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a b s t r a c t 

Wavelength-swept optical coherence tomography (OCT) was used to scan the structure of cadaveric chin- 

chilla ears in three dimensions with high spatial resolution and measure the sound-induced displace- 

ments of the entire OCT-visible lateral surfaces of the ossicles in the lateral-to-medial direction. The si- 

multaneous measurement of structure and displacement allowed a precise match between the observed 

motion and its structural origin. The structure and measured displacements are consistent with previously 

published data. The coincident detailed structural and motion measurements demonstrate the presence 

of several frequency-dependent modes of ossicular motion, including: (i) rotation about an anteriorly-to- 

posteriorly directed axis positioned near the commonly defined anatomical axis of rotation that domi- 

nates at frequencies below 8 kHz, (ii) a lateral-to-medial translational component that is visible at fre- 

quencies from 2 to greater than 10 kHz, and (iii) a newly described rotational mode around an inferiorly- 

to-superiorly directed axis that parallels the manubrium of the malleus and dominates ossicular motion 

between 10 and 16 kHz. This new axis of rotation is located near the posterior edge of the manubrium. 

The onset of the second rotational mode leads to a boost in the magnitude of sound-induced stapes 

displacement near 14 kHz, and adds a half-cycle to the accumulating phase in middle-ear sound trans- 

mission. Similar measurements in one ear after interruption of the incudostapedial joint suggest the load 

of the cochlea and stapes annular ligament is important to the presence of the second rotational mode, 

and acts to limit simple ossicular translation. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

The middle ear – which includes the tympanic membrane (TM),

he ossicles, their suspensory ligaments, connecting joints, con-

rolling muscles and the middle-ear air spaces – couples sound

ressure in the ear canal near the TM P EC to the sound pres-

ure in the vestibule of the inner ear P V . This coupling depends

n the sound-induced stapes displacement X S ( Peake et al. 1992 )

hat evokes P V . Measurements of the frequency-dependent trans-

er of sound through the middle ear (in terms of either P ( f ) /P ( f )
V EC 
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r X S ( f ) /P EC ( f ) 
1 ) in multiple mammalian species describe contin-

ed high-level output at stimulus frequencies well above the

iddle-ear resonance frequency, and a phase angle relative to

he sound stimulus ( � P V ( f ) /P EC ( f ) = � P V ( f ) –� P EC ( f )) that accumulates

ultiple cycles of phase delay as frequency increases above 10 kHz

Guinan and Peake 1967 ; Olson 1998 ; Ruggero and Temchin 2002 ;

akajima et al. 2009 ; Dong et al. 2013 ; Ravicz and Rosowski 2013 ;

obles et al. 2015 ) 2 . The mechanisms responsible for such behav-

or are not well understood. Table 1 lists the variable names and

echnical and anatomical terms used throughout the text. 
1 These mechano-acoustic variables and transfer functions are quantified in the 

inusoidal steady state where y ( t) = | Y ( f )| cos ( 2 π ft + � Y(f )), and Y ( f ) = | Y ( f )|e j2 π� Y ( f ) . 
2 In the rest of this article, the mechano-acoustic variables are implicit functions 

f frequency. 
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Table 1 

Anatomical abbreviations 

aml – the anterior-malleal ligament described by Vrettakos et al. (1988) 

ISJ – the incudostapedial joint 

TM – the tympanic membrane 

AP axis – the anterior-posterior ossicular axis 

IS axis – the inferior-superior ossicular axis 

Technique relevant abbreviations and nomenclature 

A-Line –the line of single wavelength-swept OCT laser signal 

B-Scan – a one-dimensional scan of A-lines that defines the reflectance and sound-induced motion in a two-dimensional plane. 

FFT – Fast Fourier Transform that defines the magnitude and phase of optical reflectance along the recorded A-line. 

OCT – Optical Coherence Tomography 

ROI – Regions of Interest regions of the reconstructed anatomy that contain moving ossicles. 

X – the complex number describing the magnitude and phase of a sound-induced displacement. 

|X| – the magnitude of the complex number describing displacement at one frequency. 

� X – the phase angle of the complex number describing displacement at one frequency. 

Measured variables 

f – frequency 

P EC – The complex sound pressure measured in the ear canal remnant near the lateral surface of the TM. 

P V –The complex sound pressure in the vestibule of the inner ear. 

P EC / P V – The complex sound pressure gain produced by the middle ear. 

X S – The complex sound-induced displacement of the stapes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. The rotation of the ossicles in two mammal ears. Axes of ossicular rotation 

(the dashed black lines) as defined by Fleischer (1978) or Puria and Steele (2010) : 

(a) freely-mobile ear with Fleischer’s low-frequency axis of rotation; (b) freely- 

mobile ear with the high-frequency axis of rotation predicted by Puria and 

Steele (2010) . The mallei (M) are colored green. The inci (I) are colored yellow. The 

stapes footplates (S) are colored orange. Green ∗ ’s mark the tips of the anterior pro- 

cess of the malleus. Black ∗ ’s mark the location of the posterior-incudal ligament. 

The o’s mark the umbo, the center of the spoon-like region centered within the in- 

ferior tip of the manubrium (the handle) of the malleus. The illustrated ossicles are 

from the left side of the head. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 
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Several authors have noted similarities between the frequency-

dependence of sound transfer through the middle ear and that of

a ‘matched’ transmission line ( Decraemer et al. 1997 ; Olson 1998 ;

Puria and Allen 1998 ). Puria and Allen (1998) described how the

mechanical masses and stiffnesses distributed through the os-

sicular system approximate a transmission line that when per-

fectly matched to the impedance of the inner ear load can pro-

vide a frequency- independent magnitude of sound pressure gain

(| P V /P EC |) and a frequency- dependent sound transfer phase angle

(either � P V /P EC or � X S /P EC ) consistent with a simple delay. The

matched transmission-line prediction of high-level magnitude re-

sponses and multiple cycles of accumulated phase delay in re-

sponse to high-frequency sound stimuli is different from sim-

pler lumped models of middle-ear function that predict high-

frequency middle-ear function is dominated by the resistance of

the cochlea and the masses of the ossicles and the entrained

cochlear fluid ( Zwislocki 1962 ; Møller 1963 ; Kringlebotn 1988 ;

Hemilä et al. 1995 ). 

Both transmission line and lumped models often describe only

one mode of ossicular motion that produce one-dimensional in-

and-out motions of the stapes. These contrast with finite-element

models of the middle ear and TM that allow for complex three-

dimensional motions within the middle ear ( Ladak and Funnell

1996 ; Blayney et al. 1997 ; Koike et al. 2002 ; Gan et al. 2004 ;

O’Connor et al. 2017 ; Wang and Gan 2016 ). In between these two

cases are lumped-element multi-dimensional multi-modal models

of ossicular motion, such as those proposed by Fleischer (1978) ,

Hudde and Weistenhöfer (1997) , and Puria and Steele (2010) . 

The simplest of these models is that of Fleischer (1978) , who

used mechanical models of rigid ossicles rotating about fixed axes,

and suggested the ossicular systems of different mammals ro-

tate about more than one axis, depending on the frequency of

the sound stimulus. Fleischer (1978) argued that the commonly

cited (e.g. Dahmann 1929 ; Békésy 1960 ; Kirikae 1960 ) anterior-

posterior 3 axis (AP axis) of rotation of the malleus and incus

( Fig. 1 a) – anchored by the anterior-process of the malleus on

one end and the posterior-incudal ligament on the other – is a

prominent feature in mammalian auditory function when the stim-

ulus frequency is near or below the ear’s first resonance frequency.

In ears that appear specialized for low-frequency ( < 3 kHz) hear-

ing (as defined by Fleischer (1978) to include humans, other pri-
3 Throughout this paper we adapt the human oriented positional anatomic de- 

scriptors, where dorsal is superior, ventral is inferior, rostral is anterior and caudal 

is posterior. 

P  

l  

p  

g  

b  
ates, chinchillas, guinea pigs and others with highly compliant

freely mobile’ ossicular systems) the handle of the malleus (or

anubrium) and the inferior or distal process of the incus (the

ong process in humans) are both perpendicular to the AP axis

f rotation, and are located inferior to this axis ( Fig. 1 a). Rota-

ions about the AP axis cause both the umbo (the central de-

ression in the spoon-like tip of the manubrium) and the infe-

ior incus with the attached stapes to move laterally and me-

ially in-phase (in and out together). There is significant ex-

erimental support for such low-frequency rotation in multiple

ammalian ears (e.g. Dahmann 1929 ; Wever and Lawrence 1954 ;

irikae 1960 ; Guinan and Peake 1967 ; Manley and Johnstone 1974 ;

uggero et al. 1990 ; Decraemer et al. 1991 ; Decraemer and Khanna

994 ; Rosowski et al. 1999 ; Decraemer et al. 2014 ). 

An example of a second axis of rotation has been suggested by

uria and Steele (2010) based on mechanical analyses of the iso-

ated malleus, incus and stapes (ignoring the connecting and sup-

orting ligaments) of four mammalian species (human, chinchilla,

uinea pig and cat). In all of these mammals the malleus and incus

egin as separate structures during development. During the life
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pans of human and cat, the incus and malleus remain separate

ony structures connected by the incudomalleolar joint; however,

n chinchilla and guinea pig the malleus and incus are conjoined

y bone in the adult ear. The Puria and Steele analysis suggested

his difference in ossicular connection leads to fundamental differ-

nces in ossicular function, as the separate bony malleus and incus

n human and cat permits the development of an additional mode

f ossicular rotation at higher frequencies about an axis perpen-

icular to that of Fig. 1 a and centered within the incudomalleolar

oint as in Fig. 1 b. 

