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Stapes Surgery in Osteogenesis

Imperfecta: Retrospective Analysis of

18 Operated Ears
Abstract

Objective: To evaluate short and long term results of stapes surgery in patients with Osteogenesis imperfecta (OI), 

Study Design: Retrospective case series.

Setting: Tertiary referral center
Patients: 18 primary stapes surgeries were performed in 11 hearing-impaired OI patients with evidence of stapes fixation.

Intervention: Mainly CO2 laser stapedotomy with Teflon piston prosthesis.
Main Outcome Measures: Pre-operative and post-operative audiograms at one month and at least one year
Results: The main operative findings were stapes fixation, thickened footplate and fragile or fractured stapes crura. No revision surgery was necessary.

Hearing improvement was achieved in 94% of the cases. We obtained an air-bone gap closure to within 10 dB in 46% of the cases and to within 15dB in 92% of the cases at one year follow-up.

The mean hearing gain in air conduction (at 0.5, 1, 2 and 4 kHz) was 18.4 dB at one month and 22.4 dB at one year.
Conclusion: Stapes surgery in OI gives good results with few complication in our series.

A hearing gain is often obtained in spite of the sensorineural hearing loss caused by the natural progression of the disease
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Introduction

  Osteogenesis Imperfecta (OI) also known as Lobstein's disease, or brittle bone syndrome, is a group of clinically and genetically heterogeneous bone fragility disorders, characterized by bone fractures and deformities, variable in age of onset and severity, blue sclerae and varying degrees of hearing loss1.

OI is most often an autosomal dominant disease (90% of the cases), mostly caused by heterozygous pathogenic variants in COL1A1 or COL1A2 encoding the chains of type I collagen. The mutation can be either inherited (familial) or occur de novo. The prevalence of this disease is around 1 in 15000 people2,3.

Classical therapeutic approach includes calcium and vitamin D supplements, bisphosphonates, surgery of long bones and physiotherapy. Genetic counseling is essential to assess and inform about the transmission of the disease. Prenatal or preimplantation molecular diagnosis is possible in severe forms.
A clinical classification of COL1A1/2 related OI was first introduced by Sillence et al.2 in 1979, its updated versions identify five main types based on the severity of the disease’s clinical and radiological manifestations4,5 (Table 1).
Clinical phenotype spectrum includes easy fractures, bone deformities, short stature, blue sclerae, dentinogenesis imperfecta, others signs of generalized connective-tissue disorder (thin skin, easy bruising, joint laxity, muscle weakness) and hearing loss. The latter can occur in 50 to 60% of the cases and it can be found in types I, III and IV6–8.
Audiometric findings are usually a conductive or mixed hearing loss, similar to that observed in otosclerosis, however it has an earlier onset (between the 2nd and 3rd decades of life) and has a greater sensorineural component9,10.
Sensorineural hearing loss is presumed to be the consequence of the invasion of the cochlea and the otic capsule by a vascular and fibrous repairing tissue, secondary to hemorrhages and microfractures. In OI the disease can attack all three layers of the otic capsule, unlike otosclerosis in which the disease is limited to the middle endochondral layer11,12.

Until the 1970s, OI was considered as a severe and inoperable form of otosclerosis, but further histological and genetic studies have distinguished the two disorders. Since then, multiples studies have shown promising results of stapes surgery in OI.

Most stapes surgeries show satisfying results with a tendency to early deterioration, especially of the sensorineural component. A few cases of dead ear have been reported and revision surgeries are thought to be less successful13–15.
The aim of this study was to analyze the short- and long-term hearing outcome of stapes surgery in OI patients treated in a tertiary referral center. We also reported CT scan results and intraoperative findings for each ear.
Materials and Methods:
Patients
  We retrospectively studied a case series of consecutive OI patients who underwent stapes surgeries in our department, in a tertiary referral center, since the year 2000.

The inclusion criteria were: any patient with OI, aged over 17, who underwent stapes surgery.

Two additional cases were reported dating back before the 1980’s, their results were excluded from the statistical analysis due to missing data and incoherence with our series in terms of time lapse and surgical technique. However, we were interested in their long-term audiometric follow-up (more than 30 years) that we discuss in this study.

The diagnosis of OI is made based on personal history of repetitive fractures and, for the most part, a known family history of brittle bone syndrome.
The type of OI according to the modified Sillence classification was determined using anamnestic and clinical data.
Surgery
  Stapes surgery was performed using a transcanal approach. The ossicular mobility was assessed with a curved needle before the incudo-stapedial joint separation.
The main technique was a calibrated Co2 laser stapedotomy (15/18 cases), in the other 3 cases the platinotomy was performed using a microdrill. One of these 3 cases required a platinectomy with vein graft interposition due to a footplate fracture.
In each of these procedures, the stapedial tendon and the posterior crus were vaporized or drilled and the superstructure was removed after fracturing it toward the promontory. 

