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Sound-speed tomography using first-arrival transmission ultrasound 
for a ring array 

Youli Quan* a,b and Lianj ie Huangb 

a Department of Geophysics, Stanford University, Stanford, CA 94305-22 15 

b Mail Stop D443 , Los Alamos National Laboratory, Los Alamos, NM 87545 

ABSTRACT 

Sound-speed tomography images can be used for cancer detection and diagnosis . Tumors have generally higher sound 
speeds than the surrounding tissue. Quality and resolution of tomography images are primarily determined by the 
insonification/illumination apertu re of ultrasound and the capability of the tomography method for accurately handling 
heterogeneous nature of the breast. We investigate the capability of an efficient time-of-fl ight tomography method using 
transmission ultrasound from a ring array for reconstructing sound-speed images of the breast. The method uses fi rst­
arrival times of transmitted ultrasonic signals emerging from non-beamfonning ultrasound transducers located around a 
ring. It properly accounts for ray bending within the breast by solv ing the eikonal equation using a fini te-difference 
scheme. We test and va lidate the time-of-f1i ght transmission tomography method using synthetic data for numerical 
breast phantoms containing various objects . In our simulation, the objects are immersed in water within a ring array. 
Two-dimensional synthetic data are generated using a tinite-difference scheme to solve acoustic-wave equation in 
heterogeneous media. We study the r construction accuracy of the tomography method for objects with different sizes 
and shapes as well as different perturbations from the surrounding medium. In addition, we also address some specific 
data processing issues related to the tomography. Our tomography results demonstrate that the first-alTival transmission 
tomography method can accurately reconstruct objects larger than approx imately five wavelengths of the incident 
ultrasound using a ring array. 

Keywords: First-arrival time, ring array, sound speed, time-of-'f1ight, tomography, transmissio ultrasound. 

1. INTRODUCTION 

Ring transducers have been used for whole-breast scanning. I
-
5 Ultrasound data acq uired with a ring transducer can be 

used for sound-speed tomography, attenuation tomography, diffraction tomography, and reflection imaging.I
-
8 Earli r 

ring transducers employ a transmitter-receiver pair that is m chanically rotated to collect data at different angles. The 
data acquisition using this configuration is very slow and seems imprac tical for cl inic applications. Recent development 
of ring transducer arrays allows much faster data acquisition .2-

4 A ri ng transducer array is usually composed of hundreds 
to thousands of transducer elements arranged along a ring. A typical diameter of a ring array is 20 cm. When one 
transducer in the array transmits, all transducers including th e transmitter itself receive ultrasound transmission and 
scattering signals. Experimental results from phantoms and voluntary patients using the ring transducers are available 
from a number of research groups. 1·6 However, we still need to understand how accura te the transmission tomography 
can be us ing data acqu ired using ring arrays. 

In this paper, we conduct a comprehensive study on the reconstruction capability of a time-of-flight transmission 
tomography method for a ring transducer an ay using computer-simulated data for different numerical breast phantoms . 
We use a fin ite-difference time-domai n wave-equation scheme to simulate ultrasonic-wave propagation through 
computer-generated numerical breast phantoms with in a ri ng array. We carry out the simu lations using high­
performance computers. Sim ulations of ultrasonic-wave propagation and scattering can be easily performed for a large 
number of well-controlled breast phantoms, and help understand the features of wavefields acqu ired by a ring transducer 
array. The simulation can also be used to study the accuracy of time-of-flight transmission tomography for different 
sizes and shapes of phantom breast t is sues. We study the capabili ty of a time-of-fl ight tomography method for 
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reconstmcting objects scanned by a ri ng array. The method properly accounts for ray bending during tomography 
inversion by solving the eikonal equation using a finite-difference scheme. We also investigate the reconstmction 
accuracy of the tomography method for obj ects having different perturbations from the surrounding medium. In addition, 
we address some specific data processing issues related to time-of-flight tomography. In a companion paper,s we study 
the reflection imaging us ing our sound-speed reconstruction results to further improve image resolu tion. 

2. ULTRASONIC WAVE SIMULATION FOR THE RING TRANSDUCER ARRAY 

We use the finite-d ifference method9 t simulate acoust ic-wave propagation in different numerical breast phantoms . A 
ring array with 256 transducers used during simulations is shown in Fig. 1. Numerical breast phantoms are placed inside 
the ring transducer and immersed in water. The ultrasound source Set) Llsed in ollr simulations is 

(1 ) 

wher t is time and fo is the central frequency of the source. When one transmitter transmits, all transducers 
simultaneously record ultrasound signals. We conduct 256 fmite-d ifference simulations for each numerical phantom. If it 
takes half an hour to mn the fi nite-di fference program for a transmitter on one computer, it would take about a week to 
do a complete simulation for 256 transmitters, and would take months for tens of different numerical phantoms used to 
study the imaging capability using a ring array. These simulations require super-computing capabilities. We lise 
computer clusters and a parallel fini te-difference program for the simulations. Table 1 lists some of the modeling 
parameters used in the fin ite-difference simulations. Figu re 2 is a typical simulated dataset recorded with the ring array. 
The direct wave is the main event seen in the data. Travel times (or time-of-flights) of the direct wave are picked and 
used for sound-speed tomography. The reflection or scattering waves in the data can be used for reflection image 
reconstruction studies. . 
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Figure 1. Illustrat ion of a ri ng array and a numerical breast phantom immersed in water. Arrows depict 
ultrasonic-wave propag tion from a transmitter. Color map shov s the sound speed in m/sec. 