This additional motion mode was hypothesized to (a) produce

ut-of-phase motion of the incus and malleus, and (b) extend

he high-frequency range of incus and stapes motion by provid-

ng a mode of ossicular motion with a higher stiffness, higher mo-

ent of inertia and a corresponding higher resonant frequency.

his argument for the benefit of additional rotational modes dur-

ng high-frequency ossicular motion is nearly identical to that

f Fleischer (1978) . Puria and Steele also argued that the ‘high-

requency boost’ introduced by the additional motion mode did not

ccur in adult chinchilla or guinea pig where the malleus and in-

us are conjoined. Contrary to this suggestion, the results of new

ssicular motion measurements in intact cadaveric chinchilla ears

resented in this paper identify a similar, but fundamentally differ-

nt, mode of ossicular motion in chinchilla and support the notion

hat frequency-dependent changes in the mode of motion can in-

rease ossicular sound transmission in specific frequency ranges. 

The new motion measurements we report were gathered us-

ng optical coherence tomography (OCT). OCT is a light-based

usually in the near-infrared region) measurement system that

ses interference between a reference light and light reflected

rom objects to define the density of objects (via the magni-

ude of the reflected light) and relative distance to objects (via

ptical group delay). The spatial resolution (5 to 30 μm) and

enetration of OCT (better than 3 mm in soft tissues) is suffi-

iently high to image normal and pathologic middle-ear struc-

ures behind the TM ( Pitris et al. 2001 ; Djalilian et al. 2010 ;

ubhash et al. 2012 ; Chang et al. 2013 ; Burkhardt et al. 2014 ;

ark et al. 2014 , 2016 ; MacDougall et al. 2016 ; Ramier et al. 2018a ).

CT can also measure the motion of the identified structures (via

emporal changes in the interference phase) with noise floors of

bout 10 nm ( MacDougall et al. 2016 ; Ramier et al. 2018b ). OCT’s

o-determination of structure and motion eliminates the influ-

nce of the motion of nearby structures on motion measurements,

hich has been a problem in other laser-based motion measure-

ents (e.g. de La Rochefoucauld et al. 2005 ). 

. Methods 

.1. The OCT and control systems 

The combined stimulus, imaging and data acquisition system

as been described in Ramier et al. (2018a) . Briefly, a rotating poly-

on mirror was used to produce a wavelength-swept laser beam

ith a center wavelength of 1280 nm with an 80 nm 3 dB band-

idth at a repetition rate of 45 kHz. A fiber-based Mach-Zehnder

nterferometer splits the laser beam into a sample arm and a ref-

rence arm. The sample-arm light was scanned in the two dimen-

ions orthogonal to the beam by a pair of galvanometer-controlled

irrors. The scanned beam was focused to a spot size of 30 μm.

he temporally varying light intensity resulting from the inter-

erence of the reference- and sample-arm light was digitized by

 balanced photodiode. A computer-controlled multi-channel in-

ut/output board (i) generated stimulus waveforms to drive the

arphone, (ii) generated DC voltages to control the galvanometers,

nd (iii) measured the time-locked acoustic stimulus and the re-

ponse of the photodiode during each laser wavelength sweep. As
 result, each sweep of the laser wavelength (with a period of

/450 0 0 s) produced an axial ‘A-line’ interference image from a

ingle galvanometer-determined location, where each A-line was

ime-locked with the stimulus generator and acoustic measure-

ent systems. 

The two galvanometer-controlled mirrors that steered the OCT

eam essentially altered the direction of the beam by a small

ange of angles. The center of the galvanometers was on the or-

er of 250 mm from the TM surface and the beam spread over the

canned 6 mm × 6 mm measurement area was well approximated

y a uniform plane wave. The galvanometers scanned the sample

ith 128 equally-spaced A-lines along the x -axis (anterior to pos-

erior) and the y- axis (superior to inferior) with a line density of

47 μm in each dimension (128 points per 6 mm) or ~0.002 mm 

2 

n two dimensions (128 by 128 points over ~36 mm 

2 ). 

.2. Image-intensity maps and scaling 

The optical intensity measured during each A-line sweep de-

cribes a wavelength domain interferogram, which was corrected

or background noise, filtered and then Fourier transformed to pro-

uce a complex function in z, where each Fourier line is ordinally

ssociated with a specific z value (the spacing of the Fourier lines

etermined the spatial resolution in the z direction). The magni-

ude of this complex function in z represents the optical intensity

f the reflections from structures along the z- axis. The duration

nd wavelength variations within each laser sweep resulted in a

heoretical penetration depth of 8 mm with a 7.8 μm axial resolu-

ion (8 mm/1024 spectral lines). In practice the penetration depth

as limited to 3 to 4 mm by the dense petrous bone medial to the

iddle-ear structures. 

Sweeping the A-lines in the posterior to anterior ( x ) direction

ith the superior to inferior ( y ) dimension held constant produced

wo dimensional ‘B-scans’, e.g. Fig. 2 . Each B-scan is an iso- y sec-

ion through a three-dimensional rectangular solid, where the 4

orners of the scans are aligned in the x (posterior to anterior) and

 (lateral to medial) dimensions. Stacking B-scans at varied y pro-

uced volume reconstructions ( Fig. 3 ) of the interference intensity

nd phase produced by the sample with a resolution of 47 μm in x

y 47 μm in y by 7.8 μm in z resulting in a voxel volume of about

.7 × 10 4 μm 

3 (or 1.7 × 10 –5 mm 

3 ). To improve contrast and en-

ble clearer visualization in the B-scans and three-dimensional re-

onstructions, the optical intensity of each voxel, defined by the

ourier magnitude of the A-line data, was transformed to a dB

cale before conversion to the gray-scaled images used for visu-

lization ( Figs. 2 and 3 ). Amira® software was used to process

he three-dimensional reconstructions of the scaled and stacked

-scans. In each reconstruction manual thresholding reduced the

isibility of voxels with low-intensity to best visualize the most re-

ective structures. 

.3. Vibrometry 

As described above, the μm scale position in z of each reflect-

ng object was coded by the order of the Fourier components of

he time-varying interference intensity produced by each A-line.

hile the magnitude of each Fourier component defined the op-

ical reflectance of the structures located at each z position, the

hase of each component defined the z -axis location of the re-

ecting object with sub-wavelength accuracy. Differences in this

hase between two temporally separated measurements defined a

otion of the reflecting object. During sound stimulation, 200 re-

eated A-lines were taken at each x-y location, and the temporal

ariations in the phase of the complex intensity at each location

ere used to describe the displacement as a function of time. The



4 J.J. Rosowski, A. Ramier and J.T. Cheng et al. / Hearing Research 396 (2020) 108056 

Fig. 2. Six ‘B-scans’ of the TM and ossicles of the right ear of CH2 taken at different 

y (superior-inferior) positions. In each B-scan, z (the lateral-medial direction) varies 

from top-to-bottom and x (the posterior-anterior direction) varies from left to right. 

The range of x and z coordinates of each scan are identical. B-scan #8 illustrates 

the measured OCT reflection from a posterior to anterior scan near the superior 

most region of the TM, and describes a small posterior-anterior TM section (TM), 

while the rest of the scan illustrates the bone that supports the TM. B-scan #14 is 

a little more inferior and describes the thin TM on either side of the lateral process 

of the malleus (X). B-scan #36 is positioned more inferiorly and describes the TM 

on either side of the manubrium of the malleus (M, differentiated by its thickness 

and the shadow it casts in z ) and the lateral surface and shadow of the inferior tip 

of the incus (I). B-scan #45 describes the TM on either side of the manubrium of 

the malleus (M, differentiated by the shadow it casts in z ) and the lateral surface 

and shadow of the stapes head and anterior crus (S). B-scan #67 describes the TM 

on either side of the manubrium of the malleus and the lateral and medial surface 

of the petrous bone that covers the base of the chinchilla cochlea (B). B-scan #110 

describes the TM on either side of the umbo (U) of the malleus and the lateral 

surface of the petrous bone that covers the basal (B) and middle (2) turns of the 

chinchilla cochlea. The inferior to superior distances relative to the lateral process 

of the malleus of the 6 different B-scans are: –0.28 mm for scan 8, 0 mm for scan 

14, 1.03 mm for scan 36, 1.46 mm for scan 45, 2.5 mm for scan 67 and 4.5 mm for 

scan 110. The identical arrangement of the sections in x and z allows observation of 

the concavity of the TM, e.g. B-scan #4 shows the z position of the lateral process 

to be about 0.4 mm from the upper edge of the image, while B-scan #100 shows 

the umbo to be about 1.5 mm more lateral. 
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displacement vs. time function at each location was Fourier trans-

formed to define the magnitude and phase of displacement. The

ability to discriminate different phases of the interference inten-

sity waveform at each x - y - z location (or voxel) defined the resolu-

tion of our displacement measurements. This resolution depended

on the number of A-lines used to define the displacement vs. time

function and the intensity of the reflected light within each voxel

(if the intensity was too small, the recorded time waveform was
oisy). Functional displacement resolution in this study was better

han 10–20 nm ( Ramier et al. 2018a &b). 

.4. Lateral surface definition and displacement averaging 

Three-dimensional maps (in x, y and z ) of the lateral-most sur-

aces of the TM and ossicles (e.g. Supplemental Materials 4 through

) were defined within selected regions of interest (ROIs) in each

f the 128 B-scans (e.g. Fig. 2 ). The ROIs were rectangles drawn

round the identified manubrium, incus, stapes anterior crus and

ootplate. The lateral surfaces within the ROIs were identified by

ocating the lateral-most z values where a low to high step in-

rease in the dB scaled image intensity occurred. The threshold-

ntensity step size was adjusted to provide a good match between

he computer-detected edges and the visually perceived lateral

ost edges of the ossicles in each B-scan. The three-dimensional

oordinates of the identified lateral surfaces of the manubrium, in-

us, anterior crus and stapes footplate were stored for later image

egmentation, and investigations of the relationship between ossic-

lar geometry and the sound-induced motion. 

Two-dimensional maps of ossicular displacement (e.g., Figs. 6–

 ) were constructed based on the x and y coordinates of the identi-

ed ossicular surfaces. The computed sound-induced displacement

t each point on the identified ossicular surface was the average

f the complex displacement in the 10 voxels with the same x

nd y coordinates just medial to the surface boundary. Only voxels

ith a significant image intensity and computed motion magni-

ude greater than 15 nm were included in the average. 

