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Abstract
Recently we reported that middle ear pressure (MEP), middle ear effusion (MEE), and ossicular
changes each contribute to the loss of tympanic membrane (TM) mobility in a guinea pig model of
acute otitis media (AOM) induced by S. pneumoniae (Guan and Gan, 2013). However, it is not
clear how those factors vary along the course of the disease and whether those effects are
reproducible in different species. In this study, a chinchilla AOM model was produced by
transbullar injection of Haemophilus influenzae. Mobility of the TM at the umbo was measured by
laser vibrometry in two treatment groups: 4 days (4D) and 8 days (8D) post inoculation. These
time points represent relatively early and later phases of AOM. In each group, the vibration of the
umbo was measured at three experimental stages: unopened, pressure-released, and effusion-
removed ears. The effects of MEP and MEE and middle ear structural changes were quantified in
each group by comparing the TM mobility at one stage with that of the previous stage. Our
findings show that the factors affecting TM mobility do change with the disease time course. The
MEP was the dominant contributor to reduction of TM mobility in 4D AOM ears, but showed
little effect in 8D ears when MEE filled the tympanic cavity. MEE was the primary factor
affecting TM mobility loss in 8D ears, but affected the 4D ears only at high frequencies. After the
release of MEP and removal of MEE, residual loss of TM mobility was seen mainly at low
frequencies in both 4D and 8D ears, and was associated with middle ear structural changes. Our
findings establish that the factors contributing to TM mobility loss in the chinchilla ear were
similar to those we reported previously for the guinea pig ears with AOM. Outcomes did not
appear to differ between the two major bacterial species causing AOM in these animal models.
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INTRODUCTION
Acute otitis media (AOM) arises from a rapidly occurring infection of the middle ear and is
the most commonly diagnosed disease in young children (Hoberman et al., 2011). The
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disease is usually caused by bacterial or viral invasion (Gould and Matz, 2010). The
principal bacterial pathogens recovered from cases of AOM are nontypeable Haemophilus
influenzae (HI) and Streptococus pneumoniae (SP) (Bluestone and Klein, 1983; Bluestone et
al., 1992; Giebink, 1999). These two bacterial pathogens have been used to produce AOM
models in different species including chinchilla (Bakaletz, 2009; Forbes et al., 2008; Hoa et
al., 2009; Reid et al., 2009), mouse (MacArthur et al., 2006; Melhus and Ryan, 2003), rat
(Lin et al., 2002; Long et al., 2003), guinea pig (Naguib et al., 1994), and gerbil (Larsson et
al., 2003; von Unge et al., 1997). However, middle ear biomechanical changes associated
with AOM in the diseased ears of these animal models have rarely been reported.

Recently we utilized a SP type 3 strain to produce a 3-day AOM model in guinea pigs (Guan
and Gan, 2013). Data from that study unequivocally showed that changes in middle ear
pressure, effusion volume, together with infection-induced ossicular changes each
contributed to the loss of middle ear mobility (Guan and Gan, 2013). Because such data are
lacking in other animal species used as models of human AOM, it remained unclear whether
our findings are species specific (i.e. unique to the guinea pig) or occur generally among the
various animal models of AOM. An important additional issue not addressed in our previous
study is whether time course-specific changes in the processes altering middle ear mobility
occur during the course of AOM. It is known that the level of middle ear pressure (MEP),
production of middle ear effusion (MEE), and the degree of inflammation change during the
AOM course (Suzuki and Bakaletz 1994; von Unge et al., 1993; von Unge et al., 1997).
How these factors contribute to the conductive hearing loss at different phases of middle ear
disease is not well understood. The present study was designed to address these issues.

The chinchilla (Chinchilla laniger) is a frequently employed animal model in auditory
research. The size of a chinchilla’s tympanic membrane (TM) is close to that of humans
(Browning and Granich 1978; Hanamure and Lim 1987; Vrettakos et al., 1988).
Nontypeable (acapsular) HI strain 86-028NP, a clinical isolate from a patient with otitis
media, frequently has been used in studies investigating host-pathogen interactions during
AOM development and resolution in the chinchilla middle ear (Bakaletz et al., 1999; Mason
et al., 2003; Morton et al., 2004; Morton et al., 2012; Suzuki and Bakaletz, 1994).
Pathologic findings associated with the chinchilla AOM model induced by HI 86-028NP
were first characterized by Suzuki and Bakaletz (1994). Otoscopic examination indicated
that the middle ear of chinchillas exhibited inflammation as early as one day following
transbullar challenge. Thereafter, the degree of inflammation increased and peaked
approximately 7–10 days post inoculation (Suzuki and Bakaletz, 1994). This well
established and widely used animal model provides an opportunity to investigate the factors
decreasing middle ear mobility in ears affected by AOM and their variation at different
stages of the disease process. It also allows comparison of AOM outcomes between species
and the opportunity to assess whether the bacteria species causing AOM influences the type
and severity of the acute biomechanical changes occurring in the middle ear.

To characterize the roles of MEP, MEE, and middle ear structural changes such as ossicular
adhesions and soft tissue property changes in sound transmission during the course of
middle ear infection, we utilized the chinchilla AOM model initiated by transbullar injection
of strain HI 86-028NP. The infected animals were divided into two groups: 4 days (early
phase of AOM) and 8 days (later phase of AOM) post inoculation. In each group, the TM
vibration at the umbo was measured using laser Doppler vibrometry (LDV) at three
experimental stages: the unopened AOM ear with MEP and MEE, upon release of MEP, and
after removal of MEE. We then quantified and compared the effects of middle ear pressure,
effusion, and structural changes on TM mobility loss at these two phases of AOM.
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METHODS
A. Animal preparation

Eighteen chinchillas (Chinchilla lanigera) weighing between 600–780 g were included in
this study. The study protocol was approved by the Institutional Animal Care and Use
Committee of the University of Oklahoma and met the guideline of the National Institutes of
Health. All animals were free from middle ear disease (as evaluated by otoscopic
examination) at the beginning of the study.

