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Summaries 

Resumé på dansk 

Den patologiske remodellering omkring det indre øre, bedre kendt som otosclerose, rammer 

omkring ½-1 % af befolkningen. På trods af at sygdommen er relativt hyppig og grundigt 

studeret, er patogenesen stadig ukendt. Med udgangspunkt i moderne knoglebiologiske 

principper har dynamiske studier af knogleomætningen i tindingeben ført til opdagelsen af 

osteoprotegerin (OPG) i det indre øre. OPG hæmmer effektivt knogleremodelleringen, og 

knoglen omkring det indre øre udskiftes eller repareres stort set aldrig. Som følge heraf ophobes 

degenerative forandringer i et mønster, der ligner fordelingen af otosclerose. Klaser af døde 

celler, såkaldte ”celullar voids”, er desuden observeret i den otiske kapsel og kan muligvis 

udgøre startpunkter for otosclerotisk remodellering. 

Denne afhandling bygger videre på teorien om, at otosclerotisk remodellering er et resultat af 

den unikke knogledynamik, der findes omkring det indre øre. Ved at kombinere uafkalket 

tindingebens histologi og stereologiske principper studeres den rummelige fordeling af 

microfrakturer og ”cellular voids” i humane tindingeben og sammenlignes med den allerede 

dokumenterede fordelingen af otosclerose.  Afhandlingen er opdelt i tre afsnit. I det første afsnit 

udvikles og appliceres en metode til kvantificering af mikrofraktur overfladedensitet. I andet 

afsnit karakteriseres og kvantificeres ”cellular voids”. I tredje og sidste afsnit sammenlignes den 

cellulære sammensætning af ”cellular voids” og otosclerotiske foci. 

 

English summary  

The pathological bone remodeling around the inner ear known as otosclerosis affects around ½-

1% of the population. Although common and thoroughly studied, the pathogenesis of the disease 

remains unknown. Based on contemporary concepts of bone biology, dynamic studies of 

temporal bone turnover anticipated the presence of inner ear osteoprotegerin (OPG). OPG is a 

potent inhibitor of bone remodeling and the bone immediately surrounding the inner ear, the otic 

capsule, is rarely replenished. Consequently, degenerative changes accumulate in a pattern 

similar to the spatial distribution of otosclerosis. Furthermore, clusters of dead osteocytes, so 

called cellular voids, have been identified in the otic capsule, and may represent a starting point 

for otosclerotic remodeling.  
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This thesis further evolves the theory that otosclerotic remodeling is a result of the unique bony 

dynamics around the inner ear. By combining undecalcified temporal bone histology and 

unbiased stereology the spatial distribution of microcracks and cellular voids in the human 

temporal bone is studied and compared to that previously established for otosclerosis.  The thesis 

is divided into three sections. In the first section a method for quantifying microcrack surface 

density is developed and applied. In the second section, cellular voids are characterized and 

quantified. In the third and final section, the cellular compositions of cellular voids and 

otosclerotic lesions are described and compared. 
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Background 

Inner ear development 

The inner ear is located within the dense and highly mineralized otic capsule of the temporal bone (TB). The 

otic capsule reaches its final dimensions and undergoes endochondral ossification halfway through fetal life 

[1]. After this, bone remodeling and resorption are rarely seen and the perilabyrinthine bone does not grow or 

change shape like other bones in the skeleton. The otic capsule therefore consists of primary woven type 

hypercellular bone and fetal structures like globuli ossei and primary trabeculae persist around the inner ear 

throughout life [1–3].  

Bone remodeling 

Bone is continuously resorbed and rebuild in the process of remodeling as reviewed elsewhere [4–6]. 

Osteoclasts, osteoblasts, osteocytes, and lining cells form a transient basic multicellular unit (BMU) that 

ensures secondary bone is always a coupled process of osteoclastic bone resorption followed by osteoblastic 

bone formation [7–9]. All osteocytes reside in a bony lacuna and are connected via dendritic processes 

located in bony canals termed canaliculi. This lacuno-canalicular network is vital for intercellular signaling 

and nutrient supply [10–13]. Although osteocytes are enclosed in mineralized matrix throughout life, bone is 

a highly dynamic tissue that constantly adapts to its surroundings [4–6]. Osteocytes react to mechanical and 

chemical stimuli to adjust remodeling rates which is necessary for fracture healing and calcium homeostasis 

[10,12].  

Fluorochrome time labeling of undecalcified temporal bone samples have revealed an almost complete 

absence of secondary remodeling in the otic capsule [14–16] (Figure 1). This discovery preceded the 

identification of a high concentration of inner ear osteoprotegerin (OPG) [17,18]. OPG functions as a decoy 

receptor to the receptor activator of nuclear factor kappa-B ligand (RANK-L) which normally binds to the 

RANK-receptor on osteoclasts and their precursors to initiate osteoclastogenesis and promote survival of 

these cells [17,19,20]. The OPG/RANK-L ratio is a thousand times higher in the inner ear soft tissues 

compared to other tissues [17]. OPG is produced in the inner ear soft tissues and is thought to enter the 

perilabyrinthine bone through the lacuno-canalicular network thereby reducing otic capsular remodeling to 

an absolute minimum [17,21].  

Otosclerosis 

An exception to this absence of perilabyrinthine bone turnover is the pathological remodeling seen in the 

human disease otosclerosis. Otosclerosis affects around 0.1 – 2.1% of the population [22] and may cause 

conductive hearing loss due to a bony fixation of the stapes. Histological otosclerosis not involving the 

stapes, and consequently not affecting the hearing, is reported to have a prevalence of 2.5 to 12.8 % [23–27]. 
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Despite being relatively prevalent, the pathogenesis of this disease remains unknown. Theories of the 

etiology of otosclerosis include remodeling of unstable cartilaginous remnants [28,29], measles virus 

[30,31], abnormal enzymatic processes [32,33], and collagen autoimmunity [34]. However, these theories are 

not in accordance with basic principles of bone turnover and fail to explain why otosclerosis is only found in 

the otic capsule and the remaining skeleton is unaffected [3,35]. Furthermore, OPG knockout mice 

demonstrate perilabyrinthine remodeling, but importantly they also exhibit a diffuse pathological remodeling 

throughout the skeleton [36]. It is therefore likely that the pathogenesis of otosclerosis is not just caused by a 

general OPG insufficiency but more likely connected to or maybe even a product of the unique local 

osteodynamics of the perilabyrinthine bone. 

 

 

Figure 1: Otic capsule of 6-week-old rabbit fluorochrome labeled with demeclocycline (orange) 7 days 

before birth, alizarin complexone (red) 2.5 weeks after birth and calcein green (green) 5.5 weeks after birth. 

Note the persistent orange and red stains close to the inner ear that have not been replaced by modeling or 

remodeling. (Magnification: 4X). [37]. 

Osteodynamics of the otic capsule 

Systematic histomorphometric studies on undecalcified TB samples have demonstrated accelerated bony 

degeneration and microcrack accumulation around the inner ear [38–42]. Corresponding smooth centripetal 

patterns of osteocyte death, otosclerotic remodeling, and inhibition of normal bone remodeling emerged and 

appeared to be controlled by inner ear OPG [21,43] (figure 2). However, the stochastic age-dependent 

osteocyte death may occasionally create clusters of dead osteocytes [21,44]. In fact, such osteocyte-depleted 

cellular voids have been observed in undecalcified bulk stained specimens [45].  
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Cellular voids and microcracks may restrict the lacuno-canalicular network and thereby interrupt the anti-

resorptive inner ear OPG-signal locally. Where remodeling inhibition is lost, focal remodeling may take 

place. This could help explain the focal and centripetal nature of otosclerotic lesions. Consequently, if 

otosclerosis arises in osteocyte depleted areas, cellular void and otosclerotic distribution must somehow 

correspond in time and place. 

  

Figure 2: Schematic presentation of the corresponding smooth patterns of normal bone remodeling (green), 

otosclerotic remodeling (blue) and degenerative change (like microcracks and dead osteocytes)(red) as a 

function of the distance from the inner ear spaces. Inspired by Sørensen 1994; Bloch and Sørensen 2012; 

Bloch and Sørensen 2016. 

 

Objectives 

With the overall aim of quantifying and colocalizing degenerative changes of the otic capsular bone and 

otosclerotic lesions the present thesis has the following objectives 

I. Develop a method of measuring surface density of microcracks 

II. Describe microcrack surface density and distribution in the otic capsule 

III. Develop a method of identifying perilabyrinthine cellular voids 

IV. Describe cellular void volume density and spatial and temporal distribution in the otic capsule 

V. Compare cellular vitality and composition of cellular voids and otosclerotic lesions 
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Materials and Methods 

Undecalcified bone histology 

Specimens 

The temporal bone collection at the Otopathology Laboratory at Rigshospitalet in Copenhagen, Denmark 

contains 1,248 specimens. Of these, 324 temporal bones are undecalcified. The remaining temporal bones 

are decalcified and embedded in celloidin. The undecalcified temporal bones were collected from routine 

neuropathology and forensic sections and are unselected from an otopathology point of view. From the same 

subjects a rib sample was obtained and was processed in the same manner as the temporal bones. The current 

thesis is based on observations made in these undecalcified specimens. 

Temporal bone specimens were obtained with a Schuknecht’s trephine (Stryker, Mich., USA). All 

undecalcified specimens were bulk stained in 1% basic fuchsin dissolved in 62% ethanol for 2-3 months as 

described by Frisch et al. 2001b. Specimens were subsequently embedded in methyl methacrylate (MMA). 

Serial sectioning was performed on a KDG-95 saw microtome (MeProTech, Netherlands) at a constant 

increment of 800 μm. Sections were hand-ground to a final thickness of 80-120 μm, mounted on plastic 

slides, and cover-slipped (0.17 mm) without any further staining.  

Microscopical setup 

A Zeiss Axio Imager M1 microscope  (Carl Zeiss, Oberkochen, Germany) equipped with the following 

objectives: Zeiss EC Plan-Neofluar 1x 0.025 NA, Olympus UPlanFl 4x 0.13 NA, Zeiss Plan-Neofluar 10x 

0.30 NA, Zeiss Plan-Neofluar 10x 0.50 NA, Zeiss EC Plan-Neofluar 40x 0.75 NA, Zeiss EC Plan-Neofluar 

100x 1.3 NA oil. An AxioCam HRc (Carl Zeiss, Oberkochen, Germany) and a Prior H101 motorized stage 

(Prior, Cambridge, UK) were used for all observations. Fluorescent light was produced by a Zeiss HBO 100 

mercury arc lamp (Carl Zeiss, Oberkochen, Germany) with a Zeiss filter set 09 (BP: 450-490, beam splitter: 

FT 510, emission: LP 515). 

Stereology 

Stereological work was performed in the VIS 2017.2(7.0) software (Visiopharm, Hørsholm, Denmark).  

Basic stereological principles  

In stereology, quantitative information about three-dimensional objects is obtained through the application of 

geometrical probes to two-dimensional section planes. Bias is eliminated through mathematical stringency, 

careful planning of tissue preparation, and stereological probe selection [46,47]. The choice of probe depends 

on the dimensionality of the feature in question. The sum of dimensions of probe and feature should always 

be three. For instance, if estimating volume, a dimensionless point probe is used. If surface is estimated, a 
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one-dimensional line probe is used, and length is estimated using a two-dimensional plane probe. Finally, 

number is estimated in three-dimensional volume probes [46]. All stereological estimations are based on 

random and systematic sampling. This is to ensure that all countable events have the same probability of 

being counted, and the systematic randomness allows us to only count a fraction of all events and 

mathematically estimate the total amount. This type of systematic randomness is known as Systematic 

Uniform Random Sampling (SURS). Finally, stereology can be used to either estimate total amounts of 

events, which requires a reference volume, or density of events like surface density (mm2/mm3) or length 

density (mm/mm3) [48]. 

 

Figure 3: Undecalcified bulk stained human temporal bone embedded in methyl methacrylate. The 

production of VUR sections is performed by randomly rotating the specimen around the vertical axis and 

sectioning parallel to it. 

Stereology and the temporal bone 

In the present thesis, estimates of volume, surface, and number were made. Volume and number estimations 

can be performed in any orientation of tissue sections. Surface, however, requires random sectioning 

orientation to produce unbiased results. This is secured by producing either Vertical Uniform Random 

(VUR) sections or Isotropic Uniform Random (IUR) sections [46,49]. These sections ensure, that the number 

of intersections between the selected probe and a potentially isotropically oriented structure does not vary 

due to a certain orientation of the tissue section. Temporal bones are traditionally sectioned horizontally to 

facilitate the recognition of the anatomically complex inner ear. However, horizontal sections are not 
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randomly orientated. To allow estimations of the surface density of MDx a series of ten VUR sectioned 

temporal bones were produced. This was done by randomly rotating the specimen around its vertical axis and 

then section the specimen parallel to the vertical axis at this random degree of rotation (figure 3).  

Inner ear OPG signals are thought to enter the otic capsule lacuno-canalicular network and radiate out 

creating a distance dependent field strength. Therefore, the spatial distributions of otic capsular bone 

structures in relation to the inner ear are of great interest. To obtain these, concentric 200 μm iso-wide zones 

around the inner ear spaces were used as reference volumes.  

Volume estimation 

Volumes were estimated using point grids and Cavalieri’s principle of volume estimation [46,50]. The 

perilabyrinthine 200 μm zonal volumes of 10 temporal bones were estimated using vector-based stereology 

and their mean values were used as standard reference volumes. The volume estimation is described in 

further detail in paper I. 

Surface density estimation 

Microcrack surface density (MDx SV) estimations were performed using line grids and counting intersections 

between lines and MDx. The densities were calculated in the zonal reference volumes. Surface density (SV) 

is described in further detail in paper I and II. 

Number estimation 

Number estimations were performed using optical dissector probes. This probe is designed for thick sections 

of tissue, like the undecalcified sections used in this thesis. The probe resembles a brick and has 6 sides, and 

only objects within the probe volume or touching one of the three acceptance planes may be counted (figure 

4). Due to the non-spherical shape of osteocytes the so-called unbiased “brick” counting rule was applied 

[46]. The “dissector” refers to the microscopical technique associated with this probe. It consists of creating 

thin optical sections using a high numerical aperture oil-immersion lens, sweeping it through a three-

dimensional space (a microscopical z-plane) and counting the objects in question when they come into focus. 

The optical dissector is described in further detail in paper III.  