The sound-induced displacement of 8 specific locations on the

urface of the ossicles (see Fig. 5 A) were defined by averaging the

omplex motions within a square of 25 voxels in ( x and y ) cen-

ered at each of the 8 locations on the two-dimensional maps.

he local averaged motion was determined at: the umbo, a mid-

anubrium position (centered on the manubrium at a y -position

alf way up the manubrium), the lateral process of the manubrium

the rounded bump on the manubrium just below the most supe-

ior location of the manubrium), a ¼ manubrium position half-way

etween the umbo and the mid-manubrium, a ¾ manubrium posi-

ion half way between the mid-manubrium and the lateral process,

he inferior-tip of the incus, the anterior crus of the stapes and the

nterior footplate. The displacements at these eight locations were

omputed at each measurement frequency in each specimen. 

Frequency-dependent averages of the point motions from the

hree ears with an intact ISJ were computed. Since (as discussed

ater) the measurements made in the different ears were not made

t all the same frequencies, we interpolated each data set to a fixed

requency array and the interpolated complex values from mul-

iple ears at each frequency were averaged. The fixed frequency

rray included 50 frequencies logarithmically spaced between 0.4

nd 20 kHz. The magnitudes of the interpolated point displace-

ent measurements in the different ears were averaged in the log-

omain (geometric averaging), while the average phase angles are

he phase of the complex average of the interpolated displacement

ransfer functions. 

Smoothed two-dimensional motion maps (in x and y ) of the lat-

ral surfaces of the ossicles ( Figs. 6–8 ) were also constructed. The

otion (magnitude and phase) of all the points contained within

he previously identified two-dimensional surfaces were smoothed

y rolling window (3 × 3) complex averaging. 

.5. Specimen preparation 

All animal measurements were performed with the approval

f the Animal Care Committee of the Massachusetts Eye and Ear.

easurements were made in the middle ears of six cadaveric chin-

hillas (that had been previously used in other live-animal experi-
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Fig. 3. Four three-dimensional surface reconstructions of the 128 B-scans from the right ear of CH2. (A) and (C) are face-on views of the lateral surface of the TM and ossicles 

where the z -axis is perpendicular to the page. (B) and (D) show the same reconstructions after tilting the posterior-anterior axis 20 ° to visualize better the structures behind 

the posterior TM. (C) and (D) are like (A) and (B) but after removing the free-standing TM from the reconstruction. The segmentation of the manubrium and free-standing 

TM was aided by looking at the sound-induced motion of these structures at frequencies above 10 kHz, where previous data have shown the manubrium moves out of phase 

with the TM ( Cheng et al. 2013 ). The labeled structures include: x – the lateral process of the malleus, u – the umbo of the malleus, I – the inferior tip of the incus, p- the 

petrous bone, fp – the surface of the footplate, and aml – the anterior-malleal ligament ( Vrettakos et al. 1988 ). Movies of rotating reconstructed TM and ossicular surfaces 

are included in Supplementary Materials 2, 9 & 10. 
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ents), whose heads were either stored in saline at 4 °C for 1 or

 days, or frozen (for up to a month) and thawed prior to mea-

urements. Three of these animals were used in developing our

ethods; the results from three right ears and one left ear from

hree animals are described. Cadaveric material was used to pre-

ent any large extraneous displacements of the TM and ossicles

ue to breathing or heartbeat. The use of cadaveric material also

implified the placement of the ear within the imaging system. 

The cartilaginous ear canal was removed, and the bony canal

rilled away to provide a view of 75 to 80% of the TM sur-

ace; further drilling endangered the support of the TM in the ear

see Supplemental Material 1). In removing the bony ear canal, it

as necessary to remove the thin dermal layer on the exterior

lateral) surface of the TM. (Previous holographic measurements

 Rosowski et al. 2009 ; Cheng et al. 2013 ) of sound-induced mo-

ion of the TM suggest removal of the dermis has little effect on

M motion, and our OCT-based measurements of sound-induced

ssicular displacement are quite similar to measurements made

n live ears, see Results Section.) Posterior and superior openings

ere made into the middle-ear air cavity to allow us to cut the

endon of the tensor tympani, determine the condition of the os-

icular chain, and moisten and remove excess fluid from the mid-

le ear ( Rosowski et al. 2006 ). The tendon of the stapedius mus-

le and other ossicular ligaments were kept intact. The openings

nto the middle ear were sealed with silicone impression material

ust before each measurement session. The quality of the seal pre-

ented sound from entering the middle-ear air spaces directly, but

llowed the venting of any static pressure within the middle-ear

avity. Sealing also helped keep the middle ear moist. 

A metal bar that ran along the anterior-posterior direction was
ttached to the vertex of the skull with screws and dental cement. l  
he bar was placed in a multi-direction manipulator to position

he head in the OCT system. The head was positioned to view as

uch of the ossicular system through the TM as possible. This

ncluded a small (20 °) rotation of the normally positioned head

round the anterior-posterior axis to provide a view of the stapes

nd a better view of the inferior incus (see Supplemental Material

). This rotation reduced the TM surface visible to the OCT to ~45%;

owever, the view included the entire manubrium of the malleus,

he inferior third of the incus and the anterior crus and footplate

f the stapes. The rotation also brought the measurement direction

loser to the line directed from the center of the footplate through

he center of the stapes head (see Supplemental Material 1.2). The

edial end of a brass sound coupling tube (~2 cm long and 1 cm

n diameter) was sealed to the remnants of the bony ear canal.

he coupling tube had two side tubes: one to position a calibrated

robe microphone (an Entymotic ER7) near the edge of the TM, the

ther was coupled to the earphone via a flexible tube. The lateral

nd of the coupler was sealed by a glass plate that allowed access

f the OCT measuring beam to the TM and middle ear. 

.6. Anatomy-based definitions of motion directions 

Our measurements and analyses allowed us to describe the mo-

ions of the ossicles in one translational and two rotational direc-

ions. In doing so we used an anatomically-based geometry. As de-

cribed above and in Supplemental Material 1.2, the beam of the

CT was directed along lines that roughly parallel the line con-

ecting the center of the stapes head and the center of the foot-

late. This direction defined the lateral-medial direction or z -axis.

he superior-inferior direction ( y -axis), which approximately paral-

eled the arm of the manubrium, and anterior-posterior directions
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( x -axis) were defined as orthogonal to the lateral-medial direction

and were consistent with the changes in beam location produced

by the paired galvanometers. 

2.7. Acoustic Stimuli 

The sound stimuli were continuous pure tones of 10 to 20

selected frequencies that were sub-harmonics of the 45 kHz

wavelength-sweep repetition rate. The stimulus frequency equaled

(45,0 0 0 × n/m) Hz, where m defined the number of consecutive

A-line samples at each x, y position, and n defined an integer num-

ber of stimulus cycles time-locked to the m A-lines. With m = 200

(its value in CH2, 3 and 4), as n varied from 2 cycles for recorded

waveform to 100 the stimulus frequency varied between 450 Hz

and 22.5 kHz. Since, the number of x and y points in each spatial

scan was 128 × 128 = 16,384, if m = 200, then over 3 million A-

lines were gathered during each stimulus presentation, and a stim-

ulus duration of about 73 s was needed to measure the motion of

the entire three-dimensional volume. 

The first measurement was performed at a frequency, near 0.5

or 1 kHz. Subsequent measurement frequencies were randomized,

though the final measurement was a repeat of the first frequency,

and occasional multiple level measurements were performed at se-

lect frequencies. We did not make reliable measurements at all

possible frequencies in each ear due to either time restrictions, or

the inadvertent use of stimulus levels at selected frequencies that

produced displacements too large to measure accurately (see be-

low). The plotted symbols on the individual data curves included

in Figs. 4 B–D and 5B are the frequencies where reliable mea-

surements were performed, these included nine measurements at

seven frequencies in CH1, 16 measurements at 13 frequencies in

CH2, 13 measurements at 12 frequencies in CH3 and 12 measure-

ments at 11 frequencies in CH4. 

Stimulus-synchronous sampling of the output of the calibrated

probe-tube microphone defined the magnitude and phase of the

sound stimulus. The level of the tonal stimuli was varied between

80 and 120 dB SPL to produce displacements that were larger than

the 10 to 20 nm noise floor of our methods ( Ramier et al. 2018a ),

and smaller than the ~0.5 μm displacements that produced inter-

ference phase differences larger than a half-cycle (such large phase

differences were not easily translated to displacement). 

3. Results 

3.1. Observations of ossicular structure through the intact TM 

As described in the methods, the magnitude of the Fourier

transform of each wavelength sweep of the OCT produced an A-

line that defined the reflectance and location of structures along

the z- axis described by laser beam. The two-dimensional posi-

tion of the A-lines was scanned in x and y using the paired gal-

vanometers. Fig. 2 illustrates a set of A-lines scanned in x (the

anterior-posterior dimension, what are called B-scans) at six spe-

cific y (the superior-inferior dimension) values. The structures ob-

served in each scan are described in the figure caption. A signif-

icant limitation of these images is that the B-scans only resolve

regions of the TM and ossicles that are visible to the OCT beam,

where the presence of ear-canal bone lateral to the TM or ossicles

blocks the OCT beam thereby limiting visibility behind the bone.

The limitation is responsible for the truncation of the image in the

anterior-posterior dimension in the 110 th B-scan, and the limited

lateral-medial depth in the 8 th B-scan. Another limitation is that

bony structures scatter as well as reflect incident light, where the

former process causes the lighter gray ‘fork-like’ projections me-

dial to the manubrium seen in B-scans 36, 45 and 67. This scat-

tered light is often associated with a darker shadow region medial
o the scattering bone seen in the most medial reaches of those

ame three B-scans. 

