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Abstract
Cholesteatoma is a collection of keratinous debris and stratified squamous epithelium. It is trapped in the middle ear and can lead to bony erosion. The disease is treated surgically often followed by a second-look procedure to check for residual tissue or recurrence. Cholesteatoma has specific signal-intensity characteristics on magnetic resonance imaging with very high signal intensity on diffusion weighted imaging (DWI). Various DWI techniques exist: Echo-planar imaging (EPI)-based and non-EPI-based techniques as well as new approaches like multi-shot EPI DWI. This article summarizes all techniques, discusses the significance in detecting cholesteatoma and mentions actual studies. Further recommendations for daily clinical practise are provided.
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Core tip: Imaging cholesteatoma is either performed by computed tomography (CT) or by magnetic resonance imaging (MRI). CT is the method of choice for detection and for assessing exact location and extent. MRI with diffusion weighted imaging (DWI) is a powerful tool for the detection of local recurrence or residual cholesteatoma. Many DWI-techniques are available today; this review article gives an overview of the different sequences and the diagnostic procedure when using DWI with a clinical focus.
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INTRODUCTION
Cholesteatomas are defined as enlarging collections of keratinous debris within a sack of stratified squamous epithelium trapped in the middle ear[1]. It is a common inflammatory disease that grows progressively as the debris increases. It is seen as a kind of chronic otitis media with cell proliferation due to repeated inflammation or for congenital reason. Clinically the complications of cholesteatoma are related to bony erosion and destruction which is thought to be related to mechanical pressure. Evan small cholesteatoma can cause ossicular chain erosions with the threat of a conductive hearing loss. The diagnosis is usually made on clinical features.
Cholesteatomas of the middle ear are managed by surgery, generally with complete excision of the lesion with tympanoplasty or radical or modified radical mastoidectomy. This is often followed by a second-look procedure performed to check for residual or recurrent disease. This second-look is conducted 6-18 mo after the initial operation because most recur within the first 2 postoperative years, with 60% occurring during the first year after surgery[2,3]. The second-look surgery is mainly to assess residual or recurrent disease because both cannot adequately be diagnosed solely by clinical examination[4]. 

COMPUTED TOMOGRAPHY
Computed tomography (CT) of the temporal bone is widely accepted to detect or confirm cholesteatoma and to assess the extension, the exact location and possible complications of the disease. Therefore it is mandatory for the initial preoperative description of the extent of cholesteatoma and for correct surgical planning. CT is further recommended for the evaluation of recurrent disease but it is not reliable when the postoperative, formed cavity is completely filled with a soft-tissue mass or partially filled with nonspecific imaging abnormalities[5,6]. This can be caused by recurrent cholesteatoma, granulation or fibrous tissue. This differential diagnosis is important since recurrent cholesteatoma needs middle ear surgery but there is no need for surgery if only granulation tissue is detected. 

MAGNETIC RESONANCE IMAGING
Magnetic resonance imaging (MRI) has several advantages over CT in detecting recurrent or residual disease: beside delayed contrast-enhanced T1-weighted spin-echo (SE) imaging[7], diffusion weighted imaging (DWI) shows promising results in the data published so far[8-12]. Contrast-enhanced MRI can discriminate between the non-enhancing cholesteatoma and other contrast-enhancing findings, e.g., inflammation, scar or granulation tissue[7,13]. DWI is more practical with a shorter examination time than delayed contrast material-enhanced imaging; there is also no need for contrast injection. The technique relies on the principles of the Brownian motion of water molecules[14]. Cholesteatomas appear hyperintens on DWI obtained with b-factors of 800 or 1000 s/mm2 where the b-factor is a measure of the strength of the respective diffusion weighting. This visual characteristic is similar to a histologically identical lesion, the epidermoid cyst[15] - granulation tissue, fibrous tissue, cholesterol granuloma or serous fluid, on the other hand, have low signal intensity on DWI (at a b-factor of 800 s/mm2). Visual assessment of DWI images obtained with a b-factor of 800 s/mm2 without calculation of the apparent diffusion coefficient (ADC) is sufficient for the respective diagnostic analysis[9,12]. The reason for the high signal intensity is assumed to be due to a T2 shine-through effect or due to the restricted molecular diffusion of cholesteatoma. The T2 shine-through effect is observed in lesions with a prolonged relaxation time. Nevertheless, the real reason for the increased signal intensity on DWI is still unknown and under discussion in literature. DWI is a valuable tool to prevent unnecessary second-look surgeries in patients suspected for cholesteatomas and is therefore a reliable alternative to CT[16]. However, numerous artefacts can be generated during the acquisition of DWI, as, e.g., susceptibility artefacts, motion artefacts, ghosting artefacts and eddy current artefacts with the risk of false positive results[17]. 
So far a variety of different DWI-techniques has been used, which basically can be divided into Echo-planar imaging (EPI)-based and non-EPI-based techniques. The choice of the actually used technique is thereby mainly influenced by the fact that imaging has to be performed near the scull base where problems due to different artefacts (e.g., motion, field inhomogeneities) can occur.
In addition DWI MR imaging is extremely useful for the assessment of possible complications such as erosion of the semicircular canal or invasion of the membranous labyrinth or the middle cranial fossa and to assess abscess formations[17].