The ossicular reconstruction was ensured by a 0.4mm diameter Teflon piston except in one case of 0.6mm. The piston is secured to the long process of the incus (LPI) and crimped only when it was necessary. The surgery was performed by the same surgeon (senior author) on 14 ears (77%), and by three other surgeons on the remaining 4. Intraoperative findings were collected from the surgery reports.
Audiometric assessment
  Audiograms were all performed in our University Hospital by a doctor or a trained nurse. Preoperative and post-operative data were collected and analyzed. We obtained early post-operative results (between 1 and 4 months after the operation) and late post-operative results (between 8 and 18months after the operation). Long term post-operative hearing thresholds had a mean follow-up of 4 years ranging from 1 to 17 years.
The mean tone loss in air conduction (AC) and bone conduction (BC) were calculated according to the recommendations of the International Bureau for Audiophonology (BIAP)16. Thresholds at the following frequencies 0.5, 1, 2 and 4 KHz were added, then divided by 4 and rounded up to the nearest unit.
The mean air-bone gap (ABG) was obtained by subtracting the mean BC thresholds from the mean AC thresholds in pre and post-operative results.

The mean AC, BC and ABG results for each available frequency were also calculated for all the case series.
ABG closure was obtained by subtracting post-operative from pre-operative ABG. The mean hearing gain was obtained by subtracting the mean post-operative AC from the mean pre-operative AC thresholds.
Radiological findings
  CT scans of the temporal bone were available for 10 patients (91% of the cases), the results were reinterpreted by a head and neck radiologist with three years’ experience.
We assessed the areas of reduced density in the fissula ante fenestram, the pericochlear area and the internal auditory canal. We also looked for stapes footplate thickening, ossicular fractures and signs of obliteration in the oval and round windows.
Statistical analysis
  The statistical analysis was carried out using the R software, version 3.6.017. For quantitative variables, means, standard deviations, medians and quartiles were provided and error bars were presented in the figures. For qualitative variables, counts and corresponding percentages were provided. The 95% confidence intervals were calculated using the Clopper-Pearson method18. Student t tests on matched series were conducted for mean comparisons. A two-tailed p-value below 0.05 was considered statistically significant. For secondary analyses a Hochberg correction was applied to control the risk of Family-Wise type I error at 5%19.
Results
Subjects
  The study included 11 patients (9 females and 2 males) among which 7 patients benefited from bilateral stapes surgery (63%). Their mean age at the time of the first surgery was 37.45 ± 13.66 years, the mean age of onset of the hearing loss was 31 years. Hearing impairment was unilateral in 18% of the cases (2/11 patients).
All of our patients can be classified as having OI Type I. The molecular cause was identified in only one patient as a COLIA1 gene mutation, the remaining patients did not have any molecular testing. Seven patients were familial cases, with autosomal dominant inheritance and four patients were sporadic cases.

Radiological results
  Hypodensities in the fissula ante fenestram area were found in all CT-scans (n=16), an extensive demineralization in both pericochlear and internal auditory canal regions was found in in 8 ears (50%). 

An obliteration of the oval and round windows was observed in 6 ears (37.5%), stapes footplate was described as thickened in 5 cases (31%) 

No case of inner ear malformation was noted. One patient had a suspected superior semicircular canal dehiscence syndrome (Minor syndrome) but this diagnosis was eventually eliminated.
Intraoperative Findings

  A fixed stapes footplate was found in all operated ears (n=18), a thickened stapes footplate in 9 ears (50%), a slender or fractured stapes crura in 5 ears (27%). An obliteration of the oval window  was seen in 3 cases (16%), the middle ear mucosa was hypervascularized in only 2 cases  (11%) with a high bleeding tendency. No uncontrollable hemorrhage or perilymphatic gusher were reported.