Stacks of the 128 B-scans ordinally arranged in y were used to

econstruct the three-dimensional structure of the ear. Fig. 3 shows

ifferent views of two reconstructions of the lateral surfaces of the

M, ossicles and surrounding bone in one ear, including face-on

iews of the TM and the middle ear and bony structures behind

he TM, as well as images of those same structures after rotating

he ear by 20 ° about the superior-inferior axis. (Brief movies of ro-

ations of the reconstructions are included as Supplemental Mate-

ial 2.) Images in which the free-standing TM was segmented and

emoved from the reconstructions ( Figs. 3 C and D) clearly show

he TM-covered manubrium of the malleus, the inferior tip of the

ncus, and the petrous bone that covers the basal and middle turn

f the cochlea. The stapes crus and footplate are not clearly seen

n these images due to the intensity-based thresholding algorithm

sed to reduce noise in the image of the manubrium and incus. 

The presence of the medial wall of the bony ear canal at loca-

ions superior to the lateral process prevented observation of the

ead of the malleus and the body of the incus (see Supplemen-

al Material 2). Nonetheless, the image in Fig. 3 C is very similar to

he scanning-electron-microscope image of the chinchilla ossicles

nd petrous bone with the TM and ear-canal wall removed pub-

ished as Fig. 2 in Vrettakos et al. (1988) , and the mico-CT-based

econstructions of Wang and Gan (2016) , though those images in-

lude the heads of the malleus and the incus. Measurements of

he length of the manubrium (~4.5 mm) and the height of the

tapes (~2 mm) gathered from reconstructions of our specimens

re consistent with those of Vrettakos et al. (1988) and Wang and

an (2016) . A lack of definition of the complete TM, incus lever

rm and stapes footplate prevented assessment of the dimensions

f these structures in our data set. 

.2. Point measurements of sound-induced motion: Normalization by 

timulus sound pressure 

Displacement-to-sound pressure transfer functions – complex

atios of the frequency-dependent sound-induced displacement

nd measured sound pressure – at three specific ossicular locations

 Fig. 4 A) are illustrated in Fig. 4 . The figure describes the magni-

ude and phase-angle of transfer functions for the sound-induced

isplacement of the umbo, the inferior-most tip of the incus and

he anterior stapes footplate. The plots also compare these trans-

er functions to previous studies. The transfer functions were mea-

ured in 4 ears, and include one ear (CH4) in which the incud-

stapedial joint (ISJ) was accidentally interrupted during prepara-

ion. Fig. 4 B illustrates the measured umbo displacement to sound

ressure transfer function in the 4 ears, along with the averaged

agnitude and phase from the three ears with an intact ossicular

hain. The average umbo displacement to ear-canal sound pressure

ransfer function reported by Ruggero et al. (1990) – made with

he middle-ear cavities sealed – is also plotted. Fig. 4 C is a sim-

lar comparison of our incus to sound pressure transfer functions

nd those reported by Robles et al. (2015) , while Fig. 4 D compares

ur footplate displacement to sound pressure transfer functions to

verages reported by Ruggero et al. (1990) and Robles et al. (2015) .

The magnitudes of the individual displacement transfer func-

ions we measured at the umbo, incus and stapes footplate in the

hree specimens with intact ossicular chains vary by as much as

n order of magnitude at frequencies less than 6 kHz, but vary

ess at higher frequencies. The variations in phase angle between

he three individual transfer function phases is about 0.25 cycles

hroughout the frequency range. Some of this variability may come

rom differences in the location of the P EC measurements in the

ifferent ears, as the probe tube was placed at the outer edge

f the ear canal at distances from the umbo greater than 5 mm,
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Fig. 4. Transfer functions between the sound-induced displacement and stimulus sound pressure in 4 cadaveric chinchilla ears at three ossicular locations labeled in (A), 

including: the umbo (B), incus tip (C) and stapes footplate (D). The upper panel of each plot describes the magnitude (units of nm/Pa), and the lower panel describes 

the phase angle. The magnitudes and phase angles are plotted on a log-frequency scale. Symbols mark the frequencies were measurements were made in individual ears; 

repeated measurements at any one frequency are marked by paired symbols. The thick solid lines in the upper and lower panels represent the complex average of transfer 

functions in ears CH1, CH2 and CH3. The measurement in CH4 with the incudostapedial joint interrupted (ISJI) is not included in the average. Our measurements are 

compared to the means of measurements of Ruggero et al. (1990 ; N = 5) and Robles et al. (2015 ; N = 5). 
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where this distance depended on how much ear canal was re-

moved and varied with each preparation. Despite this variability,

the average transfer functions are similar to those reported by

Ruggero et al. (1990) and Robles et al. (2015) . 

The umbo and incus displacement transfer functions in CH4

with the ISJ interrupted are not obviously different from those of

the other three ears, except for the magnitude and phase angle of

the umbo and incus transfer function at frequencies at 2250 Hz

and above 10 kHz. As interruption of the ISJ eliminates the cou-

pled motion of the stapes and the malleus and incus, the mag-

nitude of the stapes footplate transfer function in CH4 is a mea-

sure of the combination of stimulus-induced motion of the whole

head and displacement noise, and is generally at least a factor of

3 lower than the transfer-function magnitudes in the other ears at

sound stimuli of frequencies less than 18 kHz. (Exceptions are in

CH1, where the magnitude at 11 and 15.9 kHz are less than the

magnitude in CH4 at 13.6 kHz.) Subsequent plots of these point

displacements are restricted to data below 18 kHz. 

3.3. Point measurements of sound-induced displacement: Relative 

motion along the ossicular chain 

Of primary significance in this report are relative motions

within the ossicular chain of the chinchilla. Fig. 5 includes the data

of Fig. 4 , but shows the ratios of the complex sound-induced dis-

placement of discrete points on the ossicular chain to the displace-

ment measured at two reference points, either the umbo, or a po-

sition ¾ up the manubrial arm. The curves plotted in the figure are

smoother and less variable than the displacement to sound pres-

sure ratios plotted in Fig. 4 . The smaller variability in the umbo-

normalized data ( Fig. 5 ) is consistent with our suggestion that part

of the variation observed in Fig. 4 was due to inter-individual vari-

ations in the sound-pressure measurements. 

Fig. 5 B plots the magnitude and phase angle of the footplate-to-

umbo displacement ratio in the three ears with an intact ISJ, along

with the average of the three ratios and the footplate-to-umbo dis-

placement ratio computed from Ruggero et al. (1990) . While simi-

lar below 3 kHz, the magnitudes of the ratios we describe are on

average a factor of 2 to 3 higher than that reported by Ruggero and

co-workers at frequencies between 5 and 15 kHz. The phase angle

of the displacement ratios is quite similar in all of the plotted mea-

surements, especially at frequencies above 10 kHz, where all of the

data sets show a rounded step of negatively accumulating phase in

the log-frequency domain that reaches a value of about a negative

half cycle at 15 to 18 kHz in the new data. 

Fig. 5 C plots the averaged umbo-normalized motion magnitude

at 4 manubrium locations, including the lateral process and at ¼, ½
and ¾ of the length between the lateral process and the umbo. The

variation within the individual measurements used in the means

is similar to that observed in Figs. 5 B&E. At all of the measured

frequencies the umbo motion (represented by a magnitude of 1

and phase angle of 0 in this ratio plot) is larger than that at any

other plotted location, and all of the data are consistent with re-

duced motion magnitude as the measurement locations moves up

the manubrial arm to the lateral process. The motion relative to

the umbo at the four points also varies with frequency, especially

at the two most superior points. The motion relative to the umbo

moves closer to one between 2 and 10 kHz, with a decrease in the

relative magnitude above 10 kHz at all locations, and a suggestion

of a rebound above 15 kHz in the relative magnitude and phase

angle at all manubrial locations. The four points generally move in

phase with the umbo, except between 8 and 18 kHz, where phase

lags of as much as 0.2 periods develop, with larger phase lags at

greater distances from the umbo. 

Fig. 5 D plots the average of the displacement ratios measured

in the three ears at different points along the ossicular chain: mid-
anubrium, lateral process, the inferior incus tip, the stapes ante-

ior crus and the anterior footplate. The ratio of the displacement

f the mid-manubrium and the umbo has a magnitude near 0.6

elow 10 kHz and is generally the largest of the ratios. The dis-

lacement of the lateral process is 20 to 30% of the umbo dis-

lacement at all but the highest frequencies, and is the smallest

easured motion at any frequency. The displacements of the infe-

ior incus tip, stapes anterior crus and stapes footplate have similar

agnitudes that fall between that of the mid-manubrium and lat-

ral process at frequencies less than 10 kHz. At higher frequencies

he stapes footplate moves more than all of the other points, with

he exception of the mid-manubrium at frequencies above 16 kHz.

he phase-angles of all the plotted ratios show a smoothly increas-

ng phase delay between 8 and 13 kHz, where the phase grows

ore negative as the measurement location progresses from mid-

anubrium to lateral process to incus tip to stapes anterior crus,

nd is most negative at the footplate near 15 kHz where it reaches

bout –0.5 cycles. 

Fig. 5 E plots the ratio of the footplate to the ¾ manubrium posi-

ion in our three ears along with the mean of these measurements.

t frequencies below 7 kHz, the footplate motion is similar to the

otion at the ¾ manubrium position in both magnitude (within

bout + /–30%) and phase angle (within about + /–0.05 periods).

ll three of the individual ratios show a moderately sharp peak

n magnitude of 2.5 to 4 near 14 kHz, with a corresponding phase

tep of near 0.4 periods. Between 15 and 18 kHz, the phase in all

hree individuals shows more delay and the magnitude returns to-

ard 1. The peak magnitude and phase change in the individual

ars are well represented by the mean. 

