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Abstract

In photoacoustic imaging, the speed of sound distribution (SoS) of background is required for image
reconstruction, though, in general, it may not be known exactly before reconstruction. The estima-
tion of SoS in a layered media is a difficult task due to the nonlinearity of the wave propagation.
In this work, we proposed a novel hybrid focusing metric for accurate image quality assessment
in an autofocusing approach to estimate the speed of sound distribution of layered media. In the
proposed metric, contrast resolution and spatial resolution information were combined into a novel
hybrid focusing metric by exploiting intensity-based focusing metrics and pixel count metrics, thus,
enhancing the accuracy of estimation. We have compared the performance of the proposed met-
ric with state of art focusing metrics Brenner, Tennenbaum, and Normalized Variance through
numerical simulations which were conducted through k-Wave toolbox. and proved that the proposed
focusing metric improved the performance of autofocusing approach significantly in layered media.

Keywords: Photoacoustic Imaging, Focusing Function, Autofocusing, Speed of Sound Estimation, Layered

Medium.

1 Introduction

Photoacoustic imaging (PAI) is a novel hybrid
imaging modality combining optics and ultra-
sound techniques and is considered as a very
promising complementary diagnostic technique for
cancer diagnosis [1–3]. PAI is based on the prin-
ciple of the heating of tissue with non-ionized
optical stimulation which causes an expansion-
contraction movement and as a result, tissue
acts as an acoustic wave source. The measured
acoustics signals by ultrasonic transducers are
converted into a photoacoustics image by one of
the reconstruction algorithms [4–8]. Among these
imaging algorithms, the Time Reversal algorithm

has been popular due to its flexibility in the
dependence of medium characteristics [5, 6].

Most of the time, the speed of sound (SoS)
distribution of the background medium where the
target is located is not known and in reconstruc-
tion, it is assumed to be some known value. The
false assumption of the SoS distribution causes a
degradation in the image quality, especially in lay-
ered media due to the nonlinearity of the wave
propagation. False assumption of the SoS dis-
tribution might cause serious consequences. For
example, a mistake in SoS of skin tissue which is
composed of three layers of epidermis, dermis, and
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hypodermis, [9] might cause an inaccurate assess-
ment of the cancer lesion. Therefore, SoS distribu-
tion should be estimated before or simultaneously
with reconstruction.

To address this problem, several sound speed
estimation methods have been developed for pho-
toacoustics imaging [10–16]. In [10, 11], an aut-
ofocus approach was adopted to photoacoustic
imaging to determine the sound speed automat-
ically in a homogeneous medium. Autofocusing
approach uses a focus measure which is varied by
one of the system parameters to focus automat-
ically on the sharpest or focused image [17–19].
In [10], the sound speed was chosen as a sys-
tem parameter and a set of photoacoustic images
was reconstructed. The speed of sound was then
determined by maximizing the focusing metrics
of Brenner Gradient, Tenenbaum Gradient, and
Normalized Variance which are functions of image
contrast. In another autofocusing approach[11], a
coherence factor value of received radio-frequency
(RF) channel data was used as a focusing mea-
sure to choose the focused image and speed of
sound. Both autofocus approaches have been vali-
dated in homogeneous medium and to the best of
our knowledge, there has not been any autofocus
method developed for layered media.

For SoS estimation in layered media, a cross-
correlation with received RF channel data from a
two concentric ring-shaped transducer array was
utilized in [12]. There are also several joint recon-
struction approaches that have been developed
to estimate both the speed of sound and initial
pressure simultaneously in inhomogeneous media
[13–16]. In [13], a joint reconstruction problem
has been formulated as an optimization problem
in which the parameterized SOS distribution was
simultaneously estimated with absorbed optical
energy density. The objective function was defined
in terms of data and then solved by alternating
the full-wave iterative method. In [15], an iterative
nonlinear joint reconstruction algorithm without
constant speed assumption was developed based
on the finite element solution of the photoacoustic
wave equation.