Stereological precision  

All stereological sampling is associated with a certain error which is expressed as a dimensionless coefficient 

of error (CE). The CE describes the difference between the true value and the estimate. For the volume 

estimations the CE is function of two independent factors: the noise effect, describing the point counting 

variance, and the variance of area, describing how much the total area of an object varies as a function of 

number of sections. The calculation of CE is described in paper I and III.  
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Figure 4: The optical dissector in a bone specimen. Only osteocytes within the probe or touching one of the 

three green acceptance planes are counted.  
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Studies and results 

Part 1: Microcrack surface density of the human otic capsule 

Fatigue microcracks may form in solid materials when they are subject to repeated loading [51,52]. 

Microcracks are also seen in bone, but here they are regarded as a physiological phenomenon [53,54]   

(figure 5).  

 

Figure 5: Microcrack in basic fuchsin bulk stained human perilabyrinthine bone in both bright field (left 

image, black arrows) and fluorescent microscopy (right image, white arrows). (Bar = 200 μm). 

 

Accumulation of MDx may become pathological and result in stress fractures [55]. It is believed that MDx 

may trigger repair through secondary remodeling. This is to heal lesions and strengthen bone according to 

mechanical burden [51,56]. Microcracks can be visualized in basic fuchsin bulk stained undecalcified bone 

and the fluorescent properties of basic fuchsin facilitate their recognition [52,57]. This has previously been 

used in TB histology to describe a numerical increase in MDx number and length around the inner ear 

[38,42,58]. Although important, these records did not provide a continuous volume dependent measure of the 

MDx burden of the otic capsule. Furthermore, studies have shown that MDx may break canaliculi and 

lacunae, thereby interrupting intercellular signaling or directly cause osteocyte apoptosis [59–62]. 

Consequently, the MDx area per bone volume (mm2/mm3) may be a superior measure of true MDx burden of 

bone compared to previous records (Figure 6). Unbiased stereology was used to estimate MDx SV in papers I 

and II.  
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Figure 6: Schematic representation of the osteocytic network around the cochlea. The blue microcrack 

interrupts canaliculi and disconnects downstream osteocytes from the inner ear OPG signal and nutrient 

supply. (Paper II). 

Results 

In a total of 42 TB and 5 ribs the SV of MDx was estimated using line probes in horizontal and VUR 

sections. Microcrack SV increased towards the inner ear and accumulated with age (figure 7). Microcrack SV 

tapered off towards the peripheral temporal bone reaching a “background” level comparable to that found in 

the ribs. A sharp increase in MDx SV was seen around the third and fourth decade. The otic capsule was 

divided into an anterior cochlear region, a medial internal acoustic meatus region, a posterior semi-circular 

canal region and a lateral widow region. The MDx SV was higher in the lateral and anterior regions. No 

significant difference in MDx SV between horizontal and VUR sections was found.  
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Figure 7: 3D-mesh plot showing the spatial distribution of MDx SV as a function of age and distance from 

the inner ear and in ribs. Notice the acceleration in MDx SV around the third and fourth decade (red circle). 

(Paper II).  

Part 2: Cellular void composition and distribution  

The basic fuchsin bulk staining technique facilitates the differentiation between living and dead osteocytes 

[39,63]. Basic fuchsin penetrates all open spaces in bone specimens and stains their lining. With a molecular 

weight of 300 Dalton, basic fuchsin even enters patent lacunae and canaliculi. Such stained lacunae and 

osteocytes are therefore marked as living. Unstained and calcified lacunae (micropetrosis) [63] are marked as 

dead (figure 8).  

 

Figure 8: In bulk staining, living (left image, white arrows) are stained red/purple by basic fuchsin and dead 

(right image, black arrows) are not. (Bar = 20 μm). 
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Consequently, larger osteocyte depleted areas may also be identified due to their lack of basic fuchsin 

staining, which is emphasized in fluorescence (figure 9). 

 

Figure 9: Fluorescence microscopy image of a large cellular void (asterisk) in the medial region of a human 

temporal bone. The absence of living basic fuchsin stained osteocytes inside the void accentuates the green 

autofluorescence of the mineralized bony matrix. Vestibulum (V), Internal acoustic canal (IAC) (Bar=1,500 

μm).  

 

The lacuno-canalicular network is vital for osteocyte nutrient supply and signaling [11,64]. The integrity of 

the perilabyrinthine osteocytic network is therefore thought to be important for inner ear OPG signaling, 

whether it is transmitted through the extra-cellular fluid surrounding osteocytes or through gap-junctions 

connecting them [17,21]. Evidence suggests that osteocytes require a certain connectivity to maintain bone 

vitality [12,65,66]. Based on the stochastic osteocyte death in the otic capsule, probabilistic computer 

simulations have demonstrated that osteocyte depleted cellular voids may form by chance when many cells 

die in one area [44]. Observations in undecalcified bulk stained temporal bones have confirmed that clusters 

of dead osteocytes do in fact exist [45]. Cellular voids represent potential disruptions in the OPG signaling 

field which may allow local and otherwise suppressed remodeling. In papers III and IV, unbiased stereology 

and histomorphometry were used to characterize cellular voids and describe their morphology and quantity 

as well as spatial and temporal distribution in comparison to that of otosclerosis in the otic capsule. 
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Results 

Osteocyte depleted areas in the human otic capsule were identified using fluorescence microscopy. 

Generally, voids close to the inner ear were rounded, large, and distinctly different from osteocyte depleted 

areas in the peripheral zone of the temporal bone, which were long, thin, and sheath like structures. Only 

rounded voids in the inner zones were included in the studies. The numerical densities of living, NV,Alive, and 

dead, NV,Dead, osteocytes were estimated in voids, and in the surrounding normal perilabyrinthine bone, peri-

voids, using the optical dissector probe. This showed a significantly higher numerical density of dead 

osteocytes in voids than in the surrounding peri-void areas. Furthermore, there were more living cells in peri-

voids compared to voids. To test the fluorescence microscopy identification method of voids, osteocyte 

counts, at high magnification (100x, oil) in transmitted light, were made across a void in a blinded fashion. 

This demonstrated that the shift between mainly dead osteocytes in the void and living cells in the peri-void, 

when counted in transmitted light microscopy, matched the void borders marked in fluorescence microscopy.  

 

Figure 10: Left: total volume fraction of voids increased with age. Center: 3D-line plot showing the 

increasing volume fraction of voids towards the inner ear and with increasing age. Right: Total volume 

fraction was higher in the inner zones close to the inner ear. (Paper IV). 

Using a point grid, the volume fraction of cellular voids per 200 μm concentric zone around the inner ear was 

estimated. This revealed an increasing volume fraction of cellular voids towards the inner ear. Furthermore, 

voids increased in both size and number with age. A regional distribution showed a higher volume fraction in 

the lateral window region and the anterior cochlear region compared to the medial and posterior regions. 

Void volume fraction accelerated between the second and fourth decade (Figure 10). 
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Part 3: Cellular composition and vitality of otosclerotic lesions 

The histopathology of otosclerosis has been described several times over the last century [67–73]. There is a 

consensus that otosclerotic lesions consist of active spongiotic and inactive sclerotic areas. Usually, active 

lesions are hypercellular with osteoclasts and osteoblasts present, as a sign of active remodeling [70,72,73]. 

Inactive areas are described as less cellular and either fibrotic or sclerotic [70,73]. However, there are records 

of more cellular inactive regions resembling woven bone. [73].  

Most studies of otosclerotic histopathology are based on decalcified celloidin embedded temporal bone 

samples. Decalcification removes all mineralization, and some histological information is lost in this process. 

For studies of cell viability and bone dynamics undecalcified specimens are better suited [74].  

In paper V the vitality of osteocytes in five otosclerotic foci from five different undecalcified temporal bones 

was investigated and unbiased stereology was used to quantify living and dead osteocytes.  

Results 

Two of the otosclerotic lesions consisted of both active and inactive areas, all lesions had inactive areas. 

Fluorescence microscopy emphasized the basic fuchsin stained living osteocytes and active areas were easily 

identifiable due to their hypercellularity and perivascular bone resorption creating a spongiotic appearance.  

The inactive areas were less cellular, and many calcified lacunae were observed (figure 11).  

 

Figure 11: otosclerotic lesion in the lateral window region of a temporal bone from a 74-year-old female. 

Left: light microscopy image showing the hypercellular active area (open arrows) and the less cellular 

inactive are (white arrows). Right: fluorescence microscopy image of the same lesion, the background of the 

inactive region (black asterisk) has a brighter green appearance indicating a high numerical density of dead 

osteocytes compared to the active region (white asterisk). (Bar 1,000 μm) (Paper V). 
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A cell count, using optical dissector probes, revealed much higher numerical densities of dead osteocytes 

(NV,Dead) in inactive areas compared to both active areas and surrounding endochondral bone. The opposite 

was found for living osteocytes that had a higher numerical density (NV,Alive) in the active areas and 

surrounding capsular bone. The NV,Dead in inactive areas of otosclerotic lesions was similar to the NV,Dead 

previously found in cellular voids (figure 12).  

 

Figure 12: numerical densities of living and dead osteocytes in active and inactive otosclerosis as well as 

cellular voids compared to surrounding normal endochondral bone. Notice the similar relationship between 

numerical densities of living and dead osteocytes in inactive otosclerosis and cellular voids (Paper V).  

 

General discussion 

The results presented in this thesis elucidate otic capsular bone biology and otosclerotic pathophysiology in 

several areas.  

In paper I, unbiased stereology was used to estimate surface density of microcracks, MDx SV, in basic 

fuchsin bulk stained human temporal bones. Bulk staining facilitates the differentiation between intra-vital 

MDx and artifactual cracks creating during cutting and grinding [52,75]. Microcrack SV is routinely recorded 

as length/area (mm/mm2) [76,77], although this measure is essentially semi-quantitative and prone to bias 

[78]. There is a risk, that the measure varies according to orientation of the structure and sectioning of the 

samples. Since microcracks are internal disruption planes with a certain area per volume and a certain 

orientation, unbiased line probes were used to describe their true surface density as area/volume (mm2/mm3). 

Furthermore, the MDx area describes the impact of MDx on bone connectivity, as a large MDx is expected 

to break more canaliculi than a small one. The stereological observations presented here showed no 
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significant difference in MDx SV between horizontal and VUR sections. This may indicate that MDx in the 

otic capsule are isotropically ordered or that the rounded structure of the inner ear spaces can be regarded as 

globally isotropic and therefore may be sectioned and counted in a non-random orientation without bias. 

However, MDx SV estimations in different regions and different section orientations should be compared to 

confirm this. 

Paper II established that the surface density of MDx was concentrated in the zones closest to the inner ear 

and that MDx SV was significantly higher in the innermost zone compared to a peripheral zone and ribs. This 

distribution was based on a continuous registration of intersections between the line grid and MDx so that 

each part of the MDx could be attributed to the zone it belonged to. The result was a smooth transition from 

high MDx SV close to the inner ear to lower “background levels” in the peripheral capsule and the rib. In 

previous accounts of MDx distribution in the otic capsule, the entire MDx has been registered in the 

innermost of all zones intersected, with an inherent bias towards centripetal distribution [38]. The MDx SV 

accumulated with age in both TB and rib samples. These findings are in accordance with records of age 

dependent MDx accumulations in long bones, and the fact that areas of bone with a high background 

remodeling rate are less prone to MDx accumulation [76,77,79]. 

The centripetal distribution of MDx SV described here resembles the distribution of dead osteocytes in the 

otic capsule and their accumulation with age [39,40]. Although these degenerative changes correlate in both 

time and place, the results do not explain the causal relationship between the two. MDx have previously been 

associated with osteocyte depletion [65] and they are thought to either cut off nutrient supply to osteocytes or 

directly damage the lacuna and cause cell death [13,59,60,62,80]. However, MDx may also appear as a result 

of widespread osteocyte death which leaves the bone matrix brittle and more prone to cracking [52,65,81].  

Although MDx are believed to trigger remodeling [51,52,82,83], the MDx distribution presented here has a 

reverse relationship to that of normal perilabyrinthine remodeling [14] (figure 2). We would normally expect 

a smooth centripetal degeneration to cause a corresponding increase in normal bone remodeling by discrete 

osteonal type BMUs in identical distributions. However, this does not seem to occur, probably because the 

high initial cellularity of the otic capsule preserves an adequate connectivity for the sustained OPG effect 

into old age despite the lack of remodeling [40]. It is likely that any aberration in these local bone dynamics 

is due to a shift in the unique OPG levels found here. Bony degenerative changes like MDx and dead 

osteocytes will certainly affect the lacuno-canalicular network and consequently intercellular signaling, and 

the pathological remodeling seen in otosclerosis may be the result of a local interruption of the OPG signal 

[21,84]. 

The connectivity of osteocytes has been compared to that of neurons [85]. However, the bony matrix 

surrounding osteocytes does not allow for any diffusion of nutrients or signaling molecules. Consequently, 

all nutrient transport and signaling passes through the lacuno-canalicular cellular network and extracellular 

porosity and osteocyte connectivity is essential for the vitality of bone. Studies have shown how osteocyte 
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dendricity and lacunar density are reduced with age and that this reduction may result in reduced vitality of 

bone [66,80]. In mouse bone, “islands” of isolated osteocytes have been identified in aging models [66]. 

Osteocyte death has a stochastic element because not all cells can reach the same age. Dead osteocytes may 

accumulate when local connectivity falls below a certain threshold occasionally to form cellular voids with a 

preference for bony compartments of high degeneration. Inside such voids, the OPG signal may be lost 

entirely, and bone remodeling commence. Surrounded by the intact OPG signaling pathway the morphology 

of new remodeling osteons is distorted, which is indeed the case in focal otosclerosis.  

Morphometric studies have shown that otosclerotic lesions have the same centripetal distribution in 

perilabyrinthine bone as dead osteocytes and, as shown in this thesis, microcracks [39,43](paper II). 

Otosclerosis thereby colocalizes with the degenerative changes found close to the inner ear. Furthermore, 

when investigating regional MDx distribution, the MDx SV was higher in the lateral window region, which is 

a predilection site for otosclerosis [72]. Finally, an acceleration in MDx SV between the second and fourth 

decade was observed which is temporally in accordance with the clinical presentation of otosclerosis [22]. 

The spatial study of cellular void volume fraction showed that voids share the same centripetal distribution 

as dead osteocytes, microcracks and otosclerosis [39,40,43,86]. Furthermore, cellular voids increase in 

number and size with age. They are also more abundant in the lateral and anterior regions of the otic capsule 

and start accumulating between the second and fourth decade. This correlates cellular voids and otosclerosis 

in time and place.  

