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a b s t r a c t 

The wide frequency range of the human hearing could be narrowed by various pathologies in the mid- 

dle ear and in the tympanic membrane that lead to conductive hearing loss. Diagnosing such hearing 

problems is challenging, however, often relying on subjective hearing tests supported by functional tym- 

panometry. Here we present a method for in vivo 2D mapping of the impulse response of the tympanic 

membrane, and demonstrate its potential on a healthy human volunteer. The imaging technique is based 

on interferometric spectrally encoded endoscopy, with a handheld probe designed to scan the human 

tympanic membrane within less than a second. The system obtains high-resolution 2D maps of key func- 

tional parameters including peak response, rise and decay times, oscillation bandwidth and resonance 

frequency. We also show that the system can identify abnormal regions in the membrane by detecting 

differences in the local mechanical parameters of the tissue. We believe that by offering a full 2D map- 

ping of broad-bandwidth dynamics of the tympanic membrane, the presented imaging modality would 

be useful for effective diagnosis of conductive hearing loss in patients. 

© 2023 Elsevier B.V. All rights reserved. 
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. Introduction 

The human auditory bandwidth encompasses a wide range of 

requencies from 20 Hz and up to 20 kHz, with a maximum 

ensitivity between 1 and 5 kHz ( Osterhammel and Osterham- 

el, 1979 ). This range is often narrowed with age, with typi- 

al sensitivity reduction at frequencies above 8 kHz ( Lee et al., 

012 ). Such bandwidth narrowing could be associated with con- 

uctive hearing loss (CHL), which is typically caused by otitis me- 

ia ( Schilder et al., 2016 ) that dampens the tympanic membrane 

otion, or by otosclerosis ( Pathophysiology of Otosclerosis ) that 

revents effective sound transmission from the middle ear into the 

ochlea. Initial diagnosis of CHL is most commonly performed by 

irect visual inspection of the tympanic membrane, followed by 

easurement of the acoustic reflections from the membrane us- 

ng tympanometry ( Liden et al., 1970 ; Keefe et al., 1993 ); however,

hese practices are known to have limited sensitivity in diagnosing 

HL ( Takata et al., 2003 ), and are therefore only used for partial

iagnosis. 

Effective functional optical examination of the tympanic mem- 

rane could significantly improve CHL diagnosis; however, its 

anometric vibrations are extremely difficult to detect with suf- 

cient sensitivity. By measuring the interference between a ref- 

rence signal and light reflected from the surface of the tym- 
∗ Corresponding author. 
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anic membrane, laser Doppler vibrometry (LDV) has been shown 

apable of resolving nanometric axial displacements of a single 

oint on the tympanic membrane in human patients ( Goode et al., 

996 ; Rosowski et al., 2008 ). More recently, phase-sensitive op- 

ical coherence tomography (PS-OCT) was shown capable of de- 

ecting both the thickness and morphology of the tympanic mem- 

rane, as well as measuring the acoustic vibrations at different 

ocations across the membrane ( Park et al., 2016 ; Ramier et al., 

018 ; Kirsten et al., 2018 ; Kim et al., 2019 ; Pande et al., 2016 ;

on et al., 2021 ). For imaging the entire membrane, however, PS- 

CT would require continuous high-speed lateral beam scanning, 

hich could be challenging to perform within the small space of 

he ear canal, and may thus be sensitive to patient movement. 

n alternative approach for this challenge is stroboscopic hologra- 

hy ( Rosowski et al., 2009 ; Cheng et al., 2010 ; Razavi et al., 2018 )

hat does not require any mechanical scanning. This method was 

emonstrated by conducting widefield imaging of acoustic vibra- 

ions in the tympanic membrane in a human temporal bone ex- 

ivo ( Tang et al., 2019 ; Tang et al., 2021 ). 

By offering high-sensitivity phase measurement and avoid- 

ng the need for rapid scanning in two dimensions, interfer- 

metric spectrally encoded endoscopy (ISEE) ( D. Yelin et al., 

008 ; D. Yelin et al., 2008 ; Ilgayev and Yelin, 2013 ; Grechin and

elin, 2018 ) is capable of resolving axial nanometric vibrations 

cross an entire surface within a few tenths of a second. Us- 

ng spectral encoding of the lateral x-axis while slowly scanning 

he encoded line in the perpendicular y-axis, ISEE can capture 

https://doi.org/10.1016/j.heares.2023.108723
http://www.ScienceDirect.com
http://www.elsevier.com/locate/heares
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heares.2023.108723&domain=pdf
mailto:yelin@bm.technion.ac.il
https://doi.org/10.1016/j.heares.2023.108723
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igh-resolution en face images of an entire vibrating surface, with 

anometric axial resolution ( Ilgayev and Yelin, 2013 ; Grechin and 

elin, 2018 ). Our group has recently demonstrated in vivo ISEE of 

he human tympanic membrane under different pure-tone stimuli, 

ncluding a single-line multi-parameter measurements of the fre- 

uency and amplitude response ( Hamra et al., 2020 ). 

