (mg)

Arp (Mm?)

Area of the exit of the aditus ad antrum to the mastoid antrum
Length of aditus ad antrum. Measured from the central point of the
aditus ad antrum entrance to the central point of the aditus ad antrum
exit.

Combined mass of the malleus and incus

Functional length of the malleus measured as the maximum length
between the tip of the lateral process and the tip of the manubrium.
Functional length of the incus, measured as the length between the
most anteroinferior point of the articular facet and the tip of the long
process with the bone oriented in the axis of rotation

Ratio between the functional lengths of the malleus and the incus
(middle ear lever ratio).

Mass of the stapes

Area of the stapes footplate

Fig. 1d

Fig. 1d

Fig. 1e

Fig. 1e

Fig. 1e

Abbreviations: ; Vyec = volume of the middle ear cavity; Vya = volume of mastoids cells; Lygac =

length of the bony EAC; Leaccompiete = COMplete length of the EAC; Agac = area of the cross-section of

the EAC; Ry = half of the greater diameter of the tympanic membrane; Ry, = half of the lesser

diameter of the tympanic membrane; Ay = area of the tympanic membrane; Aapentrance) = area of the

entrance to the aditus from the middle ear cavity; Aapexiyy = area of the exit of the aditus to the

mastoid antrum; Lap = length of the aditus; My = mass of the malleus; M, = mass of the incus; Ly =

functional length of the malleus; L, = functional length of the incus; Mg = mass of the stapes; Arp =

area of the stapes footplate.

a Previously published in Martinez et al. (2004, 2013) and Quam et al. (2015).



Table 3

Measurements used in the estimation of the sound power transmission for SH Cr.4 and the descriptive statistics for the SH sample

Vua Vmec LEACcompIete Aeac Arm RAD(entrance) RAD(exit) Lao Mu + M, Lw/L Ms Arp

cm?d cm?3 mm mm? mm? mm mm mm mg mg mm?
SH Cr. 4 right 4.2 0.7 28.9 39.42 69.3 3.5 2.8 4.8 52.7° 1.2° 1.2 2.6
SH Cr. 4 left 3.7 0.9 26.8 39.42 75.8 3.8 2.8 438 52.7° 1.2° 1.2 2.6
SH reference sample (n=7)
Mean 3.8 0.6 26.0 39.4 73.0 3.3 2.9 5.2 52.7° 1.2° 1.2 2.6
s. d. 25 0.1 2.1 13.1 46 0.2 0.2 0.9 0.4
Minimum 1.0 0.5 22.6 22.8 66.5 3.1 2.6 3.9 2.1
Maximum 8.8 0.7 28.5 62.2 79.2 3.6 3.3 6.6 3.1

Abbreviations: Vya = volume of mastoid cells; Vyec = volume of the middle ear cavity; Leaccompiete = COMplete length of the external auditory
canal (EAC); Agac = area of the cross-section of the EAC; Ay = area of the tympanic membrane; Rapentrance) = radii of the area of the aditus at
the entrance from the tympanic cavity; Rapexiyy = radii of the exit of the aditus to the mastoid antrum; Lap = length of the aditus; My + M, =
combined mass of the malleus and incus; Ly/L, = middle ear lever ratio; Ms = mass of the stapes; Arp = area of the stapes footplate

a This value is equivalent to the mean of the SH reference sample and is considered to represent the non-pathological EAC in SH Cr.4.

bQuam et al. (2015)



Table 4

Sound power transmission values (dB)? at the entrance to the cochlea for SH Cr.4 and

the descriptive statistics for the SH sample.

Frequency (kHz)

Specimen/Sample 0.125 0.25 0.5 1.0 2.0 3.0 4.0 5.0
Cr.4 right pathological -11.4 -4.9 2.3 13.2 10.5 10.6 2.9 -7.6
Cr.4 right normal -11.4 -4.9 2.2 13.0 11.6 10.5 23 =71
Cr.4 left pathological -11.7 -5.1 20 13.3 9.9 9.4 3.5 -8.3
Cr.4 left normal -11.7 -5.1 2.0 13.1 10.3 9.6 4.0 -7.5
SH reference sample (n=7)

Mean -12.1 -5.5 1.7 12.8 10.3 9.2 35 -4.8

Minimum -14.5 -7.9 -0.4 11.3 8.8 7.6 -2.8 -6.9

Maximum -10.9 4.3 3.2 14.5 11.5 10.8 7.3 -3.4

aThe reference value at the entrance to the outer ear is Py= 1018 W.
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SOM S1
Analysis of sensitivity of the model

We performed an analysis of sensitivity of the model to determine the influence
of the individual variables on the model results above 2 kHz (SOM Table S1).
Sensitivity is related to the difference in the value for sound power at the entrance to
the cochlea (in dB) obtained by increasing and decreasing the individual anatomical
variable or electrical parameter by 50%. Sensitivity has been classified into three broad
groupings: low (<£1dB difference), medium (>1 to <3dB difference), and high (>3 dB
difference).