In this work, we have developed a novel focus-
ing metric for autofocusing approach to estimate
the speed of sound distribution in layered media
for photoacoustics imaging. Our motivation was to
extend the previous autofocusing approach devel-
oped for homogeneous medium to the layered

structure of skin tissue. It is known that wave
propagation in layered media is subject to mul-
tiple reflections which dramatically increases the
complexity of the relation between the image qual-
ity and the sound speed distribution. Thus the
assessment of the image quality with only image
contrast can no longer provide enough accuracy
in layered media. To assess the image quality
accurately, we have proposed to use spatial res-
olution information in conjunction with image
contrast (contrast resolution) in the focusing met-
ric. To this end, we have defined a novel focusing
metric Hybrid Focusing Metric(HFM) as a combi-
nation of intensity-based metrics such as Brenner
and Tenenbaum gradient functions and Thresh-
olded Pixel Count (TPC) metric which gives the
support of the image feature [17, 18]. In the pro-
posed approach, a focused image was defined as
the one having the maximum intensity sharpness
with the smallest support. Since the focused image
should be chosen automatically, we have combined
Otsu’s thresholding method into the TPC function
to choose the thresholding value in TPC auto-
matically. The enhancement in the accuracy of
SoS estimation in layered media by the proposed
HFM was demonstrated by comparing it with
existing focusing functions through the numerical
simulations with k-wave toolbox [20].

2 Methodolodgy

In photoacoustics imaging, a laser pulse is used
for optical stimulation of the tissues which causes
an expansion-contraction movement and creates
an initial acoustical pressure field, p0, see Fig.
1. The initial acoustical pressure field propagates
through the tissue and measured by transducer
array on the surface. The relationship between the
measured acoustical pressure p(~r, t) and the ini-
tial pressure distribution can be given as following
photoacoustics wave equation[2] :

∇
2p(r, t)−

1

c(r)2
∂2

∂t2
p(r, t) =

−β

Cp

p0(r)U(t) (1)

where c(r) is the sound speed distribution of
the medium, β is the thermal expansion coeffi-
cient, Cp is the specific heating capacity. p0(r)
is initial pressure distribution and U(t) is the
temporal profile of laser pulse. The PAI imaging
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Fig. 1: Schematic Photoacoustic Imaging Set-up
for Skin

algorithms reconstruct the initial pressure distri-
bution p0(r) from the measured pressure on the
surface with an ultrasound probe. In this work,
we have used Time reversal algorithm as a recon-
struction algorithm which refocuses the measured
acoustic field to the reconstruction region to image
the initial pressure source, [5, 6]. It is important
to note that photoacoustic tomographic imaging
belongs to the inverse source problems which are
typically ill-posed problems where the solution
is highly sensitive to error in data [21]. Thus,
a false assumption of sound speed distribution
of the medium causes a severe distortion in the
reconstructed image.

2.1 Focusing Metrics and Image

Quality

Focusing metrics (sharpness functions) that assess
image quality can be classified into two main cate-
gories: focusing functions based on image contrast
( intensity-based) and focusing functions based on
a number of pixels above a given threshold [17, 18].
Three of the intensity-based focusing functions,
gradient-based Brenner and Tenenbaum function,
and statistical-based Normalized Variance func-
tion have been applied to quantify the sharpness of
photoacoustics image in a homogeneous medium
successfully in [10].

Let I(x, y) be the intensity of the reconstructed
photoacoustics image. Brenner function computes
the summation of the square of the first-order dif-
ference of image intensity between a pixel and its
neighbor with a distance of two:

FBr =
∑

x,y

[I(x+ 2, y)− I(x, y)]
2
+

[I(x, y + 2)− I(x, y)]
2

(2)

Tenenbaum computes the summation of gra-
dient vector components of the image which is
convolved with Sobel operators g:

FTn =
∑

x,y

[g ∗ I(x, y)]
2
+ [g⊺

∗ I(x, y)]
2
, (3)

Normalized Variance function is based on the
statistical distribution of image intensity and cal-
culates the variations in the pixel values about the
mean intensity µ:

FNV =
1

µ

∑

x,y

[I(x, y)− µ]
2

(4)

The sharpness value obtained by these focusing
functions is only determined by the image inten-
sity value and the support information (number
of pixels) of the image features is not taken into
account. This implies that the image sharpness
is defined only in terms of contrast resolution
and not in terms of spatial resolution. These
metrics give a very good result of estimation in
a homogeneous medium, though, their accuracy
deteriorates considerably in a layered medium in
which a small deviation from a true speed of
sound values causes considerable distortion in the
reconstructed image, such as spreading the sup-
port of image of photoacoustic source. This is
mainly due to the nonlinearity of wave propaga-
tion with multiple reflection effect in a layered
medium. The spread image means a large number
of pixels which might cause a false sharpness max-
imum value in intensity-based metrics which sum
the pixel intensities or intensity differences.

