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Inner ear modifications in Dar-es-Soltane II H5 (Morocco): a case of Labyrinthitis ossificans
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Objective: This paper presents the inner ear modifications in Dar-es-Soltane II H5, an Aterian fossil possibly dated to 100 ka.

Material:

The remains consist of a large portion of the cranium including the face, the left frontal and temporal bones, part of the left parietal bone and greater wing of the sphenoid.

Methods:

The bony labyrinth anatomy was investigated on existing micro-CT data acquired by the MPI-EVA

Results:

The observation of micro-CT sections revealed a partial filling of the semi-circular canals that raises question about its origin. A careful examination of the micro-CT sections shows that the elements present in the semicircular canals were denser than the sediments observed in other regions and cavities of the temporal bone.

Conclusions:

The current evidence suggests a pathological origin of this condition with partial ossification of the membranous labyrinth. The differential diagnosis indicates a case of labyrinthitis ossificans in its early stages.

Significance: This pathological condition can be responsible for permanent hearing loss and is associated with dizziness and vertigo. Along with the Singa skull, Dar-es-Soltane II H5 represents one of the oldest known cases of labyrinthitis ossificans.

Limitations:

The early stage of disease and the absence of the right temporal bone limit conclusions about the degree of disability of the individual and their dependence on the rest of the group.

Suggestions for Further Research:

To carry out a paleopathological study of all the fossils from Dar-es-Soltane II

Introduction

The temporal bone and inner ear are of great interest to paleoanthropologists since they are useful indicators of hominins phylogeny [START_REF] Spoor | The Comparative Morphology and Phylogeny Of The Human Bony Labyrinth[END_REF]. Indeed, numerous publications used bony labyrinth morphology for distinguishing Neanderthals from modern humans (e.g. [START_REF] Hublin | A late Neanderthal associated with Upper Paleolithic artefacts[END_REF][START_REF] Spoor | The bony labyrinth of Neanderthals[END_REF][START_REF] Hill | Brief communication: Investigation of the semicircular canal variation in the Krapina Neandertals[END_REF][START_REF] Gómez-Olivencia | La Ferrassie 8 Neandertal child reloaded: new remains and re-assessment of the original collection[END_REF].

The study of the otic capsule within the petrous bone requires the use of (micro) computed tomography (CT) scans, which in some cases reveal changes in the bone that are not observable macroscopically. These changes can have a taphonomic origin (postmortem) or a pathological origin that can have consequences on the individual's life that may include loss of hearing, dizziness, and vertigo.

The purpose of this study is to analyze the changes detected in the bony labyrinth of Dar-es-Soltane II H5 and understand their etiology using micro-CT imaging.

Material and Methods

Dar-es-Soltane II cave was excavated during the 1970's under the supervision of A. Debénath. It is located near El Menzeh (Rabat, Morocco). The site has delivered a long stratigraphy from the cultural period of the Aterian to the Neolithic. As far as the Aterian is concerned, the human remains of 3 individuals have been identified: an adult cranium and hemi-mandible (named H5), a fragment of mandible and maxilla belonging to an individual whose dental maturation was not fully completed and a calvaria belonging to a child. All these human remains originate from layer 7 (Debénath 1976;[START_REF] Ferembach | Les restes humains de la Grotte de Dar-es-Soltane II (Maroc). Campagne 1975[END_REF]). Amino racemization ratios in molluscs provide dates between 85 and 75 ka for layer 7 [START_REF] Raynal | Amino-chronology and an earlier age for the Aterian[END_REF] while optically stimulated luminescence dating indicates an age of 121.7 ± 8.2 ka [START_REF] Schwenninger | A new luminescence chronology for Aterian cave sites on the Atlantic coast of Morocco[END_REF].

The remains of Dar-es-Soltane II H5 consist of an almost complete frontal bone and a large portion of the left side of the cranium including the face, temporal bone, part of the parietal bone and greater wing of the sphenoid. Early descriptions and attempts suggested that Dares-Soltane II H5 is a male over 50 years of age. These estimations, only based on partial cranial remains, should be considered with caution [START_REF] Ferembach | Les restes humains de la Grotte de Dar-es-Soltane II (Maroc). Campagne 1975[END_REF]. Recent studies on the cranium and inner ear morphology suggest close morphological affinity between Dar-es-Soltane II H5 and the Qafzeh individuals from the Levant [START_REF] Harvati | Morphological continuity of the face in the late Middle and Late Pleistocene hominins from northwestern Africa -A 3D geometric morphometric analysis[END_REF][START_REF] Coutinho-Nogueira | The bony labyrinth of Qafzeh 25 Homo sapiens from Israel[END_REF].

