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Pulsatile tinnitus (PT), characterized as pulse-synchronous, is generally objective. Sigmoid sinus (SS)
venous sound is widely suggested to be a possible sound source of PT. The dehiscence and thinness of
SS cortical plate (CP) was commonly reported as PT pathology in previous studies, but lack quantitative
or biomechanical analysis. In this study, it was aimed to quantify the relationship between venous sound
and CP dehiscence/thinness using in vitro experiment. The in vitro models of SS and CP were established
based on 3D-printing, with the developed pulsatile venous flow in the SS model. The generated sound
signal and the vibration response at the dehiscent/thinned area were analyzed. The sound signal gener-
ated in the normal-sized dehiscence model was pulse-synchronous within 100--400 Hz, which had sim-
ilar acoustic characteristics as the clinical PT sounds. It was concluded that the pulsatile venous sound is
produced at TS-SS junction in case of CP dehiscence. The CP, even a thinned one can effectively diminish
the venous sound and sound-generating pulsatile vibration at TS-SS junction. The CP dehiscence would
induce pulse-synchronous and high pressure venous sound, as well as pulse-synchronous vibration above
20 Hz, regardless of the dehiscence size. On the contrary, the CP thinness would not induce obvious
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venous sound or pulsatile vibration above 20 Hz.
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1. Introduction

Pulsatile tinnitus (PT) is a tinnitus symptom characterized by
the rhythm synchronized with the patient’s heartbeat (IMcFerran
and Phillips, 2007). Totally, more than one out of ten people are
affected by tinnitus, while 4% of them are of PT (Stouffer and
Tyler, 1990). PT is generally caused by objective somatosounds,
especially the vascular sounds, and can be perceived by another
person or sound-detection instrument (Kim et al., 2016;
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Sismanis, 2011; Song et al,, 2016). Eisenman and Xue et al. sug-
gested that the PT sounds might be produced by the venous sound
originating from sigmoid sinus (SS), the closest vessel to the tym-
panic cavity (Eisenman, 2011; Xue et al., 2012). Previous numerical
studies conducted by our group suggest that sound originating
from the TS-SS junction is inaudible with normal cortical plate
(CP) (Tian et al., 2017). However, some anomalies related to trans-
verse sinus (TS) and SS (e.g., TS stenosis, SS diverticulum and CP
dehiscence) were clinically hypothesized to amplify the SS venous
sound, leading to the perception of PT (Boddu et al., 2016; Liu et al.,
2013; Mundada et al., 2015).

It was assumed that the SS venous sound induced PT through
air pathways of the temporal bone air cells (Liu et al., 2015; Tian
et al., 2017). Overlying the lateral SS, the CP is clinically assumed
to be a “soundproof wall”, since it is the only hard tissue on the
pathway of venous sound between the SS and the tympanic cavity
(Zhao et al., 2016). The deficiencies in CP, including dehiscence and
thinness, were commonly reported as PT pathologies (Eisenman,
2011; Geng et al., 2015; Liu et al., 2015; Raghavan et al., 2016;
Tian et al., 2017; Xue et al., 2012), since they are common among
PT patients, but are rare among non-tinnitus people (Krishnan
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et al., 2006; Schoeff et al., 2014). The CP dehiscence causes “air on
sinus sign” that exposes the SS vessel to the air cells of temporal
bone, resulting in the decline of soundproof effect (Geng et al.,
2015). It was clinically hypothesized that the CP dehiscence could
amplify the vibration response of exposed SS tissue, and thus
induced audible sound signals (Eisenman, 2011; Liu et al., 2015;
Raghavan et al,, 2016).

Recently, the CP resurfacing surgery is a common treatment for
the PT patients with CP dehiscence, and has a high cure rate up to
90% (Eisenman, 2011; Harvey et al., 2014). It can diminish the
venous sound through fixing the CP deficiencies and skeletonizing
the lateral SS surface (Eisenman, 2011; Raghavan et al., 2016; Santa
Maria, 2013). However, it still remains uncertain whether it is nec-
essary for the relatively small-sized dehiscence or thinness (with-
out dehiscence) patients to be treated with the CP resurfacing
surgery (Krishnan et al., 2006). Therefore, it is important to quan-
tify the relationship between the venous sound and CP dehiscence
size, and that between the venous sound and CP thickness. Besides,
the mechanism and acoustic characteristics of venous sound have
not been investigated in view of biomechanics in previous studies.
This study aimed to simulate the venous sound signals using
in vitro experiment, and further quantify the relationship between
the venous sound and CP dehiscence size, and that between the
venous sound and CP thickness. Moreover, the acoustic character-
istics of the venous sounds and the vibration responses of SS tissue
in the cases with different CP dehiscence size and CP thickness
were also analyzed.