Second class of focusing metrics, thresholded-
based focusing function Thresholded Pixel Count
(TPC) determines the sharpness value as the
number of pixels above threshold value which cor-
responds to the support of the image feature. In
TPC, the image is first converted into a binary
image by using a specified threshold value, τ as
follows:
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f(x, y) =

{

1, I(x, y) > τ

0, I(x, y) < τ

(5)

Then the pixel count is achieved by summing the
intensity of the binary image:

FTPC =
∑

x,y

f(x, y) (6)

Since the number of pixels belonging to the
image is considered as the sharpness of the image,
one can conclude that TPC calculates the sharp-
ness value from the spatial resolution information
of images. The use of TPC in autofocusing in a lay-
ered medium may cause false estimation since dif-
ferent SoS combinations can produce images with
the same number of pixels due to the ill-posedness
of the imaging problem.

2.2 Hybrid Focusing Metric

To address the drawbacks of the aforementioned
focusing metrics in layered medium, we propose a
novel focusing metric called Hybrid Focusing Met-
ric (HFM) by exploiting both contrast resolution
and spatial resolution information simultaneously.
Our approach simply searches for the optimum
combination of SoS which ensures the maximum
intensity sharpness with the smallest support.
To this aim, the total intensity sharpness value,
FIntensity was normalized with the number of
pixels determined by TPC, FTPC as follows:

FHFM =
FIntensity

FTPC

(7)

In the proposed approach, the intensity sharp-
ness value FIntensity can be determined by one
of the intensity-based focusing functions, Bren-
ner, Tenenbaum, or Normalized variance. For the
accuracy of HFM, the determination of the right
number of pixels in the image with TPC was very
crucial. It should be noted that the critical point
of TPC is the choice of threshold value to apply
the threshold and convert the intensity image into
a binary image. It is also important to choose it
automatically for each image since it is used for
automatic search in speed estimation. Therefore,
we exploited Otsu’s Method combined with TPC
for the determination of threshold value since it
provides threshold value automatically for each

image and is suitable for photoacoustics images
[22].

Using the proposed HFM, the auto-focusing
for the layer speed estimation was achieved as fol-
lows: the speed of sound in each layer was varied
and the corresponding image was reconstructed by
Time Reversal algorithm. Then the sharpness den-
sity value of all reconstructed images was deter-
mined by the proposed HFM. The sound speed
combination maximizing the sharpness value was
then chosen as a true SOS and the correspond-
ing image was chosen as a focused image. We
have applied an exhaustive search strategy for
the search for maximum sharpness value. The
flowchart to visualize the steps of the proposed
approach is presented in Fig.2.

We should note that the proposed approach is
not limited to the intensity-based metrics given
above, it can be extended to any other intensity
metric in principle.

Fig. 2: Flowchart of the sound speed estimation
with Hybrid Focusing Method

3 Numerical Results

To evaluate the performance of the proposed
method, numerical experiments were conducted
through simulations with k-wave toolbox [20]. In
all examples, the size of the region of interest
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(ROI) was chosen as 3.3mm by 3.3mm which cor-
responds to the 133 grid points in each axis where
the distance between each grid point in both the x
and y-axis is 0.025mm. A linear transducer array
with 128 elements was placed along the measure-
ment line of 3.3mm length. The center frequency
of transducers was set to 24.5MHz. The source
of initial pressure was modeled as a point source(
with a radius of 0.025mm, grid size). The center
frequency was chosen as 24.5MHz.

3.1 Comparison with Existing

Methods

We first compared the performance of our method
in layered medium with existing metrics. To this
aim, two layered medium was considered where
the speed of sounds in upper and lower layers are
c1 = 1600m/s and c2 = 1500m/s, respectively,
Fig. 3a. Two point sources were placed in the
center of each layer.