In this paper we apply ISEE for in vivo two-dimensional map- 

ing of the acoustic impulse response of the tympanic membrane 

n a human volunteer. By applying a series of broadband impulse 

‘click’) stimuli ( Milazzo et al., 2017 ) and scanning the spectrally 

ncoded line across the tympanic membrane, we obtain a full 2D 

ap of its nanometric-scale axial motion during and after the im- 

ulse. By using full time-frequency analysis of every point on the 

embrane, this method enables direct visual inspection of the 

requency-dependent function of the tympanic membrane, which 

ould be useful in developing more accurate, objective tool for di- 

gnosing various hearing problems associated with CHL. 

. Materials and methods 

The optical design of the system was modified from our pre- 

ious design ( Hamra et al., 2020 ), with 2-fold improvement in 

eld of view, significant reduction in optical aberrations, and 60% 

eight reduction in the imaging probe, which is now easier to op- 

rate with one hand ( Fig. 1 ). Briefly, light from a fiber-coupled 

olarization-maintaining superluminescent diode (SLD) (840 nm 

enter wavelength, 50 nm bandwidth) was split by a 50/50 fiber 

oupler to the sample and reference arms of a Michelson interfer- 

meter. At the sample arm, the beam was collimated by an as- 

heric lens (37 mm focal length), scanned in the y-axis by a gal- 

anometric scanner, diffracted by a 1200 lines/mm transmission 

rating, and focused to a 6.5-mm-long transverse (x-axis) line on 

he tympanic membrane by two pairs of achromatic lenses. Light 

eflected from the membrane propagated back through the same 

ptical path and directed by the fiber coupler to a custom-build 

pectrometer equipped with a high-speed line camera (Basler AG, 

PL4096–70KM) which was operated at 62.5 kHz line rate. As a re- 

ult of this unique configuration, the optical spectrum of the SLD 

815–865 nm) was focused along the transverse line into approx- 

mately 335 individual spots. Because each spot is reflected from 

 unique location on the tissue, the reflected light collected by the 

ingle optical fiber bears the spatial x-axis information in its entire 
ig. 1. Schematic illustration of the ISEE probe for measuring the tympanic membrane im

nd green optical paths represent the ISEE and the widefield imaging channels, respective

2 
pectrum. This spectral encoding process was then decoded by the 

igh-speed spectrometer which separates the light into its spectral 

omponents, directly measuring the tissue reflections with inher- 

nt spatial resolution. 

White-light illumination was delivered into the ear canal 

hrough the original illumination fiber bundle of the clinical oto- 

cope (Welch Allyn 23,811) which was mounted at the distal end 

f the probe, in contact with the patient ear. Widefield real-time 

maging (green optical path in Fig. 1 ) of the measured region was 

btained using a dichroic mirror (650 nm cutoff wavelength), an 

chromatic lens and a compact video camera (Alvium 1800 U- 

68C). At the reference arm, a mirror was mounted on a computer- 

ontrolled linear translation stage for rapid positioning of the vir- 

ual reference plane in front of the tympanic membrane. Overall, 

he spectrally encoded vibration imaging covered a square field of 

iew of 6.5 × 6.5 mm 

2 , with 1.2 mm Rayleigh range, 9.2 μm lat- 

ral resolution, and up to 5 nm sensitivity in sensing axial (z-axis) 

ibrations ( Grechin and Yelin, 2018 ; Hamra et al., 2020 ). The wide-

eld white light imaging covered a slightly larger field of view of 

pproximately 7.5 × 7.5 mm 

2 . 

The acoustic stimuli were programed using Audacity software 

16-bit, 48 kHz), generated using a specialized sound card (Cre- 

tive Bound Blaster Z SB1506), and delivered into the ear canal 

hrough an audiometry insert earphone (10 Ω , 3 M, E-A-RTone 

old) that was coupled into an existing port of the otoscope. The 

igital input ‘click’ stimulus was cantered at 1 kHz for covering 

ost of the high-sensitivity frequency range of the human hear- 

ng, and the earphone response was in the range 101–106 dBSPL 

or 10 0–40 0 0 Hz. The maximum sound pressure was 108.7 dBSPL 

 Welgampola and Colebatch, 2001 ; Sohmer and Feinmesser, 1967 ), 

alibrated using a dedicated sound calibration system comprised of 

ound level meter (B&K 2250) and an ear simulator (IEC 711). 