The animals were divided into control and AOM groups. The control group included eight
animals, and the AOM group of 10 animals was subdivided into two groups: the 4 days (4D)
group of six animals and the 8 days (8D) group of four animals. AOM was produced by
transbullar injection of HI 86-028NP suspension in both ears following the procedure
described by Morton et al. (2012). Under general anesthesia [ketamine (10 mg/kg) and
xylazine (2 mg/kg)], 0.3 ml bacterial suspension containing 3000 CFU was injected into the
superior bulla bilaterally using a 1 cc syringe with a 26 gauge needle. After the challenge
dose was administrated, otoscopic examination was performed daily. The animals of control
group were untreated.

At the 4th or 8th day post-inoculation, animals were anesthetized as described above.
Additional anesthesia was administered as needed to maintain areflexia. The TM was
examined microscopically, and then surgery was performed (see description below). In each
animal, the experiment was conducted bilaterally (N=16 for control; N=12 for 4D AOM;
N=8 for 8D AOM). For both control and AOM groups, the body temperature of the animal
was maintained throughout the experiment at approximately 38° C by placing the animal in
a prone position on a thermoregulated surgical heating blanket.

B. Experimental protocol
To expose the entrance of the ear canal, the pinna and the skin covering the ear canal were
removed surgically. The TM was examined under a microscope to identify signs of AOM.
Then the middle ear pressure and energy absorbance were measured by using a wideband
tympanometer (Model AT235h, Interacoustic, MN).

Upon the completion of tympanometry, a 3 mm diameter hole was drilled in the lateral wall
of the ear canal to expose the umbo. Then a laser reflective tape (0.2 × 0.2 mm2, < 0.01 mg,
3M, St. Paul, MN) was passed through the hole and placed on the center of the lateral
surface of the TM (umbo) to establish the laser target for measuring TM vibration (Fig. 1).

The TM vibration measurement in AOM ears was performed in three experimental: OM-1,
undisturbed bulla had intrinsic middle ear pressure and effusion; OM-2, the pressure was
released from the middle ear; and OM-3, the effusion was drained from the middle ear. A
sound delivery tube and a probe microphone were placed in the ear canal and the movement
of the TM at umbo was measured. At each experimental stage, the TM measurement was
conducted bilaterally using LDV.

After completion of the vibration measurement in stage OM-1, the skin of the superior
temporal bone was partly removed to expose the middle ear bony wall on top of the
temporal bone. A hole of 1 mm diameter was drilled into the roof of the middle ear to
release the middle ear pressure. After sealing the hole with dental cement (PD-135, Pac-
Dent, CA), the OM-2 evaluation was performed.

Upon the completion of LDV measurements for stage OM-2, the hole on top of the temporal
bone was opened and enlarged to 3–4 mm in diameter using a drill (Fig. 1). Under
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microscopic visualization a silicone tube was inserted to the bottom of the middle ear cavity
through this hole. The middle ear effusion was then aspirated manually from the cavity with
a 1 ml syringe. The aspiration process was repeated as necessary until no additional fluid
could be drained from the tympanic cavity. The total effusion volume obtained from each
ear was then recorded.

Adhesions were frequently found on the malleus head and between the manubrium and the
cochlear promontory when the top cavity was opened for stage OM-3. These ossicular
adhesions were not disturbed during the aspiration of the effusion. The opening on top of the
temporal bone was then covered by a thin glass sheet, and sealed with dental cement. Then,
LDV was performed for stage OM-3. After measurements were completed at all 3 OM
stages, the bulla was harvested. Then another hole (diameter of ~4 mm) was opened on the
posterior area from the medial side to allow a microscopic examination of the middle ear.
The ossicles were examined from the superior view to assess the malleus-incus complex and
from the posterior-medial view to evaluate the manubrium and the area adjacent to the round
window.

Control ears were prepared and analyzed in the same manner as described above for ears
with AOM. To exclude the effect of middle ear pressure in anesthetized animals (Guinan
and Peake 1967), a hole of 1 mm diameter was drilled on the top of the middle ear cavity to
release any pre-existing pressure. A reflective tape was placed on the umbo and the small
opening on the roof of the temporal bone was sealed by dental cement. TM vibration was
then measured by LDV as described in the next section. Note that the pressure was not
measured in the control ears since any unbalanced pressure had been released in the
preparation.

C. Laser Doppler vibrometry measurement
Figure 1 shows a schematic of the experimental setup for measuring TM vibration at the
umbo with LDV. The methods of stimulus generation and umbo vibration measurement
closely resembled those used in our previous guinea pig study (Guan and Gan, 2013).
Briefly, pure tones at 80 dB SPL were presented into the ear canal sequentially from 100 Hz
to 10 kHz for 50 cycles at each tone through a sound delivery tube. A probe microphone
(Model ER-7C, Etymotic Research, IL) was inserted in the ear canal and the tip of the probe
was placed approximately 2 mm from the umbo to monitor the input SPL. After the sound
delivery tube and the probe microphone were placed, the entrance of the ear canal was
sealed with dental cement. As shown in Fig. 1, the opening in the lateral surface of the ear
canal wall was covered by a transparent glass sheet, and the gap between the glass sheet and
the bony wall was sealed with dental cement. Vibrations of the TM were measured by the
laser vibrometer (Polytec CLV 2534, Tustin, CA). The direction of the laser beam was
approximately normal to the lateral surface of the umbo. The peak-to-peak displacements
(dp-p in unit of μm) of the TM at the umbo were calculated from the voltage output of the
laser vibrometer velocity decoder by dp-p= 2Avoltp/πf, where Avolt is the amplitude of
vibrometer output (velocity) in Volts and f is the frequency of pure tone in kHz. To obtain
the TM displacement phase, the measured velocity phase was shifted by −90° at all tested
frequencies.