.4. Spatially continuous measurements of sound-induced ossicular 

isplacements normalized by the displacement of the umbo 

While the previous section concentrated on the motion of indi-

idual points along the manubrium, a primary benefit of OCT is the

bility to scan our measurements over the entire visible ossicular

urface with a high degree of spatial selectivity. Fig. 6 illustrates

he umbo-relative displacement magnitude and phase angle mea-

ured along the lateral surface of the three ossicles in response to

 ~1 kHz tone in four ears. Each row illustrates the data from 1 ear.

he left-most column uses colors to illustrate the umbo-relative

isplacement magnitude, where a magnitude of 1 is a mid-yellow

nd 0 is deep blue. The center column shows the phase angle of

he displacement relative to the displacement of the umbo. The

ight most column is a repeat of the magnitude data with labels

o distinguish different locations along the ossicular chain. 

The results with 1 kHz stimulation include: (i) There is a graded

agnitude of sinusoidal motion along the manubrial arm, where

he umbo-relative motion magnitude is greatest (~1.1, bright yel-

ow) at the inferior tip of the manubrium and least at the superior

nd (~0.2, blue) above the lateral process. (ii) The magnitude of the

otion of the incus and stapes (~ 0.3) is similar to the motion of

he manubrium at a similar superior-to-inferior distance from the

ateral process (e.g., the ¾ position, see Fig. 5 E). (iii) Motion iso-

lines (described by the color gradations) seen on the manubrium

re arranged perpendicular to the long axis of the manubrium.

iv) All points on the surface of the ossicles move approximately

n phase with the umbo (the color is constant at medium blue

reen). These patterns are apparent in all four ears regardless of

hether the ISJ is intact or interrupted (the bottom row of pan-

ls in Fig. 6 ), and are consistent with the point motions plotted at

 kHz in Fig. 5 . As will be described in the discussion, these mo-

ion patterns are also consistent with ossicular rotation about an

xis that is perpendicular to the long axis of the manubrium, and

uperior to the lateral process. 
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Fig. 5. Ratios of the measured motions at eight different ossicular locations (A) in the three ears with an intact ISJ. (B) The magnitude and phase angle of the ratio of the 

measured displacements of the stapes footplate and umbo. The average of the three measurements is included, as is a similar measurement by Ruggero et al. (1990) . (C) 

Averages of the umbo-normalized displacement measured at 4 locations along the long axis of the manubrium specified by the fraction of the distance between the umbo 

and the lateral process. (D) Averages of the umbo-normalized displacement measured at five different ossicular locations. (E) Individual and average measurements of the 

ratio of the displacement of the stapes footplate and the position ¾ along the manubrium. 
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Fig. 6. Two-dimensional views of the magnitude and phase angle of the OCT determined sound-induced displacement of the OCT-visible lateral surfaces of the ossicles 

normalized by the displacement of the umbo in four ears. Stimuli were tones near 1 kHz of levels near 100 dB SPL. Variations in the relative distance and the 3D-rotation of 

the ears relative to the OCT beam produced small differences in scale and orientation. The third column identifies the umbo (u), the lateral process of the manubrium (x), 

the incus (i), stapes head and anterior crus (sh) and stapes footplate (fp). The visibility of the structures depends on the intensity of the reflected light and the existence of 

motion above the 10–20 nm noise floor. CH1, 2 and 3 are right ears. CH4 is a left ear with an interrupted IS joint and little motion of the stapes ( Fig. 4 C). 
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Fig. 7. Comparison of ossicular motion in two ears at four frequencies. Ear Ch3 is a right ear with an intact ossicular chain and moving incus, stapes head and footplate. Ear 

CH4 is a left ear with the incudostapedial joint interrupted with a mobile incus, but no measurable stapes motion. 
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Fig. 7 shows a similar presentation of the motion of the ossi-

les at four frequencies between 5 and 18 kHz in two ears: one

ith an intact ossicular chain (the right ear CH3, the two left-hand

olumns) and the ear with the ISJ interrupted (the left ear CH4,

he two right-hand columns). We first concentrate on the intact

ar. At 5.2 kHz we again see a graded magnitude of motion along

he manubrium (as was visible at 1 kHz). However, the motion iso-

lines are no longer perfectly perpendicular to the long axis of the

anubrium, such that the motion of the posterior edge is a little

arger in magnitude than the anterior edge at a similar inferior-

uperior location. We also see that the magnitude of the umbo-

elative motion at the lateral process and the other ossicles (~0.3

e the umbo) is a little larger than at 1 kHz ( Fig. 5 B). For the most

art the ossicles continue to move in phase at 5.2 kHz as they did

t 1 kHz. 
With a tonal stimulus of 10.8 kHz (the two left-hand panels in

he second row of Fig. 7 ) the motion patterns in the intact ossicu-

ar chain are quite different from that at lower frequencies. Much

f the manubrium, the inferior incus and the footplate is mov-

ng in the lateral-medial direction with a similar magnitude. The

agnitude of the umbo-relative motion of the lateral process, in-

us and stapes remains comparable to that of the manubrium at

 similar inferior-superior position. There is also a sign of graded

otion and phase angle isoclines that parallel the long axis of

he manubrium, with larger motion magnitudes on the anterior

nd posterior manubrial edges. Much of the manubrium moves in

hase with the umbo, though the anterior-inferior manubrial rim

oves nearly out of phase with the rest of the manubrium. The

hase of the incus and stapes is noisy, but the average phase of

otion is negative rather than zero. 
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With tonal stimuli near 16 and 18 kHz, the relative motion

of the manubrium has more in common with the motion at 6

kHz and lower, with graded motion magnitudes along the inferior-

superior orientation of the manubrium, and nearly-in-phase mo-

tion of the entire manubrial surface. However, there are signifi-

cant deviations from low-frequency behavior. (i) The gradations in

manubrial magnitude are not as evenly arranged in the inferior to

superior direction, such that the relative motions of the superior

portions of the manubrium are of smaller magnitude than those

at 1 kHz. (The moderate blue region begins 1/3 of the distance

from the lateral process at 15.9 kHz, and at a position of ¼ the

distance at 1 kHz). (ii) The isoclines of relative motion magnitude

are less horizontal. (iii) The largest difference compared to lower

frequencies is that the incus and stapes move nearly half-a-cycle

out-of-phase with the umbo and the manubrium. Maps of the mo-

tion of the ossicles in two other ears are included in Supplemental

Material 3. All of the patterns of relative motion of the ossicles de-

scribed in Figs. 6 and 7 are also visible in short movies of the sinu-

soidal motion of the ossicular surfaces in Supplemental Materials 4

through 8. 

3.5. Spatially continuous measurements of sound-induced ossicular 

displacements normalized by the displacement of the umbo at mid to 

high frequencies with the ISJ interrupted 

Fig. 6 demonstrates that interruption of the incudostapedial

joint produced little difference in the relative motions of the

malleus and incus in response to a near 1 kHz stimulus. The right

two-columns of Fig. 7 demonstrate ISJ interruption was associ-

ated with significant differences in the relative ossicular motion

at higher stimulus frequencies. At 5.2 kHz, the two upper right-

hand panels in Fig. 7 demonstrate some similarities to the motion

patterns of Ear CH3: (i) There is a graded magnitude of motion

that is largest near the umbo and smallest at the lateral process.

(ii) The magnitude of incus motion is similar to the motion of the

manubrium at a similar-superior-to-inferior distance. (iii) The en-

tire manubrium and the visible incus move in phase. A difference

between the motion in CH4 at 5.2 kHz ( Fig. 7 , top right panels)

and ears with the ossicles intact is that the relative motion of the

lateral process and incus is larger after ISI interruption (the motion

magnitude is ~0.5 -middle-to-light blue- in the ISJI case and ~0.2

-middle-to-dark blue -in the normal ear). 

At 12.7 kHz in the ISJI ear, the two-righthand columns in the

second row of Fig. 7 , we again see graded motion magnitude and

in-phase motion, but even larger relative motions of the superior

portion of the manubrium and the incus. At 15.9 and 17.8 kHz

in the ISI interrupted ear (the two lower rows of the two right-

hand columns of Fig. 7 ), much of the manubrium moves with a

magnitude similar to the umbo, though the superior 1/3 of the

manubrium and the incus move with a somewhat lower magni-

tude (~0.8). While we observe these magnitude differences, the

entire length of the manubrium and the incus generally move

in phase with each other at all frequencies, in contrast with the

higher-frequency out-of-phase behavior observed in the ears with

an intact ISJ. 

3.6. Finer variations in the relative phase of motion along the 

manubrium 

The phase-angle color scale of Fig. 7 enables detection of rel-

atively large ( ±0.25 cycles) differences in the phase of motion

within the ossicular chain, but is insensitive to smaller changes

that occur in the phase of manubrial motion. To better detect such

changes, Fig. 8 shows a finer-scale representation of the phase of

manubrium motion relative to the umbo in all four ears. In the

ears with intact ossicular chains (CH1, CH2 and CH3), the most
bvious deviations from 0 phase is the development of phase lag

more negative relative phase) at manubrial positions more supe-

ior to the umbo, with the largest changes (~ 0.2 cycles) observed

t the most superior positions with the higher stimulus frequen-

ies. The phase changes with position occur over a larger extent of

he manubrium in the middle frequencies, and are less obvious at

he highest stimulus frequencies. Such accumulation of phase lag

s consistent with a bending of the manubrium. At the frequen-

ies where we observe such accumulation, we generally see an in-

rease in the grading of the magnitude with distance along the

anubrium where the umbo-relative motion of the lateral process

s smaller than at lower frequencies ( Figs. 5 and 7 ), which is also

onsistent with bending. In the ear with the ISJ interruption, we

o not see such phase accumulation along the manubrium as fre-

uency increases ( Fig. 8 ). Instead there is a tendency for the phase

f motion at more superior points to lead the phase of motion at

he umbo. 

. Discussion 

We have used OCT ’volume-scanning’ of the chinchilla middle

ar to assess the structure and measure the sound-induced mo-

ion of a large fraction of the chinchilla ossicular chain through

he intact tympanic membrane, including the entire manubrium of

he malleus, the inferior half of the incus and the anterior regions

f the stapes. The displacement measurements were performed by

ynchronizing the timing of the OCT A-lines with tonal acoustic

timuli to define stimulus-induced displacements in regions with

igh OCT reflectance. 