In order to obtain a full 2D map of the impulse response, a se- 

ies of 80 impulse stimuli was applied as the spectrally encoded 

ine was slowly and continuously scanned in the lateral y-axis at 

6.25 mm/s, completing a full measurement within 0.4 s ( Fig. 2 a), 

ith raw data sets comprising 4096 × 25,600 pixels. A 64-pixel 

indowed Hilbert transformation was applied to each of the 4096- 

ixel spectral interferograms (total of 127 windows with 50% over- 

ap) for extracting the modulation phase of the interference fringes 

 Ilgayev and Yelin, 2013 ; Grechin and Yelin, 2018 ), resulting in 

27 × 80-pixel image with lateral resolutions of 51 μm and 81 μm 
pulse response. PM-SLD: polarization maintaining superluminescent diode. The red 

ly. 
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Fig. 2. Measuring the impulse response of a tympanic membrane. (a) A set of 80 acoustic ‘click’ signals are applied as the spectrally encoded line is slowly scanned across 

the membrane. (b) Axial displacement of a selected point on the tympanic membrane of a volunteer, plotted together with the measured sound pressure of a single click 

input. (c) The corresponding power spectra of the signals in (b). (d) Time-frequency plots of the signals in (b), computed using continuous wavelet transformation. 
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n the x and y axes, respectively. The phase shift �φ between sub- 

equent 4096-pixel interferograms was used to compute the local 

xial displacement of the membrane according to �z i = λi �φ/4 π , 

here λi denotes the local encoding wavelength at the center of 

he i ’th window. Note that this measurement does not involve av- 

raging over several impulses, i.e. each location on the membrane 

s excited by a single acoustic impulse. 

Special effort was made to reduce fringe washout and mo- 

ion artifacts that may result from the relative probe-patient mo- 

ion. With the high-speed acquisition rate of 62.5 kHz ( i.e. expo- 

ure time of 16 μs per line) and assuming a λ/4 (approximately 

.21 μm) maximum tolerable phase difference between subsequent 

ines, the maximum measurable axial tissue velocity would be ap- 

roximately 13.1 mm/s. In most cases, this limitation could be ad- 

ressed by seating the patient comfortably and holding the oto- 

cope speculum in contact with the inner walls of the ear canal. In 

ddition, we have developed a dedicated, real-time stability indi- 

ator based on fast Fourier-transformation of the acquired spectra, 

roviding real-time display of the true phase difference between 

djacent lines. Furthermore, after data processing and extraction of 

embrane movements, any low-frequency drift was removed us- 

ng simple detrending algorithms. 

An example of the measured displacement �z of a single point 

n the membrane, encoded by a single spectral window, is shown 

n Fig. 2 b as a function of time. The excitation ‘click’ sound pres-

ure was measured separately by our sound calibration system and 

s also shown for reference. The corresponding power spectra of 

oth measurements are shown in Fig. 2 c, demonstrating the sig- 

ificant bandwidth narrowing and the peak-frequency shift from 

.2 kHz to 2.18 kHz. The time-frequency plots ( Fig. 2 d) of these

easurements were computed using continuous wavelet transfor- 

ation (MATLAB), providing a full visual presentation of the local 

mpulse response relative to the acoustic input stimulus. 

. Results 

A complete 2D scan of the tympanic membrane in the left ear 

f a healthy human volunteer (male, age 35, Helsinki committee 

pproval number RMB-0634–1) was obtained under the acoustic 

xcitation outlined in Fig. 2 a. A widefield image of the measured 

ympanic membrane is shown in Fig. 3 a, where the scanning spec- 
3 
rally encoded line is visible as a purple horizontal blurred (due 