A)Two-layered medium with one
unknown speed:
We first assumed that only upper layer speed,
c1 was unknown and searched for it by varying
the speed from 1300m/s to 1700m/s with 25m/s
steps and 17 different image were reconstructed.
The variation of normalized focus functions versus
the sound speed of upper layer, c1 is given in Fig.
3. Here, We named the proposed metric as HFM
Brenner when it was formulated using Brenner
function and so on. As seen from Fig. 3, Brenner
and Tenenbaum functions had their maximum at
1300 m/s which was a false estimation while the
proposed HFM, TPC and Normalized Variance
(NV) metrics estimated the true speed of 1600
m/s. Note that the choice of the intensity based
focusing functions in HFM was not crucial since
all of them provide similar behaviour in estima-
tion. We should also note that the contour curves
of HFM have sharper peak than that of TPC and
NV which is required for autofocusing function to
identify the maximum precisely.

Reconstructed images with estimated SoS val-
ues by each function and exact SoS value were
presented in Fig. 4. As HFM, TPC and Nor-
malized Variance (NV) function estimated the
speed accurately, the reconstructed image using
true value was chosedn as a focused image. On
the other hand, Brenner and Tenenbaum Gra-
dient metrics calculated the sharpness value of

Fig. 3: The variation of the normalized focus
functions versus speed of sound c1

(a) Two-Layered medium

(b) Exact (c) TPC

(d) HFM Brenner (e) Brenner

(f) HFM Trenenbaum (g) Tenenbaum

(h) HFM NV (i) NV

Fig. 4: (a)Considered two-layered medium Recon-
structed image with (b) exact SoS distribution (c)
TPC (d) HFM with Brenner (e) Brenner (f) HFM
with Tenenbaum (g) Tenenbaum (h) HFM with
NV (i ) NV
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the reconstructed image with spreaded support,
see Fig. 4e and 4g as a maximum which lead to
inaccurate estimation. The reason of this can be
explained with the fact that they determined the
sharpness as a summation of the intensity differ-
ences from all the contributing pixels, thus, their
sharpness value became larger in spreaded support
than the exact reconstruction.

B)Two-layered medium with two
unknown speeds:

As a second case, we considered both layer
speed unknown in two-layered medium. The
actual speeds of sound in upper and lower layers
were c1 = 1500m/s and c2 = 1400m/s, respec-
tively. In the reconstruction, the speed range
between 1300 and 1700 m/s was swept with 25
m/s steps for both layers, thus, 289 different
images were reconstructed. The contour plot of
the focusing functions in two variables were pre-
sented in Fig. 5 It was seen that Brenner and
Tenenbaum functions did not have a peak around
true speed and therefore, they estimated false
SoS, (1300,1700) and (1475,1700), respectively.
NV function had one closer peak to the true SOS,
though it had several local maximum and gave
estimation as (1500,1300). NV function had bet-
ter estimation, (1500,1300), than the others, yet,
the estimation of the second layer was not close
to true speed. On the other hand, even though
TPC provided more focused contour map than
the intensity based metrics, the range of estima-
tion was still quite large and estimated SOS as
(1525,1325). The proposed HFM enhanced the
estimation of more accurate optimization for true
estimation and estimated SOS as (1500, 1375).

3.2 Skin-mimicking three-layered

medium

To assess the performance of HFM in photoacous-
tics imaging of skin which is composed of layers
of epidermis, dermis and hypodermis, the SoS dis-
tribution estimation in three-layered medium was
examined. To mimic skin, the thickness of the lay-
ers were chosen accordingly as 0.1mm, 1.2mm and
2mm, see Fig. 7a. and the layers speeds were set to
speed in skin layers as c1 = 1625m/s, c2 = 1575,
c3 = 1450 for epidermis, dermis and hypoder-
mis, respectively, [9]. HFM, Brenner function was
chosen as an intensity based focusing metric.

(a) HFM Brenner (b) Brenner

(c) HFM Tenenbaum (d) Tenenbaum

(e) HFM NV (f) NV

(g) TPC

Fig. 5: Contour plot of focusing function (a) HFM
Brenner (b) Tenenbaum (c) HFM Tenenbaum (d)
Brenner (e) HFM NV (f) NV (g) TPC.

