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Abstract- In this paper, the inverse sonification problem is analysed in order to capture hardly detectable details in a medical image.
The direct sonification problem is converting the data points into audio specimens by a transformation which involves data, acoustics
parameters and sound representations. The inverse problem is reversing back the audio specimens into data points. By using the
current sonification operator, the inverse approach does not bring any improvement in the medical picture after sonification. The
obtained image is the same with the original one and does not bring additional information for diagnosis and surgical operation. In
order to discover new details in a medical image, a new operator is introduced in this paper, by using the Burgers equation of sound
propagation. The improving of the medical image is useful in interpreting the medical details in the tumour surgery. The inverse
approach is exercised on several medical images.

Index Terms- Sonification; Burgers equation; Visualization tools; Laparoscopic surgery.

I. INTRODUCTION

A

major effort was devoted in the last years to enhance the quality of medical images used to surgery [1]. Since Roentgen’s
discovery of X-rays (1895) the medical imaging is constantly developing. The computed tomography, magnetic resonance
imaging, nuclear imaging, and ultrasound-positioned medical imaging were implemented for medical purposes including to diagnoses
and surgery.
To our knowledge, we are the first to apply the sonification theory to detect hidden details in medical images, such as vessels or
tumors that cannot be directly seen with the eye.
The sonification theory was founded in 1952 by Pollack who applied the information theory to visualize the auditory displays [2, 3].
The first International Community for Auditory Display Conference (ICAD) organized by Kramer in 1992 discusses different issues
ranging from the sciences and technology to the arts [4, 5]. Licht traces in 2007 the history of the sound art by highlighting the old art
such as Sonic Youth and the contemporary art that led to interesting applications [6].
The nano-guitar built by Cornell University physicists from the crystalline silicon no larger than a single human blood cell, invites the
bacteria inside a person to play and thus to be easily detected and tracked with a stethoscope [7]. The quantum whistle is a nano-scale
sound which is able to discover vibrations in superfluid gases that are predicted by quantum theory [8].
The sonification theory introduces new insights into illnesses such as the Alzheimers’s dementia [9] and trauma of the body motions
such as walking, turning, rising arms or legs [10]. The sonification of images is less studied so far to our knowledge. This is because
the applying of current sonification operator in the inverse approach does not bring any improvement in the medical image. The
sonification operator is based on the linear theory of sound motion.
This paper introduces a new sonification operator based on the Burger nonlinear theory of the sound propagation. The new operator is
capable to solve the inverse sonification problem and to improve the content of the medical image.
The paper is organized as follows: Section 2 is devoted to description of the direct problem of sonification. A description of the new
sonification operator based on the Burgers equation of sound propagation is presented in Section 3. The applications are presented in
Section 4, and Section 5 contains Conclusions.
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II. DIRECT PROBLEM OF SONIFICATION

The direct problem of sonification is well known in the literature [11-14]. The sonification operator S 0 maps the point
data D into audio samples Y 0 S 0 : D → Y 0 , S 0 : x(t ) → y 0 (t 0 , x(t ), p 0 ) , with x(t ) the 1D point data to be transformed
into audio samples, t is the data time, t 0 is the sonification time, and p 0 ⊆ P 0 , P 0= {k 0 , ∆ 0 , f ref0 , α 0 , β0 , φ0 , ε0 , g 0 , γ 0 , H 0 }
are the sonification parameters: k 0 is the compression coefficient on the time interval T 0 = T / k 0 , ∆ 0 ≥ 0 is the dilation
coefficient, f ref0 is the reference frequency, α 0 , β0 ≥ 0 are the pitch scaling parameters, φ0 ≥ 1 is the power distortion
coefficient, ε 0 ≥ 0 is the amplitude’s threshold, g 0 is the gain function, γ 0 is the decay coefficient and H 0 is the
function of the timbral control.
The 1D data string x(t ) is divided into non-overlapping sections of different length. The variables of the data domain are
t , ti , T . The signal x(t ) is understood as a sequence x(n) at the rate of sample f s in T seconds. The x(n) consists of
N= T × f s samples. The time points ti separate xi (t ) . If t0 = 0 and tM = T a division in M segments of xi (t ) can be
written as
 x(t + ti −1 ) 0 ≤ t ≤ (ti − ti −1 )
(1)
xi (t ) = 
else
 0
The duration of each segment is Ti= ti − ti −1 The segments xi (t ) are sonified as a succession of events yi0 (t 0 ) which are
be longer or shorter than Ti
M
t
(2)
y 0 (t 0 ) = ∑ yi0 (t 0 − ti0−1 ), ti0−1 = i −01 .
k
i =1
The sonification signal y 0 (t 0 ) can be expressed as