o chromatic aberrations) line. Each point in the ISEE field of view 

as analyzed individually as described above ( Fig. 2 b-c), and the 

nstantaneous membrane height �z was recorded for each lateral 

oint, where t = 0 ms corresponds to the beginning of the exci- 

ation ‘click’ sound, and negative times represent the membrane 

otion prior to the individual impulse. The complete data set 

z ( x,y,t ) is presented in Supplementary Movie 1, revealing the full 

mpulse response pattern of the tympanic membrane. Three exem- 

lary frames from Supplementary Movie 1 are shown in Fig. 3 b, 

epresenting the initial excitation ( t = 0.13 ms), the synchronized 

scillation (0.34 ms) and the relaxation (1.43 ms). When the im- 

ulse sound ( Fig. 3 b, blue line) begins at t = 0, the clear mem-

rane region (red line, marked ‘Membrane’ in 3a) appears to re- 

pond first, moving approximately 60 nm in the negative z -axis, 

hereas the umbo is somewhat less responsive ( �z = −20 nm). At 

.34 ms the clear membrane region begins to oscillate almost uni- 

ormly, and the umbo region joins in-phase with the membrane 

t approximately similar amplitudes ( �z ∼100 nm). At t = 1 ms, 

hen the input ‘click’ pressure drops to zero, the umbo vibrations 

ecay as well, whereas the membrane regions continue their os- 

illations up to t = 3 ms ( Fig. 3 b). A map of the peak oscillation

mplitudes �z max ( Fig. 3 c) reveals the wide range of the ampli- 

udes across the membrane, between 20 nm in some of the clear 

embrane regions and up to 100 nm in the umbo region. 

Two-dimensional maps of the rise times (from t = 0 to peak 

isplacement) and decay times (from peak displacement to e −1 of 

ts maximum) following the ‘click’ stimulus are shown in Fig. 4 for 

oth ears of the volunteer. In the left ear, the rise-time map (mid- 

le panel) reveals an almost immediate response (around 0.2 ms) 

f the umbo region, and in fact of the entire malleus (manifested 

s dark blue regions), whereas the membrane surrounding the 

alleus reaches its peak response only after 0.6–2 ms, with longer 

ising times in regions that are more distant from the malleus. 

he decay times were approximately 1 ms in the lateral process of 

he malleus, 1.5 ms in the umbo region, and between 1.5 ms and 

 ms in the surrounding membrane regions. In the right ear, both 

aps appeared generally similar to those of the left ear, except for 

 notable circular anomaly at the clear membrane region, which 

esponded significantly slower ( ∼3 ms) compared to the malleus 

 < 1 ms) or to the equivalent region in the left ear ( < 2 ms). 
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Fig. 3. (a) Widefield image of the tympanic membrane in the left ear of a human volunteer. SE; spectrally encoded. (b) Selected frames from Supplementary Movie 1, showing 

the tympanic membrane oscillations in response to a single acoustic impulse. The plot below shows the axial displacements of two selected points on the membrane, at 

the clear membrane region (red) and at the umbo region (green). The input sound pressure (blue) is shown for reference. (c) Maximum axial displacement map. Scale bars 

represent 1.5 mm. 

Fig. 4. Rise and decay time maps of the tympanic membranes in the two ears of a human volunteer. In general, the stiffer boney regions appear to respond more quickly 

than the clear membrane regions, which also appear to decay more slowly. A large circular anomaly is clearly visible in the rise time map of the right ear. Scale bar 

represents 1.5 mm. 
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A closer look at the anomaly in the right ear, using a detailed 

nalysis of its impulse response, is provided in Fig. 5 . The widefield 

mage of the anomaly region ( Fig. 5 a) reveals a narrow vertical 

right feature (white arrow) extended downward from the malleus 

ateral process, which appears to be a form of a scarred tissue. The 

SEE raw data ( Fig. 5 b) that corresponds to this location clearly re-

eals the considerable reduction in oscillation amplitudes and in 

ts decay time at this location ( x = 3.0 mm). By plotting the lo-

al oscillations at the bright feature (white arrow in 5a) and at the 

earby clear membrane at the anomaly center (red arrow in 5a), 

e can directly observe ( Fig. 5 c) the notably shorter decay time of

he bright feature. The more detailed wavelet analysis of the two 

oints ( Fig. 5 d) reveals the clear differences in the time-frequency 

lane, including the shorter rise and decay times of the bright fea- 

ure, its broader oscillation bandwidth, and its central frequency 

hift toward higher frequencies. Full 2D maps ( Fig. 5 e) of the max-

mum oscillation amplitudes ( �z max ), the decay times ( τ decay ) and 

he central frequency ( f 0 ) clearly reveal the lower oscillation am- 

litude at the scar, its shorter decay times in its entire length, and 
4 
he frequency shifts toward higher ( ∼2.5 kHz) frequencies. All of 

hese maps were computed using the continuous wavelet analysis 

escribed in Fig. 2 d for each point in the ISEE field of view. 