Table 1. Parameters used in finite-difference simulations 

Source central frequency U;;) 0.5 MHz 
Grid size of the model 0.1 mm 
Time step 0.03 ~sec 
Number of ~ids 205 1 x 2051 
Time signal length 150 ~sec 
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Figure 2. Simulated ri ng-array data using the numerical breast phantom shown in Fig. 1. The arrival time of 
the direct wave is used for sound-speed tomography and the reflected signals can be used for reflecti n 
i m;:.II:1e reconstruction. 

3. DATA ANYL YSIS AND TRA VEL-TIlVIE PICKING 

Before picking the trave l-time of the direct wave for sound-speed tomography, let us take a closer look at the simulated 
data. Figu re 3a shows a model that contains only a low sound-speed object within the ring array . We use th is simple 
model to demonstrate some basic features of the ring array data. It an be seen from Fig . 3b lhat the forw ard scattering 
can cause interference with the direct wave. For this model, the scattering energy is weak because the impedance contrast 
between the c ircular object and water background is small. The scattering waves exJ1ibit di fferent pattems as the 
transmitter location changes . For a more rea listic model, e.g ., the one shown in ig. 1, the reflection and scattering waves 
have much more comp licated patterns as shown in Fig. 2. 

The travel time of transmitted (or direct) wave is used to reconstruct lhe sound-speed distribution. We firs t generate 
a reference dataset us ing water-on ly as the mode l, and then pick the travel-time difference between reference data and 
study data . Figure 4 shows the comparison of reference data and study data shown in Fig. 3b. Figures 4a, b are signal 
within the interference zone. Thei r travel times, am plitudes and waveforms are different from those of the reference 
water data. We determi ne the travel-time difference (dT) using two different methods: crosscorrelatio l1 and first-break 
picking. The absolute trave l-time T of the data is then obtained using 

T = L ie water + dT , (2) 

where L is the distance betw en transm itter and receiver, and Cwater is the sound speed of water. Figu re 4c shows the 
sign al r corded at a channel where there is no inferen ce from the scattering. 

Trav I times picked using the two different methods are shown in Fig. 5. The crosscorre Jation method needs to use a 
certa in length of the signa l for data processing. Therefore, the scattering interference contained in the later part of 
waveform may affect the correlation result. The influence is seen near channe l 124 (see the blue arr w in Fig. 3 and Fig. 
4b) where a small negati ve dT is detected. The c ircu lar object in Fig. 3 has a lower sound-speed than water thus a 
pos itive dT is expected for all trave l time picks. The fi rst break picking exhibits less or no influence caused by the later 
scattering arrivals. For this reason, we use the first break picking to detemli ne the trave l times in thi noise-free 
simulation study. For noisy experimenta l data, however, the con"elation method shou ld be more robust and practical. 
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l~ i gure 3. A simple numerical phantom with a low sound-speed object (a), and the corresponding ring 
transducer data for a transmitter (b). Thre arrows with different colors indicate transduc rs an d 
corresponding signals of interest, where ultrasonic wave passes through the bj ~ct (black), passes the 
boundary (blue), and travels away from the object (red) respectively. 
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Figure 4. An ov rJay of tht; simulated data in Fig.3(b) and a refere n e data in water. Shown in (a), (b) and (c) 
are for the three different channels indicated in Fig. 3. The same c lor code as Fig.3 is used. 
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f igure 5. ompari son of travel times of the direct wave pickeJ lIs ing the crosscorrelation and 
first break method for the data ncar those channels marked in Fig. 3. 



4. TOMOGRAPHIC RECONSTRUCTION 

4.1 Method 

A regu larized inversion method 10 is used to sound-speed reconstruction. Because the sound-speed di tri bution is not 
uniform, the ray (or beam) paths from transm itters to receivers are not straight lines . Therefore, we use bent rays in 
sound-speed reconstruction. First-arr iva l travel times and bent ray paths are calculated by solving the eikonal equation 
with a fi n ite-difference method .11 The reconstruction using bent rays is a nonlinear problem that can be solved 
iteratively. We start the iteration with a homogenous initial model that is div ided into a un ifonn grid wi th M cell s. The 
ikonal solver gives first-arrival travel times and ray paths fo r a given sound-spe d model. Let lit be the travel-time 

difference between the observed time and the calculated ti me, f; be the ray-path length in the j th cell , and !lsJ be the 
slowness perturbation of thejth cel l. The slowness s is defined as the inverse of sound speed c, i.e. , s= lIc. For the ith ray 
path (or transmitter and rece iver pair), we have a linear equation 