The presence and morphology of cellular voids in the human otic capsule have not been described before. A 

key element of this thesis has therefore been to establish a method to identify and quantify cellular voids in 

the human otic capsule. Due to the fluorescent properties of basic fuchsin viable osteocytes and open 

canaliculi are readily identifiable in fluorescence microscopy. On the other hand, unstained areas, consisting 

of empty or calcified lacunae and closed canaliculi, are characteristic of cellular voids. The bulk staining 

technique ensures good stain penetration and working with thick sections minimizes the risk of categorizing 

osteocytes as dead if they are missing due to tissue preparation [46]. Therefore, low magnification scanning 

of undecalcified basic fuchsin specimens in fluorescence microscopy was chosen to identify cellular voids in 

the temporal bone. Other methods of identifying dead osteocytes exist. For instance, lactate dehydrogenase 

(LDH) activity may be used to identify dead osteocytes [87]. If the purpose is to comment on the mode of 

death of osteocytes, detection of DNA fragmentation during apoptosis by using the terminal deoxynucleotide 

transferase mediated dUTP nick-end labelling (TUNEL) procedure or immunostaining for the active form of 

caspase-3 are more specific for apoptotic osteocytes [87,88]. Phalloidin/DAPI staining of thick sections as 

well as an acid edging technique are described for identifying lacunae and canaliculi [66,89]. However, in 

this study we were able to utilize a large collection of already prepared bulk stained undecalcified temporal 

bones, as well as previously established and verified viability criteria, to identify voids.  
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Throughout the temporal bone, thin sheath-like structure of osteocyte depleted matrix can be found 

surrounding structures like blood vessels and nerves. However, these are not considered to be voids. This 

term is reserved for the large round osteocyte depleted areas most often found close to the inner ear. Cellular 

void characteristics are listed in text box 1. 

Text box 1:  

       

     Cellular voids are characterized by: 

 a sharply demarcated border to the surrounding bony tissue 

 a light background 

 presence of calcified lacunae and dead osteocytes 

 an absence of stained living osteocytes and canaliculi  

 a round or ellipsoid shape - longer tongues as a periphery of hollow structure (larger 

vessel or nerve) or star shaped dead areas, are not counted as cellular voids 

 

The rounded shape of voids in the otic capsule may be a consequence of the primary endochondral nature of 

perilabyrinthine bone. The woven-type skein bone produced by cancellous compaction of the young otic 

capsule is more tumultuous than secondary osteons. Consequently, sections of mixed dead and living 

primary bone give the aging otic capsule a patchy appearance. It is possible that voids arise from this patchy 

bone when small bundles of dead cells fuse to form a larger osteocyte depleted area. This could explain the 

rounded shape of cellular voids in the otic capsule.  

Finally, when studying otosclerotic lesions in undecalcified bulk stained specimen, areas of different 

cellularity and thereby activity were readily identifiable. The cell count revealed a numerical density of dead 

osteocytes much higher in inactive areas compared to that in active otosclerotic areas and surrounding non-

otosclerotic endochondral bone. The opposite was found for living osteocytes that had a higher numerical 

density in active areas and surrounding bone compared to inactive areas. The NV,Dead of inactive otosclerosis 

resembled that of voids from previous papers III and IV. Consequently, low-cellularity inactive otosclerotic 

areas may represent one of two scenarios; either they consist of dead endochondral bone similar to cellular 

voids, or they consist of aged sclerotic secondary bone where remodeling has ceased. These observations 

could place otosclerosis within cellular voids. Not only are the spatial and temporal distributions of cellular 

voids and otosclerotic foci similar, but otosclerotic foci regularly contain dead areas most likely representing 

dead interstitial bone from preceding voids. The presence of fetal type primary bone structures in inactive 

otosclerotic lesions would indicate that they are in fact areas of dead endochondral bone. However, the 

limited size of the otosclerotic lesions studied here and the enlargement of perivascular spaces prevented the 

microscopical identification of such structures.  
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Conclusion and Future Perspectives 

The studies presented here have used principles of unbiased stereology, histomorphometry, and temporal 

bone histology to approach the yet unknown pathogenesis of otosclerosis from a contemporary basic bone 

biology point of view. Through systematic observations and stringent methodology, we have colocalized 

degenerative changes and otosclerosis in the otic capsule in both time and space. Furthermore, quantitative 

studies of otosclerotic bone cell vitality have led to the discovery that so-called inactive otosclerotic areas 

that are not yet remodeled consist mainly of dead interstitial bone. This could place otosclerosis inside 

cellular voids. 

These results along with previous similar studies of otic capsular biology suggest that the pathogenesis of 

otosclerosis is of an age-related and degenerative nature. This should be the focus of future research on the 

etiology of this disease. Careful morphological considerations should precede targeted efforts in future 

immunohistochemistry and genetic studies.  

Based on observations showing that the aging osteocyte has reduced dendricity and that the lacunar density 

decreases with age [66,80], a future study should investigate the number of canaliculi per cell as well as the 

lacunar density in otosclerotic and in normal temporal bones. A pilot study using confocal laser microscopy 

on basic fuchsin bulk stained specimens to quantify canaliculi has shown promising results. The stereological 

saucer probe may be used for studying the radial density of osteocytes as a function of distance to the inner 

spaces. Such studies could elucidate potential pathologies in the osteocytic network of otosclerotic temporal 

bones.  

Computer simulations of stochastic osteocyte death, remodeling, connectivity, and the creation of cellular 

voids should be refined. The cumulative knowledge from morphological studies including the present results 

may aid in this effort.  

A shortlist of differentially expressed genes in inner ear soft tissues and bullar soft tissues forms the basis of 

a biochemical study of these gene-products in the otic capsule. Preliminary studies show good results using 

in situ hybridization on decalcified rat temporal bones. Further studies will focus on immunohistochemical 

identification of anti- and pro-resorptive signals in human otosclerotic temporal bones.  

Finally, the physical pathway between the OPG producing spiral ligament and the inner otic capsular 

osteocytes remains unknown. Although the effects of OPG in the otic capsule are obvious, no methods have 

so far been able to describe this signaling route in all details.  
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Abstract

Bone is continuously remodeled to repair and strengthen degenerative bone with

accumulating dead osteocytes and microfractures. Inner ear osteoprotegerin

(OPG)-mediated inhibition of otic capsular bone remodeling causes excessive

perilabyrinthine bone degeneration. Consequently, microcracks accumulate

around the inner ear. Microcracks cause osteocyte apoptosis and may disrupt the

canalicular network connecting osteocytes. Despite their linear microscopic

appearance, microcracks are three-dimensional disruption planes and represent

surface areas inside a tissue space. With an elevated microcrack burden the num-

ber of disconnected osteocytes is expected to increase. This may prove relevant to

ongoing research in otic focal pathologies like otosclerosis. Therefore, an unbiased

quantification of the microcrack surface density (mm2/mm3) in the human otic

capsule is essential. In this study unbiased stereology was applied to undecalcified

bulk stained human temporal bones to demonstrate its feasibility in describing

the three-dimensional reality behind two dimensional observations of micro-

cracks. A total of 28 human temporal bones and five ribs were bulk stained in

basic fuchsin, serially sectioned and hand-ground to a thickness of 80–120 μm.

Both horizontal and vertical sections were produced and compared. This study

showed that surface density of microcracks was significantly higher around the

inner ear compared to ribs. Furthermore, no significant difference in microcrack

surface density between horizontal and vertical sections in the temporal bone was

demonstrated.

KEYWORD S

microcrack, microfracture, OPG, otosclerosis, surface density

1 | BACKGROUND

Microcracks (MDx) in bone develop as a result of repeated
loading and fatigue (Frost, 1960; Frost, 1991). The identifi-
cation of in vivo MDx using the bulk-staining technique
(Frost, 1960) has been thoroughly tested and proven valid
(Burr & Stafford, 1990). Time labeling of the otic capsule
using fluorochromes has revealed an absence of normal
bone remodeling in the otic capsule (Sørensen, Bretlau, &

Jørgensen, 1992a, 1992b; Sørensen, Jørgensen, & Bretlau,
1992c, 1992d), and high concentrations of the remodeling
inhibitor osteoprotegerin (OPG) have later been identified
as the key cytokine responsible for the unique rate and dis-
tribution of bone remodeling (Nielsen et al., 2015; Zehnder
et al., 2006; Zehnder, Kristiansen, Adams, Merchant, &
McKenna, 2005). MDx occurring by fatigue must either be
repaired or accumulate (Frost, 1960). In the otic capsule
MDx were already described almost a century ago
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(Mayer, 1931) and have later been documented using the
bulk-staining technique (Frisch, Sørensen, & Bretlau,
2001a-b; Frisch, Bretlau, & Sorensen, 2008a). Indeed, these
studies suggested that MDx accumulate in the otic capsule
in the absence of bone remodeling (Frisch, Bloch, &
Sørensen, 2015). MDx have been associated with increased
osteocyte apoptosis (Noble et al., 2003; Verborgt, Gibson, &
Schaffler, 2000) and may disrupt interosteocyte communi-
cation via canaliculi (Dooley, Cafferky, Lee, & Taylor,
2014). Regularly, the MDx density is presented as number
(Frisch et al., 2001a-b; Frisch, Bretlau, & Sorensen, 2008b;
Frisch et al., 2015) or length per area (Allen & Burr, 2007;
Shimamura, Iwata, Mashiba, Miki, & Yamamoto, 2019).
However, these methods are essentially semi-quantitative
and measured in a single section plane they may come with
an inherent bias. If microfractures are anisotropically
ordered in the specimen, the length per area count will
depend on the orientation of sections and result in a biased
estimate. The only truly unbiased measurement of surface
density (MDx SV), describing surface area of interface per
unit volume of the reference space (mm2/mm3), is through
the application of stereology and histomorphometry
(Dempster et al., 2013), which is often discarded due to
practical reasons. However, the microcrack MDx SV is the
most interesting variable describing their impact on the
bony matrix and osteocytes surrounding them. This study
presents an estimate of microcrack surface density in
human temporal bones using unbiased stereology.

2 | MATERIALS AND METHODS

2.1 | Specimens

Twenty-eight archived human temporal bones and five
human ribs obtained from routine and forensic autopsies
were used. All specimens were acquired according to
guidelines and approvals by the National Committee on
Health Research Ethics, Denmark ([KF] 01–196/93).
Eighteen of the temporal bones were double sided, rep-
resenting both right and left temporal bones from nine
subjects. Of these, one side was cut horizontally, and the
contralateral side was cut vertically. Ten temporal bones
were single sided, representing one unilateral temporal
bone from each of 10 subjects. The rib samples were
taken from the same subjects, and therefore had a
corresponding temporal bone. The site of the rib samples
was anterior thorax close to the sternum and sample size
was ≈2–5 cm. In total there were five female and 14 male
subjects spanning ages from 0 to 95 years (mean
51,4 years) with ribs representing ages 6, 46, 59, 64 and
95 years.

2.2 | Tissue preparation

The undecalcified bones were bulk-stained in 62% ethanol
with 1% basic fuchsin for two to four months and embed-
ded in methyl-methacrylate. Sectioning was performed on
a KDG-95 saw microtome (MeProTech, Netherlands) at a
constant increment (T) of 700–900 μm with a random
starting point creating an average of 20 slices per temporal
bone and 10–20 slices per rib. The slices were hand ground
to a thickness of 80–120 μm, mounted on slides and cover-
slipped without further staining. Nineteen of the temporal
bones were cut horizontally, 9 were rotated randomly
around their vertical axis and cut vertically to produce ver-
tical uniform random (VUR) sections and the ribs were
cut in a completely random orientation producing isotro-
pic uniform random (IUR) sections.

2.3 | Stereological setup

Analysis was performed using the VIS 2017. 2 (7.0)
(Visiopharm, Hørsholm, Denmark) stereology software
controlling a Prior H101 motorized stage (Prior, Cam-
bridge, UK) mounted on a Zeiss Axio Imager.M1 micro-
scope (Carl Zeiss, Oberkochen, Germany) fitted with an
AxioCam HRc (Carl Zeiss, Oberkochen, Germany) using
both transmission light microscopy and fluorescence
microscopy from a HBO 100 mercury arc lamp (Carl Zeiss,
Oberkochen, Germany). The MDx were identified and
marked as a region of interest (ROI) by meander sampling
the whole slide at low magnification (4x/0.13) in blue fluo-
rescent light (450–490 nm), making their red/purple basic
fuchsin stain stand out on the green auto fluorescent bone
matrix background (Figure 1). MDx were then double-
checked at higher magnification (40x/0.75) as described
elsewhere (Frisch, Sørensen, & Bretlau, 2001b).

2.4 | Theory/calculation

The Cavalieri principle was used to estimate the volume
of a 200 μm wide concentric zone of perilabyrinthine
bone on ten of the temporal bones to determine a stan-
dard reference volume (V) from the number of points (P)
hitting the temporal bone in the superimposed point grid
(data not shown) given by:

Vref =T �a
p
�
Xm
i=1

Pi

with a/p representing the area per counted point and
T the thickness of sections.
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A line grid with a predetermined length per point (l/p)
(in mm) was superimposed on the MDx ROI at higher
magnification (40x/0.75) and the number of intersections
(I) counted was used to calculate the surface density (SV)
of MDx in the 200 μm wide standard reference volume cal-
culated above. Surface density is given by:

ŜV Mdx,Vref
� �

=
2 �Pn

i=1Ii
l=p �Pn

i=1Pi

where the number of line points (Pi) was calculated by
dividing the known area per point for the line grid with
the reference areas found in the reference volume
estimation.

The VIS software allows the use of test lines that are
sine-weighted on VUR sections in each field of view
instead of a cycloid grid (Figure 2). Logged coordinates of
line intersections, points and borders of the labyrinthine
capsule were used to calculate their spatial distribution
(Bloch & Sørensen, 2010).