Surgical preparation of each animal (inclusion of both ears) required 15–20 minutes.
Tympanometry was completed within 2 minutes, and the LDV measurement at each
experimental stage usually took about 10 minutes. The TM vibration data for the unopened
bulla (OM-1) were collected about 30 minutes after the anesthesia. For other OM stages, the
TM vibration data were obtained within 5 minutes after re-sealing the opening on the bulla
to avoid any pressure variations that might occur with a longer interval.
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RESULTS
A. Microscopic observation and MEP of AOM ears

After removing the pinna, the TM was examined microscopically to identify signs of AOM.
The thin, translucent TM typical of normal (uninfected control) chinchillas is shown in Fig.
2A. The changes typical for the TM of an AOM ear at 4D are shown in Fig. 2B. After this
short time post infection, the TM appeared opaque and a middle ear effusion (yellow in
color) was evident. However, at this low magnification such TMs exhibited no observable
structural changes compared to control TMs. As shown in Fig. 2B, an air-fluid interface
behind the TM was usually visible and associated with AOM in 4D ears. The volume of
MEE in 4D AOM ears ranged from 0.3–0.6 ml and had a mean value of 0.42 ml (± 0.11 ml
standard deviation, SD) when the MEE was aspirated for experimental stage OM-2. In two
of the ears exhibiting AOM at 4D, the volume of effusion was sufficiently large (~0.6 ml) to
fill the middle ear over the umbo. The effusion level in the other ears from the 4D group
filled the middle ear cavity to a level below the umbo.

A view of the TM in an 8D AOM ear is shown in Fig. 2C. TMs from this time period were
hyperemic and opaque. A yellow-colored MEE was observed in each ear. In these ears, the
effusion almost filled the entire middle ear space. MEE volume ranged from 0.7–0.9 ml with
an average value of 0.82 ml (± 0.09 ml, SD). The observed mean fluid volume was
significantly greater than that found in AOM ears after infection for four days (student t-test,
p < 0.05). MEEs from both 4D and 8D ears were clearly purulent. The appearance of MEEs
obtained at these two times following bacterial challenge could not be distinguished from
one another by the unaided eye or under low power light microscopy.

Next we evaluated the occurrence of changes in ossicular appearance and structure at 4D
and 8D post challenge (Fig. 3). Prior to these assessments, MEEs were removed to better
visualize the changes which occurred. Adhesions were formed between the TM and the
cochlear promontory as well as around the round window niche by Day 4 (Fig. 3A). The
manubrium, stapes, and long process of the incus were covered with adhesions. As shown in
Fig. 3B, adhesions were also observed on the malleus head.

The typical appearance of the ossicles in ears of chinchillas experiencing AOM for 8 days is
shown in Figs. 3C and 3D. Modest adhesions were observed in the round window niche and
between the manubrium and promontory (Fig. 3C). Figure 3D illustrates the adhesions
formed on the malleus head. Adhesions also were observed between the ossicles and the
adjacent middle ear walls in both 4D and 8D AOM animals. These AOM-associated
ossicular changes in the chinchilla closely resemble those previously described in the guinea
pig (Guan and Gan, 2013) and the gerbil AOM models (von Unge et al., 1997). Adhesions
between the manubrium and cochlear promontory in 4D ears appeared to be thicker than
those observed in 8D ears. In contrast, adhesions around the malleus head in 4D ears did not
appear to differ from those occurring at 8D. In Fig. 3D, we also observed dilated capillaries
in the mucosa near the malleus head. The changes of capillaries suggest a possible
thickening of the mucosa layer.

The MEP in stage OM-1 was measured by wideband tympanometry before the measurement
of TM vibration. The MEP of all 4D AOM ears was negative and had a mean value of −176
± 54 daPa. In the 8D AOM group, four ears exhibited a flat tympanogram, and the MEP was
could not be identified. We believe that this observation probably reflects large amount of
effusion present in the middle ear cavity (Jerger 1970; Paradise et al., 1976). The MEP of
the remaining 8D ears with AOM were all negative (mean value −145 ± 65 daPa).
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B. TM mobility change in 4D AOM ears
Figure 4 shows the individual and mean curves for TM displacement at the umbo in
response to 80 dB SPL pure tones over frequencies of 0.1–10 kHz measured in twelve 4D
AOM and 15 control ears. In each AOM ear, TM vibration was recorded at three
experimental stages: OM-1, OM-2, and OM-3. The upper panels display the frequency
response curves of the peak-to-peak displacement magnitude. The displacement phase
curves are shown in the lower panels.