Micro-CT data of Dar-es-Soltane II H5 was acquired by the MPI-EVA (isometric voxels: 0.099mm). CT scan sections were analyzed using TIVMI® software v2.3 [START_REF] Dutailly | 3D surface reconstruction using HMH algorithm[END_REF]. In order to compare the modifications observed in Dar-es-Soltane II H5, we used CT scans from Qafzeh 9 and 25 early modern humans (SI.1).

Bone changes were analyzed using traditional methods for differential diagnosis in paleopathology [START_REF] Ortner | Identification of Pathological Conditions in Human Skeletal Remains[END_REF][START_REF] Aufderheide | The Cambridge Encyclopedia of Human Paleopathology[END_REF][START_REF] Dutour | La paléopathologie[END_REF].

Results

Analysis of the micro-CT scan slices revealed that the lateral and posterior semicircular canals are partly filled with high-density material (Fig 1). The otic capsule in this region showed a high density compared to what is visible in the anterior canal. The material is irregular but some portions of the two canals are completely obliterated (Fig 2). The bone surrounding the cochlea also presents high density (Fig 3). Some sediment is present in the cavities of the temporal bone. Sediment is easily identified on the micro-CT scan by its heterogeneousdensity (Fig 4).

Discussion

Density of the otic capsule and changes in the semi-circular canals

The higher bone density surrounding the cochlea is not observed in fossils from Qafzeh site (SI.2). However, we cannot exclude that fossilization conditions in this site and the quality of the scan limit the interpretation of this observation. As the posterior and lateral semicircular canals present higher density than the anterior one, we assumed that these changes are due to a pathological condition. Indeed, changes due to otoclerosis [START_REF] Sanghan | Retrospective Review of Otic Capsule Contour and Thickness in Patients with Otosclerosis and Individuals with Normal Hearing on CT[END_REF] or labyrinthitis ossificans (Papparella and Sugiura, 1967) can provoke a thickening of the otic capsule.

Due to its high and homogeneous density, the material present in the semicircular canals cannot be of sedimentary origin. Indeed, sediment found in other regions and cavities of the temporal bone has a lower and heterogeneous density.

Differential diagnosis

Few pathologies affecting the bony labyrinth can produce new bone, and otosclerosis and labyrinthitis ossificans are the most common causes. The presence of the canals excludes complete labyrinthine aplasia [START_REF] Ozgen | Complete labyrinthine aplasia: clinical and radiologic findings with review of the literature[END_REF].

Otosclerosis is characterized by an abnormal hardening of tissues in the inner and middle ear leading to conductive, sensorineural or mixed hearing loss. Sclerosis mostly occurs during the 2nd to 4th decades of life [START_REF] Purohit | Imaging in otosclerosis: A pictorial review[END_REF]. The sex ratio is 2:1, with women being more affected than males. The etiology of this pathology involved multiple factors both genetic and epigenetic. Ossification of the membranous labyrinth can occur in rare cases of cochlear otosclerosis, and it only affects the cochlea, leaving the semi-circular canals intact [START_REF] Swartz | The Inner Ear and Otodystrophies[END_REF]. Furthermore, the sclerosis of the soft tissues (around the stapes and the basal turn of the cochlea) is characterized by the production of spongy and vascular bone, associated with demineralization of the otic capsule in the cochlear region [START_REF] Purohit | Imaging in otosclerosis: A pictorial review[END_REF]). However, some phases during the remodeling provoke a thickening of the otic capsule [START_REF] Sanghan | Retrospective Review of Otic Capsule Contour and Thickness in Patients with Otosclerosis and Individuals with Normal Hearing on CT[END_REF]. Retro-fenestral (cochlear) otosclerosis is considered to be the continuation of a fenestral form where the stapes is fixed by the ossification of ligaments [START_REF] Purohit | Imaging in otosclerosis: A pictorial review[END_REF].

Otosclerosis can be ruled out here because of: 1) the location of the new bone formation in the cochlea, 2) the spongy and vascular nature of the newly formed bone, 3) the demineralization of the otic capsule and 4) the absence of involvement of the semicircular canals.