2. Methods
2.1. Radiology data collection

All radiological procedures performed in this study involving
human participants were in accordance with the ethical standards
of the institutional and national research committee and with the
1964 Helsinki declaration and its later amendments or comparable
ethical standards. Informed consent was obtained from all individ-
ual participants included in the study.

The CT data were collected on a 37 year-old female PT patient,
who had the right persistent PT and the ipsilateral CP dehiscence
at TS-SS junction, with the dehiscent area of about 25 mm?2. No
other obvious malformations were found along TS-SS. The CP
resurfacing surgery was performed on this patient and the PT
symptom was cured after surgery. The CT images were obtained
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using a 64-slice multi-detector scanner (Philips Medical Systems),
with the injection of iodinated nonionic contrast material to exhi-
bit the lumen of TS-SS. The CT images had the spatial resolution of
0.3125 mm, matrix size of 512 x 512.

The MR data were collected on 11 PT patients. The MR images
were obtained using GE 3.0 Tsigna scanner (General Electric
Healthcare), with the in-plane resolution of 0.78 mm, temporal
resolution of 40 ms, slice thickness of 4 mm and matrix size of
256 x 256. The MR acquisition type was 2D phase-contrast cine-
MR, including magnitude and phase images. The images were
post-processed on GE adw4.4 workstation (General Electric
Healthcare), using the Report card software (Rediker). The tran-
sient flow velocity at mid-TS in a cardiac cycle was measured by
integrating across manually drawn regions of interest that closely
enclosed the vessel on the phase image. The average + standard
deviation of mean velocity was 26.1 £ 6.1 cm/s, and the velocity
pulsation (the difference between the maximum and minimum
velocity) was 6.3 +3.3 cm/s. The cross-section area at mid-TS of
the 3D TS-SS lumen model was 42.2 mm?, thus the simulated
venous flow was developed using the sinusoidal flux, of which
the median was 11 ml/s, and the codomain was 9.7 ml/s-12.3 ml/
s (34.8-44.4 L/h).

2.2. In vitro models of TS-SS and CP

The 3D geometry models were developed based on CT data. The
TS-SS lumen was manually masked and then reconstructed to 3D
geometry model using Mimics 17.0 (Materialise Technologies).
The inlet section of the TS-SS lumen was positioned at mid-TS,
while the outlet section was positioned at the terminal of SS. There
were no branches in this segment. The 3D model of TS-SS vessel
wall (Fig. 1a) was extracted based on the lumen model using Geo-
magic Studio 12 (Geomagic), with 1 mm thickness. The model of
CP (Fig. 1b) was extracted based on the outer surface of the TS-
SS vessel model, with 1 mm CP thickness (Tian et al., 2017). The
dehiscent\thinned areas of CP were made at the lateral TS-SS junc-
tion, where most CP deficiencies took place (Xue et al., 2012). The
dehiscent area was made circular, with diameter of 3 mm, 6 mm
and 9 mm respectively in the three dehiscence cases, because it
was reported that the averaged transverse diameter of dehiscence
among patients was 6 mm, and the dehiscence width was ranged
between 2 and 9 mm (Dong et al., 2016; Raghavan et al., 2016).
For the thinness CP cases, the thinned area was made circular, with
6 mm diameter, and CP thickness of 0.25mm, 0.5 mm and

Dehiscence area
(6mm diameter)

Fig. 1. The 3D models of: (a) TS-SS vessel; (b) CP plate with dehiscence.
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0.75 mm respectively in the three thinness cases. The intactness
case possessed intact 1 mm thickness CP overlying SS.

The in vitro models TS-SS and CP were 3D-printed using Form 2
(Formlabs). The TS-SS model was printed with the flexible resin
material (FLFLGPO2, Formlabs), while the CP models were printed
with the solid resin material (FLGPWHO04, Formlabs). After print,
both the TS-SS vessel and CP models were soaked in isopropanol
for 30 min to wash off the residual liquid resin, and then were
solidified using ultraviolet ray with 405 nm length for 10 min.

2.3. In vitro experiment system

The in vitro experiment system consisted of a pulsation flow
system, the in vitro models of TS-SS vessel and CP, and a sound
recording chamber (Fig. 2a).

Construction of the simulated venous flow was performed using
a self-designed pulsation system, which consisted of a peristaltic
pump, a water capacitor, a water resistor, an electric piston and
the control system. The piston performed the sine motion of
1.25 Hz (75 cardiac cycles per minute). The pulsation system was
adjusted until the simulated venous flow obtained a sinusoidal flux
with codomain of 34.8-44.4 L/h at the flowmeter. The static water
was applied in the control case, while the simulated venous flow
was applied in the other cases.