The precision, or coefficient of error (CE) for both the
Cavalieri estimator and SV estimation was calculated
knowing that:

CE=
SEM
mean

This precision is a function of two independent fac-
tors, namely the counting variance, or noise effect:

Noise=0:0724 � B

√A

� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n �

X
P

q

where B
√A

� �
is the “average profile shape”, n is the num-

ber of sections, and the variance of area depending on tis-
sue sectioning:

Variance of area

=
3
P

Pi �Pið Þ−Noiseð Þ−4
P

Pi �Pi+1ð Þð Þ+ P
Pi �Pi+2ð Þ

240

FIGURE 1 Microcrack (black arrows) in a human temporal bone in relation to blood vessels (white arrows) shown in transmitted light

(left) and fluorescent light (right). The basic fuchsin stain emits red light when excited with blue fluorescent light (450–490 nm). The lower

end of the MDx appears to be connected to the blood vessel in the bottom part of the transmitted light image, but in fluorescent light it is

evident these two structures are not connected (star) in contrast to the upper end. Bar: 200 μm

FIGURE 2 Microcrack in the otic capsule shown in

transmitted light. The sine weighted line grid is superimposed and

intersections between grid and MDx are marked (A). Bar: 55 μm
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followingly:

Total vaiance of ΣP=Noise+ variance of area

and the CE(
P

P) is found from:

CE ΣPð Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Total variance

p

ΣP

The CE of a ratio estimation like surface density was
calculated using:

CE ratioð Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k

k−1
�

P
u2P

u �Pu
+

P
v2P

v �Pv
−2 �

P
u � vP

u �Pv

� �s

where k is the number of sections and u and v are counts
of profiles, in this case intersections with a line grid and
points.

These calculations were performed in a pilot study of
five to ten temporal bones to ensure an appropriate sam-
pling grid was used, and compared with the coefficient of
variance (CV) defined by:

CV =
SDsurface

meansurface

where SD is the standard deviation.

3 | STATISTICS

Statistical analysis was performed in SPSS Statistics, Ver-
sion 25.0 (IBM Corp. Armonk, NY). The Wilcoxon signed
rank test was used to compare groups of data. p-values at
the .05 point were considered statistically significant.

4 | RESULTS

A CV of 0.28 and a CE of 0.066 were found for the vol-
ume estimation (based on 10 of the temporal bones). For
the surface density estimation, the CE was 0.29 (based on
five of the temporal bones) compared to a CV of 0.39
(based on five temporal bones). The SV of MDx was cal-
culated for all the 200 μm wide inner zones in both hori-
zontally sectioned and VUR sectioned temporal bones
(Figure 3).

The MDx SV is measured in mm2/mm3 and thus
describes the MDx surface area per volume of bone. The
MDx SV ranged from 0 mm2/mm3 to 0.133 mm2/mm3.

Comparing the horizontally sectioned temporal bones
with the contralateral VUR sectioned bones showed no

overall significant difference in MDx SV (p = .9, Wilcoxon
signed rank). In sample 211 there is obviously a difference
between the two sides. In that sample MDx were both
more numerous and larger in the horizontally sectioned
bone compared to the VUR sectioned bone
(Hansen, 2020).

When analyzing five temporal bones and their
corresponding rib samples a significantly higher MDx SV
was found in the otic capsule compared to the rib where
the SV ranged from 0 mm2/mm3 to 0.037 mm2/mm3

(p = .043, Wilcoxon signed rank) (Figure 4). The
SV

Temporal bone/SV
Rib ratio ranged from 2–16.

In all sample series (horizontal temporal bone, VUR
temporal bone, and rib) the MDx SV appears to increase
with age.

5 | DISCUSSION

This study set out to test an unbiased stereological
approach to quantify true microcrack surface density in
bone. The method has proven feasible and the finding of
elevated MDx SV in the otic capsule confirms previous
semi-quantitative observations (Frisch et al., 2015).

When designing a stereological study, it is important
to consider the variation, or precision, of the intended
sampling method as well as potential bias. When adher-
ing to known stereological principles of tissue prepara-
tion, sectioning and counting the results are per
definition unbiased. However, the sampling precision

FIGURE 3 Surface density of microcracks in the 200 μm zone

surrounding the inner ear in temporal bones from nine individuals.

One side is sectioned horizontally, and the contralateral side is

VUR sectioned. The MDx SD increases with age (age shown in

brackets)
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depends on the individual tissues and a sensible calibra-
tion of the appropriate stereological counting tool. This
pairing often relies on careful considerations based on
small pilot samplings and is a balance between unprecise
undersampling and time-consuming oversampling. This
is to ensure that the variability of the estimated means in
relation to the population mean of a count, expressed as
CE, is appropriately low relative to the total variation in
the population of that count, CV (Howard & Reed, 2010).

In this study two counting methods, or grids, were
used. A point grid for concentric reference volumes of
perilabyrinthine temporal bone and a line grid for SV of
MDx. The CE of the volume estimation was 0.066 and
the CV 0.28. Consequently, the sampling method contrib-
uted very little to the overall variation and the precision
of the point grid was acceptable. Similarly, the relation
between the CE and CV in the SV sampling indicated
adequate precision of surface density estimation for the
purposes of this study.

The use of a line grid to estimate surface density
requires a uniform random orientation of the tissue sam-
ple. Temporal bones are usually cut horizontally to pre-
sent the anatomical structures of the inner ear in a
recognizable way. However, horizontal slices are not ran-
domly oriented and may result in a biased estimate when
using a line grid. To test the applicability of the horizon-
tally cut temporal bones and their potential bias with
respect to the surface density estimation of MDx, a series
of VUR sectioned temporal bones was produced
(Vesterby, Kragstrup, Gundersen, & Melsen, 1987). An

advantage of vertical sectioning is that recognition of
anatomical landmarks is facilitated due to the fixed verti-
cal axis. IUR sections could be used for the purpose of
this part of the study, but the completely random orienta-
tion would unnecessarily complicate recognition of the
anatomically complex inner ear. No significant difference
in MDx SV was found between horizontally sectioned
and contralateral VUR sectioned specimens. Due to the
grossly different appearances of horizontal and VUR sec-
tions, blinding of the observer to the mode of sectioning
was not feasible. However, the systematic meander-like
sampling method used, where the entire slide is scanned
frame by frame, reduces the risk of bias. Consequently,
horizontal sections of temporal bones can be used to esti-
mate the overall SV of MDx. This could be a result of
the capsular shape of the bony compartment enclosing the
inner ear components, namely semicircular canals and the
cochlea, which although anatomically complex can be reg-
arded as globally isotropic and therefore less sensitive to
bias introduced by nonrandom orientation of sectioning.

The rib samples were cut in IUR sections as they are
anatomically uncomplicated and easy to handle. The IUR
sections coupled with a line grid adjusted for IUR sam-
pling also produces unbiased stereological estimates
(Howard & Reed, 2010). The study was conducted under
the assumption, that microcrack density is relatively uni-
form throughout the ribs as only one sample was used.
Previous studies have not demonstrated variability from
side to side in coupled rib samples (Agnew, Dominguez,
Sciulli, & Stout, 2017). The very different appearance of
rib and temporal bone samples did not allow blinding of
the observer to sample type. However, the same system-
atic random sampling was used in all samples. The pre-
sent results indicate that the surface density of MDx
increases towards the inner ear. The MDx SV is markedly
higher in the bone surrounding the inner ear, compared
to a rib from the same individual. This could result from
increased proneness of the otic capsule to MDx (Qiu,
Rao, Fyhrie, Palnitkar, & Parfitt, 2005), from increased
mechanical loading on the temporal bone or from the
lack of remodeling in perilabyrinthine bone. The present
findings and previous discoveries in temporal bone biology
favor the last. The bony otic capsule is practically devoid of
remodeling in several species including Man, and bone
remodeling is centrifugally distributed around the inner
ear spaces (M S Sørensen, Bretlau, & Jørgensen, 1992a-c).
Perilabyrinthine bone is just as readily resorbed in vitro as
bone from other parts of the skeleton (Frisch, Foged,
Sørensen, & Bretlau, 2000). High concentrations of OPG
in the inner ear provides an explanation of the profoundly
reduced osteoclastogenesis in the perilabyrinthine capsule
in vivo (Zehnder et al., 2005). The otic capsule may depict
what ultimately happens when bone is not remodeled and

FIGURE 4 Surface densities of microcracks in the otic capsule

and rib from the same individuals. The surface density is

significantly higher in the otic capsule compared to the rib. The

MDx SD increases with age (age shown in brackets)
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degenerative changes, like MDx can accumulate (Bloch &
Sørensen, 2016; Frost, 1960). This is supported by the fact
that MDx SV increases with age in both otic capsule and
rib bone in the data presented here. These findings are in
line with previous studies showing MDx accumulation in
long bones (Burr et al., n.d.; Frank et al., 2002; Schaffler,
Choi, & Milgrom, 1995). Furthermore, bony sites with a
high remodeling activity accumulate less MDx (Frank
et al., 2002; Schaffler et al., 1995). The method of the pre-
sent study did not invite estimations of MDx length. Stud-
ies of the otic capsule and dog long bones have not been
able to demonstrate and increase in MDx length with
increasing age (Frisch et al., 2015; Muir & Ruaux-
Mason, 2000).

Microcracks affect the surrounding tissue by damag-
ing canaliculi and thereby disconnecting interosteocyte
communication (Dooley et al., 2014), with broken off
metabolic and signaling pathways and downstream oste-
ocyte apoptosis to follow (Noble et al., 2003; Verborgt
et al., 2000). Each MDx demarcates a certain volume of
disconnected bone. For this reason, a precise unbiased
measure of the MDx SV is important as it approximates
the number of disconnected osteocytes in a certain refer-
ence volume. As demonstrated in this study MDx, and
thereby disconnected osteocytes, accumulate in the otic
capsule, and are likely to play an important role in focal
pathology around the inner ear like otosclerosis (Bloch &
Sørensen, 2016). Therefore, reliable measurements of the
amount and distribution of focal degeneration compared
to foci of disease are needed. Often, surface density is
expressed as length per area serving as a comparative
measure between samples (Dempster et al., 2013; Frank
et al., 2002; Schaffler et al., 1995). However, the estimates
are semi-quantitative and prone to bias as they do not
take into consideration the orientation or shape of the
structure in question. Careful stereological tissue prepa-
ration and analysis remove the risk of bias caused by
anisotropy or shape. Therefore, the application of unbi-
ased stereology and histomorphometry is necessary to
truly map and measure focal microdamage in bone.

6 | CONCLUSION

The results of this study emphasize the truly unique bony
environment around the inner ear. The increased density of
microcracks in the otic capsule is now evident in true sur-
face density using unbiased stereology. This technique is
the only way to accurately quantify the three-dimensional
reality behind two-dimensional observations and has
hereby been proven feasible and applicable to temporal
bone histomorphometry. If the increased surface density of
MDx in perilabyrinthine bone raises the number of

interrupted canaliculi and the rate of osteocyte apoptosis,
an unbiased estimate of SV is important as more than just a
comparative measure. It may prove essential in the ongoing
research in pathologies of remodeling in the otic capsule
like otosclerosis. The study also reveals that with regards to
MDx, the horizontal sections do not appear to affect the SV
estimate compared to VUR sections. This shows great
promise for the future application of unbiased stereology to
human temporal bone without the need of adding further
randomness to the sectioning.
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Distribution of microcrack surface density in the human otic capsule

Lars Juul Hansen, Sune Land Bloch, Thomas Frisch and Mads Sølvsten Sørensen

Otopathology Laboratory, Department of Otorhinolaryngology, Head and Neck Surgery and Audiology, University Hospital of Copenhagen,
Rigshospitalet, Denmark

ABSTRACT
Background: The bony otic capsule is comprised of highly mineralized and dense compact bone. It is
rarely remodelled and degenerative changes, therefore, accumulate around the inner ear. It is also a
predilection site for the pathological remodelling seen in otosclerosis. Morphometric studies have
documented increased numbers of dead osteocytes and microcracks in the human otic capsule.
Microcracks may disrupt the lacuno-canalicular network and cause osteocyte apoptosis ultimately
breaking up the perilabyrinthine bone signalling pathways and dynamics. This may be important to
understand the pathogenesis of remodelling diseases like otosclerosis.
Aims/Objectives: This study describes the spatial and regional distribution of microcrack surface dens-
ity in relation to the inner ear and compares it to that previously recorded for otosclerosis.
Material and methods: Forty-two temporal bones and five ribs were used. All samples were undecal-
cified, bulk stained in basic fuchsin and plastic embedded. Unbiased stereology was used to estimate
the true surface density of microcracks (mm2/mm3) in perilabyrinthine bone.
Results: The surface density of microcracks accumulates around the inner ear spaces, particularly in
the lateral window regions, and increases with age.
Conclusions and significance: This study documents the spatial and temporal association between
microfractures and otosclerosis in the otic capsule.
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Introduction

The otic capsule constitutes a unique bony environment in
which bone resorption and remodelling are almost absent
near the inner ear spaces [1]. This is the result of inner ear
osteoprotegerin (OPG) signalling via the osteocyte network
or its lacuno-canalicular extracellular porosity [2,3]. Matrix
microcracks (MDx) and dead osteocytes accumulate exces-
sively because degenerating bone tissue is not replenished
by remodelling [4–6]. Microcracks may cause osteocyte
apoptosis and disruption of the lacuno-canalicular network
[7]. Each MDx demarcates a plane where canaliculi may be
interrupted and turn off the OPG-signal in a corresponding
bone volume.

In human otosclerosis focal pathological remodelling is
found only in the inner, perilabyrinthine part of the bony
otic capsule where remodelling is low, and degeneration is
high as has previously been documented [8]. Indeed, oto-
sclerotic remodelling occurs most likely because the inhibi-
tory OPG signalling pathway degenerates [9,10].

To further study the possible correlation between oto-
sclerosis and otic capsular degeneration we need to compare
the distribution of MDx to the distribution already estab-
lished for otosclerosis [6,8]. In previous accounts of capsular
MDx only number and length were recorded [5,11].
However, these data are semi-quantitative and cannot sup-
port a calculation of the amount and distribution of

microcracks in bone volume. For this purpose, a genuine
microcrack surface density (MDx SV) is required [12].
Undecalcified basic fuchsin bulk stained bone samples allow
distinction between artefactual bony fissures and true intra
vital MDx [4,13,14]. By combining thick undecalcified sec-
tions and unbiased stereology it is possible to produce a
continuous registration of MDx surface per bone volume,
describing the true perilabyrinthine MDx burden in concen-
tric zones around the inner ear [12].

This study set out to quantify the regional, spatial, and
temporal distribution of MDx SV in the human otic capsule
using unbiased stereology and undecalcified bulk-stained
human temporal bones. The ultimate objective was to com-
pare the distribution of degenerative changes and otoscler-
osis in search of a causal link between the two.