TM displacement at the umbo measured in OM-1 with mean and individual curves is shown
in Fig. 4A. At stage OM-1, the middle ear was unopened, and TM movement was affected
by the MEP, MEE, and structural changes in the middle ear. The mean displacement
magnitude gradually decreased from 0.023 μm to 0.009 μm over 0.1–2 kHz, and a continued
reduction to 0.44 nm at 10 kHz was observed. The mean phase of OM-1 was flat for
frequencies between 0.1–0.5 kHz with a value of −212° to −230°, and decreased at higher
frequencies. The noise level for LDV measurement is plotted in the upper panel of Fig. 4A.
It shows that the TM displacement magnitude in OM-1 was at least 10 dB greater than the
noise level for most tested frequencies. Considering that TM mobility in OM-1 should be the
lowest when compared to the other OM stages in this study, the LDV measurement is
expected to be reliable.

At stage OM-2 (Fig. 4B), the mean TM displacement curve was flat at 0.1–2 kHz with a
value of 0.022–0.045 μm and decreased after 2 kHz as frequency increased when the MEP
was released. The mean phase decreased slowly from −14° to −230° over 0.1–10 kHz. We
noted that individual TM displacement values exhibited relatively large variations compared
to the curves obtained in stage OM-1. The two lowest displacement curves were obtained
from the ears with 0.6 ml of MEE, the largest amount observed in the 4D ears.

The magnitude and phase of TM displacement after the MEE was removed (stage OM-3)
are shown in Fig. 4C. The variation of the individual displacement curves in OM-3 was
smaller than that in OM-1 and OM-2. The mean displacement was flat between 0.1–1.5 kHz
with a value of 0.034–0.052 μm, and decreased continually as frequency increased. The
mean phase angle of OM-3 gradually decreased from −11° to −210° over 0.1–10 kHz. It is
important to note that the purulent adhesions still remained on the ossicles at this stage, a
finding different from control ears.

The TM displacement magnitude and phase determined from 15 control ears without AOM
are displayed in Fig. 4D (16 control ears were initially involved in this study, but one TM
was damaged during preparation and was excluded from our study for this reason). Mean
TM displacement was flat between 0.1–1.2 kHz with a value of 0.11–0.18 μm, then
decreased to 0.004 μm as the frequency increased to 10 kHz. The mean phase curve slowly
decreased from −11° to −210° over the tested frequencies. Published data from Ruggero et
al. (1990) describing pressure-released normal chinchilla ears were included in Fig. 4D for
comparison with our newly obtained data. The displacement magnitude and phase curves
obtained in our current study closely resemble those based on Ruggero’s data.

The mean TM displacement curves at control and 3 OM stages in Fig. 4 are extracted and
displayed with SD bars in Fig. 5. The statistical results (p-values) for Fig. 5A displacement
data are listed in Table 1. Repeated-Measures ANOVA and Turkey post-hoc tests were used
to compare the three OM stages since the displacements were measured from the same
population. An unpaired t-test was used to compare OM-3 to uninfected control ears because
these two middle ear conditions were from different populations. Statistical analysis was
performed using Prism software (Graphpad, La Jolla, CA). The p-values of post-hoc test
were reported as inequalities in the software.
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Significant changes in TM displacement occurred among the three OM stages (Table 1,
column 2). As shown in Fig. 5A and Table 1, the TM displacement of OM-3 was
significantly greater than that of OM-1 over frequencies of 0.1–10 kHz (column 3 of Table
1). After pressure in the middle ear was released (OM-2), the TM displacement increased
significantly at low frequencies (0.1–2 kHz, see column 4 of Table 1). As the effusion was
drained from the cavity (OM-3), TM displacement was significantly increased compared to
OM-2 at 4–10 kHz (column 5 of Table 1). When the OM-3 values were compared with
those of control ears, there was a significant difference at all tested frequencies (column 6 of
Table 1). It should be noted that at frequencies > 2 kHz, the TM displacement of OM-3 was
slightly, but significantly, lower than that of controls (Fig. 5A).

Figure 5B shows the mean ± SD of the TM displacement phase curves measured in control
ears and three experimental stages of 4D AOM ears. The mean phase in undisturbed AOM
ears (OM-1) was much lower than that in control and other stages by 190° (roughly a half-
cycle) over 0.1–10 kHz. After middle ear pressure was released (OM-2), the TM phase
generally overlapped with the control at frequencies below 800 Hz and was greater at 0.8–2
kHz and lower at f > 2 kHz compared with the control curve. After the effusion was
removed (OM-3), the TM phase was almost the same as that of controls at all tested
frequencies except 0.6–2.4 kHz, where the phase was greater than control.

C. TM mobility change in 8D AOM ears
Figure 6 shows the individual and mean curves of the TM displacement at the umbo in
response to 80 dB SPL pure tones over frequencies of 0.1–10 kHz measured from eight 8D
AOM ears at the three experimental stages. The control curves shown in Fig. 6D are the
same as those in Fig. 4D for comparison purposes. The upper panels display the frequency
response curves of the displacement magnitude and the lower panels show the displacement
phase curves.

The TM displacement curves measured from unopened ears (OM-1) are shown in Fig. 6A.
The mean displacement continually decreased from 0.03 μm to 0.22 nm over 0.1–10 kHz.
The mean phase curve was flat at 100–300 Hz with a value of −215° to −240°, and
decreased at higher frequencies.

Figure 6B shows the TM displacement curves after the MEP was released (OM-2). The
individual variation of displacement magnitude at OM-2 was large, similar to the 4D OM-2
ears. This variation may relate to the different levels of middle ear effusion and the degree of
middle ear ossicular and soft tissue changes between individual ears. The mean
displacement decreased from 0.04 μm to 0.3 nm over 0.1–10 kHz. The mean phase was
−77° at 100 Hz, increased to −40° at 200 Hz, then gradually decreased to −280° at 10 kHz.