.1. Benefits and limitations of OCT measurements of sound-induced 

otion 

The primary benefit of the use of wavelength-swept OCT to

easure sound-induced motions of middle-ear structures is the

bility to observe simultaneously the structure and measure the lo-

alized displacement of ossicles behind the intact tympanic mem-

rane. This benefit is attained by: (i) the use of tissue penetrat-

ng light as a ‘non-contact’ sensor, (ii) the use of the magnitude of

he FFT of the frequency-modulated interference pattern described

y each A-line to define regions of significant reflectance associ-

ted with specific z locations with 7.8 μm accuracy, (iii) the ability

o measure the motion of specific structures with a displacement

ensitivity on the order of 10–20 nm by comparing the interfer-

nce phase defined by the FFT at high-reflectance z locations at

ifferent times, where the high-frequency limit of such measure-

ents is less than half of the 45 kHz A-line rate, and (iv) the abil-

ty to rapidly scan the OCT A-lines in x and y to describe the three-

imensional structure and one-dimensional displacement of much

f the ossicular chain. 

While the benefits are substantial, our use of an OCT beam

wept in the two directions orthogonal to the OCT A-lines also has

imitations. The most significant limitation is the 0.36 s needed to

ample the 128 × 128 x-y grid to perform a single volumetric scan

nd the 72 s needed to assess the stimulus-induced motion along

he entire x-y grid. These sample durations preclude accurate mea-

urement of sound-induced displacement and limit measurements

f structure in living, breathing animals, as respiration-induced dis-

lacements of the TM and ossicles (at frequencies of 0.1–4 Hz) can

e tens to hundreds of μm. The presence of such large displace-

ents during a volumetric scan will interfere with the accurate

haracterization of the spatial dependence of sound-induced mo-

ion and degrade the accuracy of the three-dimensional structural

easurements. This limitation can be eased – if not eliminated –

y drastically shortening the sampling period through reductions

n the number of spatially and temporally varying samples in any
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Fig. 8. Identification of smaller deviations in the relative phase of motion of the lateral surface of the manubrium. Phase maps, with a more sensitive color scale, are 

illustrated for the four ears at frequencies between 5 and 18 kHz. 
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one measurement. For example, MacDougall et al. (2016) use a

rapid OCT structural scan to define several isolated ossicular lo-

cations in the middle ears of live humans (e.g., the umbo and infe-

rior incus), then use short temporal measurement series to quan-

tify sound-induced displacements at those locations. Such reduc-

tions in the spatial and temporal sampling density would limit our

description of variations in the sound-induced motion along the

ossicular chain, and were not employed in this study. 

A second limitation is the restricted dynamic range of the

present displacement measuring system. Our OCT system uses

temporal difference in the measured interference phase at sin-

gle locations (within a single voxel) to reliably measures displace-

ments as small as 10–20 nm ( Ramier et al. 2018a ), but it is limited

in its ability to differentiate displacements that produce interfer-

ence phase differences larger than half a cycle (larger than half of

the wavelength of laser light, ~500 nm). To help ensure the dis-

placements we measure fell within our working range, we made

preliminary measurements of the motion of the isolated umbo to

choose appropriate stimulus sound levels. This umbo-based stim-

ulus scaling worked well for most measurements of ossicular dis-

placement, but produced motions of the free TM surface that were

larger than the upper limit, as the motions of the TM surface are

often larger than the motions of the umbo (see Cheng et al. 2013 ).

Thus, we have ignored descriptions of TM displacement in this re-

port. 

A third limitation is that scattering and shadowing of the OCT

beam restricts measurements of structures directly beneath struc-

tures with high reflectance; therefore, it is impossible to observe

structures or motions behind bone that is more than a few tenths

of mm thick, e.g., the bone that supports the TM hides the malleus

head and incus body from view. 

A fourth limitation is that our displacement measurements

are one-dimensional, the OCT technique is only sensitive to dis-

placements in the direction of the laser beam, i.e., the lateral-

medial z direction defined by each measured A-line, while it has

been clearly demonstrated that the ossicles respond to sound with

motions in three dimensions (e.g. Decraemer et al. 1991 , 2014 ;

Decraemer and Khanna 1994 ). This significant limitation is ame-

liorated by our near simultaneous measurements of the motion in

z of a large fraction of the ossicular chain. The motion of any ob-

ject in space can be broken into translation along three orthogonal

directions and rotation about three orthogonal axes. While sound-

induced translation of the ossicles in either the anterior-posterior

( x ) or inferior-superior ( y ) directions are not quantified by our

measurements, the contributions of such motions to the motion of

the stapes is believed to be small ( de La Rochefoucauld et al. 2008 ;

Lauxmann et al. 2012 ; Decraemer et al. 2014 ). Also, while rota-

tion about a z- directed lateral-medial axis will not generate dis-

placements in z and therefore cannot be assessed by our meth-

ods, such a rotation has not usually been considered important in

middle-ear sound transduction. On the other hand, rotations about

any anterior-posterior (AP) or inferior-superior (IS) directed axes

can generate significant spatial patterns of displacement in z . Ob-

servations of spatial variations in the phase and magnitude of z

displacements of the ossicular surface (which cannot be explained

easily by motions in x or y ) provide insight into the presence of

such rotations, as well as the location of rotational axes oriented

in those two directions. 

OCT measurements complement other technologies. Scanning

laser-Doppler vibrometry can measure motions with higher fre-

quency resolution than is easily achievable with OCT, but it cannot

assess the motion of the incus and stapes behind the TM or define

the structure of the ossicles ( Ball et al. 1997 , Wang and Gan 2018 ).

Furthermore, gathering the number of point data measurements

required to adequately describe the motion of the manubrium, in-

cus and stapes would be time consuming. Three-dimensional scan-
ing vibrometry would better describe the complex motions of the

oints on the ossicles, but needs to be combined with structural

easurements in order to separate translation and rotational mo-

ion components, and cannot measure the motion of the structures

ehind the TM. Micro-CT, which is not limited by the shadowing

f laser light by bone, can better describe the structure of the en-

ire ossicular chain within the intact middle ear (e.g., Wang and

an 2016 ), but cannot describe ossicular motion, is best performed

n small samples, and requires multiple minutes of scanning to

chieve useful resolution (e.g., Sim and Puria 2008 ; De Greef et al.,

015 ). 

The best analyses of ossicular motion and structure performed

o date are those of Khanna and Decraemer and co-workers

 Decraemer et al. 1991 , 1994 ; Decraemer and Khanna 1994 , 2004 ;

ecraemer et al. 2014 ). They employed a one-dimensional het-

rodyne laser with narrow depth of field to measure the sound-

nduced motions of the TM and ossicles in specimens with ears

entered in a three-dimensional positioning device. Measurement

f the motion from different angulations and the relative distance

etween the specimen point and the laser (based on optimizi-

ng the focus of the beam) of 40 to 80 points on the ossicu-

ar surfaces, were combined with later micro-CT based anatomical

easurements of each specimen to describe the complex three-

imensional motion of the entire ossicular chain. The motions they

escribed included translations in three dimensions, rocking, rota-

ions and bending within the ossicular chain of cats, humans and

erbils. The time and effort necessary for those studies was much

reater than the time we needed to perform our more limited but

till useful descriptions of the modes of ossicular motion in chin-

hilla. 

.2. Chinchilla ossicular structure 

Our structural measurements are consistent with the already

xtensive knowledge of the structure of the chinchilla ossic-

lar system provided by others (e. g. Vrettakos el al. 1988 ;

uggero et al. 1990 ; Robles et al. 2015 ; Wang and Gan 2016 ). Our

ata confirm the linear dimensions of the chinchilla ossicles are

enerally similar to those of human, including: manubrial lengths

f 4–5 mm, stapes heights of about 3 mm, and short and long axes

f the footplate of 1 and 2.5 mm. The major human-chinchilla dif-

erences include: the rigid connection of the malleus and incus,

nd the shorter incus lever arm and consequently larger anatomi-

al ossicular lever ratio (2.5 in chinchilla as opposed to 1.4 in hu-

an) in chinchilla. 

.3. Chinchilla ossicular motion: Intact ossicular chain 

Our data suggest the existence of multiple modes of motion

n the intact ossicular chain. These include: (i) rotation about an

nterior-posterior (AP) directed axis, similar to that defined by the

nterior process of the malleus and posterior-incudal ligaments

 Fig. 9 A&B), (ii) whole-body translation of the ossicles along the

- axis ( Fig. 9 C&D), (iii) rotation about an inferior-superior (IS) di-

ected axis that is perpendicular to the AP axis and located near

he long axis of the manubrium ( Fig. 9 E&F). (iv) bending of the

anubrium. The evidence for each of these is reviewed in the fol-

owing paragraphs. Much of what we discuss next is also visible

n the brief pseudo three-dimensional movies of ossicular motion

ncluded in Supplemental Materials 4 through 8. 