Materials and methods

Specimens

Forty-two archival human temporal bones and 5 ribs
obtained from routine and forensic autopsies were used.
Specimens were approved by the National Committee on
Health Research Ethics, Denmark ((KF) 01-196/93). The
sample series included 9 pairs of temporal bones with both
left and right temporal bones from the same subject.
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Twenty-four were single-sided. There were 10 females and
23 males in the ages 0–95 years (mean 47.8 years). The rib
samples were taken from the same subjects and represented
ages: 6, 46, 59, 64 and 95 years. The specimens were assessed
histologically for pathology but were otherwise assumed dis-
ease-free.

Tissue preparation

Undecalcified temporal bones, bulk-stained in 62% ethanol
with 1% basic fuchsin for 2–4months and embedded in
methyl-methacrylate were used. A KDG-95 saw microtome
(MeProTech, Netherlands) was used for sectioning at a con-
stant increment (T) of 700–900 lm. This produced an aver-
age of 20 slices per TB and 10–20 slices per rib. The
starting point was random to create systematic uniform ran-
dom samples (SURS). The slices were hand ground to a
thickness of 80–120mm, mounted on slides and cover-
slipped without further staining. Thirty-two temporal bones
were cut horizontally. Ten were rotated randomly around
their vertical axis and cut vertically to produce vertical uni-
form random (VUR) sections. Ribs were cut in a completely
random orientation producing isotropic uniform random
(IUR) sections.

Stereological setup

All stereological work was performed on a Zeiss Axio
Imager M1 microscope (Carl Zeiss, Oberkochen, Germany)
fitted with an AxioCam HRc (Carl Zeiss, Oberkochen,
Germany) and a Prior H101 motorized stage (Prior,
Cambridge, UK) controlled through the VIS 2017.2(7.0)
software (Visiopharm, Hørsholm, Denmark). The MDx
were identified using both transmitted light microscopy and
fluorescent microscopy (450–490 nm) as described elsewhere
[12]. Once the MDx had been identified at low magnifica-
tion (4x/0.13), they were double-checked at higher magnifi-
cation (40x/0.75).

A point grid of appropriate dimensions was randomly
superimposed over the sections from 10 of the temporal
bones to establish a reference volume for the surface density
(SV) calculation. The Cavalieri principle was used to esti-
mate the volume (V) of each of the 10 temporal bones,
given by:

V ¼ T � a
p
�
Xm

i¼1

Pi

where a/p is the area per point, P the total amount of points
counted and T the slide thickness [15]. The coordinates of
all volume points and outlines of the inner ear spaces were

logged to allow calculation of the distance from each point
to the nearest inner ear space. A subsequent division of
peri-labyrinthine bone into concentric 200mm iso-wide
zones was then possible.

Surface density was quantified using a sine-weighted line
grid adjusted to sectioning orientation. Intersections (I)
between line grid and MDx were used to calculate MDx sur-
face:

ŜV Mdx, refð Þ ¼ 2 �Pn
i¼1 Ii

l=p �Pn
i¼1 Pi

where (l/p) is the predetermined length of line per point (P)
[15]. Coordinates of intersections between line grid and
MDx were also logged to calculates their distance to the
nearest inner ear space. The coordinates could then be allo-
cated to a perilabyrinthine zone and the spatial distribution
of MDx could be determined. Both horizontally and verti-
cally sectioned temporal bones were used as previously
described [12]. Microcracks were also sorted according to
their relation to the semi-circular canals, cochlea, internal
acoustic meatus and window regions within 3400 mm from
the inner space. This distance from the inner ear has previ-
ously been found as the limit for the distribution of oto-
sclerotic bone [8]. A point count was used to estimate the
corresponding reference volumes from 0 to 3400 lm around
the semi-circular canals, cochlea, inter acoustic meatus and
window regions.

Statistics and graphics

Statistic calculations were performed in SPSS Statistics,
Version 25.0 (IBM Corp. Armonk, NY). The Pearson correl-
ation coefficient was used for correlation analysis and the
Wilcoxon signed-rank test was performed to compare sam-
ples. p-Values of .05 were considered statistically significant.
Graphics were performed in SigmaPlot v. 14.0 (Systat
Software, Inc. San Jose, CA).

Results

Regional distribution

The MDx distribution between the different inner ear com-
partments is listed in Table 1. The mean MDx surface
(mm2) in all TB was higher around the semi-circular canals
compared to the other regions. However, when adjusted for
the regional volume, the mean MDx SV (mm2/mm3) was
higher in the window regions.

Table 1. Regional distribution of microcracks in perilabyrinthine bone.

Region Semicircular canals Cochlea Internal acoustic meatus Window regions

Regional volume (mm3) (n¼ 3) 710.05 296.95 56.98 61.36
Mean surface (mm2) (n¼ 32) 6.9647 0.3015 0.3822 1.6571
Mean surface density (mm2/mm3) (n¼ 32) 0.0098 0.0010 0.0067 0.0270
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Perilabyrinthine zonal distribution

The bone close to the inner ear space was subdivided into
200mm iso-wide zones. The total MDx surface density in all
zones combined (0–8000mm) ranged from 0 to 0.021mm2/
mm3. Comparing the MDx SV in the innermost zone
(0–200mm) with one of the outer zones (5200–5400 mm) of
all TBs, the SV was significantly higher in the inner zone
compared to the outer zone (p¼ 1.7�10�7 Wilcoxon signed-
rank, n¼ 42). The average MDx SV in the 0–200 lm zone
was 0.0488mm2/mm3 compared to 0.0013mm2/mm3 in the
5200–5400 lm zone, which is approximately a 38-fold
increase in MDx SV. The maximum SV value in the
0–200lm zone was 0.133mm2/mm3 compared to a max-
imum SV value of 0.012mm2/mm3 in the 5200–5400 lm
zone, which is an 11-fold increase in maximum MDx SV.

Microcrack surface density values of the ribs (mean
0.018mm2/mm3) were slightly higher compared to the outer
zones of the temporal bone, but also significantly lower
than the inner zone closest to the inner ear (mean
0.074mm2/mm3) (p ¼ .043, Wilcoxon signed-rank, n¼ 5).
The relationship between MDx SV and increasing distance
from the inner ear is illustrated in Figure 1.

Age distribution

A positive correlation between age and MDx SV was found
(Pearson Correlation 0.648, p¼ 6 � 10�5) in the 0–200 mm
zone. In the very young temporal bones (<1 year) no MDx
were found. The relationship between MDx SV and increas-
ing age is illustrated in Figure 1.

Discussion

This study aimed to map the spatial distribution of micro-
crack surface density in the human otic capsule. When
dividing the perilabyrinthine bone into iso-wide concentric
zones around the inner ear, the MDx SV was clearly higher
in the inner zones. Microcrack SV was 38 times higher in

the inner zone immediately surrounding the inner ear, com-
pared to a peripheral zone at 5.2mm from the inner ear.
Microcrack SV tapered off in the peripheral zones reaching
a ‘background’ level of degeneration resembling the MDx SV
found in the rib samples. The data presented here also
showed that perilabyrinthine MDx SV is positively correlated
with increasing age. These findings corroborate the absence
of normal remodelling of bone surrounding the inner ear
and the resulting accumulation of degeneration.

Previous studies have demonstrated centripetally organ-
ized degeneration around the inner ear. Both dead osteo-
cytes [6] and MDx [11] are numerically more abundant
close to the inner ear. However, a numerical semi-quantifi-
cation of MDx fails to describe the full three-dimensional
impact of MDx on the surrounding tissue. This can only be
done by quantifying the SV of MDx as presented here.
Furthermore, this study offers a continuous volume referent
registration of MDx surface producing a smoother and

Figure 2. Basic fuchsin stained microcrack (white arrows) in close relation to
inner ear space (IES) and a void (V) with no or little stain. An unstained artefac-
tual crack is seen in the top of the picture (black arrows). Bar 600lm.

Figure 1. (A) 3 D mesh plot showing the surface density (SV) of microcracks at different distances in lm from the inner ear, at different ages. The plot shows where
MDx SV accumulates around the inner ear and how it increases with age. MDx SV accumulation appears to accelerate around the third and fourth decade. (B)
Schematic illustration of the MDx SV around the inner ear compared to the rib.

ACTA OTO-LARYNGOLOGICA 3



more realistic taper towards the periphery. This was made
possible using unbiased stereology and logging of coordi-
nates of counted events. Unbiased stereology reduces the
risk of counting bias as the method adjusts for size, shape
and orientation of the structure in question. Semi-quantita-
tive counting methods fail to do so and are more prone
to bias.

The quantification of MDx SV serves a more important
purpose than merely comparing zones, temporal bones and
ribs. The MDx SV describes the focal MDx burden in bone
and may identify compartments of severely disconnected
cell-to-cell communication. Osteocytes are enclosed in bony
lacunae connected to neighbouring cells only via canaliculi.
The lacuno-canalicular network is essential for cell metabol-
ism, cell-to-cell communication and signal transduction
[16]. Anti-resorptive OPG from the inner ear may exert its
effect through the canalicular network in perilabyrinthine
bone [2,3]. MDx have been associated with osteocyte apop-
tosis and canalicular disruption [7,17,18]. Larger MDx are
therefore likely to disrupt more intercellular connections,
and areas with a high MDx SV potentially contain more dis-
connected and dead osteocytes (Figure 2). The accumulation
of MDx SV around the inner ear is evident in the present
study. Using similar methods, a previous study has shown a
very similar accumulation of dead osteocytes around the
inner ear [6]. Although a causal link between MDx and
dead osteocytes cannot be claimed from these results, their
colocalization has now been fully documented. With an ele-
vated number of dead osteocytes and a higher MDx SV the
lacuno-canalicular network is bound to disintegrate. This
local disruption of the canalicular network may well inter-
fere with the anti-resorptive OPG signal. Where the OPG
signal is interrupted, local remodelling may occur [10]. A
previous study using similar methodology has documented a
centripetal distribution of otosclerotic lesions around the
inner ear similar to the one described for MDx SV described
in this study [8]. This similar localization around the inner
ear of increased MDx SV, elevated numbers of dead osteo-
cytes and otosclerotic lesions [8] suggests a causal link
between local degeneration and otosclerosis. Furthermore,
MDx SV accumulation accelerated in the third and fourth
decade of life. Consequently, even the distribution of MDx
SV in time corresponds well with the onset of otoscler-
osis [19,20].

The distribution of MDx indicated that the majority of
the MDx surface was located around the semi-circular
canals (74.8%) and only 17.8% were found in the window
regions. This does not correspond well with the typical
localization of otosclerosis. However, when correcting for
total volume of bone in these regions, the MDx SV was
highest in the window region. This is due to the large refer-
ence volume around the semi-circular canals, compared to
the smaller window regions. The average size of MDx
around the semi-circular canals has also previously been
found to be smaller than MDx in the window regions [11].
These results support the notion, that otosclerosis colocal-
izes with areas of accumulated bony degeneration.

The temporal bones investigated in this study were all
considered normal, although we do not possess any data on
the hearing function of the body donors. All subjects, except
the very young, had MDx around the inner ear. This obser-
vation along with the fact that MDx SV increases with age
indicates that MDx in the human otic capsule is a normal
physiological phenomenon. It is therefore unlikely that MDx
directly cause decreased hearing, although this has not yet
been studied. However, we do believe that microcracks may
sequester osteocytes, disrupt intercellular connections, block
OPG signalling and thus re-activate bone remodelling.
Microcracks are therefore of potential importance for the
understanding of focal pathologies of human perilabyrin-
thine bone like otosclerosis. The method of bulk staining of
undecalcified bony tissue described in this report allows the
differentiation between intravital MDx and artefacts, but
also between living and dead osteocytes. If focal disruption
of the canalicular network is causally connected with focal
remodelling, such areas of degeneration or clusters of dead
osteocytes should be identifiable in the otic capsule of cases
with otosclerosis. Future studies should locate and quantify
these and compare their spatial distribution with that of
MDx and otosclerosis.

Conclusion

Unbiased stereology can map and measure the burden of
MDx in the otic capsule as area per volume. Microcrack sur-
face density is significantly higher in the bone immediately
surrounding the inner ear, and in the window regions, which
is a known predilection site for otosclerosis. Only a few milli-
metres from the inner ear MDx SV drops to background level
comparable to that found in rib samples. Furthermore, MDx
accumulation around the inner ear increases with age. This
paper suggests a co-occurrence of bony degeneration and
otosclerosis in both time and place, which should be at the
centre of future research on the bony otic capsule.
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Consequently, stochastic osteocyte apoptosis may disrupt the osteocytic network in
unsustainable patterns leading to widespread cell death. When studying bulk-stained
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otosclerotic remodeling. This study aims to identify and characterize cellular voids of
the human otic capsule. This would allow future cellular void quantification and
comparison of void and otosclerotic distribution to further elucidate the yet unknown
pathogenesis of otosclerosis.
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Identification of cellular voids in the human otic capsule 

 

Background 

Bone is a dynamic tissue with a significant turnover (Clarke 2008; Datta et al. 2008; Feng and McDonald 2011) 

although the static appearance of osteocytes enclosed in lacunae falsely suggests inactivity. Bone is continuously 

resorbed and rebuilt in the process of remodeling governed by intrinsic and extrinsic factors to maintain a healthy and 

functional skeleton (Parfitt 1994; Andersen et al. 2009; Florencio-Silva et al. 2015). Osteocytes are interconnected via 

dendritic processes through the lacuno-canalicular network. They communicate through gap-junctions in direct cell-to-

cell connections or via the pericellular fluid which allows diffusion of molecules up to 40-70 kD (Knothe Tate 2003). 

Osteocytes depend on this connectivity for signal transduction, metabolism and to respond to strain and tissue damage 

(Vashishth et al. 2000). Cells that are cut off completely from the inter-cellular network, due to degenerative changes 

like microcracks, must die as they lose their nutritional supply (Tami et al. 2002; Knothe Tate 2003). Even in an 

otherwise patent network, if the density of living osteocytes falls below a certain threshold, the connectivity may focally 

become dysfunctional leading to bone degeneration (Vashishth et al. 2000). Such breaks in osteocyte connectivity have 

been observed in aging mice near discontinuities and cement lines (Tiede-Lewis et al. 2017). Accumulation of dead 

osteocytes and other degenerative changes usually results in remodeling which is orchestrated by factors that are still 

not fully understood (Noble et al. 1997; Florencio-Silva et al. 2015).  