Figure 6C displays the TM displacement curves at stage OM-3, in which the effusion was
removed but the adhesions on the ossicles remained unaltered. Inter-individual variation in
TM displacement was smaller than that in OM-2 and occurred mainly at frequencies below
2 kHz. The individual difference in 8D ears was greater than that in 4D ears (Fig. 4C) at
stage OM-3. The mean displacement curve of OM-3 in 8D was flat with a value of 0.06–
0.08 μm at 0.1–1 kHz, and decreased to 2 nm at 10 kHz. The mean phase slowly decreased
from −10° to −230° over 0.1–10 kHz.

The mean TM displacement curves from control ears and three OM stages in Fig. 6 were
collected and displayed in Fig. 7. Figure 7A shows that the TM vibration slightly increased
upon the release of pressure in 8D ears and the increase was smaller than that observed in
4D ears (Fig. 5A). The difference of TM displacement between OM-2 and controls in 8D
ears (blue line versus black line) was larger than the difference between OM-2 and controls

Guan et al. Page 7

Hear Res. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in 4D ears (blue line versus black line) shown in Fig. 5A. After removal of the effusion, the
TM displacement increased substantially and the difference between OM-3 and control in
8D ears (pink line versus black line) was smaller than that in 4D ears. This observation
indicates that MEE is a primary factor contributing to the loss of TM mobility in 8D ears.

The statistical analyses for the data in Fig. 7A are tabulated in Table 2 using the same
methods as those for 4D ears. Comparing Table 2 with Table 1, we observed that the TM
displacement in 8D ears did not change significantly at all tested frequencies after pressure
was released (OM-1 versus OM-2). In contrast, releasing MEP significantly increased the
TM mobility in 4D ears at low frequencies. After effusion was removed, the TM mobility in
8D ears increased significantly over the entire frequencies (OM-2 versus OM-3), but in 4D
ears significant changes were observed only at high frequencies. In both 4D and 8D ears, the
TM mobility at OM-3 was significantly different from controls.

For a quantitative comparison of TM mobility changes in two infection periods, Table 3
summarizes the mean values for TM displacement magnitude in 4D, 8D, and control ears.
Six frequencies were selected to represent low, middle, and high frequency ranges.

The TM phase data measured in control and three OM stages in 8D ears are shown in Fig.
7B. The mean phase in unopened AOM ears (OM-1) was much lower than that in control
and other OM stages by 190°, and these differences increased with increasing frequency.
After release of MEP, the mean phase curve in stage OM-2 was greater than control at 0.8–2
kHz but lower at other frequencies. After the removal of MEP and MEE, the phase of OM-3
stage generally overlapped with the control curve but was slightly greater than control at
0.9–2 kHz. The large phase lag of the umbo movement observed in stage OM-1 of 8D ears
is similar to that of 4D ears (Fig. 5B).

DISCUSSION
A. Factors affecting TM mobility loss in AOM ears

In this study, the TM mobility of chinchilla AOM ears was investigated at 4 days and 8 days
post transbullar inoculation with H. influenzae. These time points represent relatively early
and later stages of AOM. Comparing the TM displacement curves obtained in the unopened
4D and 8D ears (stage OM-1) with that of control ears (Fig. 8A), the TM mobility at 8D did
not differ significantly from that of infected ears at 4D at f < 1.5 kHz (also see columns of
“OM-1” under 4D and 8D in Table 3). However, the results in Tables 1 and 2 suggest that
the middle ear pressure (OM-1 versus OM-2), effusion (OM-2 versus OM-3), and ossicular
structure change (OM-3 versus Control) at early infection contributed to the loss of TM
mobility in a different manner from those at the later infection period. To quantify the
effects of three factors (MEP, MEE, and structural change) on the loss of TM mobility at
two infection periods, the results in Figs. 5A and 7A were calculated as the increase of TM
mobility (displacement in dB) at an OM stage with respect to the previous stage as shown in
Figs. 8B–D. The effects of MEP, MEE, and middle ear structural changes on TM mobility
over frequencies from 100 Hz to 10 kHz are shown in these figures and described in
following sections.

A1. Effect of MEP on TM mobility along the course of AOM—Figure 8B displays
the increase of TM displacement caused by release of MEP after 4 days or 8 days of
infection. In 4D ears (red line), an average 5–12 dB increase at frequencies below 3 kHz and
a smaller increase (about 5 dB) at frequencies above 3 kHz were observed after the release
of MEP. However, in 8D ears the TM displacement increase due to pressure release was
under 4 dB or even negative at some frequencies (blue line).
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Pressure in the middle ear increases the stiffness of the TM and thus decreases the TM
movement as reported by Dai et al. (2008). Lee and Rosowski (2002) reported the reduction
of the umbo mobility with controlled MEP in gerbil ears. Release of the MEP would reduce
the tension in the TM and increase the TM mobility. In our present study, the increase of
TM displacement upon releasing MEP in 4D is larger than that in 8D ears. The effect of
MEP on TM mobility may relate to the residual air space in the middle ear in these two
inflammatory phases. In 4D ears the air-fluid interface was at or below the umbo and about
half of the tympanic cavity was air-filled. In contrast, the effusion almost filled the entire
space behind the TM (i.e., tympanic cavity) in 8D ears and only the superior cavity of the
chinchilla middle ear remained air filled. The air space behind the TM is critical to its
mobility and Ravicz et al. (2004) reported that even a small amount of air would be
sufficient to facilitate umbo’s motion. However, there was little air space behind the TM in
8D ears compared with 4D ears. After the air pressure was released in 8D ears, the increase
of TM motion was very limited because the tympanic cavity was almost filled by fluid as
observed just before the aspiration of MEE. In 4D ears the TM displacement significantly
increased upon the release of MEP due to sufficient air space behind the TM. Therefore, the
MEP was a dominant factor on TM mobility loss in the early infection of AOM ears. In the
extended (8D) AOM infection, MEP had little effect on TM movement because MEE filled
the tympanic cavity.