A)Three-layered medium with one
unknown speed:
The considered configuration was given in Fig.
7a. The measurement was performed on the top
of the first layer epidermis. As a first case, only
one of the layers was assumed to be unknown
and HFM was applied to estimate it by varying
the speed from 1200 to 1800 with a step size of
25. This process was repeated for each layer and
in each case, HFM estimated true layer speed,
c1 = 1625m/s for epidermis,c2 = 1575 for dermis
and c3 = 1450 for hypodermis.

B)Three-layered medium with two
unknown speeds:
In this case, the speed of two layers was assumed
to be unknown and HFM was applied to estimate
them for all possible combinations of layers. The
reconstruction process was performed on 625
different sound speed combinations which corre-
spond to the range of 1200-1800 with 25 steps and
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(a) Exact (b) TPC

(c) HFM Brenner (d) Brenner

(e) HFM Tenenbaum (f) Tenenbaum

(g) HFM NV (h) NV

Fig. 6: Reconstructed image with a) exact SOS
distribution (b) TPC (c) HFM Brenner (d) Bren-
ner (e) HFM Tenenbaum (f) Tenenbaum (g) HFM
NV (h) NV

then the maximum was searched within this set
of images. When the sound speed of the epidermis
was known, the other two layers’ speeds were esti-
mated as c2 = 1600m/s and c3 = 1325m/s. For
the middle layer dermis was known, epidermis and
hypodermis were estimated as c1 = 1525m/s and
c3 = 1400m/s. And the final combination, hypo-
dermis was known and epidermis and dermis were
estimated as c1 = 1450m/s and c2 = 1600m/s. It
was observed that the estimation of the middle
layer, dermis speed was the most accurate and
that of the epidermis was the least accurate one
within all combinations. These results can be
explained by the fact that the epidermis layer was
the thinnest layer, too close to transducers which
caused more distortion in the quality of the image.

C)Three-layered medium with three
unknown speeds:
As a final case, all three layer speed were

assumed to be unknown. Simulations were
performed within the speed range of 1200-
1800 m/sec with a step size of 25, thus,
15625 combinations were examined in
total. HFM estimated the layer’s speeds as
c1 = 1450m/s, c2 = 1600m/s, c3 = 1300m/s
and the reconstructed images with exact and
estimated speed were depicted in Fig. 7b,c. The
speed of dermis was estimated quite accurately,
however, the speed of top and bottom layers
which were epidermis and hypodermis were not
that accurate. The difficulty in epidermis arose
from its thickness which was thinnest layer and
the source in the epidermis was too close to the
transducer array.

To examine the measurement location effect
on the estimation, measurement line were changed
to top to epidermis layer to bottom of hypoder-
mis layer and speed values were estimated for
this setup as c1 = 1650m/s, c2 = 1525m/s, c3 =
1450m/s. The estimation of the epidermis and
hypodermis were highly improved. The recon-
structed images in this case were presented
together with the previous reconstruction results
in which the measurement were the top of the
epidermis layer to have clear comparison in Fig.
7d,e.

4 Conclusion

In this work, we have proposed a novel Hybrid
Focusing Metric (HFM) for the use in autofocus-
ing approach to estimate the sound speeds in a
layered medium. In the proposed metric, contrast
and spatial resolution information were properly
taken into account by combining intensity-based
metric and pixel counting focusing metric for accu-
rate assessment of the image quality for accurate
speed estimation. We have compared the HFM
with state of art focusing metrics used in pho-
toacoustics imaging through the numerical simu-
lations for two-layered medium and proved that
HFM substantially improved the estimation accu-
racy. We have examined HFM performance on a
skin-mimicking three-layered medium. We should
note that the application of the proposed approach
is not limited to photoacoustic imaging, it can also
be used in ultrasound imaging.
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(a) Skin mimicking
three-layered medium

(b) Exact (c) HFM

(d) Exact (e) HFM

Fig. 7: (a) Skin mimicking three-layered medium.
Reconstructed images: Measurement on the
top:(b),(c) Measurement on the bottom: (d),(e)
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