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A B S T R A C T   

In this paper, we present a volumetric transrectal ultrasound (TRUS) imaging under the presence of radial 
scanning angle disorientation (SAD) in a resource-limited diagnostic setting. Herein, we test our hypothesis that a 
synthetic radial aperture focusing (TRUS-rSAF) technique, in which a radial plane in target volume is recon
structed by coherent compounding of multiple transmittance/reception events, will reject a randomized SAD in a 
free-hand scanning setup based on external angular tracking. Based on an analytical model of the TRUS-rSAF 
technique, we first tested specific scenarios using a clinically available TRUS transducer under different SADs 
in a range of normal distributions (σ = 0.1◦, 0.2◦, 0.5◦, 1◦, 2◦, and 5◦). We found a benefit of the TRUS-rSAF 
technique for higher robustness when the SAD is contained within the radial synthetic aperture window, i.e., 
±0.71◦ from a target scanning angle. However, no enhancement was found in spatial resolution because of the 
limited transmit beam field of the clinical TRUS transducer, limiting the synthetic aperture window. We further 
evaluated the TRUS-rSAF technique with a modified TRUS transducer for an extended synthetic aperture window 
to test whether higher spatial resolution and robustness to SAD can be obtained in the same evaluation setup. 
Widening of the synthetic aperture window (±3.54◦, ± 5.91◦, ± 8.27◦, ± 10.63◦, ± 12.99◦, ± 15.35◦) resulted 
in proportional enhancements of spatial resolution, but it also progressively built up sidelobe artifacts due to 
randomized synthesis with limited phase cancellations. The results suggest the need for careful calibration of the 
TRUS-rSAF technique to enable TRUS imaging with free-hand radial scanning and external angle tracking in 
resource-limited settings.   

1. Introduction 

Transrectal ultrasound (TRUS) imaging is an effective clinical tool 
for prostate cancer localization, biopsy guidance, and post-treatment 
surveillance [1,2]. For several decades, 2-dimensional (2-D) TRUS im
aging has been performed as a standard protocol using a 1-D linear or 
curved array transducer, but it has been criticized for its high de
pendency on the clinician’s dexterity and subjective anatomic inter
pretation. Clinical urology reports the advantages of 3-D TRUS imaging, 
delineating comprehensive anatomic context in the prostate, renal and 
pelvic regions [3,4]. A conventional volumetric TRUS scanning mech
anism in modern ultrasound (US) imaging devices is straightforward. 
Each radial plane is reconstructed by a lateral beamforming process in a 
single transmittance/reception event using the 1-D linear array, and the 
process repeats after a step rotation until filling the entire target volume 
[5]. A volumetric scanning using a TRUS transducer fully integrated 

with a rotational scanning actuator and encoder is a standard to guar
antee a sufficient radial scanning accuracy (<0.001◦). The US imaging 
platform should also support a dedicated hardware control for such a 
motorized TRUS transducer. The configuration is required to avoid 
‘scanning-angle disorientation’ (SAD), which indicates any discrepancy 
between a current scanning angle and a recognized angle when filling 
the target volume. In simple calculation, only 1◦ of SAD could already 
produce 1.75-mm radial distortion at 100-mm imaging depth. Such er
rors will repeatedly appear at each scanning angle, resulting in a sub
stantial distortion of the volumetric TRUS image. However, its 
substantial complexity and cost have been a barrier for resource- and 
budget-limited settings such as rural hospitals and/or developing 
countries. Healthcare providers in those settings may appreciate a 
volumetric imaging option requiring only a simple 1-D TRUS transducer 
without any expensive actuator and encoder. Therefore, there is an 
imminent need for an effective yet economic framework to alleviate the 
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SAD in an economic volumetric TRUS imaging at minimal hardware 
cost. 

There have been numerous spatial calibration methods for volume 
reconstruction and multi-modal registration. Guo et al. [6] and Parrot 
et al. [7] presented interpolation-based reconstruction methods to sup
press volumetric scanning errors based on morphologic features in 
medical images. However, diagnostic US imaging has low contrast res
olution with unpredictable speckle patterns, so such image-based 
methods would quickly become vulnerable to external noises. On the 
other hand, Janvier et al. [8] proposed a robot-assisted 3-D US imaging 
system in which a calibrated robot arm reduced sequential volume 
scanning error compared to a free-hand scanning method. However, 

such robot-attached systems necessitate a substantial alteration in cur
rent clinical protocol and repetitive calibrations, which would bother 
clinical procedures and become a hurdle for practical translation into 
practice. 