MEP in 4D and 8D ears substantially changed the phase of the umbo movement. In gerbil
ears it has been reported that a small negative MEP stiffened the middle ear and led to a flat
extension into the high frequencies in the phase curve (Lee and Rosowski 2001; Rosowski
and Lee 2002). However, when the negative MEP became large, e.g. −250 to −300 daPa in
gerbil ears, a half-cycle phase lag in the umbo vibration was observed (Fig. 7 in Lee and
Rosowski 2001; Fig. 5 in Rosowski and Lee 2002). In the streptococcal AOM model
recently reported by Guan and Gan (2013) in guinea pigs, one ear at stage OM-1 showed the
half-cycle phase change. The large phase lag observed in the present study is probably
related to large negative MEP or tissue infection in AOM. The mechanisms behind these
observations are not clear and need further study.

A2. Effect of MEE on TM mobility along the course of AOM—As can be seen in
Fig. 8C, TM mobility increased by an average of 10–18 dB over 140 Hz to 10 kHz after the
effusion was removed in 8D ears (blue line). In 4D ears, removal of the effusion resulted in
an average of 5–10 dB increase of TM movement at frequencies greater than 3 kHz but had
not much effect at low frequencies (red line). There was a huge difference of the MEE’s
effect on TM mobility loss between 8D and 4D ears over the frequency range. The principal
reason for this TM mobility change during the disease course is the increase of MEE amount
in the middle ear (on average from 0.42 to 0.84 ml) and the decrease of middle ear air space
from 4D to 8D infection. The MEE in 4D ears neither covered the entire TM nor filled the
tympanic cavity as shown in Fig. 2. There might be a possible viscosity change in MEE
from 4D to 8D, but we did not measure the viscosity of the MEE in the present study.

Middle ear fluid decreases TM mobility by two mechanisms: stiffening of the middle ear by
reducing air space, and increasing effective mass of the TM (Ravicz et al. 2004). The loss of
middle ear air space and the increase of TM mass together reduce the umbo’s mobility at
low and high frequencies, respectively. An increase in MEE contacting the TM would lead
to an increase of TM mass and more reduction of displacement at high frequencies as
determined in human temporal bones by Ravicz et al. (2004) and Gan et al. (2006). The
increase of TM displacement at high frequencies after the removal of the MEE in 8D ears
was greater than that in 4D ears. This new observation in our present study is in agreement
with the findings of the Ravicz et al. and Gan et al. studies.
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The TM mobility at low frequencies was decreased by reduction of the air space in the
middle ear cavity and this effect became notable only when the middle ear was almost filled
with fluid (Ravicz et al., 2004; Gan et al., 2006; Guan and Gan, 2011). In the present study,
the volume of air space in the tympanic cavity of chinchilla ears is 0.9–1.0 ml. In 4D ears,
the MEE occupied less than half of the tympanic cavity (Fig. 2) and the restoration of air
space had little effect on TM movement at low frequencies. In 8D ears, the effusion
occupied almost the entire middle ear air space, which not only increased the mass of the
TM but also substantially decreased the middle ear air volume. Therefore, removal of the
effusion significantly increased TM mobility over all tested frequencies in 8D ears. Thus,
the MEE was the primary contributor to decreased TM mobility in the late stage of OM.

Thornton et al. (2013) reported changes of the umbo velocity and cochlear microphonic
threshold in chinchillas when the middle ear was filled with different volumes of silicone
oil. Their results demonstrated that a reduction of the umbo mobility and an elevation of
cochlear microphonic threshold both increased as middle ear fluid volume increased from
0.5 ml to 1.25 ml (Fig. 2A and Fig. 5A in their paper). Their study also demonstrated that
the decrease of TM mobility at umbo was related to frequency. A small decrease in umbo
velocity at low frequencies was observed when a small amount of fluid was instilled into the
middle ear. As more fluid was added, the reduction of umbo velocity extended to high
frequencies and a large value of reduction was observed (Fig. 5A in their paper). The effect
of MEE on TM movement reported in the present study is in general agreement with the
findings of Thornton et al.

It should be noted that the volume of MEE and the area of TM covered by the effusion in
our study was different from the study by Thornton et al. (2013). From our observation, the
entire TM was covered by MEE with 0.8–0.9 ml in the infected ears. Thornton et al. (2013)
used 1.25 ml of silicone oil and the TM was 100% covered by the fluid, simulating a MEE
in a normal ear. In our AOM model, we found a small amount of pus remained in the small
crevices of the middle ear cavity during the post experiment examination. This purulent
material could not be aspirated with the MEE in the OM-3 stage. In addition, the middle ear
mucosa was thickened in our infected chinchilla ears. It is possible that the space for the
fluid in the more severely infected middle ear was smaller than that in the healthy ear, and
thus required a smaller fluid volume to cover the TM in our infected ears.