The bone surrounding the inner ear, the bony otic capsule, is rarely remodeled. Fluorochrome labeling has demonstrated 

the absence of secondary remodeling around the inner ear in several species including Man (Sørensen et al. 1990, 1992; 

Sølvsten Sørensen et al. 1992). These findings lead to the discovery of a high level of the osteoclastogenic inhibitor 

osteoprotegerin (OPG) in the inner ear. OPG is most likely responsible for the unique bony environment in the otic 

capsule (Zehnder et al. 2005, 2006; Nielsen et al. 2015). The absence of remodeling results in accumulation of 

microfractures (Frisch et al. 2001a, 2008, 2015; Hansen et al. 2020) and dead osteocytes (Bloch and Sørensen 2010; 

Bloch et al. 2012). When dead osteocytes are not replenished and microdamage is not repaired, islets of osteocytes 

suffer isolation and death due to disruption of the lacuno-canalicular network as evident in bulk stained human 

materials. Computer simulations have demonstrated how such areas devoid of living cells, so-called cellular voids, may 

occasionally form around the inner ear (Bloch and Sørensen 2016).  

Cellular voids in the otic capsule could be a missing link in the pathogenesis of bone remodeling disorders around the 

inner ear, such as otosclerosis. A cellular void represents a disconnection of the lacuno-canalicular network and, 

consequently, an area where the anti-resorptive OPG signal is prevented from entering. Cellular voids thereby offer a 

possible explanation of how the focal pathological remodeling in otosclerosis can occur where remodeling is otherwise 

so effectively inhibited and rare. 

When studying osteocyte viability and microdamage at low magnification in undecalcified bulk stained human temporal 

bones, voids with no or very little stain are frequently encountered. These areas appear osteocyte depleted and are often 

sharply demarcated from viable tissue in fluorescent light. Their rounded shape breaks up the “patchy” appearance of 

the otic capsular bone, but at low magnification the actual density of vital osteocytes on either side of the observed void 

perimeter is not detectable. Based on known osteocyte viability criteria and stereological principles of quantification, 

this study presents and validates a method to identify cellular voids in undecalcified human temporal bones. 

Furthermore, it provides a description of void morphology and cellular composition.  

 

Materials and methods 

Subjects and samples 

A total of eleven human temporal bones were used from three females and eight males aged 54 to 90 years (mean: 73.6 

years). The temporal bones were chosen randomly among older temporal bones from the temporal bone collection at the 

Otopathology Laboratory at Rigshospitalet in Copenhagen. All samples were undecalcified, bulk stained in basic 

fuchsin by immersion in 62% ethanol with 1 % basic fuchsin and embedded in methyl methacrylate, as described 

elsewhere (Frisch et al. 2001b, a; Hansen et al. 2020). Samples were horizontally sectioned at a fixed increment of 0,8 
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mm on a KDG-95 saw microtome (MeProTech, Netherlands) and hand ground to a thickness of 80-120 um, cover 

slipped and studied without further staining.  

 

Microscopy setup 

All observations were made on a Zeiss Axio Imager M1 microscope (Carl Zeiss, Oberkochen, Germany), with a Prior 

H101 motorized stage (Prior, Cambridge, UK) and an AxioCam HRc (Carl Zeiss, Oberkochen, Germany) camera 

mounted. Observations were made in transmitted light and fluorescent light from a Zeiss HBO 100 mercury arc lamp 

(Carl Zeiss, Oberkochen, Germany). Stereological work was performed in the VIS 2017.2(7.0) stereological software 

(Visiopharm, Hørsholm, Denmark).  

 

Sampling 

The identification of dead and living osteocytes was performed according to criteria first described by Frost (1960) and 

later applied to temporal bones (Bloch and Sørensen 2010; Bloch et al. 2012). The presence of basic fuchsin stain in the 

osteocytes categorized the cell as living, whereas an absence of stain in an osteocyte or a calcified lacuna meant the 

osteocyte was dead (Fig. 4, right image). To identify areas of low cellular density, each temporal bone slide was 

examined in blue fluorescent light (≈450 nm) at low magnification (x4/0,13). Areas with no basic fuchsin stain in either 

osteocytes, lacunae or canaliculi were identified and subsequently studied at higher magnification (100X oil/1.3). The 

numerical density of living and dead osteocytes was determined using the optical dissector as described below. The 

quantification was performed in both the cellular voids and the areas immediately surrounding them, termed peri-voids.  

 

Stereological tools 

Cellular numerical density, NV was estimated using unbiased counting frames, often referred to as  the optical dissector 

(Gundersen 1986). This stereological probe allows an unbiased estimation of number of objects, ∑Q- in a known 

volume of probes ∑Vsamp.  

𝑁𝑉(𝑜𝑏𝑗𝑒𝑐𝑡𝑠) =
∑𝑄−

∑𝑉𝑠𝑎𝑚𝑝

=
∑𝑄−

ℎ ∙ (
𝑎
𝑝
) ∙ ∑𝑃

 

Where h= height of the dissector probe, (a/p) = area of the dissector frame (0,000334 mm2) and P= the number of 

frame corner points hitting the area of interest. The optical dissection refers to sweeping a 2D counting frame a constant 

z-distance through 3D space thus creating a “brick” of tissue consisting of three acceptance planes and five forbidden 

surfaces (Howard et al. 1985; Howard and Reed 2010). Only particles within the brick or touching the acceptance line 

are counted, and particles touching the forbidden lines are not (Gundersen 1986)(Fig. 4, right image). This is to avoid 

oversampling. Counting was performed using the so-called unbiased brick-counting rule due to the varying shape of 

osteocytes (Howard et al. 1985). The optical dissector probe is placed in the region of interest at a random starting point 

and moved with a fixed step-length in the X-Y plane to ensure an unbiased systematic uniform random sampling 

(SURS). Cells may be miscategorized as missing due to cutting and grinding artefacts or poor stain penetration. In order 

to avoid this, a z-axis distribution was performed on the samples (Dorph-Petersen et al. 2009), which showed a uniform 

stain penetration. Based on this, a guard height of five µm and a dissector height of 35 µm were used. All samples were 

plastic embedded without decalcification, which normally produces minimal tissue shrinkage (Hanstede and Gerrits 

1983; Nielsen et al. 1995), and both volume estimates and number density estimates were performed after staining and 

embedding. Therefore, no adjustment for shrinkage was performed. 
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Stereological precision  

The precision of the stereological estimation, expressed as the coefficient of error (CE), is a function of the counting 

variance in each section of tissue, the “noise” effect, and the variance between sections, the systematic uniform random 

sampling (SURS) variation. These factors depend on tissue profile shape, probe setup, sectioning direction and number 

of sections. The CE is defined as: 

𝐶𝐸(𝑁𝑉) =
√𝑉𝑎𝑟𝑁𝑜𝑖𝑠𝑒 ∑𝑄− + 𝑉𝑎𝑟𝑆𝑈𝑅𝑆 ∑𝑄−

∑𝑄−
 

These calculations have been described in detail elsewhere (Bloch et al. 2012; Hansen et al. 2020). 

 

Graphs and figures 

Graphs were created in SigmaPlot 14.0 (Systat Software, Inc., San Jose, California, USA). Images were acquired in VIS 

2017.2(7.0) (Visiopharm, Hørsholm, Denmark). 

 

Results 

In the outer parts of the temporal bones, where remodeling is not inhibited by inner ear OPG, most osteocyte depleted 

areas are narrow and elongated (Fig. 1a). They resemble sections of secondary osteons and rarely exceed 200 µm in 

diameter. Osteocyte depleted areas can also be found around vessels and nerves as elongated and thin structures (<250 

µm) (Fig. 1b). In the otic capsule, close to the inner ear, the bone has a “patchy” appearance (Fig. 1c). Areas with dead 

osteocytes are often twisted or star-shaped with tongues of viable osteocytes in between the dead. These are not 

regarded as cellular voids in this study.  Some osteocyte depleted areas are morphologically different from the narrow 

and starshaped areas. They are larger, round or ellipsoid with fewer living osteocyte spikes infiltrating the perimeter, 

forming a sharply demarcated border to the surrounding tissue (Fig. 1d). These were marked as true cellular voids. 

Seventeen voids were identified in 10 of the temporal bones. The numerical density of dead osteocytes, NV,Dead, and 

living osteocytes, NV,Alive, were estimated applying the optical dissector to both the cellular voids and the surrounding 

peri-voids (Fig. 2 and 3) to document the cellular composition of voids compared to the surrounding tissue. 

 

FIG. 1. Fluorescence microscopy images of a: region anterior to the cochlea showing long narrow strips of dead 

osteocytes (arrows), b: narrow bands of dead osteocytes (arrows) around vessel and nerves, c: anterior oval window 

region showing “patchy” osteocyte death, not yet considered voids, d: cellular void (arrow) in the posterior aspect of 

human temporal bone. (Bars=600μm) 

 

FIG. 2. Numerical density of dead (black bars) and living (grey bars) osteocytes in 17 cellular voids 

 

FIG. 3. Numerical density of dead (black bars) and living (grey bars) osteocytes in 13 peri-voids 

 

The count demonstrated a higher numerical density of dead osteocytes, compared to living osteocytes, in the cellular 

voids. Only one cellular void had a NV,alive of more than 20.000 cells/mm3. The mean density of living osteocytes in the 

remaining cellular voids was 6155 cells/mm3, compared to an Nv,Dead of 63.507 cells/mm3. The opposite relationship 

between dead and living osteocytes was found in the peri-void areas where most cells were alive with an average NV,Dead 

of 21.152 cells/mm3 and an average NV,Alive of 49.150 cells/mm3. Based on a pilot study of cell dense and poor areas in 

five temporal bones, the CE of the numerical density estimations was 0.12, which is an acceptable precision of this 

stereological setup.  
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To test the precision of the identification method, a cellular void was identified and marked as a region of interest. The 

void measured 572x745 µm meaning that the distance from the center to the perimeter was between 286 to 372.5 µm. 

In an area larger than the cellular void, optical dissector counting frames were superimposed in SURS positions (Fig. 4). 

Living and dead cells where counted in a blinded fashion so that the frame position was unknown to the observer. The 

number of living and dead osteocytes in 50 µm concentric zones from the center of the cellular void are shown in Fig. 5. 

From zero to 250 µm from the center of the cellular void, no living osteocytes were identified.  

 

FIG. 4. A cellular void was located (left image (x4), blue line) and an oversized perimeter was outlined (left image, red 

line). Optical dissector probes were randomly superimposed (left image, small squares).  Dead and living osteocytes 

(right image (x100, oil), D=dead, L=living) were counted in and around the cellular void using the optical dissector 

probe. Only the 4 living cells marked with * would be counted in this situation (Scale bars: left 500 μ., right 20 μm) 

 

FIG. 5. Numerical density of dead and living osteocytes with increasing distance from the center of a cellular void. No 

living osteocytes were found in the zones 0-250 corresponding with the size of the void. Trend lines: NV,Dead (red), 

NV,Alive (green) 

 

Discussion  

Systematic studies of cellular viability and bony degeneration around the inner ear has led to the discovery of osteocyte 

depleted areas in the bony otic capsule, so-called cellular voids. This study set out to develop a method for identifying 

cellular voids in human temporal bones and to describe their morphology and cellular composition. The technique of 

bulk staining undecalcified bone samples was selected for this purpose. Fluorescent light was used to identify cellular 

voids and unbiased stereological quantifications of cell densities were used to verify the osteocyte viability and 

depletion within them. These techniques facilitated the description of cellular voids in human temporal bones 

characterizing their size, shape, and cellular composition. 

Specimens and sampling 

Empty and calcified lacunae (micropetrosis) are histological indications of osteocyte death (Frost 1960; Frost 1960). 

However, empty lacunae may also represent osteocytes that were lost during tissue preparation, although this is mostly 

related to thinner sections (≈7μm) (Jilka et al. 2013). In this study only thick sections of undecalcified basic fuchsin 

bulk-stained temporal bone samples were used. Due to the surface guard heights of the optical dissector, only cells or 

empty lacunae fully embedded in the tissue were counted. This eliminated the risk of missing any osteocytes lost during 

tissue preparation. Other methods of identifying dead osteocytes exist but were not used in this study (Noble et al. 1997; 

Riahi and Noble 2012; Tiede-Lewis et al. 2017). 

Viable osteocytes continuously maintain the patency of their lacunae and canalicular network (Holmbeck et al. 2005; 

Inoue et al. 2006) and thereby their morphology and bulk stainability. Osteocyte survival is dependent on the lacuno-

canalicular network for metabolism and the transduction of biochemical and electromechanical signals (Knothe Tate 

2003). Basic fuchsin traces this porous network and therefore lacunae and canaliculi that are stained represent open 

canaliculi and living cells (Frost 1960). After death, the osteocyte is gradually dispersed and the lacuna and canaliculi 

eventually calcify (Frost 1960; Jilka et al. 2013).  For this reason, dead osteocytes generally show no basic fuchsin stain.  

However, lacunae may remain accessible and contain stainable cellular debris for a period of time after death, which 

could lead to an underestimation of dead osteocyte numbers (Frost 1960). However, such lacunae will often show other 

signs of non-viability, like more rounded lacunae (Noble et al. 1997; Bloch et al. 2012) and missing canaliculi, and 

generally it is possible to distinguish between living and dead osteocytes. Furthermore, this method has previously been 

used in temporal bone histology to quantify living and dead osteocytes (Bloch and Sørensen 2010; Bloch et al. 2012). 

Therefore, the identification of dead osteocytes was based on empty lacunae lacking basic fuchsin staining. 

The undecalcified bulk stained temporal bone specimens were cut on a saw microtome and hand ground to their final 

thickness. This technique may result in a variation of stain intensity and section thickness. For the identification of 

cellular voids, the sections cannot be too thin or under stained. Otherwise, the border between void and living bone is 
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blurred. The bulk staining procedure ensures very good penetration and a z-axis distribution confirmed this. The thick 

sections (80-120 μm) are suitable for unbiased stereological quantifications, which is an essential tool for counting cells 

in a three-dimensional space.  

Stereological estimations require different degrees of randomness in the orientation and sectioning of specimens to be 

unbiased. Temporal bones are traditionally cut horizontally to facilitate recognition of the complicated anatomical 

structures of the inner ear. Unbiased stereology has previously been applied to temporal bone histomorphometry when 

estimating number and surface (Bloch et al. 2012; Bloch and Sørensen 2014; Hansen et al. 2020). In surface 

estimations, no difference was found between the horizontal and the randomly oriented sections, leading to the 

conclusion that the rounded structure of the inner ear is globally anisotropic to some degree (Hansen et al. 2020). 

However, for number estimations any orientation of the specimen may be used.  