Audiometric results
  Early audiometric results were available for all but one ear, at a mean interval of 1.65 ± 0.93 months (1- 4 months). One year follow-up (ranging between 8 and 18 months) was available for 13 ears with a mean interval of 12.53 ± 2.45 months. Among the 5 remaining, 2 cases lacked late bone conduction data and 3 others did not have hearing evaluation at 1 year after the surgery but had further long-term audiometric follow-up. We present the short-term post-operative as the period between 1 and 4 months and long-term post-operative between 8 and 18 months.  
The audiometric results obtained are presented in tables 2 and 3.
The first follow-up shows significant (p=0.0003) improvement in the mean AC thresholds with a mean hearing gain of 18.4 dB. The air-bone gap was significantly reduced (p=0.0003) as we obtained a mean ABG of 11 dB ± 7.58. ABG closure to less than 15 dB was achieved in 76% of the cases.
One year after the surgery, we also had a significant (p<0.0001) improvement in AC thresholds, with a mean hearing gain of 22.4 dB. The mean ABG closure was 9.81 dB, ABG closure to ≤ 15 dB was achieved in 92% of the cases.
We did not encounter any case of dead ear or deterioration in BC of more than 10 dB. Evolution of the mean ABG between pre-operative, short-term and long-term post-operative for the frequencies 250 to 4000Hz is shown in Figure 1. 
Figure 2 illustrates, in the form of and audiometric graph, early and late mean hearing thresholds in BC and AC in comparison with pre-operative results.
A hearing gain was obtained in all but one ear that had a negative hearing gain of -1.2 dB at the first follow-up at one month and then +1.3 dB at the last one at 6 years. This ear is represented in figure 3 that shows the progression of the hearing gain over the years in 8 ears that had a long-term follow-up of at least 6 years. Each curve corresponds to the evolution of one ear, the two longest curves with more than 29 years of follow-up belong to the additional patients who were excluded from the statistical analysis.
Discussion

  Our study shows beneficial auditory results for the majority of the performed stapes surgeries, with significant reduction of the ABG and an improvement in AC thresholds.

When compared with presbycusis, the evolution of hearing loss in OI patients is described as more rapidly progressive on the sensorineural component.
Between the 10th and the 45th year of an OI patient’s life, the hearing loss has an average increase of 1dB/year (0.5 to 4 kHz) and up to 1.7 dB/year (8 kHz). The sensorineural component accounts for 0.6 dB/year (0.5 to 4 kHz) and up to 1.3 dB/year (8 kHz) as for the conductive component, it increases of an average 0.4 dB/year9. Similar progression rate is found in non-operated ears.
Our 18 cases are relatively recent and the mean duration at the last follow-up was 54 months (12-204 months), therefore we cannot conclude on how results of stapes surgery in OI patient evolve on the long term. 

However 8 of our cases that had at least six years of follow-up show encouraging results similar to other studies15. ABG closure is maintained over the years and the mean hearing gain tends to gradually decrease over the years because of the natural progression of the disease, until fully eliminated around the 5th decade of life, or earlier when the initial hearing gain is small (<20dB) (Figure 3).
ABG closure to 10 dB or less is widely considered as a success criteria for stapes surgery. We obtained 46% of closure within 10dB at one year, which is inferior to the results obtained by other authors, their numbers range up to 100%11,15,20–22.
This can be explained by the heterogeneity of OI patients or by default in the surgical technique (insufficient length of the piston or insufficient crimping on the LPI).
Our results can still be considered satisfactory since we obtained an ABG closure within 15dB in 92% of the cases.
CT scans of the temporal bone are mandatory to rule out malformations of the inner ear, to anticipate surgical difficulties and to determine the extensions of the lesions.
Authors have established a correlation between the amount of hypodense lesions in the temporal bone and the severity of the auditory deficiency in OI23.
During our study, we found several instances of discord between initial interpretations and radiological re-reading of pre-operative scanners. There were some false negatives and other cases underestimating the extent of the hypodense lesions. Therefore, we consider it essential for the CT scans to be interpreted by a specialized radiologist.
Some authors have reported predictive factors for complications of stapes surgery in OI patients such as early onset of the hearing loss (before 20 years old), the extent of the conductive component and certain intraoperative findings such as a fragile LPI, a thickened stapes footplate, fenestral obliterations and inflammated middle ear mucosa21.
Revision surgery was not needed in any of the cases of this study but it could sometimes be necessary in case of prosthesis displacement, fracture in the LPI or inadequate length of the prosthesis10.

Conclusion

  Our study is consistent with previous studies that suggest stapes surgery as a reasonable and safe alternative to hearing aids. 

Stapedotomy in OI patients resulted in a significant reduction in ABG and an improvement in hearing thresholds, without major complications. 
Data availability:

The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request

Key points:

· Osteogenesis imperfecta is a collagen-related disorder causing hearing loss in 50% of the cases.