A3. Effect of middle ear structural changes on TM mobility along the course of
AOM—As shown in Fig. 8D, the TM mobility of control ears was higher than that of OM-3
(MEP released and MEE removed) in both 4D and 8D ears. The residual reduction of TM
mobility after release of pressure and removal of effusion suggested that infection-induced
middle ear structural changes, including the ossicular adhesions and the possible micro-
structural changes of middle ear soft tissues, contributed to the TM mobility loss. The
residual TM mobility loss was frequency dependent as displayed in Fig. 8D. The middle ear
structural changes in early and late stages of AOM resulted in about 5 dB loss of TM
mobility at f > 1 kHz. The reduction of TM mobility was enhanced to 8 dB for 8D ears and
13 dB for 4D ears at f < 1 kHz. In addition, the phase at OM-3 in both 4D and 8D ears was
slightly higher than control at frequencies around 1 kHz (pink line vs black line in Figs. 5B
and 7B). These changes show that the middle ear was stiffer than controls in both 4D and
8D situations at stage of OM-3. Similar results were observed in our previous study of
guinea pig AOM ears (Guan and Gan, 2013). The AOM-induced structural changes in
chinchillas may increase middle ear stiffness and caused TM mobility loss mainly at low
frequencies, similar to the AOM ear of guinea pigs.

Ossicular adhesions have been observed in AOM models of gerbils (von Unge et al., 1997),
rats (Caye-Thomasen et al., 1996; Caye-Thomasen and Tos, 2000), and guinea pigs (Guan

Guan et al. Page 10

Hear Res. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and Gan, 2013). In the gerbil AOM model, von Unge et al. (1997) reported that TM stiffness
was increased in ears with ossicular adhesions compared with normal ears. In this study it is
possible that the adhesions in AOM ears (Fig. 3) could have fixed the manubrium, malleus
head, incus, and stapes and increase the overall stiffness of the middle ear.

Rosowski et al. (2008) reported the umbo vibration in patients with malleus and stapes
fixation and their results indicated that significant loss of umbo mobility occurred at f < 3
kHz in both stapes-fixed and malleus-fixed groups (Fig. 9 in their paper). In a study of
human temporal bones by Dai et al. (2007), fixation of the malleus caused a reduction of 15
dB at the umbo or stapes at low frequencies. Nakajima et al. (2005A; 2005B) reported the
vibration patterns of the umbo and stapes when adhesives were applied to the ossicles in
human temporal bones and their results suggested that ossicular fixation increased the
stiffness of the middle ear, reduced the umbo’s mobility mainly at f < 1.5 kHz, and increased
the phase near 1 kHz (see Figs. 5–7 in Nakajima et al. 2005A).

The residual TM mobility loss observed in the chinchilla AOM ears seems to be consistent
with those published data measured from ears with ossicular fixation. If we assume that the
adhesions fixed the ossicles in 4D and 8D ears, TM mobility at the umbo would be
decreased. In addition, the mass of the adhesions might also affect the TM mobility at high
frequencies. Therefore, ossicular adhesions are likely to contribute to the residual mobility
loss of the TM in our model. Figure 8D also suggests that the effect of ossicular changes in
4D ears was greater than that in 8D ears at f < 1 kHz, which may relate to the fact that the
adhesions in 4D ears were generally thicker or denser compared with 8D ears as observed in
Fig. 3. A possible explanation is that the inflammatory process has changed by the 8th day
of AOM.

Infection in the middle ear also commonly causes structural changes of middle ear soft
tissues such as the TM (Larsson et al., 2003; von Unge et al., 1993; von Unge et al., 1997)
and round window membrane (Gan et al., 2013). The mechanical properties of the TM in
diseased ears are different from those of normal ears as reported by Luo et al. (2009); this
also could affect middle ear vibration. Gan et al. (2013) reported soft tissue property
changes of the round window membrane in a guinea pig AOM model; this might alter the
cochlear load or cochlear input impedance to the middle ear. Pathological changes of the
ossicular joints and stapedial annular ligament may also occur during middle ear infection.
Therefore, in addition to the ossicular adhesions, the mechanical property changes of the
TM, round window membrane, and other middle ear soft tissues may also contribute to the
difference in TM mobility between OM-3 and uninfected control ears. However, it is
difficult to differentiate the effects between ossicular adhesions and middle ear tissue
structural changes in live animals. Future studies are needed to quantify whether and how
such soft tissue changes contribute to the middle ear mobility change during the course of
AOM.

B. Comparison of chinchilla and guinea pig AOM models
In our previous study of the guinea pig AOM model (Guan and Gan 2013), AOM was
created by injection of Streptococcus pneumoniae into the middle ear and the change in TM
mobility was measured after 3 days of inoculation. In the current study, Haemophilus
influenzae was used to induce the middle ear infection and produce this AOM model in
chinchillas. SP and HI are two leading bacterial pathogens commonly used for creating
AOM in animals. To our knowledge, the middle ear biomechanics during AOM was
reported only in SP-induced models (von Unge et al., 1997; Larsson et al., 2003; Guan and
Gan, 2013). The current study is the first to evaluate the middle ear mechanics in a HI-
induced AOM model.
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Comparing the loss in TM mobility at the early phase of the disease in these two species
with different bacterial pathogens, we found that the factors causing TM mobility loss at the
early phase of the disease (3 days for guinea pig and 4 days for chinchilla) were similar for
these two species although the bacterial pathogens used for creating AOM were different. In
both AOM models, negative pressure was generated in the middle ear and resulted in about
10 dB reduction in TM (umbo) vibration at f < 2 kHz. At higher frequencies, the effect of
MEP on TM motion was not significant. Purulent effusion was found in both chinchilla and
guinea pig models. The effusion filled about half of the tympanic cavity in guinea pigs and
slightly less than half of the tympanic cavity in chinchillas. MEE led to the loss of TM
mobility mainly at frequencies greater than 2 kHz at early phase of infection in both models
(9–15 dB for guinea pig and 5–10 dB for chinchilla). In both species, ossicular adhesions
were present and commonly located between the manubrium and cochlear promontory and
around the round window niche. After the MEP and MEE were removed from the middle
ear, TM mobility at the umbo was lower than in control ears, mainly at low frequencies (< 2
kHz) for both species, which corresponds to the effect of ossicular adhesions and other
middle ear structural changes on middle ear mechanics. Therefore, the middle ear pressure,
effusion, and middle ear structural changes are the main factors leading to TM mobility loss
in guinea pig and chinchilla AOM models in the early phase of the disease.