 t

0 0′
(3)
y (t ) =
| xi (∆ t ) | sin  2π ∫ f ref 2( xtrend ( ti−1 ) + xi ( ∆ t )) dt 0′  ,
 0



0 0′
x
(
∆
t
)
where i
is the mean free segment, and xtrend (ti −1 ) is the trend signal at the starting point for pitch modulation.
0

0
i

0

0 0

Parameter ∆ 0 gives the length of the acoustic event Ti 0 . If ∆ 0 =k 0 the adjacent events do not overlap but for ∆ 0 ≤ k 0
they overlap.
The operator H 0 is a sine function and introduces the control of timbre
0
 t

0′
(4)
) ai (t 0 ) H 0 < sin  2π ∫ f ref 2bi ( t )) dt 0′  > , bi (t 0′ ) = ( α 0 xtrend (ti −1 ) + β0 xi (∆t 0′ ) ) ,
yi0 (t 0=
 0



0
where ai (t ) is the amplitude modulator, f ref is the base frequency for the pitch range of sonification and bi (t 0 ) is a pitch
modulator. The amplitude modulator is
0
ai (t 0=
) | xi (∆ 0t 0 |φ , φ0 ≥ 1 ,

(5)

where ϕ is the amplitude modulator. A half-wave rectification is included for exceeding a threshold ε around the mean
of the amplitude
 x − ε0 x ≥ ε0
ai (t 0 )= g (| xi (∆ 0t 0 |, ε0 ) , g ( x, ε0 ) =
(6)

 0 else
0

0

III. NEW SONIFICATION OPERATOR
The new sonification operator has the capability to bring gains in a medical image by discovering of hardly detectable details. We are
looking for a new operator to replace (3) which is based on the linear theory of sound propagation. To introduce a new sonification
operator, the Burgers equation of sound propagation is used.
Let us to consider a digital image B of area A , seen as a collection
of N pixels D {d1 , d 2 ,..., d N } , d i ∈ R N . The B is subjected to
=
external force f (t ) written as a sum of the excitation harmonic force Fp (t ) and the generation sound force Fs (t ) . The last force is
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introduced to build the sonification operator. The response of B to f (t ) is a new configuration b defined of all points P ∈ B at the
time t resulting by vibration of B . The vibration of B is described by Burgers equation [15]

b
∂v β ∂v
∂ 2v
0,
v
− 2v −
=
∂x c0 ∂τ 2ρ0 c03 ∂τ2

(7)

where x = ( x1 , x2 , x3 ) , v = (v1 , v2 , v3 ) is the vector of acoustic velocity, τ = t − x / c0 is the retarded time, t is time, c0 is the
velocity of sound in the linear approximation, b = (b1 , b2 , b3 ) are the dissipation coefficients, ρ0 is density of medium,

β = (β1 , β2 , β3 ) is nonlinearity coefficient. Details on the propagation of waves in nonlinear 1D media can be found in [16-19]
Equation (7) admits the cnoidal solutions [20]. These solutions are expressed in terms of the Jacobi elliptic functions (cnoidal
solutions) or the hyperbolic functions (solitons).
Given a known force Fp , we determine the unknown force Fs such that the acoustic power radiated from B to be minimum. The
acoustic power radiated from B is