. Discussion 

By spectrally encoding an entire transverse line on the tym- 

anic membrane and applying an acoustic ‘click’ stimulus, the tiny 

apid nanometric changes in the optical path length are trans- 

ated into variations in the spectral interferograms which could be 

ecorded by a high-speed, high-resolution spectrometer. The re- 

ulting spectral modulations are directly related to the axial mo- 

ion of the tympanic membrane, allowing measurement of key lo- 

al dynamical parameters including the membrane response time, 

ecay time, oscillation bandwidth and peak frequency. By slowly 

canning the transverse line across the field of view, a full 2D map 

f these parameters is obtained with high spatial resolution, effec- 

ively resolving the local mechanical properties in the context of 

n entire region of interest. 
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Fig. 5. Analysis of the anomaly region found in the right ear membrane. (a) widefield image of the anomaly. The red arrow marks the center of the circular anomaly and 

the white arrow marks the visible elongated bright scar-like feature. (b) A small region of interest from the raw data, showing the fast decay of the impulse response at 

x = 3 mm. The horizontal axis corresponds to the spatial x axis that is encoded by the optical wavelength, and the vertical axis represents time, as the y-axis scanning 

during the single impulse induce negligible displacement in the y axis. (c) The local impulse response corresponding to the two points marked in (a). (d) Time-frequency 

analysis of the two curves in (c). (e) 2D maps of the maximum oscillation amplitude (left panel), the decay times (middle panel) and the peak oscillation frequency (right 

panel). Scale bar represents 1 mm. 
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When compared to the previous work by Tang et al. ( Tang et al.,

021 ), who used stroboscopic holography to capture the full-field 

scillations of tympanic membranes in human temporal bones, 

he two systems have relatively similar, sub-second measurement 

imes and comparable fields of view. Both systems also measured 

everal similar parameters in the impulse response of umbo re- 

ion, with rise times around 0.2 ms and decay times between 

.4 and 1.5 ms. In the clear membrane regions, however, Tang 

t al. reported rise times around 0.15 ms and decay times of 

.6 ms, considerably shorter than those found by our ISEE system, 

.e. rise times in the range 0.6–2 ms and decay times as long as 

 ms. These differences may be related to the significantly differ- 

nt physiological conditions of the membrane, i.e. the mechanical 

ifferences between in vitro and in vivo environments. 

The detailed analysis of the anomaly region presented in 

ig. 5 demonstrates the clear advantages of widefield functional 

maging over single-point measurements ( Rosowski et al., 2008 ; 

ark et al., 2016 ). The high spatial resolution of ISEE allows close 

xamination of the scar morphology and micro-mechanics, reveal- 

ng that the bright narrow feature is characterized by a strong fre- 
5

uency shift and nearly 50% reduction in decay times. The imaged 

car is most likely a myringosclerosis (calcium deposits) caused by 

ast middle ear inflammation or trauma, whereas the large nearby 

ircular anomaly may be an abnormal region formed during the 

ealing process of that injury. Such analysis could be used to assess 

he function of the tympanic membrane and may help identify- 

ng various conduction pathologies, although a large-scale clinical 

tudy is obviously required in order to reveal and demonstrate the 

rue clinical value of this technology. Such study would also point 

o some of the challenges and limitations of the system, includ- 

ng the true sensitivity to patient motion during measurement, the 

bility to measure within different ear sizes and shapes, and the 

bvious patient variability. Specifically, the relative probe-patient 

otion was the greatest challenge is mapping the membrane im- 

ulse response. Approximately only 10% of the measurements were 

uccessful in obtaining the full map of the membrane impulse re- 

ponse, where the majority of the remaining data sets were either 

artly corrupted because of motion artefacts that led to local loss 

f fringe contrast, or included membrane regions that remained 

utside of the axial field of view (1.2 mm Rayleigh range). Never- 
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heless, all of the successful full-field measurements have provided 

onsistent and repeatable axial displacement maps of the impulse 

esponse. 

In summary, we have demonstrated in vivo 2D mapping of the 

mpulse response of the tympanic membrane in a human volun- 

eer. Using interferometric spectrally encoded endoscopy with a 

andheld probe designed for imaging the human ear within less 

han a second, we obtain high-resolution 2D maps of the peak am- 

litude response, the rise and decay times, the oscillation band- 

idth and the resonance frequency. We have also identified an ab- 

ormal region in the tympanic membrane which showed substan- 

ial differences in these parameters compared to the normal tissue. 

e believe that by offering a full 2D mapping of the numerous 

echanical parameters of the tympanic membrane, the presented 

maging modality would be useful for effective hearing diagnosis 

n cases that require high-resolution assessment of the tympanic 

embrane. 
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