· Stapes surgery can be performed in conductive or mixed hearing loss and shows satisfying results, with a tendency to early deterioration of the sensorineural component.
· We analysed the results of 18 consecutive stapes surgeries performed in the same tertiary referral center. No major complications were noted.
· ABG closure within 15dB was obtained in 92% of the cases at one year post-operatively, and is maintained over the years.
· Hearing gain gradually decreases over the years due to the natural progression of the disease.
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LEGENDS

Figures:

Figure 1. Mean ABG by frequency (250-4000Hz) in pre-operative versus early and last post-operative results (n=16). ABG: Air-bone gap; Pre-op: Pre-operative, Post-op: Post-operative, Mo: months, Last: last follow-up available (mean duration of 42.7 months), bars represent standard deviation of the mean.
Figure 2. Pre-operative compared to early and late post-operative average hearing thresholds in BC and AC (n=16). AC: Air conduction, BC: Bone conduction, Pre-op: Pre-operative, Post-op: Post-operative, Mo: months, bars represent standard deviation of the mean.
Figure 3. Progression of the hearing gain over the years in 8 ears with a follow-up of at least 6 years. 1mo: Follow-up at one month post-operatively, y: years, the longest two curves that have more than 29 years of follow-up belong to the two additional cases that were excluded from the statistical analysis.
Tables:
Table 1: Clinical classification of Osteogenisis imperfecta based on Sillence et al.
	Type
	Severity
	MOI
	Fractures
	Bone Deformity
	Stature
	DI
	Sclerae
	Hearing Loss

	1
	Mild

(non-deforming)


	AD
	Relatively few 
	Uncommon
	Normal or slightly short for family
	Rare
	Blue
	~50%

	2
	Perinatal lethal
	AD
	Multiple neonatal fractures 
	Severe
	Severely short 
	+
	Dark blue or gray
	No

	3
	Severe

(Progressively deforming)


	AD
	Multiple 
	Severe dysplasia and multiple bone deformities 
	Very short
	+
	Blue /Gray
	Frequent

	4
	Moderate 


	AD
	Multiple
	Mild to moderate
	Variably short
	+/-
	light blue/normal
	Some

	5


	Variable 
	AD
	Multiple
	Hypertrophic callus and/or calcification in interosseous membranes 
	Variably short 
	-
	Normal
	No

	AD = autosomal dominant; DI = dentinogenesis imperfecta; MOI = mode of inheritance


Table 2. Short-term post-operative results (n=17)      
	Results
	Pre-operative

	1-4 Mo Post-operative 

(n= 17)

	Follow-up duration (months)
	
	1.65 ± 0.93

	Mean AC (dB)

52.5 ± 11.88

34.12 ± 14.36

Mean BC (dB)

27.5 ± 10.51

23.16 ± 13.56

Mean HG (dB)

 

18.4

HG ≥ 20 dB (n, %)

 

    10 (58.82)

10 ≤ HG < 20 dB (n, %)

 

    3 (17.65)

0 < HG < 10 dB (n, %)

 

    3 (17.65)

HG ≤ 0 dB (n, %)

    1 (5.88)

Mean ABG (dB)

25 ± 6.5

10.96 ± 7.58

    ABG ≤ 10dB (n, %)

    0 (0)

    9 (52.94)

10 < ABG ≤ 15 dB (n, %)

    2 (11.76)

    4 (23.53)

15 < ABG ≤ 20 dB (n, %)

    2 (11.76)

    1 (5.88)

ABG > 20dB (n, %)

    13 (76.47)

    3 (17.65)



	AC : Air conduction, BC : Bone conduction, ± : Standard deviation , n : Number of ears analyzed, HG : Hearing gain, ABG: Air-bone gap, Mo: Months


Table 3. Long-term post-operative results (n=13)
	Results
	Pre-operative
	8-18 Mo Post-operative             (n= 13)

	Follow-up duration (months)
	
	         12.6 (8- 18)

	Mean AC (dB)

52.17 ± 12.65
30.42 ± 12.12

Mean BC (dB)

27.79 ± 11.37

22.31 ± 10.58

Mean HG (dB)

 

       22.4

HG ≥ 20 dB (n, %)
 

            7 (53.84)
10 ≤ HG < 20 dB (n, %)
 

            5 (38.46)
0 < HG < 10 dB (n, %)
 

            1 (7.69)
HG ≤ 0 dB (n, %)
 

            0 (0)
 

 

Mean ABG (dB)
25.29 ± 7.27
        9.81 ± 5.25
ABG ≤ 10dB (n, %)
     0 (0)
             6 (46.15)
10 < ABG ≤ 15 dB (n, %)
     2 (15.38)
             6 (46.15)
15 < ABG ≤ 20 dB (n, %)
     1 (7.69)
             1 (7.69)
ABG > 20dB (n, %)

     10 (76.92)

             0 (0)



	AC : Air conduction, BC : Bone conduction, ± : Standard deviation , n : Number of ears analyzed, HG : Hearing gain, ABG: Air-bone gap, Mo: Months