A T
v p,
(8)
2
where v is the velocity verifying (7) and p the acoustic pressure vector, A is the area of the rectangular photo, and the subscript T
W=

means the transpose [21].
We suppose that the solutions vi , i = 1, 2,3 of (7) are expressed as
l

=
vi

l

∑ a cn
j =1

(mi , ηi ) +

j

j

∑ b cn
j

j =1

j

(mi , ηi )

l

1 + ∑ c j cn (mi , ηi )

, i = 1, 2,3 ,

(9)

j

j =1

where =
ηi k1i x1 + k2i x2 + k3i x3 − ωi t + φ i , l is a finite number of degree of freedom of the cnoidal functions, 0 ≤ m ≤ 1 is the
moduli of the Jacobean elliptic function, ω is frequency and φ the phase, k1 , k2 , k3 are components of the wave vector [20]. In the
following we stop to l = 2 , and we will see that there are no sensible improvements in solutions for l > 2 By setting

∂W
=0 ,
∂Fs
the function Fs (t ) is determined.

(10)

{m j , ω j , k1 j , k2 j , k3 j , φ j , a1 , b1 , c1 , a2 , b2 , c2 } , j = 1, 2,3 , are evaluated by a genetic algorithm. The
The unknown parameters Pj =
objective function ϒ( Pj ) to be minimized is written with respect to residuals of (7) and (10)
3

ϒ(=
Pj ) 3−1 ∑ δ12 j + δ22 ,

(11)

j =1

with

δ1 j=

∂v j
∂x j

−

βj
2
0

c

vj

∂v j
∂τ

−

bj

v
3 j

2ρ0 c0

∂ 2v j
∂τ

2

∂W
.
∂Fs

, δ2 =

(12)

The genetic algorithm is running until it is reached a non-trivial minimizer, which will be a point at which (11) admits a global
minimum.
The quality of results depends on the values of ϒ . The required precision is taken to be six places after the decimal point. The
following parameters are considered: number of populations 200, the reproduction ratio 1.0, multi-point crossover number 1,
probability of mutation 0.5, and maximum number of generations 500.
The sonification operator S is written with respect to Fs

F ( D , t )
,
( D, t ) Fs ( D , t ) + s
S=
1 + Fs ( D , t )
with D

{d1 , d 2 ,..., d N } , di ∈ R N

is the original image =
data domain, D

(13)

{d , d ,..., d }, d ∈ R
1

2

N

i

N

is the domain of point data in the

sonified image, and t is the sonification time. Data D is arranged under a matrix with arbitrarily number of elements. This matrix is
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shown in Fig.1a. The elements of the matrix contain interfaces or borders between the colors and nuances, lines and curved lines
(Fig.1b).

Fig.1. a) Matrix of data with arbitrarily number of elements. b) An image with borders separating the colors and nuances, lines and
curved lines, etc.
The sharp interface conditions for which the matching of displacements and stresses at the image interfaces is imposed for (7). The
reflections by the edges are removed by Dirichlet and Neumann boundary conditions. The reflection coefficient is [22]

 1 − cos θ 
rj = 
 ,
 1 + cos θ 
j

(14)

where j is the degree of approximation, and θ is the incidence angle. The reflections from boundaries are removed by coupling the
Dirichlet fixed boundary conditions solution to the Neumann free boundary conditions solution. For more than one component of
displacement, the Dirichlet and Neumann conditions alternate components at the boundaries. When more than one boundary is
nonreflecting, more solutions are added to eliminate multiple reflections.
The blank spaces in the sonified image are filled through continuity by the solutions in the vicinity of interfaces and edges. The
mapped data after sonification is typically containing the small blurred area, cavities and white dots due to the inaccuracies of the
original medical images. These areas are filled with color and geometric lines, through continuity of the adjacent areas, so that the
final image may contain new elements, new details that do not appear in the original image.
New inverse sonification technique was highlighted on some medical images used to surgical operations. In the next Section we
present the applications.