The microphone PZM-120 (Bjsound) with sensitivity up to
—30dB re 30 mV/Pa (1 V/Pa at 0 dB) was applied for sound record-
ing. The in vitro TS-SS and CP model, as well as the sound recording
chamber were positioned in a soundproof room. The dehiscent/
thinned area was next to the chamber, while the microphone
was placed inside the chamber, thus the dehiscent/thinned area
was connected to the microphone through air pathway. Plasticine
was used to keep the chamber totally sealed. The signals were
recorded using the Audition 2017 CC software (Adobe), at a sam-
pling rate of 48,000 Hz. The signals were then analyzed using Mat-
lab 2017 (Mathworks).

The vibration displacement at the center of the
dehiscent/thinned area was measured using the CD5-L25A laser
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displacement sensor (Optex-FA), with the repeat accuracy of
0.37 pum (Fig. 2b). The in vitro TS-SS and CP models were fixed right
in front of the laser sensor, and the transient displacement was
measured at the center of the dehiscent/thinned area, with the
sampling frequency of 1250 Hz.

2.4. Signal analysis

The recorded signals were filtered using a Butterworth filter,
with the cut-off frequencies of 100 and 1000 Hz, in order to filter
out the noises induced by friction and wave. The signals within
100-1000 Hz were maintained and analyzed, since the PT sounds
were reported normally low frequency (Kim et al., 2016; Song
et al., 2016). The averaged peak values were obtained within 5 car-
diac cycles (4 s) of the temporal analysis of sound signals (Kello
et al., 2017). The short-time Fourier transform was performed for
spectro-temporal analysis, with a Hann window of 128 samples
and a hop size of 64 samples.

The measured vibration displacement was filtered using a But-
terworth filter, with the cut-off frequency of 20 Hz, filtering out the
response below 20 Hz. Therefore, the maintained vibration was
20-625 Hz and responsible for noise generation. The averaged
peak amplitudes were obtained within 5 cardiac cycles (4s) of
the filtered temporal response. The short-time Fourier transform
was also performed for spectro-temporal analysis, with a Hann
window of 128 samples and a hop size of 64 samples.

3. Results
3.1. Temporal sound signals

The sound signals in 4 s time domain were illustrated in Fig. 3.
No periodicity was shown in the signals of the control case and
intactness case (a, h). Strong periodic structures were exhibited
in the signals of all the dehiscence cases (b-d), with the same
frequency (1.25 Hz) as the pulsation of simulated venous flow,
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Fig. 2. The sketch of the in-vitro experiment system of: (a) simulation and recording of the venous sound; (b) displacement measurement at the center of dehiscent/thin area.
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Fig. 3. The temporal results of the venous sound in: (a) Control case; (b) 3 mm dehiscence; (c) 6 mm dehiscence; (d) 9 mm dehiscence; (e) 0.25 mm thickness; (f) 0.5 mm

thickness; (g) 0.75 mm thickness; (h) 1 mm intactness.

while much weaker or no periodic nature was shown in the signals
of all the thinness cases (e-g).

The peak sound pressures were listed in Table 1. The peak
sound pressures within 0.045-0.065 Pa were exhibited in the sig-
nals of all the dehiscence cases (b-d), while the peak pressures
within 0.012-0.021 Pa were shown in the signals of all the non-
dehiscence cases (a & e-h). The signals of all the non-dehiscence
cases showed sound pressures close to the control signal, and were
notably lower than those of all the dehiscence cases.

3.2. Temporal-spectral sound signals

The sound signals in time-frequency domain were illustrated in
Fig. 4. No periodicity was shown in the signals of the control,
intactness and 0.5 mm thickness cases (a, h, f). Strong pulse-
synchronous structures within 200-1000 Hz were exhibited in
the signal of the 3 mm dehiscence case (b), while those within
100-400 Hz were shown in the 6 mm and 9 mm dehiscence cases
(c, d). Weak pulse-synchronous structures within 200-700 Hz
were shown in the 0.25 mm and 0.75 mm thickness cases (e, g).

3.3. Temporal vibration responses

The filtered temporal vibration displacements (20-625 Hz) at
the center of the dehiscent/thinned areas were illustrated in
Fig. 5. No notable vibration response was exhibited in the control
case (a), while the other cases showed vibration responses. The
peak vibration amplitudes (20-625 Hz) were listed in Table 1.
The control case showed peak amplitude of 2.898 um (a). All the
dehiscence cases exhibited peak amplitudes above 4.4 pm (b-d),
while all the non-dehiscent cases showed peak amplitudes in the
range of 2.3-3.9 pm (e-h). The vibration amplitudes in the dehis-
cence cases were higher than those in the thinness cases.