.3.1. AP-rotary axis 

The mode of ossicular motion defined by rotation of the rigid

ssicles around the anatomically defined AP axis (or some axis

ike it) will produce in-phase displacement of all of the struc-

ures on one side of the axis (the entire visible ossicular chain
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Fig. 9. Two views of three hypothetical modes of ossicular motion, each view is based on an Amira® reconstruction of microCT scans ( Bowers 2020 ) of a chinchilla ear. A 

and B : Views from a lateral (A) and posterior (B) aspect of the motion produced by rotation around an anteriorly-to-posteriorly directed axis defined by the anterior-malleal 

process and the posterior-incudal ligament (the dashed line). The bracketed lines in (A&B) describe the lengths of the lever arms of the malleus (L M ) and incus (L I ). The 

circle in the posterior view (B) shows the approximate position of the rotational axis and the arrows describe the relative magnitude of the inward displacements of the 

umbo and stapes head produced by a positive sound pressure in the ear canal. C and D : Views from a lateral (C) and posterior (D) aspect of the motion mode produced by 

whole body translation in z . The arrows in (D) show the equality of motion of the entire ossicular chain produced by a sound pressure in the ear canal. E and F : Views from 

a lateral (E) and superior (F) aspect of the motion produced by rotation around a superiorly-inferiorly directed axis positioned near the posterior edge of the manubrium 

of the malleus. The dashed line in (E) and the circle in (F) illustrate a hypothetical position of such an axis. The bracketed lines in (F) show the lengths of the hypothetical 

lever arms between the axis and the lateral process (L LP ) and the axis and the inferior incus (L I ). The arrows illustrate the predicted relative magnitudes and directions of 

motion produced by sound pressure in the ear canal. 
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in our measurements), and localized displacement magnitudes

that vary proportionally with the radial distance from the axis

( Figs. 9 A&B). This motion is consistent with the data of Figs. 5 &

6 at frequencies ≤ 2 kHz, which demonstrate a constancy in

the relative phase, and graded displacement magnitudes that are

largest at points furthest from the predicted axis. This consistency

suggests that rotation around an AP axis dominates the sound-

induced motion of the ossicles at frequencies below 2 kHz. Such

AP axis rotation is consistent with low-frequency ossicular rota-

tion described in humans by Dahmann (1929) , Kirikae (1960) and

Decraemer and Khanna (2004) , in cat by Guinan and Peake

( 1967 ) and Decraemer and Khanna (2004) , and in gerbil by

Rosowski et al. (1999) and Decraemer et al. (2014) . 

4.3.2. Whole-body translation 

At frequencies between 3 and 8 kHz, the data of Figs. 5 &

7 (and Supplemental Materials 3 through 8) continue to illustrate

generally in-phase displacement of the ossicles, with an inferior-

to-superior decrease in the magnitude of displacement. However,

Fig. 5 C and comparisons between Figs. 6 & 7 demonstrate the

magnitudes of the manubrial displacements relative to the umbo

are increased between 3 and 8 kHz compared to lower frequen-

cies. This change is consistent with the addition of a translation

mode of motion ( Figs. 9 C&D) acting together with the AP rota-

tional mode, where the translation component is in phase with

the AP-rotational component and has a magnitude of about 10%

of the umbo displacement produced by AP rotation. The addition

of this spatially ‘constant’ translational component to the AP rota-

tional mode produces the small frequency-dependent step increase

in the displacement magnitude along the manubrial arm between

3 and 8 kHz in Fig. 5 C, where the effect of this spatially constant

‘step’ on the total displacement is larger at locations closer to the

AP axis of rotation (e.g. the step with a magnitude of 0.1 in Fig. 5 C,

is most significant at the lateral process and decreases in influence

closer to the umbo). The combination of lateral-medial translation

and AP rotation was also identified in cat and human middle ears

at frequencies above 1–2 kHz ( Decraemer and Khanna 1994 ). 

There is other evidence of whole-body translation in our dis-

placement data. For example, the similar large displacement mag-

nitude of much of the ossicular surfaces at 10.8 kHz in CHR3

( Fig. 7 ) suggests a significant translational component at that

frequency in that ear. However, the continued lower magnitude

motion of the lateral process at the superior-most part of the

manubrium is not consistent with a simple summation of whole-

body translation and AP rotation in a rigid system. Evidence for a

large translational component of motion in the ear with the inter-

rupted ISJ will be discussed in a later section. 

4.3.3. IS-rotary axis 

Fleischer (1978) was an early proponent of the presence of mul-

tiple axes of ossicular rotation whose relative influence on ossic-

ular function varied with frequency. In his conception, rotation

about the AP axis determined the motion of the ossicles at low

frequencies, where the primary limits on ossicular motion were

the stiffnesses of the ossicular support. In some species (e.g. mouse

and rats), at frequencies above the low-frequency resonance where

this stiffness was no longer significant, he suggested the onset of

a second rotary mode of ossicular motion: rotation about an IS

axis perpendicular to the AP axis and located between the in-

cus and manubrial arms. Such a location would produce out-of-

phase motion of the manubrium and the incus ( Figs. 9 E & 9 F).

The relative phase and magnitude of manubrial, incus and stapes

displacements we present in Figs. 5 B, 5 D & 7 at frequencies be-

tween 10 and 18 kHz provide strong evidence for the presence

of such rotations in the normal chinchilla ear. The primary indi-

cator of this new rotation is that the motion of the incus and
tapes is nearly half a cycle out-of-phase relative to the motion

f the umbo and manubrium. The half-cycle difference between

he phase of motion of the rigidly-connected incus and malleus is

specially strong support for this new mode of motion. In earlier

onceptions of ossicular function, such inter-ossicular displacement

hase and magnitude differences were often attributed to the ac-

ion of the compliant incudomalleolar joint (Guinan and Peake

967 ; Willi et al. 2002 ), which is absent in the chinchilla. 

Others have investigated the existence of additional rotational

odes in ossicular motion in other animals. Saunders and Sum-

ers (1982) measured the relative motion magnitudes of differ-

nt points on the ossicular chain of mice using different sound

requencies. Their Fig. 5 demonstrates a frequency-dependent dif-

erence between the motion of the umbo and the body of the

anubrium, where the motion of the mallear body decreases rela-

ive to the umbo with higher frequency sounds, as would be pre-

icted by rotation about an IS axis. Though Saunders and Summers

id not measure the relative phase of the displacements at these

oints, the measurements of Dong et al. (2013) reveal a half-cycle

ifference in the phase of motion between these two points on the

ouse ossicular chain that develops between 20 and 50 kHz. 

.3.4. Bending of the ossicles 

While we have first described three modes of rigid-body ossic-

lar motion, the existence of coupled frequency-dependent differ-

nces in the phase of motion along the surface of the manubrium

bserved in Fig. 8 and reductions in the relative magnitude of mo-

ion at locations superior to the umbo in Figs. 5 C and 7 at fre-

uencies of 10 kHz and higher suggest the manubrium bends with

igher frequencies of sound stimulation. Such bending could re-

ult from the distributed mass and stiffness along the manubrial

rm that leads to reductions in transferred motion magnitude and

ncreasing phase delays between the umbo and the lateral pro-

ess. The phase angle data of Fig. 5 C suggests such bending is

ost apparent above 8 kHz. The sudden decreases in relative mo-

ion magnitude at frequencies above 10 kHz in the same figure –

hat are graded along the manubrial arm with the largest decrease

t the lateral process – is also consistent with bending along the

anubrial arm. Bending of the manubrium is well-described in cat

 Funnell et al. 1992 ; Decraemer et al. 1995 ). 

We also see evidence of growing spatial phase-angle differences

long the manubrium in the three intact ears illustrated in Fig. 8 .

ith tonal stimuli between 7 and 16 kHz all three intact ears dis-

lay transitions from 0 phase at the umbo to small negative phases

–0.05 to -0.15 cycles) at the lateral process. The spatial gradient

f the negatively increasing phase, consistent with bending of the

anubrium, is more prominent with stimuli near 11 kHz such that

he motion of the most superior parts of the manubrium lag the

mbo by as much as 0.15 cycles. Near 11 kHz, the phase gradient is

ot simply arranged along the inferior to superior direction, but in-

ludes an anterior-posterior tilt to the iso-phase contours along the

anubrium that vary in direction and phase difference between

he three ears. Anterior-posterior tilts of the iso-phase angle gra-

ients are also seen between 15 and 18 kHz in Fig. 8 . These tilted

hase gradients are consistent with a rotation of the manubrium

bout an IS axis located within the manubrium, but could also rep-

esent a bending and twisting of the manubrium about its own

ong axis. 

.4. Chinchilla ossicular motion: Interrupted IS joint 

The sound-induced motion measured in one ear with an inter-

upted incudostapedial joint ( Fig 4 B, 4 C) demonstrated an increase

n umbo and incus motion near 2 kHz as well as an increase in

ncus motion magnitude at frequencies above 10 kHz. A similar in-

rease in the magnitude of motion of the TM and manubrium near
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 kHz have been observed in cat and guinea pig after interrup-

ion of the IS joint ( Allen 1986 ; Peake et al. 1992 ; Zwislocki 1963 );

owever, in chinchilla such an increase has only been describe at

 significantly lower (0.25 kHz) frequency ( Rosowski et al. 2006 ). 

The interruption had little effect on the relative motions of the

ncus and malleus at frequencies less than 6 kHz ( Fig. 6 & 7 ).

n this frequency range the displacements along the manubrium

re still in phase and the magnitude of motion decreases from

he umbo to the lateral process, though it seems as if the umbo-

elative motion at this most superior point on the malleus is

lightly greater in magnitude after ISJ interruption. (The umbo-

elative displacement magnitude in CH3 at the superior end of the

anubrium with 5.2 kHz stimulation in Fig. 7 is about 0.25, while

n CH4 with ISJ-interruption the umbo-relative displacement mag-

itude at the same frequency and a similar manubrial location is

bout 0.5.) Such a finding is consistent with a larger in-out transla-

ional component at 5.2 kHz in the ISJ interrupted ear. Fig. 7 points

ut even larger differences in displacement between the ears with

ntact and interrupted ISJ with sound stimuli above 10 kHz. At

hose higher frequencies we consistently see (i) a reduction in the

agnitude variation along the manubrial arm after ISJ interruption

larger fractions of the manubrium move with a magnitude within

0–20% of the umbo), (ii) a sizeable increase in the umbo-relative

agnitude of the lateral process (~0.8 in the ISJ interrupted ear at

5.9 and 17.8 kHz compared to ~0.3 with an intact ISJ), and (iii)

n-phase motion of the incus and manubrium at frequencies be-

ween 10 and 18 kHz. These differences are consistent with an in-

rease in the significance of the ossicular in-out translation and a

ecrease in the rotation about the IS axis. Such changes suggest

hat the presence of the stapes, including its constraining annular

igament and the high-impedance cochlear load, play a significant

ole in determining relative ossicular motions at frequencies above

0 kHz, such that the constraint of the stapes and cochlea appears

o reduce in-out translation and encourage the presence of rotation

bout the IS axis. 