Fluorescent light has been applied to bone histomorphometry in previous studies (Prentice 1967; Vashishth et al. 2000; 

Frisch et al. 2015). Different spectra have been used to identify osteocytes and microfractures. It is important that the 

object in question stands out against the background. Using blue fluorescent light has previously facilitated the 

identification of microfractures (Frisch et al. 2001b; Hansen et al. 2020) in basic fuchsin stained temporal bones, and 

was also chosen for this study. It makes the red/purple basic fuchsin stain visible against the bright green bony matrix 

background. In this case, the absence of a basic fuchsin stain was indicative of cellular voids.  

 

Cellular void characteristics 

At low magnification truly osteocyte depleted areas are readily identifiable in fluorescent light as bright green islands in 

a darker sea spotted red by basic fuchsin stained osteocytes. Cellular voids contain almost exclusively dead osteocytes, 

and it is the absence of stained canaliculi and living osteocytes that facilitate the identification of cellular voids. In 

viable bone, stained canaliculi are responsible for a darker appearance of the green bone matrix at low magnification. 

After identification, areas resembling cellular voids should be inspected further at a high magnification (x40 or higher) 

before they are categorized as cellular voids, to ensure the absence of stained canaliculi and osteocytes. True voids are 

large, rounded and sharply demarcated.  

In the otic capsule, where remodeling is inhibited by OPG, dead osteocytes accumulate. Furthermore, primary osteons, 

skein bone and globuli ossei persist in a fetal-type environment of bony components that are more tortuous and 

disordered (Mendoza and Rius 1966; Sørensen 1994). The combination of this primitive bony architecture and 

stochastic osteocyte death gives the aging otic capsule a “patchy” appearance. Osteocyte depleted areas close to the 

inner ear are therefore often irregular. They have intertwining septae of living cells and can appear starshaped. It is 

plausible that cellular voids emerge from these areas when the septae of living osteocytes die because the connectivity 

falls below a certain threshold. This could give rise to the rounded, sharply demarcated osteocyte depleted areas 

recorded in this study. In the anterior oval window region fissula ante fenestram (FAF) is regularly found. This small 

cleft in the temporal bone contains connective tissue. FAF does not stain in basic fuchsin and may resemble a cellular 

void but is not regarded as such in this study. However, FAF may functionally be a void.  

 

Composition of cellular voids 

In seventeen cellular voids identified in this study, the numerical densities of living and dead osteocytes in and around 

cellular voids were clearly different. The density of dead osteocytes was much higher in the voids compared to peri 

voids. One void had a NV,Alive of more than 20.000 cells/mm3 but the average NV,Alive of the remaining 16 voids was 

6155 cells/m3. The average Nv,Alive in the peri-voids was 49.150 cells/mm3, which is eight times higher than in cellular 

voids. The total cell counts vary from specimen to specimen, probably due the different ages of the temporal bones. 

In order to test the accuracy of the cellular void identification method, a void was marked and measured at low 

magnification, and numerical densities of living and dead osteocytes were quantified at high magnification in a blinded 

fashion across an oversized area containing the void. The high magnification count showed that the shift between living 

and dead areas correlated with the border traced at low magnification. This demonstrated the suitability of low 
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magnification scanning of human bulk stained temporal bones in fluorescent light for accurate identification and 

outlining of cellular voids. 

Based on the observations and unbiased quantifications presented in this study a description of cellular voids has been 

provided. These recommendations apply to basic fuchsin bulk stained temporal bones observed in blue fluorescent light 

(Table 1). 

Table 1: Cellular void characteristics in basic fuchsin bulk stained human temporal bones. 

Conclusion 

This paper aimed to describe and characterize cellular voids and validate the microscopical identification of them in 

basic fuchsin bulk stained human temporal bones. Using well known methods of temporal bone histology, 

histomorphometry, unbiased stereology and osteocyte viability criteria, it was possible to distinguish the morphology 

and composition of cellular voids from normal capsular bone. The accuracy and feasibility of the light microscopy 

identification method described was tested. This method is a new tool dedicated to measure and map the amount and 

distribution of osteocytic cellular voids in human perilabyrinthine bone and to study the possible role of voids in the 

pathogenesis of otosclerosis. 
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Abstract 

Systematic histological studies of the bony otic capsule have revealed an osteoprotegerin 

(OPG) mediated inhibition of normal bone remodeling around the inner ear. The resulting 

accumulation of bony degeneration and dead osteocytes has been thoroughly documented 

and the spatial distribution of dead osteocytes and matrix microcracks resemble that of the 

human ear disease otosclerosis. Clusters of dead osteocytes that may interfere with osteocyte 

connectivity, and thereby the OPG signaling pathway, have been described in human 

temporal bones. It is possible that these cellular voids create disruptions in the anti-

resorptive OPG signal that may give rise to local pathological remodeling. Recently a method 

of detecting cellular voids was developed. This study uses unbiased stereology to document 

the spatial distribution of cellular voids in bulk stained undecalcified human temporal bone. 

Cellular voids accumulate around the inner ear and increase in number and size with age. 

Furthermore, cellular voids are more frequently found in the anterior and lateral regions of 

the otic capsule which are known predilection sites of otosclerosis. This colocalization of 

cellular voids and otosclerosis suggests a causal relationship between focal degeneration and 

otosclerotic remodeling.  
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Introduction 

A potent anti-resorptive osteoprotegerin (OPG) signal effectively suppresses remodeling in 

the otic capsule [1–4]. Consequently, dead osteocytes and fatigue microcracks accumulate 

around the inner ear [5–7]. In otosclerosis, however, pathological remodeling occasionally 

forms despite this local inhibition.  

Osteocytes are connected via the lacuno-canalicular network, which is vital for their 

nutritional supply and signal transduction [8–10]. Histological studies and computer 

simulations have demonstrated how the connectivity of osteocytes may be disrupted locally 

to form so-called cellular voids (III) [11]. Such osteocyte depleted voids may interrupt the 

OPG-signal allowing focal pathological remodeling as seen in otosclerosis [12,13].  

Basic fuchsin bulk stained undecalcified temporal bones have been used to document the 

accumulation of dead osteocytes and microfractures around the inner ear [5–7]. Recently, 

the identification of cellular voids in undecalcified human temporal bones was validated 

(III). This study set out to map the distribution of cellular voids in the human otic capsule 

using unbiased stereology and compare it to the distribution of otosclerosis.  

 

Materials and methods 

Specimens  

A total of 50 human temporal bones (TB) from 26 female and 24 male subjects aged zero to 

95 years were included. Two to five TBs from each decade were chosen randomly from the 

temporal bone collection at the Otopathology laboratory at Rigshospitalet in Copenhagen, 

Denmark. Specimens were approved by the National Committee on Health Research Ethics, 

Denmark ((KF) 01-196/93).  All samples were bulk-stained in 62% ethanol with 1% basic 

fuchsin for 2-4 months and embedded in methyl-methacrylate without decalcification as 

described elsewhere [14]. Samples were cut horizontally at a constant increment (0,8 mm) 

on a KDG-95 saw microtome (MeProTech, Netherlands), mounted on plastic slides and 

cover slipped without further staining.                                          

 

Stereology 

All observations were made on a Zeiss Axio Imager M1 microscope (Carl Zeiss, Oberkochen, 

Germany) (objectives: Zeiss EC Plan-Neofluar 1x 0.025 NA, Olympus UPlanFl 4x 0.13 NA, 

Zeiss Plan-Neofluar 10x 0.30 NA, Zeiss Plan-Neofluar 10x 0.50 NA, Zeiss EC Plan-Neofluar 

40x 0.75 NA, Zeiss EC Plan-Neofluar 100x 1.3 NA oil) fitted with an AxioCam HRc (Carl 



Zeiss, Oberkochen, Germany) and a Prior H101 motorized stage (Prior, Cambridge, UK). 

Stereological work was performed in the VIS 2017.2(7.0) software (Visiopharm, Hørsholm, 

Denmark). All slides were scanned in a meander pattern in green fluorescent light (450-490 

nm) (Zeiss filter set 09, BP: 450-490, beam splitter: FT 510, emission: LP 515) at low 

magnification (4x/0,13) (III) to identify the cellular voids. A point grid was superimposed in 

systematic uniform random positions (SURS) to estimate the size of the voids. The periphery 

of all inner ear compartments was marked and coordinates of all points and borders were 

logged to calculate the distance from void points to the nearest inner ear space [13].  

Reference volumes of 200 μm wide concentric zones around the inner ear previously 

calculated were used in this study [7]. The volume fraction (Vv) of void per 200 μm zone 

temporal bone volume was calculated using: 

 

𝑉 (𝑣𝑜𝑖𝑑, 𝑟𝑒𝑓) =
∑ 𝑃(𝑣𝑜𝑖𝑑)𝑖

∑ 𝑃(𝑟𝑒𝑓)𝑖
 

 

where P(void) is the number of points hitting the voids and P(ref) the amount of points 

hitting the reference space. 

 

Area of interest 

Otosclerotic lesions have previously been found to have a maximum distance from their 

innermost border to the inner ear space of 665 μm and extend maximally 3400 μm from the 

inner ear space with their outermost border. This distribution was based on observations in 

decalcified celloidin embedded temporal bones. Decalcified tissue is prone to shrinkage 

whereas undecalcified bone samples are less so. To establish the degree of shrinkage of the 

decalcified samples a point count of the cochlea of three undecalcified and three decalcified 

temporal bones was performed. This revealed a mean shrinkage of the cochlear volume in 

decalcified temporal bones of 29.5% which equals a linear shrinkage of 11%. Consequently, in 

undecalcified temporal bones samples, otosclerotic lesion would have a maximum distance 

from their innermost border to the inner ear space of 750 μm and should extend no further 

than 3800 μm from the inner ear space.  As added safety margins, all voids with an inner 

border between zero and 1000 μm and an outer border extending maximally 4000 μm from 

the inner ear perimeter were included. 

 



Regions 

The otic capsule was divided into an anterior region surrounding the cochlea, a medial 

region surrounding the internal acoustic meatus (IAM), a posterior region surrounding the 

semicircular canals and a lateral region containing the oval and round windows.  

 

Results 

None of the bones contained otosclerotic foci. 

The coefficient of error (CE) and coefficient of variance (CV) of the void point count based on 

a pilot of 5 TBs were 0.006 and 0.821 respectively. 

A total of 587 voids were identified. The number of voids per temporal bone varied from 0 to 

62. Only one void was large enough to be visible on two neighboring slides. The cross-

sectional area, as determined by the point count, varied from 0.02 to 2.31 mm2. With a 

median void size of 0.064 mm2. The voids were clearly concentrated close to the inner ear. 

The volume fraction of void per concentric 200 μm wide zone of otic bone was calculated for 

each temporal bone. This showed that cellular void volume fraction increases towards the 

inner ear. In the young temporal bone, none or very few cellular voids were found. The 

volume fraction of cellular voids increased with age (figure 1). 

 

 

Figure 1: Left: total cellular void volume fraction per specimen (each representing a certain 

age) (trendline in grey).  Mid: 3D line plot showing the volume fraction of cellular voids per 

volume of perilabyrinthine bone measured in 200 μm iso-wide concentric zones at different 

ages from 0-95 years. Notice the accumulation of cellular voids around the inner ear with 

increasing age. Right: total void volume fraction per 200 μm zone (spline curve in grey).  

Distance from inner ear (mm)

0 1000 2000 3000 4000 5000

T
o

ta
l v

o
lu

m
e 

fr
a

ct
io

n 
p

er
 z

o
n

e

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.000

0.005

0.010

0.015

0.020

0.025

1000
2000

3000
4000

5000

0
20

40
60

80
100

V
o

lu
m

e
 fr

a
c t

io
n

 

Distance from inner ear (um)

Age (ye
ars)

Age (years)
0 20 40 60 80 100

T
o

ta
l v

o
lu

m
e

 f
ra

ct
io

n 
p

er
 s

p
e

ci
m

en

0.00

0.02

0.04

0.06

0.08



 

The void load was highest in the lateral region around the oval and round windows. Both the 

void size and the regional volume fraction were higher in the lateral region compared to the 

other regions (table 1). The median void size (Mann-Whitney U, p=0.018) and median void 

volume fraction (Mann-Whitney U, p=0.003) were significantly higher in the lateral region 

compared to the anterior region.  The total regional volume fraction for all ages was also 

largest in the lateral region (figure 2).  

Table 1 
Anterior Lateral Posterior Medial 

Median void size 

(mm2) 

(range) 

0.0638 

(0.016-0.51) 

0.0798 

(0.016-0.67) 

0.0479 

(0.0076-0.46) 

0.0479 

(0.016-2.31) 

Median void 

number 

(range) 

2.5 

(0-21) 

2 

(0-11) 

3 

(0-26) 

0* 

(0-7) 

Median void 

volume fraction 

(range) 

0.0003 

(0-0.0063) 

0.0012 

(0-0.025) 

0.0001 

(0-0.0029) 

0* 

(0-0.032) 

Total void number 

(all TB) 
    

182 135 219 43 

(*Due to the non-normal distribution of void data, median values have been used instead of 

mean values) 

 

Figure 2: The total regional volume fraction (for all TB) of cellular voids is larger in the 

lateral window regions compared to the other regions.  
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Voids were bigger and more numerous in old temporal bones compared to young. The 

average cross-sectional void size in mm2 (Spearman Rank Correlation test, Rs=0.84, 

p≤0.0001) and number (Spearman Rank Correlation test, Rs=0.90, p≤0.0001) increased 

with age (figure 3 and 4). 

 

Figure 3: Average cellular void size in mm2 increases with age. 

 

Figure 4: Cellular void number increases with age. 
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Discussion 

Studies of the cellular network and irregularities of the human otic capsule have led to the 

discovery of osteocyte depleted areas termed cellular voids (III). This study set out to quantify 

and map the distribution of cellular voids around the inner ear using unbiased stereology. 

Voids accumulated close to the inner ear, especially in the lateral window region, and 

increased in both size and number with age. 

The undecalcified bulk stained temporal bones used in this study allow the distinction between 

living and dead osteocytes [5,15,16]. Basic fuchsin with a molecular weight of 300Da 

penetrates all open cavities in the bulk stained bone. Living osteocytes with open lacunae and 

canaliculi are therefore stained purple/red whereas the calcified lacunae and canaliculi of dead 

osteocytes do not stain.  Consequently, areas that are osteocyte depleted appear unstained in 

a bulk stained specimen. As basic fuchsin is fluorescent, the voids appear as unstained islands 

in an otherwise continuous network of basic fuchsin stained osteocytes against the green 

autofluorescence of bone matrix. Cellular voids were therefore identified using fluorescent 

light as previously described (III).  