3.4. Temporal-spectral vibration responses

The filtered vibration displacements (20-625 Hz) in time-fre-
quency domain were illustrated in Fig. 6. As the pulsatile vibration
was mainly limited to 20-150 Hz, Fig. 7 was added to zoom in on
this frequency domain. Obvious periodicity between 20 and
150 Hz was shown in all the dehiscence cases (b-d). No obvious
periodicity was shown in the control and all thinness cases (a, e-h).

Table 1
The peak sound pressures of the filtered signals and peak amplitudes of the filtered
vibration responses (20-625 Hz).

Case Peak sound Peak vibration
pressure (Pa) amplitude (um)
a Control 0.0146 2.898
b 3 mm dehiscence 0.0455 8.909
c 6 mm dehiscence 0.063 4.442
d 9 mm dehiscence 0.0602 7.789
e 0.25 mm thickness 0.0207 2.989
f 0.5 mm thickness 0.0129 3.845
g 0.75 mm thickness 0.017 3.449
h 1 mm Intactness 0.0173 2.368

4. Discussion

It is commonly suggested that the venous sound originating
from SS is a possible sound source of PT (Eisenman, 2011; Geng
et al., 2015; Xue et al., 2012). The venous sound might induce PT
through the air pathway of temporal bone air cells (Liu et al.,
2015; Tian et al., 2017). However, there is lack of acoustic analysis
on the venous sound. Besides, the mechanism of venous sound
generation has not been verified. In this study, we simulated the
TS-SS venous flow using in vitro experiment, and recorded and
analyzed the generated sound signals. The anatomical structures
and mechanical properties of TS-SS vessel and CP were simulated,
as well as the pulsatile venous flow inside the vessel. Specifically,
the 3D geometry models of TS-SS vessel and CP were digitally
reconstructed based on the CT data of a PT patient, who has the
ipsilateral CP dehiscence at TS-SS junction, and no more malforma-
tion was found along TS-SS. Afterwards, the in vitro TS-SS vessel
wall was 3D-printed using the flexible resin material, of which
the Young’s modulus was ~3.6 MPa, close to the vein vessel wall
(~1.25MPa (Lofink and Miiller, 2013; Narracott et al., 2015)),
and could withstand the pulsatile water pressure at the same time.
The in vitro CP model was 3D-printed using the solid resin material,
of which the Young’s modulus was ~3 GPa, close to the cortical
bone (~9 GPa (Pereira et al., 2018)), and was rigid enough to sim-
ulate the soundproof effect of CP. Moreover, the median and codo-
main of the simulated venous flux were set according to the
average flow velocity at mid-TS of 11 PT patients.

The results obtained in this study are in accordance with the
clinical findings. Firstly, the simulated venous sound in the 6 mm
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Fig. 5. The temporal vibration displacement (20-625 Hz) at the dehiscent\thinned center of: (a) Control case; (b) 3 mm dehiscence; (c¢) 6 mm dehiscence; (d) 9 mm
dehiscence; (e) 0.25 mm thickness; (f) 0.5 mm thickness; (g) 0.75 mm thickness; (h) 1 mm intactness.

dehiscence case exhibited the similar temporal and spectral struc-
tures as the real PT sounds. The recorded sound signal in the 6 mm
dehiscence case exhibited obvious pulse-synchronous structures
within 100-400 Hz. Similarly, the PT sounds were always subjec-
tively reported as pulse-synchronous and low pitch (lower than
600 Hz) (Li et al., 2014). Moreover, the PT sounds recorded on
patients were significantly stronger than that on non-tinnitus peo-
ple in 125-500 Hz octave bands (Kim et al., 2016). Therefore, it was
verified that the simulated venous sound in this study was valid
and effective, and the SS venous flow could generate pulsatile
venous sound. Moreover, the SS venous sound was a sound source
of PT. Secondly, the recorded sound signal in the intactness case
was aperiodic, with the peak sound pressure close to the back-
ground sound. It was indicated that the simulated venous sound
in the intact CP case was inaudible, which was in accordance with
the clinical findings that almost all the non-tinnitus people exhib-
ited intact CP (Schoeff et al., 2014).