Regarding the skeletal variables which can be measured or estimated in fossil
specimens, the model has a high sensitivity to the length (Leac) and cross-sectional
area (Aeac) of the external auditory canal, the middle ear lever ratio (Li/Lw) and the area
of the tympanic membrane (Arv). The model results show a medium sensitivity to the
masses of the malleus and incus (M, + My) and the area of the stapes footplate (Arp).
The mass of the stapes (Ms), the volumes of the tympanic cavity (Vmec) and mastoid
antrum and connected air spaces (Vma) and the aditus ad antrum variables (Lap, Rap),
all show only a weak influence (low sensitivity) on the model results. In general,
variables of the outer ear and ear ossicles have a stronger influence on the model
results, while the middle ear spaces (tympanic cavity, mastoid antrum and air cells and

aditus ad antrum) have a much weaker influence on the results.

SOM S2
Model Description

We have relied on a slightly modified version of the electrical circuit model
published by Rosowski (1991, 1996) to estimate the sound power transmission through
the outer and middle ears in the SH fossils. The model incorporates nearly 30 variables
related to head size and the dimensions and physical properties of the anatomical
structures of the outer and middle ears. The model results reflect the transmission of
the sound power from the surrounding environment to the inner ear. The model
accurately estimated the sound power transmission in humans, cats and chinchillas,
species with considerable differences in ear dimensions and anatomy. Details of the
model can be found in Quam et al. (2015) and are provided here in brief.

The electrical parameters used in the model are associated with anatomical
structures of the ear (SOM Table S1). Some of these parameters are related to skeletal
structures accessible in fossils, while others are related to soft tissues which are not
preserved in fossil specimens. We have measured or accurately estimated in the SH

specimens all of the skeletal variables included in the model (SOM Table S1). Since



the model requires values for all the variables, the respective value for modern humans
has been used for the remaining soft-tissue related variables which cannot be
measured in fossil specimens. This has the result of holding the soft tissue variables
constant across individuals. Thus, the only source of variation in the ear
measurements, and the subsequent sound power transmission values, are related to
the skeletal structures of the outer and middle ear.

Although the model results are not a true audiogram, there is a strong
correlation between sound power transmission through the outer and middle ear and
auditory sensitivity to different frequencies (Relkin, 1988; Rosowski, 1991; Dallos,
1996). Indeed, the results for sound power transmission in modern humans and
chimpanzees agree with the published audiograms for these species (Martinez et al.,
2004, 2013; Quam et al., 2015). Thus, it is reasonable to conclude that the skeletal
differences between humans and chimpanzees can explain an important part of the
interspecific differences in their patterns of sound power transmission in the outer and
middle ear. Therefore, these skeletal differences can be used to approach the sound
power transmission pattern in closely-related fossil human species. This model has
been previously applied to reconstruct the auditory capacities in the Middle Pleistocene
hominins from the Sima de los Huesos in the Sierra de Atapuerca in northern Spain
(Martinez et al., 2004, 2013).

SOM Text S3
Intraobserver and interobserver measurement error

The effects of intraobserver and interobserver measurement error on the model
results for sound power transmission were reported previously in Quam et al. (2015).
One Homo sapiens individual (CSJ 26) was virtually reconstructed and measured twice
by the same researcher. The measurements are very similar in both reconstructions,
and the resultant sound power transmission values from 0.5-5.0 kHz differed by a
maximum of 1.6 dB at 5.0 kHz (SOM Table S2; SOM Fig. S1).

In addition, one chimpanzee (Pan troglodytes) individual (HTB 3434) was
reconstructed twice by two different researchers. Again, the measurements are very
similar in both reconstructions (SOM Table S3), and the resultant sound power
transmission values from 0.5—4.0 kHz differed by <1 dB. The differences were higher at
4.5 and 5.0 kHz, but this is primarily related to a slight displacement of the point of
minimum sensitivity (SOM Fig. S2).