M 

c5t i == Ilii~j , (3 ) 
J 

where i= 1,2, .. . ,N; N is the total number of transm itter-receiver pairs to be used in reconstruction. E uation (3) can be 
written as a matrix form 

or = L OS . (4) 

Solving equat ion (4) yie lds j'j,:'j from or, and generates an updated model by adding the perturbation j'j,s/ to the initial 
model. Travel tim s and ray paths are then recalculated using the updated model durin g next iteration. The iteration 
continues until the travel-time misfit 51' is not significantly improved from previous iteration. We reduce the roughness 
of the reconstructed model by applying regularization . Instead of solving equation (4), we actually solve a larger system 
of equations 

(5) 

where Cd is the data covariance matrix, C· is a roughing matrix, A is a trade-off parameter, So is the initial model of 
current iteration, and 8S is the mod I pertu rbation to be so lved. The updated slowness model is obtained from S = So + 
8S. This system is solved by the LSQR method . 12 

4.2 S imple models 

We first study reconstruction capability for simple objects. In Fig. 6, the objects with different sizes and shapes are 
located at the center of the ring. The central location shou ld be favorable for the sound-speed reconstruction . Under this 
idealized condition, we investigate if we can reconstruct and resolve small objects. The two round obj ects have 
diameters of 15 mm and 5 mm, respectively, and the square one has a sid of 13 mm . From the reconstruction images in 
Fig.6, we can see that the sound speeds of two larger objects are well reconstructed, and the smaller round object can be 
identified. Using our simulated data with a central frequency of 0.5 MHz and a wavelength of approximately 3 mm, we 
have difficul ty to reconstruct the shape of the square and the absolute value of the sound speed of the smaller round 
object. Figure 7 gives another example the object that is located off the center. The sound-speed r construction is also 
accurate, though the difference shown in Fig. 7d se ms larger than Fig. 6d. 

We display the travel-time difference rather than the ab.o lute time to visu al ize the travel- time picks . The time 
difference is obtained by subtract ing the travel time of lhe water-only reference data, and d isp layed in a transm itter­
rece iver diagram. In Fig. 6b, the travel-time perturbation is a straight line, because the object is located at the center of 
the ring transducer. If the object is off the center, the travel-t ime perturbation exh ibits a sine-shaped cure, as shown in 
Fig. 7b. 

4.3 Numerical breast phantoms derived from ill-vitro and in-vivo data 

A ring transd ucer array has been used to co llect data fro m phantoms and vo lunteers .5 We use an in-vitro data for an 
experimental breast phantom and an in-vivo ultrasound breast data to reconstruct the sound-speed images, and use them 



to derive two numer ical brc st phantoms shown in Figs. 8 and 10. The simulation study on these phan toms can in tum 
help understand the ri ng transducer data and interpreting the reconstruction results . Figure 8 shows the s imulation for 
models deri ved from a phantom with four obj cts . One of the objects with, n irregular shape is a tumor. We decompose 
the phantom into different pm1s and study the effects of each part. Row] in Fig. 8 is a homogenous round target. In 
Row 2, an irregular object wi th a higher soun d speed is added. This higher sound-speed anomaly causes a lower travel­
time perturbation (see the dark blue belt in Column b.) It can be seen form Column c that the anomalous sound-speed is 
r constructed but not the sbap . When a lower sound-speed obj ect is added (see Row 3), a higher perturbation appears in 
the travel-ti me pick diagram (see the yellow bel t in Column b.) Row 4 g ives the simulation for a complete phantom. 
The main feature added here is a thin layer. Column c shows the reconstruction of thi s layer. Figure 9 is a detailed 
comparison between the actual sound-sp ed in Row I and its reconstruction through a cross line. 

The numerica l breas t phantom in Fig. I (also shown in Fig. lOa) is derived from a sound-speed reconstructi on result 
f the in-vivo data set mentioned above. The simulated ultrasonic data for a transmitter is shown in Fig.2 . Figure 10 

shows the phantom, travel-time picks, and our sound-speed reconstruction of the phantom. The reconstruction shows the 
most features in the phantom. Because the ray-based transmission tomography is a low-resolution technique, the 
reconstructed image in Fig. IO(c) looks like a smoother version of the numerical phantom depict d in Fig. 1O(a). 
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5. CONCLUSIONS 

The ring transducer array provides an ideal coverage for sound-speed transm iss ion tomography. Our studies have 
demonstrated that the time-of-flight transmission tomography can accurately reconstruct the sound speed for an object 
larger than 5 wavelengths of the incident ultrasound. For objects with a size less than 2 wavelengths, the reconstruction 
may indicate the existence of the object, but does not recover the absolute value of the so nd speed. The algorithms, e.g., 
the fi ni te-difference eikonal solver for bent-ray computation and the linear system solver LSQR, used in our tomography 
reconstruction, are all computationally efficient. The computing time for a 5-iteration recon truction was less than 3 
minutes on a typical laptop computer, and was less than 1 minute on a state-of-the-art PC desktop. 
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