The chinchilla AOM model reported in this study showed a slow development of middle ear
infection compared with other AOM models such as the AOM model in guinea pigs
reported in our previous study (Guan and Gan 2013). The type of bacteria and infective
dosage in the middle ear affects the time scale of infectious process and thus can potentially
influence the biomechanical changes of the middle ear for sound transmission. In our future
studies on AOM induced by HI, the histological changes of the middle ear and mechanical
properties of the middle ear soft tissues such as the TM, ossicular joints, and round window
membrane will be included.

CONCLUSION
The roles of middle ear pressure, effusion, and structural changes in TM vibration loss in
chinchilla AOM ears were quantified over the course of the disease (4 days and 8 days post
inoculation). The effects of those three factors on TM mobility loss vary with the course of
AOM. The middle ear pressure was the dominant factor on reduction of the TM mobility in
4D AOM ears, but showed little effect in 8D ears when MEE filled the tympanic cavity. The
middle ear effusion was the primary factor on TM mobility loss for 8D ears, but affected the
4D ears only at high frequencies. After release of MEP and removal of MEE, there was
residual TM mobility loss mainly at low frequencies in both 4D and 8D ears, which was
associated with middle ear structural changes. More residual reduction of TM movement
occurred in the early phase of the disease. This study establishes that the factors contributing
to TM mobility loss in chinchilla middle ears infected with H. influenzae closely resemble
those we previously reported in guinea pig middle ears infected with S. pneumoniae.
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List of Abbreviation

AOM acute otitis media
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CFU colony-forming unit

HI Haemophilus influenzae

LDV laser Doppler vibrometry

MEE middle ear effusion

MEP middle ear pressure

SP Streptococus pneumoniae

SPL sound pressure level

TM tympanic membrane
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Research Highlights

• Middle ear pressure and effusion’s effect on TM mobility was assessed in 4 and
8 days AOM.

• Middle ear pressure was a dominant factor of TM mobility loss in 4 days AOM.

• Middle ear effusion was a dominant factor of TM mobility loss in 8 days AOM.

• Effusion reduced TM mobility in 4 days ears only at high frequencies.

• After removal of pressure and effusion, there was residual TM loss in both 4 and
8 days ears.
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Figure 1.
Schematic diagram of the experimental setup with laser vibrometry at the umbo in the
tympanic membrane in chinchillas and the methods for aspiration of the middle ear effusion.
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Figure 2.
Microscopic photographs of (A) control eardrum, (B) 4 days AOM eardrum, and (C) 8 days
AOM eardrum.
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Figure 3.
Microscopic photographs of (A) middle ear cavity and ossicles in 4 days AOM ear, (B)
malleus head in 4 days AOM ear, (C) middle ear cavity and ossicles in 8 days AOM ear, and
(D) malleus head in 8 days AOM ear.
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Figure 4.
Peak to peak displacement magnitude (upper panel) and phase angle (lower panel) of the
TM at umbo in response to 80 dB SPL sound input at the ear canal in 4 days (A) OM-1, (B)
OM-2, (C) OM-3, and (D) control ears. The solid lines represent the mean curves; the dotted
lines represent the individual curves; the black line with triangles represents the TM
displacement of normal chinchilla ears reported by Ruggero et al. (1990).
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Figure 5.
Mean peak to peak displacement magnitude (A) and phase angle (B) of the TM at umbo
with SD in response to 80 dB SPL sound input at the ear canal in 4 days OM-1 (red line),
OM-2 (blue line), OM-3 (purple line), and control ears (black line).
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Figure 6.
Peak to peak displacement magnitude (upper panel) and phase angle (lower panel) of the
TM at umbo in response to 80 dB SPL sound input at the ear canal in 8 days (A) OM-1, (B)
OM-2, (C) OM-3, and (D) control ears. The solid lines represent the mean curves; the dotted
lines represent the individual curves.
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Figure 7.
Mean peak to peak displacement magnitude (A) and phase angle (B) of the TM at umbo
with SD in response to 80 dB SPL sound input at the ear canal in 8 days OM-1 (red line),
OM-2 (blue line), OM-3 (purple line), and control ears (black line).
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Figure 8.
(A) Mean TM displacement of control, 4D and 8D AOM ears at OM-1 from Fig. 5A and
Fig. 7A. (B) Mean increase (with SD) of TM displacement at umbo after release of middle
ear pressure in 4 days and 8 days AOM ears (OM-2 vs OM-1). (C) Mean increase of TM
displacement after removal of middle ear effusion in 4 days and 8 days AOM ears (OM-3 vs
OM-2). (D) Mean difference of TM displacement between control and OM-3 of 4 days and
8 days AOM ears (Control vs OM-3). Red lines represent the TM displacement increase in 4
days group. Blue lines represent the TM displacement increase in 8 days group.
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