SOM Figure S1. Sound power (dB) at the entrance to the cochlea relative to Po=10"8w
for an incident plane wave intensity of 107" w/m? in two reconstructions of the CSJ 26

H. sapiens individual.

SOM Figure S2. Sound power (dB) at the entrance to the cochlea relative to Po=10"8w
for an incident plane wave intensity of 10"'>w/m? in two reconstructions of the HTB
3434 P. troglodytes individual.



Table S1
Sensitivity analysis of the model for the anatomical variables used to calculate the

sound power transmission for frequencies above 2kHz.?

Definition Value Used Sensitivity
(= 2kHz)

Ear canal length Measured as Leaccomplete High (A)

Cross-sectional area of the ear Measured as Aeac High (A)

canal

Volume of the middle ear cavity = Measured as Vuec Low (A)

Volume of the mastoid air spaces Measured as Vua Low (A)

Length and radius of the aditus Measured as Lap, Low (E)

ad antrum Rab(entrance) @aNd Rapgexit)

Area of the tympanic membrane Measured as A High (A)

Functional lengths of the incus Measured as L,/ Lm High (A)

and malleus

Masses of the incus and malleus Measured as M, + My Medium (A)

Mass of the stapes Measured as Ms Low (A)

Area of the stapes footplate Measured as Arp Medium (A)

@ Anatomical variables abbreviations as in Figure 1 and Table 2 (modified from
Martinez et al., 2004).



Table S2

Measurements and model results for the influence of intraindividual measurement error in H. sapiens.?

Vua VMEc Lap R Ab(exit) RAD(entrance) Atm Leac Aeac
CSJ 26
(1) 6.58 0.47 3.7 2.4 29 60.7 21.8 33.5
CSJ 26
(2) 6.95 0.46 4.7 2.0 2.7 57.9 22.8 33.9
Difference  -0.37 0.01 -1.0 0.4 0.2 2.8 -1.0 -0.5

Sound Power at the entrance to the Cochlea (dB)
Frequency (KHz)

0.5 1.0 2.0 3.0 4.0 5.0
CSJ 26
(1) 2.0 11.4 9.4 9.7 9.5 0.5
CSJ 26
(2) 2.0 11.1 10.1 11.0 8.2 2.1
Difference 0.1 0.3 -0.7 -1.3 14 -1.6

2 Modified from Quam et al. (2015). Abbreviations: Vua = volume of mastoids cells (cm®); Vuec = volume of the middle ear cavity (cm?); Lap =
length of the aditus (mm); Rapexity = radius of the exit of the aditus to the mastoid antrum (mm); Rapentrance) = radius of the entrance to the aditus
from the middle ear cavity (mm); Atv = area of the tympanic membrane (mm?); Leac = length of the external auditory canal (mm); Aeac = area of

the cross-section of the external auditory canal (mm?).



Table S3
Measurements and model results for the influence of interindividual measurement error in Pan troglodytes.?

VMA VMEC LAD RAD1 RAD2 ATM LEAC AEAC
HTB 3434 (1) 8.06 0.35 6.2 1.9 2.3 84.3 39.8 23.0
HTB 3434 (2) 10.31 0.41 6.1 2.1 2.6 82.2 39.0 24.3
Difference -2.25 -0.07 0.2 -0.2 -0.2 2.1 0.8 -1.3

Sound Power at the entrance to the Cochlea (dB)
Frequency (kHz)
0.5 1.0 2.0 3.0 4.0 5.0

HTB 3434 (1) 4.2 12.6 8.5 5.8 -7.7 -16.5
HTB 3434 (2) 4.4 13.0 9.1 6.2 -8.5 -71
Difference -0.2 -0.4 -0.6 -0.4 0.8 -9.5

2 Modified from Quam et al. (2015). Abbreviations: Vua = volume of mastoids cells (cm?); Vvec = volume of the middle ear cavity (cm3); Lap =
length of the aditus (mm); Rapexity = radius of the exit of the aditus to the mastoid antrum (mm); Rapentrance) = radius of the entrance to the aditus
from the middle ear cavity (mm); Atv = area of the tympanic membrane (mm?); Leac = length of the external auditory canal (mm); Aeac = area of

the cross-section of the external auditory canal (mm?).
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