Stereology has been used to describe the distribution of living and dead osteocytes and 

microcracks around the inner ear [5,7]. In this study, voids were measured and quantified 

using an unbiased point grid to estimate the volume fraction of cellular void volume per 

capsular bone volume [17,18]. A past study has shown that the volume of perilabyrinthine bone 

surrounding the semicircular canals is several times bigger than the volumes around the 

internal auditory meatus, cochlea and window regions [19]. Furthermore, the perilabyrinthine 

bone was subdivided into 200 μm iso-wide concentric zones, in which the volume also 

increases with the circumference of the zone. Therefore, a volume referent void burden is 

required to compare the different regions.  

The volume fraction of cellular voids was found to increase with age and accumulate in zones 

around the inner ear as seen in figure 1. In young temporal bones between zero and 20 years 

of age very few or no voids were identified. Cellular voids began to accumulate somewhere 

between the 2nd and 4th decade. Both the average void size and number increased with age. 

This corresponds with the spatial and temporal distribution previously recorded for 

microcracks, dead osteocytes and otosclerosis[6,7,13,20].  

The volume fraction of cellular voids in the lateral window regions (0.0012) was significantly 

higher than the volume fraction in the anterior cochlear region (0.0003), and ten times higher 

than the posterior semi-circular canal region (0.0001). The median void size was also bigger 

in the lateral region compared to the other regions. This regional distribution is similar to that 



of otosclerosis which is found predominantly around the oval and round windows, as well as 

the cochlea [13,21]. 

A common finding in bulk stained temporal bones of all ages is that the innermost zone around 

the inner ear often retains its basic fuchsin stain indicating cell vitality in this area. The present 

study showed that the cellular void volume fraction is lower in the inner 0-200 μm zone, 

compared to the 200-400 μm zone where it reaches a maximum and then tapers off towards 

the periphery (figure 1, right panel). The numerical density of living osteocytes is higher in the 

0-200 μm zone compared with the more peripheral zones[5], indicating that the inner zone 

may be better protected from widespread cell death. This could spare vital signaling pathways 

from the inner ear and important lining cells [22–24].  

Only cellular voids relevant to the previously recorded limits of otosclerosis were included in 

this study. Despite this area selection, there was a very clear centripetal distribution of the 

voids. Furthermore, the growth, in both size and number of voids with age, is independent of 

the area limitation. 

The observer in this study was blinded to specimen age. Blinded testing has previously 

demonstrated that the void perimeter can be accurately marked using the method described 

here. 

 

Conclusion 

Cellular voids accumulate around the inner ear and increase in both size and number with age. 

Furthermore, voids are bigger and account for a larger volume fraction in the lateral and 

anterior regions of the temporal bone. The present study documents the spatial, regional and 

temporal correlation between cellular voids and otosclerosis. Cellular voids may locally switch 

off the anti-remodeling OPG signal and play a role in the pathogenesis of otosclerosis. Future 

studies should examine the cellular composition of otosclerotic lesions and compare it to that 

of cellular voids. 
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Abstract 

Otosclerosis is a common ear disease that causes fixation of the stapes and conductive 

hearing impairment. However, the pathogenesis of otosclerosis is still unknown. Pathological 

otosclerotic bone remodeling is limited to the otic capsule whereas the remaining skeleton is 

unaffected. Otosclerosis could therefore be associated with the unique bony environment 

found in the otic capsule. Normal bone modeling and remodeling is almost completely 

absent around the inner ear after birth, and fetal type bone structures persist in the otic 

capsule throughout life. Furthermore, degenerative changes and dead osteocytes accumulate 

due to the absence of remodeling. High levels of inner ear anti resorptive osteoprotegerin 

(OPG) is most likely responsible for this capsular configuration. Studies have demonstrated 

how osteocyte lifespan variation creates occasional clusters of dead osteocytes, so-called 

cellular voids, at otosclerotic predilection sites in the human otic capsule. These cellular 

voids have been suggested as possible starting points of otosclerosis. Using undecalcified 

human temporal bones and unbiased stereological quantification this study describes the 

cellular viability in otosclerotic lesions and compares it to that of cellular voids. Osteocyte 

viability was found to vary within the otosclerotic lesions. Furthermore, the results presented 

here illustrate that inactive otosclerotic lesions consist of mainly dead interstitial bone, much 

like cellular voids. This indicates that focal degeneration in the otic capsule may play an 

important role in the pathogenesis of otosclerosis.  
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Introduction 

The light microscopic appearance of otosclerotic lesions has been described several times 

over the last century [1–3]. Generally, foci are divided into active or spongiotic, and inactive 

or sclerotic lesions. Active lesions are acidophilic, have a high cellularity with increased 

numbers of osteoclasts and osteoblasts and increased vascularity [4–6]. Inactive lesions are 

described as either fibrotic or sclerotic but may also resemble woven bone with high  

cellularity [5,6]. Both types of lesions have been found to occur simultaneously [7]. Overall, 

active lesions implicate active osteoclastic bone resorption followed by osteoblastic bone 

formation whereas inactive lesions do not show ongoing remodeling activity.  

Traditionally, the histopathology of otosclerosis has been studied in decalcified, celloidin 

embedded and HE stained sections. Unfortunately, this technique is not suitable for dynamic 

studies of bone. Undecalcified bone samples, on the other hand, preserve additional 

histological information about bone microarchitecture and turnover[8–10]. Undecalcified 

temporal bone samples have previously been used to document the osteoprotegerin (OPG) 

mediated inhibition of remodeling and the resulting accumulation of degenerative changes 

in perilabyrinthine bone [11–15]. It has previously been suggested, that otosclerosis may be a 

product of these local osteo-dynamics [14,16]. Large clusters of dead osteocytes, termed 

cellular voids, form in the otic capsule and may disrupt the OPG-signal leading to local 

pathological remodeling (III, IV) [17]. 

This study uses unbiased stereology and undecalcified temporal bones to describe the 

cellular composition and vitality of otosclerotic lesions and provide new information about 

the cellular dynamics of otosclerosis. 

 

Materials and methods 

Specimens 

The temporal bone collection at the Otopathology laboratory at Rigshospitalet, Copenhagen, 

Denmark contains 1240 human specimens. Of these, 324 specimens from 287 individuals 

are unselected and obtained from routine neuropathology autopsies. They are undecalcified, 

bulk stained in basic fuchsin and plastic embedded as described elsewhere [18]. Otosclerosis 

was identified in five of the undecalcified temporal bones, two pairs and one single sided, 

from three individuals. Two female aged 61 and 74, and one male aged 66) All specimens 

were serially sectioned on a KDG-95 saw microtome (MeProTech, Netherlands) at a constant 

increment of 0.8 mm, hand ground to a thickness of 80-120 μm and cover-slipped without 

any further staining. 



 

Microscopical setup 

A Zeiss Axio Imager M1 microscope (Carl Zeiss, Oberkochen, Germany) fitted with an 

AxioCam HRc (Carl Zeiss, Oberkochen, Germany) and a Prior H101 motorized stage (Prior, 

Cambridge, UK) was used to identify the otosclerotic lesions. Stereological work was 

performed in the VIS 2017.2(7.0) software (Visiopharm, Hørsholm, Denmark). Fluorescent 

light was delivered by a Zeiss HBO 100 mercury arc lamp (Carl Zeiss, Oberkochen, 

Germany). 

 

Stereology 

All otosclerotic lesions were marked as regions of interest. Optical dissector frames were 

superimposed over the lesions in systematic uniform random (SURS) locations. Based on a 

z-axis distribution of osteocytes in the samples, a guard height of five μm and a dissector 

height of 35 μm was chosen. This method of counting osteocytes in temporal bone has 

previously been described elsewhere (III). Basic fuchsin stained osteocytes were categorized 

as living, whereas unstained osteocytes or empty calcified lacunae were categorized as dead. 

The numerical densities of dead, NV,Dead, and living, NV,Alive, were calculated using, 
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Where Q is the number of osteocytes counted, Vsamp is the volume of the total number of 

dissector probes calculated knowing the dissector height, h, the area per corner point of the 

dissector probe, (a/p), and the number of corner points, p, hitting the region of interest. 

 

Statistical analysis 

Statistical analysis using the paired samples t-test and figures were generated in SigmaPlot 

Version 14.0 (Systat Software Inc., San Jose, CA, USA). A p value of less than 0.05 was 

considered statistically significant.  

 

 

 



Results 

Two individuals had bilateral lesions. In one case, the oval window region was affected on 

both sides, and in the other, the anterior median portion of the cochlea was affected on both 

sides. The remaining lesion was medial to the cochlea.  

In transmitted light otosclerotic lesions could be divided into areas of high cellularity (active 

regions) and low cellularity (inactive regions). The active regions were more “spongiotic” and 

had larger perivascular spaces compared to inactive regions and surrounding normal bone 

indicating active remodeling. When inspecting the otosclerotic lesions at low magnification 

(4x, 0.13) in fluorescent light, inactive areas had a brighter green background compared to 

active regions, thus resembling dead capsular endochondral bone with many empty calcified 

lacunae. Only two lesions had active areas, whereas all lesions had inactive areas (figure 1). 

 

Figure 1: Otosclerotic lesion in the oval window region of the left temporal bone of a 74-

year-old woman. In bright field microscopy (left) the active area of the lesion is marked 

with outlined arrows, and the inactive area is marked with filled white arrows. On the 

right, a fluorescence microscopy image shows the same lesion with the active region (white 

asterisk) and inactive region (black asterisk). Notice the hypercellularity in the active 

region, and the distinct bright green background in the inactive region demonstrating the 

high numerical density of dead osteocytes. (Bar 1000 μm). 

 

At high magnification (x100, oil, 1.3) living and dead cells were counted using the optical 

dissector method. Inactive regions were found to have a higher numerical density of dead 

osteocytes, NV,Dead, than living osteocytes, NV,Alive. Furthermore, NV,Dead was higher in the 

inactive regions than in the active regions and significantly higher than in the surrounding 



normal perilabyrinthine bone (paired t-test, p=0.0305). The NV,Alive was higher in the active 

areas compared to inactive areas and surrounding bone (table 1).  

 

Table 1: 

 

Figure 2: Numerical densities of dead (NV,Dead) and living (NV,Alive) osteocytes in active and 

inactive areas of otosclerosis as well as surrounding normal non-otosclerotic endochondral 

bone (left diagram). Values from a previous study for cellular voids and peri-voidal 

endochondral bone are displayed to the right for comparison. Notice the inverse 

relationship between dead and living osteocytes in the inactive area of otosclerosis and in 

voids which both mainly consist of dead osteocytes. This relationship reverses in active 

otosclerosis and endochondral bone. 
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Specimen 

Active 

otosclerosis 
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otosclerosis 
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otosclerosis 

Active  

otosclerosis 

Inactive  

otosclerosis 

Peri- 
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1 - 87951.0 42808.0 - 12064.1 48296.2 

2 - 72655.8 22155.0 - 11782.0 43934.5 

3 - 30146.5 25215.7 - 39190.4 36943.9 

4 12268.1 44935.1 30331.3 69171.5 30045.4 41087.1 

5 8720.1 55092.0 27665.0 50735.4 20473.4 60280.7 



Discussion 

This study set out to measure the viability and cellular composition of otosclerotic lesions in 

undecalcified bulk-stained temporal bones. The differentiation between living and dead 

osteocytes enabled us to describe areas of active or recent remodeling and inactive areas.  

The otic capsule is developed by the process of endochondral ossification. Normally, the 

primary or fetal characteristics of endochondral bone are removed by remodeling, thus 

replacing primary bone with secondary, more lamellar bone without calcified cartilage 

matrix remnants. However, a high concentration of OPG from the inner ear effectively 

inhibits modeling and remodeling around the inner ear. This explains the lifelong existence 

of fetal type bone features like primary trabeculae embedded in primary woven type skein 

bone from cancellous compaction in the perilabyrinthine bone [11]. 

The fact that otosclerotic remodeling is found only in the otic capsule where anti-resorptive 

OPG signaling is extreme may seem contradictory. However, over time the lack of normal 

remodeling in the otic capsule results in excessive accumulation of dead osteocytes and 

degenerative changes around the inner ear [11,13,14]. Morphometric studies have shown how 

large cellular voids, consisting almost entirely of dead endochondral bone, accumulate in this 

area (IV). Cellular voids may cause a local interruption of the anti-resorptive OPG signal that 

may give rise to the focal pathological remodeling as seen in otosclerosis [17]. 

The numerical density of dead osteocytes in inactive areas of otosclerotic lesions was higher 

compared to active areas and surrounding labyrinthine bone. When comparing the mean 

NV,Dead (58156.1 osteocytes/mm3) of inactive otosclerotic areas in this study with data from a 

previous study of cellular voids (NV,Dead=63507.4 osteocytes /mm3) (III) they have very 

similar densities of dead osteocytes. Furthermore, the same inverse relationship between 

living and dead osteocytes in inactive and surrounding non-otosclerotic endochondral bone 

has also been observed in cellular voids and surrounding peri-void areas (III). The inactive 

otosclerotic areas described here thus resemble dead endochondral bone with regards to 

cellular composition. This suggests that otosclerosis originates inside cellular voids, a notion 

previously supported by the similar distributions of otosclerosis and cellular voids [19][IV]. 

If this is true, the lesion in figure 1 depicts an inactive remnant of a cellular void being partly 

replenished by actively remodeling otosclerotic bone. Inactive lesions may represent two 

scenarios. Either the inactive lesions consist of dead endochondral perilabyrinthine bone not 

yet engaged by the remodeling process or they consist of dead secondary and now sclerotic 

bone. The latter, however, seems unlikely considering normal osteocyte lifespan.  

Although inactive areas had much lower numbers of living osteocytes and did not appear to 

have active remodeling, they did have some enlargement of the perivascular spaces. This 



could indicate perivascular remodeling activity which could be the first step of otosclerotic 

remodeling of a bony  void.  

The present sample size is small but represents all the undecalcified otosclerosis specimens 

available to the authors. However, the density of dead osteocytes in the inactive area was 

significantly higher than in the surrounding perilabyrinthine bone. The recorded difference 

between active and inactive otosclerosis was even bigger. 

 

Conclusion  

This study documents a significant preponderance of dead osteocytes concentrated in 

inactive areas of five otosclerotic lesions. Consequently, the inactive otosclerotic areas that 

are not yet remodeled consist of dead capsular endochondral bone thus resembling cellular 

voids. This suggests that otosclerosis may originate inside osteocyte depleted cellular voids of 

the otic capsule.  
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