IV. APPLICATIONS
The medical images chosen for sonification represent different tissue samples with abrupt changes in profile. A 3D sample of a fictive
rat liver is shown in Fig. 2a, and the size of constituents are shown in Fig. 2b, respectively. The rat liver involves severe disturbances
zones between 10 and 50 μm at the microscopic scale [23].

Fig. 2. a) A rat liver 3D sample; b) Size of constituents.
The sonification operator (14) is applied on different fictive images of fibrotic rat liver inspired from a study of effects of ginkgo
biloba leaf extract against hepatic toxicity induced by methotrexate in rat [23, 24]. The images of cross-sections of the rat liver are
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shown in Fig. 3. Fig. 4 visualizes the new images obtained by applying the sonification operator. A comparison of the images to the
original ones leads to some differences observed in the last six images (yellow).

Fig. 3. Sectional slices of a rat liver sample; b) Cross-sectional slices of the sample.
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Fig. 4. Cross-sectional slices after sonification. Differences with original images are shown in yellow.

The work of Salameh [25] is considered next, related to the detection of nonalcoholic steatohepatitis in the fatty rat livers by magnetic
resonance (MR) [26-28]. Fig. 5a shows the MR image of a liver rat with hepatocytes and strong hepatocellular. Details are
purposefully hidden (red circles in Fig.5b). The inverse sonification operator recovered all initially hidden details (Fig.5c).
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Fig. 5. a) A MR image of a rat liver; b) The initially hidden details were recovered by sonification technique.
Another exercise is related to the hepatic arterial chemotherapy [29-32], for which a catheter is inserted inside the gastroduodenal
artery (GDA) to distribute the chemotherapy. A possible location of the hepatic arterial infusion catheter was discussed in [30]. Our
exercise is to reobtain the CT image reported in this paper and presented in Fig.6. We intentionally spoil this image and apply to it
apply the inverse sonification. The sonified image is shown in Fig.7d. This image is identically to the one of Fig.6.
Fig.7a shows the CT image of the hepatic artery (CHA- common hepatic artery, LHA - left hepatic artery, RHA - right hepatic
artery, SA - splenic artery, Seg IV HA - segment IV hepatic artery) [30]. Fig. 7b shows the CT image of the left hepatic artery [30].
Fig. 7c shows the image we want to sonify.
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Fig. 6. A possible location of the hepatic arterial infusion catheter [30].

Fig. 7. a) CT image of the hepatic artery (CHA - common hepatic artery, LHA- left hepatic artery, RHA - right hepatic artery, SA splenic artery, Seg IV HA - segment IV hepatic artery); b) CT image of the left hepatic artery; c) the image to be sonified; d) final
sonified image.
The last exercise is the case of a tumor (pink color) located near the portal tree of the vascular branches (Fig. 8a) [33, 34]. The
vascular territory (1) and the vessel branches in the vicinity of tumor (2) are shown in Fig. 8b. Three sonified images are obtained Fig.
9 for the frontal, caudal and cranial views. New details on the tumor are reported to surrounding area, and the shape and size of the
tumor is better visualized.

Fig. 8. a) The tumor location; b) Vascular map (1) and the vessel territory near the tumor (2).
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Fig. 9. New images in the vicinity of the tumor after sonification.

V. CONCLUSIONS
A new sonification operator is proposed in this paper in order to convert the digital data into sound by using the cnoidal vibrations as a
set of basic functions. By inverting the sound into image, the result highlights hidden details in the image seen by the sound and not
seen by the eyes. To show the efficiency of the sonification algorithm and to verify the correctness of the results, we intentionally hide
some details into the images. The new sonification operator has discovered the hidden details.
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