The CP was clinically hypothesized as a vital “venous sound
blocker”, since it was the only hard tissue between the TS-SS and
the tympanic cavity (Zhao et al, 2016). The dehiscence and

thinness of CP were hypothesized to amplify the venous sound
and induce PT (Eisenman, 2011; Liu et al., 2015; Raghavan et al,,
2016). For CP dehiscence, it would induce an “air-on-sinus” sign:
The sinus vessel directly contact the air cells of temporal bone,
which might amplify the venous sound through increasing the
vibration amplitude of exposed SS vessel. CP thinness was also
common among PT patients, but its effect on amplifying the
venous sound remained unknown (Krishnan et al., 2006). This
study quantified the relationship between the venous sound and
CP dehiscence size, and that between the venous sound and CP
thickness.

High pressure and pulse-synchronous venous sounds were col-
lected in all the dehiscence cases, regardless of the dehiscence size.
On the contrary, all the non-dehiscence cases generated low pres-
sure venous sounds, whose pressure was close to the background
sound. Therefore, it was suggested that the CP dehiscence would
directly induce pulsatile and high pressure venous sound, regard-
less of the dehiscence size, while the CP thinness would not induce
obvious venous sound without any other causes. The hypothesis
was verified that CP is an effective soundproof tissue. Even a
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thinned CP can strongly diminish venous sound. For the PT patients
with CP dehiscence, the dehiscence should be emphasized for its
notable contribution amplifying venous sound. For the PT patients
with thinned CP but without dehiscence, the other possible
pathologies (e.g., vascular stenosis or extensive pneumatization
of temporal bone air cells) might contributed primarily to the
amplification of venous sound, and should be noticed.

In many previous studies, the vibration response of exposed SS
tissue (Eisenman, 2011; Liu et al., 2015; Raghavan et al., 2016) was
hypothesized as the origination of the SS venous sound. In this
study, the vibration response at the dehiscent area was focused
and investigated. The measured displacements were filtered, main-
taining vibration above 20 Hz, which was directly responsible for
noise generation. The results indicated that the vibration ampli-
tudes (20-625 Hz) in the dehiscence cases were higher than those
in the cases with thinned or intact CP. The dehiscence cases exhib-
ited obvious pulsation in vibration within 20-150 Hz, which was
not shown in the thinness and intactness cases. We concluded that
even thinned CP notably diminished both the venous sound and

sound-generating pulsatile vibration. Additionally, pulsatile sound
between 100 and 1000 Hz and pulsatile vibration between 20 and
150 Hz were exhibited in case of CP dehiscence. This finding can-
not conclude that PT was directly induced by the pulsatile vibra-
tion at the dehiscence area, since the venous sound had higher
frequency than the pulsatile vibration. We can make some specu-
lations for explanation: Firstly, besides the 20-150 Hz vibration,
the flow field in TS-SS lumen could generate venous sound over
150 Hz, which might be diminished by the intact CP, while be
leaked out with CP dehiscence. Secondly, the other parts of TS-SS
besides the dehiscence area might generate venous sound over
150 Hz. Thirdly, the measurement of vibration over 150 Hz might
be limited by the sensitivity of laser sensor. Although the mecha-
nism remains uncertain, the noted pulsatile vibration above
20 Hz might make important contribute to the venous sound gen-
eration, and worth further investigation.

There are several limitations in this study. Firstly, the geometry
models of TS-SS and CP, as well as the venous flow inlet were based
on the CT data of one PT patient, limiting the scope of the results.
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Secondly, the experiment is based on some assumptions. Only the
venous sound originating from TS-SS junction was analyzed as a
main sound source of PT. Moreover, the recorded venous sound
was through air transmission, while the possible bone conduction
was not included in this experiment. Thirdly, distilled water was
used in the pulsation system instead of blood plasma, which might
decrease the viscosity of fluid and affect the acoustic properties of
venous sound. These limitations could be improved in the future
study. Firstly, we could further address the properties of venous
sound generated by various venous conditions, including the dom-
inance, stenosis and diverticulum of TS-SS, preventing the limita-
tion of a single geometry and flow pattern. Secondly, a more
detailed in vitro model of temporal bone tissue might be helpful
to analyze other possible sound sources and sound transmission
pathways in the future. Thirdly, the glycerol solution could be used
to obtain similar viscosity as blood plasma.

5. Conclusion

Through in vitro experiment, it is concluded: the pulsatile
venous sound is produced at TS-SS junction in case of CP dehis-
cence. The CP, even a thinned one can effectively diminish the
venous sound and sound-generating pulsatile vibration at TS-SS
junction. The CP dehiscence would induce pulse-synchronous
and high pressure venous sound, as well as pulse-synchronous
vibration above 20 Hz, regardless of the dehiscence size. On the
contrary, the CP thinness would not induce obvious venous sound
or pulsatile vibration above 20 Hz.
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