EPI-DWI
Single-shot (SS) EPI-DWI can be seen as a widely available standard DWI technique. It is relatively insensitive to motion but prone to susceptibility artefacts, chemical shift and geometric distortion[14]. These artefacts can mask areas of restricted diffusion in a cholesteatoma[18]. A further limitation of EPI-DWI is its low spatial resolution and relatively thick sections. The size limit to detect a cholesteatoma with EPI-DWI is approximately 5 mm[9,11]. 

Non-EPI-DWI
Turbo spin-echo (TSE)-based DWI is a spin-echo based SS or multi-shot (MS) technique with longer echo time and a higher signal-to-noise ratio than SS EPI-DWI. The sequence is known to lack significant image distortions and it does not show the susceptibility artefacts that are observed with standard EPI-DWI. Therefore a better spatial resolution in the middle ear is possible and it permits fast multiplanar imaging[19]. Furthermore thinner slices can be obtained than with EPI-sequences. This so called non-EPI sequence has therefore hardly any false-positive findings. False-negative findings are mostly a consequence of motion or empty retraction pockets[20]. The signal intensity of other postoperative findings has been reported much lower than that of residual and/or recurrent cholesteatoma[19,21]. 
In a study by Geoffray et al[22] non-EPI DWI was reliable to diagnose recurrent cholesteatoma also in children with a high sensitivity (87%) and specificity (71%). Nevertheless, they concluded that follow-up must be prolonged because small recurrence less than 5 mm may be missed.
The TSE-DWI can be combined with half-Fourier acquisition single-shot turbo spin-echo (HASTE), a single-shot technique with excellent motion insensitivity. HASTE is also less prone to susceptibility artefacts and geometric distortion than the EPI-Sequence[23,24]. The sensitivity and specificity of non-EPI DWI in depicting residual or recurrent cholesteatoma is very high, in literature it is between 90%-100% and also postulated higher than with EPI DWI[19-21,23-25]. The study by De Foer et al[25] prospectively evaluated a SS TSE-DWI sequence in detecting cholesteatoma with evaluation of the size of the middle ear cholesteatoma. They found 21 middle ear cholesteatomas at surgery with a size between 2 mm and 19 mm and 19/21 could be detected with DWI. Years later another study by De Foer et al[26] compared non-EPI DWI, delayed gadolinium-enhanced T1-weighted MRI and the combination of both techniques in the evaluation of patients with cholesteatoma. Sensitivity and specificity was 56.7%/67.6% with the delayed gadolinium-enhanced T1-weigthed images, 82.6%/87.2% with the non-EPI DWI images and 84.2%/88.2% for the combination of both kinds of images. They concluded that for the detection of cholesteatoma non-EPI DWI can be used alone.
Non-EPI sequences with periodically rotated overlapping parallel lines with enhanced reconstruction (PROPELLER, GE Medical Systems, Milwaukee, Wisconsin/BLADE, Siemens Medical Solutions, Erlangen, Germany) have been reported as useful in avoiding geometric distortions. The k-space data are acquired in the form of rotating sections (blades). The resulting oversampling of the central k-space leads to an improved signal-to-noise ratio (SNR) and to the reduction of motion and susceptibility artefacts[23,27,28]. MS TSE-based DWI increases sensitivity, specificity and diagnostic accuracy compared to conventional single-shot EPI DWI[29]. 
In a systematic review of DWI in the assessment of postoperative cholesteatoma by Jindal et al[30] a combined sensitivity of 91.4% and positive predictive value of 97.3% was calculated for the non-EPI sequences. Non-EPI also showed a negative predictive value of 85% which means that it is very useful in avoiding second-look operations in healthy ears[30].