An as yet undescribed mode of ossicular motion in the ISJ-

nterrupted ear is suggested by the higher-resolution phase maps

f Fig. 8 . In the bottom row of that figure, the phase of motion

long the manubrium at 10. 8 kHz shows an increasing phase lead

rom the inferior to superior regions of the manubrium. There are

lso suggestions of a smaller inferior to superior phase leads at

igher frequencies. It may be that removal of the constraining an-

ular ligament introduces another motion mode that leads to the

eversal of the phase gradient along the manubrial arm. 

.5. Can the advent of a new rotational axis result in an increase in 

he transfer of sound through the middle ear? 

The umbo-relative motion data we present in Figs. 5 and

 (along with Supplemental Materials 3 through 8) point to the

xistence of an inferiorly-superiorly directed ossicular IS rotation

xis in the chinchilla that dominates ossicular motion at frequen-

ies between 10 and 18 kHz. Fleischer (1978) argued for the exis-

ence of a similar high-frequency dominant axis in small mammals,

nd Puria and Steele (2010) argued for a similar axis of rotation

n humans functioning at frequencies above 6 kHz. Both of those

eports further argued that frequencies where these new motion

odes were significant were also associated with an increase in

he sound-induced motion of the stapes. To investigate that pos-

ibility in the chinchilla we look for frequency-dependent changes

n the relative motion of the ossicles, that were not dependent on

ther modes of ossicular motion. 

We start by hypothesizing that Fig. 5 C points out two dominant

odes of motion in two different frequency ranges. As mentioned

arlier, at frequencies below 2 kHz, the data of Fig. 5 C are very well

odeled by simple rotation around an AP-directed axis positioned
 short distance above the lateral process, with all the points on

he manubrium moving in phase, and the umbo-relative magni-

ude of the motion half way up the manubrium having a value of

.6, and the relative motion at the lateral process of 0.2. Between

 and 8 kHz, the observed 10% increase in the umbo relative mo-

ion magnitude and continued in-phase behavior at all manubrial

ocations is well modeled by continued AP-rotation with the addi-

ion of a lateral-medial translational component with a magnitude

quivalent to 10% of the umbo motion. 

How the sum of AP-rotation and translation affect the sound-

nduced motion of the stapes and incus is less clear cut as Fig. 5 D

hows no clear step in the umbo-relative motion of the other two

ssicles in the 2–8 kHz range. However, it is clear from Fig. 5 C&D,

nd Figs. 6 and 7 , that the motion of the stapes and incus at

requencies below 8 kHz is very similar to the motion of the

anubrial location ¾ of the distance between the umbo and the

ateral process. This similarity is quantified in Fig. 5 E which plots

he ratio of the displacement of the stapes footplate and the ¾
anubrial location in the individual ears and their average. At fre-

uencies below 8 kHz the mean magnitude of the ratio falls be-

ween 0.85 and 1.3 and the mean phase angle varies between 0

nd -0.03 cycles; these relatively small variations around a hypoth-

sized relative magnitude of 1 and a relative phase of 0 support

he notion of near equal motion of the stapes footplate and the ¾
anubrium position. 

Between 8 and 15 kHz, in all three ears, the motion magnitude

f the footplate grows relative to that of the ¾ position reach-

ng a relative magnitude of between 2.5 and 4. In that same fre-

uency range, the phase angle between the footplate and the ¾
anubrium position approaches –0.5 cycles. The concurrency of

he phase change and magnitude increase suggests they both re-

ult from the onset of ossicular rotation about an IS axis posi-

ioned parallel to and near the manubrium, such that the lever-

rm between the stapes footplate and the axis is 2 to 3 time larger

han the lever-arm to the manubrium ( Fig. 9 E&F). Why the motion

ain due to the addition of the new rotational mode cuts off above

7 kHz is not clear, but could be related to a high-frequency limi-

ation in the new rotational mode and/or the introduction of other

odes of ossicular motion. 

.6. The importance of the non-osseous ossicular supports in defining 

he modes of ossicular motion 

Puria and Steele (2010) used micro-CT imaging of the isolated

ssicles of human, cats, guinea pig and chinchilla to describe their

hape and density. They then computed the first three principal

oments of inertia and axes of rotations of the combined ossicles

rom these descriptions. The identified axis of rotation with the

owest moment of inertia described in chinchilla is consistent with

he rotations about the AP axis that describe our observations of

ssicular motion at frequencies below 2 kHz. However, neither of

he other axes described by Puria and Steele (2010) are consistent

ith the IS axis rotations that we observed in the intact middle ear

ear 14 kHz. We suggest this inconsistency results from the influ-

nce of the ossicular supports and the load placed on the ossicular

ystem by the asymmetrically placed cochlea and annular ligament

hat were not included in the Puria and Steele analyses. Our obser-

ation that rotations around the IS axis are reduced by removing

he support of the annular ligament and the cochlear load are con-

istent with this view. 

.7. Implications for models of middle-ear function 

Our and others’ descriptions of multiple modes of ossicular mo-

ion (i) complicate circuit models that use anatomical and physical

nalogues to predict middle-ear function, (ii) describe new sources
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for phase delay in middle-ear sound transmission, and (iii) provide

new measurements for better testing of finite element models of

the middle ear. 

The implications of multiple motion modes on circuit mod-

els of the middle ear, which describe a single ossicular mode of

motion in terms of anatomically and physically determined ele-

ments and element combinations, depend on the frequency range

of middle-ear transmission that is modeled, and the accuracy re-

quired of the model. Circuit models of the chinchilla middle ear

used to quantify middle-ear output at frequencies of 8 kHz that

already account for AP axis rotation and ossicular bending will be

little affected by our findings (e.g. Lemons & Meaud 2016 ; Bowers

& Rosowski 2019 ). Accurate circuit models of function at frequen-

cies above 10 kHz will require more complicated topography. For

example, Hudde and Weistenhöfer (1997) describe a circuit model

with multiple modes of motion, each described by separate model

branches where the contributions of each branch to stapes motion

is summed to compute the final output. Circuit models based on

measurement-derived two-port analyses that do not require strict

relationships between element values and anatomy or physics, and

only assume the stapes undergoes in-and-out translation would al-

ready include the action of multiple motion modes within the ma-

trix descriptions (e.g. Ravicz and Rosowski 2017 ), but could be in

error when used to describe changes in middle-ear function under

conditions that alter the balance of different motion modes, e.g.,

ISJ interruption. 

The simplification that the middle ear acts as a transmission

line is used commonly by those interested in high-frequency sound

transmission (e.g. Olsen 1998 ; Puria and Allen 1998 ). Those authors

argue that the phase-delay produced by the TM and the distributed

masses and stiffness within the ossicular chain is well described

by a fixed time delay that produces a constant phase gradient in

the linear frequency domain. Such a phase change is not consistent

with the half-cycle phase change we observe in a fairly narrow fre-

quency range (10 to 18 kHz). 

Finite element models should inherently include possible mul-

tiple modes of ossicular motion. Our data provides additional con-

straints on such models. Attempts at verification of these models

should take our new observations into account. 

5. Conclusion 

We have scanned the middle ears of cadaveric chinchillas with

a wavelength-swept OCT to describe the structure and sound-

induced motion of the OCT visible surfaces of much of the os-

sicular chain at sound frequencies between 0.5 and 18 kHz. The

displacements we measured are consistent with the presence of

several different modes of motion, where each motion mode is

best observed over a specific stimulus frequency range. Between

0.5 and 2 kHz the motion of the ossicles is consistent with ro-

tation about an AP axis positioned near the anatomical axis de-

fined by the anterior-malleal process and the posterior-incudal

ligament. Between 2 and 8 kHz, the measured motion is con-

sistent with the combination of anterior-posterior rotation and a

lateral-medial translation. Between 8 and 18 kHz, our data sug-

gest the presence of a dominant rotational mode defined by an

IS directed axis that parallels and is positioned near the poste-

rior edge of the manubrium of the malleus. This higher-order ro-

tational mode is associated with a factor of 2 to 4 increase in

the magnitude of stapes footplate displacement relative to the

manubrium of the malleus and the introduction of a half-cycle step

in the relative phase of stapes and umbo motion. Evidence of os-

sicular bending ( Funnell et al. 1992 ; Decraemer & Khanna 1994 ;

Decraemer et al. 1994 ) was also found in the graded magnitude

and phase of motion along the manubrial surface, and was most
rominent above 10 kHz, where we observed significant reductions

n the motion of the lateral process relative to the umbo. 

Measurements in one ear with the incudostapedial joint (ISJ)

nterrupted did not exhibit rotations about the IS axis, but did

how an increase in the relative size of the translational compo-

ent of ossicular motion. These changes in modal motion after ISJ

nterruption point to the stapes, annular ligament and cochlea hav-

ng a significant influence on the modes of ossicular motion. Per-

aps the asymmetric placement of the stapes in the ossicular chain

ncourages the presence of IS rotations of ossicular motion, while

he constraints of the stapes and cochlear load inhibit lateral-to-

edial translation of the malleus and incus. 

Many of these motions have been observed by others in cat,

erbil and human (e.g. Decraemer and Khanna 2004 ; Decraemer

t al . 2014 ). However, our near simultaneous measurements of the

ound-induced displacement of a large fraction of the chinchilla

ssicular chain provide clear and simple evidence of such motions

n an ear with a rigidly connected malleus and incus, and support

he idea that frequency-dependent changes in the mode of ossicu-

ar motion contribute to the frequency dependence of the magni-

ude and phase of middle-ear sound transmission ( Fleischer 1978 ;

uria and Steele 2010 ). Our results also point out that kinematic

nalyses of ossicular motion that ignore the effects of support-

ng ligaments and other ossicular supports and constraints (e.g.

uria and Steele 2010 ; Péus et al. 2020 ) can lead to inaccurate pre-

ictions of modes of ossicular motion. 
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