Labyrinthitis ossificans (LO) is characterized by the ossification of the membranous labyrinth. The disorder is responsible for permanent unilateral or bilateral sensorineural hearing loss and positional vertigo. Ossification generally occurs after a fibrous phase which affects hearing and balance (Papparella and Sugiura, 1967). This pathological condition usually results from a local infection: chronic otitis or bacterial meningitis [START_REF] Swartz | Labyrinthine ossification: etiologies and CT findings[END_REF]; other possible etiologies include trauma, autoimmune disease and tumors [START_REF] Huang | Pediatric sensorineural hearing loss, part 2: syndromic and acquired causes[END_REF][START_REF] Buch | Etiology-Specific Mineralization Patterns in Patients with Labyrinthitis Ossificans[END_REF]; vascular disorders are also appointed as a possible cause [START_REF] Taxak | Labyrinthitis and Labyrinthitis Ossificans -A case report and review of the literature[END_REF]. Hearing loss and positional vertigo can occur shortly after the infectious or traumatic event (4 weeks; [START_REF] Larson | Labyrinthine ossificans[END_REF], ossification can be detected 3 to 4 months after initial insult [START_REF] Taxak | Labyrinthitis and Labyrinthitis Ossificans -A case report and review of the literature[END_REF], but many years are needed for complete ossification (Papparella and Sugiura, 1967). The sex ratio is 1.5:1; with women being more affected, age groups comprised between 30 and 50 are more commonly affected [START_REF] Taxak | Labyrinthitis and Labyrinthitis Ossificans -A case report and review of the literature[END_REF]. Tympanogenic labyrinthitis subsequent to chronic otitis is considered to be the principal etiology of infectious labyrinthitis and can initiate through the oval window or the lateral semicircular canal [START_REF] Swartz | Labyrinthine ossification: etiologies and CT findings[END_REF]. In this case, only one side is generally affected [START_REF] Huang | Pediatric sensorineural hearing loss, part 2: syndromic and acquired causes[END_REF]. Bacterial meningitis is also a common cause and spreads through three possible routes: subarachnoid space, cochlear aqueduct, and internal auditory canal; ossification is generally bilateral [START_REF] Swartz | Labyrinthine ossification: etiologies and CT findings[END_REF][START_REF] Kaplan | Onset of Hearing Loss in Children with Bacterial Meningitis[END_REF].

The ossifications of the semicircular canals of Dar-es-Soltane H5 II may be the result of LO, as the inner ear changes observed are consistent with this condition. It is difficult to assess the precise cause of this LO, although tympanic infection seems the most likely cause, with spread through the lateral canal, which is more commonly involved in cases of LO secondary to otitis [START_REF] Buch | Etiology-Specific Mineralization Patterns in Patients with Labyrinthitis Ossificans[END_REF]. No evidences of antemortem trauma, tumor or vascular disorder affecting the bony labyrinth or on the temporal bone are visible. However, none of them can be excluded as they could have affected non-fossilized tissues.

Consequences on the daily life of Dar-es-Soltane II H5

As the cochlea seems to be relatively unaffected by the new bone formation, we cannot exclude that the calcification process (fibrous phase) was in progress at the time of death of the individual but not developed enough to fossilize. It is difficult to determine the level of hearing loss and therefore the level of disability that this pathology could have caused. Especially since the absence of the right temporal bone makes it impossible to know if the other cochlea was also affected. However, the ossification affecting two of the three semicircular canals may have impacted the perception of equilibrium, causing dizziness and vertigo. For nomadic populations, this handicap can limit the efficiency of hunting and food acquisition. The early stage of ossification indicates that death occurred only a few months after the beginning of this pathological condition.

Conclusion

Paleoimaging was essential for detecting and identifying the changes in the bony labyrinth of Dar-es-Soltane II H5. The partial ossification of the semicircular canals is the consequence of labyrinthitis ossificans, probably resulting from a chronic ear infection. The disease may have caused equilibrium disorders such as dizziness and positional vertigo, and possible hearing loss. Its limited survival time after the beginning of this condition questions the cause of death and care this individual may have received. 

Fig 2 .

 2 Fig 2. Partly filled posterior semi-circular canal with high-density material, other structures such as the pharyngo-tympanic tube and the tympanic cavity are free of material (transverse plane).

Fig 3 .

 3 Fig 3. 3D reconstruction of the bony labyrinth revealing the obliterated parts of the posterior and lateral canals
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