MS EPI DWI
Recently it has been shown that an improved, MS EPI approach can provide high-resolution DWI with reduced geometric distortions, however, with longer imaging time[31-33]. Readout-segmented echo-planar (RESOLVE) DWI is a new approach for obtaining DWI images with high quality delivering sharp images at high spatial resolution and reduced slice thickness. Therefore it is possible to detect even small cholesteatomas. It uses the same diffusion preparation as SS EPI. By dividing the k-space trajectory into multiple segments in the phase encoding direction TE can be reduced to increase the quality of the acquired images. Further RESOLVE DWI is largely free of distortions, susceptibility and T2* blurring artefacts. As we mentioned before non-EPI seems to be superior to the EPI techniques in diagnosing recurrent or residual cholesteatoma, however, at the time of the systematic review by Jindal et al[30] the RESOLVE technique was not yet available. To date there are only few studies that evaluated this new approach, however, with promising results[31]. In our daily clinical routine RESOLVE has been proven as a robust and reliable approach for the detection of recurrent cholesteatoma.

DWI FOR THE DAILY CLINICAL PRACTISE
DWI is a powerful tool that can replace CT and delayed gadolinium enhanced T1-weighted sequences. At our department and others contrast agent is not used anymore[26]. The best approach is to use non-EPI sequences or (if available) newer EPI-techniques as RESOLVE which provides high resolution and allows thinner slice-thickness. Single-shot EPI-DWI techniques are not recommended as they can provide false positive results due to artefacts. Further anatomical sequences (T1- and T2-weighted) should be added in coronal and/or axial orientation to better localize suspected lesions. Our department uses an axial T1 und T2 turbo spin echo sequence and a coronal T2 turbo spin echo sequence with fat-saturation. The fat saturation can help to detect fatty content of any detected lesion or structure. These sequences can also help to differentiate, e.g., the characteristic T1 hyperintensity of cholesterol granuloma. Dremmen et al[20] suggested to use conventional sequences to decrease the risk of misdiagnosis because transplanted fat within a postoperative cavity may show increased signal on DWI. Slice-thickness for the DWI (and its corresponding anatomical T1- or T2-weighted sequence) should not exceed 3 mm. If available, coloured image-fusion of DWI and anatomic sequences helps to better demonstrate the findings to patients or clinicians. On the basis of the findings by Steens et al[34] repeated follow-up DWI after surgery of cholesteatoma is recommended. Their study showed an evidence of cholesteatoma in 31% of the patients on repeated follow-up DWI. 
[bookmark: _GoBack]For the interpretation of DWI the reporting radiologist should look for hyperintense lesions on high b-values (800 or 1000 s/mm2), ADC-values should not be taken into the diagnostic decision as cholesteatomas can be hyperintense in ADC because of the T2 shine-through effect. If a lesion is detected the next step should be an anatomical correlation and signal interpretation on T1- and T2-contrast. This minimizes false positive results. Clinical examples are provided in Figures 1-3.

CONCLUSION
In conclusion MRI with DWI can prevent unnecessary revision surgery in patients who are suspected of having recurrent or residual disease. Many techniques exist but non-EPI DWI and new MS EPI approaches (RESOLVE) are recommended to avoid false positive results due to different artefacts. The interpretation is simple but additional anatomical sequences are needed for exact localisation and differential diagnosis.
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Figure 1 Thirty-nine-year-old male patient with clinically suspected cholesteatoma in the right middle ear. A: Axial CT of the temporal bone with soft-tissue mass in the tympanic space adjacent to malleolus and incus (white arrow); B: Axial T2-weighted MR depicts fluid-like signal in the tympanic space (white arrow); C: Fused axial T2-weighted image and axial EPI DWI RESOLVE without any sign of restriction. Therefore there is no evidence of cholesteatoma; the findings are consistent with chronic otitis media. CT: Computed tomography; DWI: Diffusion weighted imaging; EPI: Echo-planar imaging.
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Figure 2 Thirty-one-year-old female after surgery for cholesteatoma. A, B: CT show a soft-tissue mass in the tympanic space adjacent to malleolus and scutum with suspected bony erosion (white arrow); C-E: Axial T2 weighted image shows fluid-like signal (white arrow) that has no restriction in EPI DWI RESOLVE (axial in D and coronal in E). There was no sign of recurrent cholesteatoma on follow-up surgery. CT: Computed tomography; DWI: Diffusion weighted imaging; EPI: Echo-planar imaging.
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Figure 3 Twenty-three-year-old male patient with a typical cholesteatoma detected with diffusion weighted imaging. A, D: T2 weighted images (A and D) show a fluid-like mass in the left middle ear (white arrow); B, C, E, F: EPI DWI RESOLVE (B and E) depict a hyperintense signal (white arrow) consistent with restriction due to a small cholesteatoma that is better demonstrated on fused images (C and F). DWI: Diffusion weighted imaging; EPI: Echo-planar imaging.
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