Synthetic aperture focusing (SAF) techniques have been highlighted 
in the modern US imaging field, which coherently compounds time- 
multiplexed transmittance/reception events in an extended aperture at 
a specific target pixel, which leads to higher spatial resolution and signal 
sensitivity along with enhanced texture uniformity[9]. Most prior 
theoretical investigations on the SAF techniques have only considered 
lateral scanning scenarios, leaving translational or rotational scanning 
scenarios unexplored. It is primarily because the adjacent scanning 

Fig. 1. 3-D TRUS scanning and beamforming processes. (a) Sequential radial scanning to cover the target imaging volume. The radial transmit aperture and 
focusing in (b) the conventional TRUS imaging (TRUS-CON) technique and (c) the proposed synthetic radial aperture focusing (TRUS-rSAF) technique. Receive 
beamforming at a target pixel (x0, yf , zf ) in a specific lateral cross-section of the TRUS transducer (x = x0). Blue arrowed lines indicate the target scanning angle θ. 
Red bars indicate effective radial synthetic window. Gray arcs crossing the target pixel indicate the spherical wavefront from radial origin(s) at 

(
x0, y0, z0

)
. Each 

wavefront is with different focusing delays to be synthesized at 
(

x0, yf , zf

)
. The TRUS-CON technique only has one wavefront to reconstruct a radial plane. r is the 

TRUS transducer radius. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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planes in these scenarios will have limited overlap in acoustic fields due 
to the fixed elevation lens focusing of the US arrays [10,11]. To navigate 
this unexplored gap, our group recently proposed an analytical model of 
the synthetic radial aperture focusing technique for volumetric TRUS 
imaging (TRUS-rSAF), providing a theoretical framework to maximize 
imaging performance [12]. However, the theoretical efficacy of our 
previous study was limited in a scenario assuming no SAD presence 
during a volumetric TRUS scanning. Also, we hypothesize that the 
coherent compounding of the TRUS-rSAF technique will alleviate the 
SAD-induced artifacts without any additional processes. 

Herein, we further evolve the theoretical framework of the TRUS- 
rSAF technique to reflect the randomized SAD during a volumetric 
scanning using a clinically available 1-D linear TRUS array, assuming 
manual volumetric scanning under external tracking at low accuracy. 
We first built a theoretical model of the SAD-reflected TRUS-rSAF im
aging, followed by comprehensive performance comparisons to a 
negative control case without the rSAF technique (TRUS-CON), where a 
transmittance/reception event will constitute a single radial plane in the 
target volume. The performance evaluation is based on acoustic beam 
profile analysis in the frontal-sagittal domain with different SAD ranges 
with normal distributions: σ = 0.1◦, 0.2◦, 0.5◦, 1◦, 2◦, and 5◦. The high 
robustness of the TRUS-rSAF technique is statistically evaluated with 
100-times SAD permutations. Imaging performance is characterized by 
point-spread function (PSF) and tissue-mimicking phantom simulations 
using the Field-II tool [13,14]. Lastly, we further analyzed a TRUS-rSAF 
technique with optimized transducer specifications [12] to test whether 
spatial resolution and SAD robustness can be concurrently improved. 

2. Fundamental theory and implementation 

2.1. Synthetic radial aperture focusing sequence in volumetric TRUS 
imaging 

Fig. 1 overviews the volumetric TRUS scanning and beamforming 
processes. Note that SAD is not reflected in this introductory figure. The 
fundamentals of mechanical 3-D scanning in the TRUS-CON and TRUS- 
rSAF techniques are identical, filling up the target volume with a 
sequential scanning of radial planes (Fig. 1a). An acoustic transmit/ 
receive event will be performed for each target angle θ, and lateral 
beamforming reconstructs each radial plane (blue planes in Fig. 1a). The 

process will be repeated until the target volume is filled. However, there 
is a considerable difference in the reconstruction processing pipelines of 
the TRUS-CON and TRUS-rSAF techniques. Fig. 1b,c show the simplified 
acoustic field for the TRUS-CON and -rSAF techniques at a specific 
lateral position of the TRUS transducer (x0). The TRUS-CON technique 
will reconstruct a single target radial plane in a single transmittance/ 
reception event without further processing among adjacent planes 
(Fig. 1b). In this case, each target pixel (x0, yf , zf ) is reconstructed by a 
small effective aperture data using a single element height. On the other 
hand, the TRUS-rSAF technique will temporarily store the adjacent 
radial planes obtained by multiple transmittance/reception events, fol
lowed by their coherent synthesis with individual delay compensation 
processes to the target pixel (x0, yf , zf ) (Fig. 1c). Such a SAF process 
brings potential benefits of enhanced spatial resolution and signal-to- 
noise ratio (SNR) respectively due to the broadened effective aperture 
and coherent compounding. In this study, we use this coherent aver
aging mechanism of the TRUS-rSAF technique to alleviate the image 
distortions caused by randomized SADs and further test whether the 
TRUS-rSAF technique can concurrently enhance image quality. 

2.2. Field analysis model 

Fig. 2 overviews the 2-D field analysis models of the TRUS-rSAF 
techniques with and without SAD in the frontal-sagittal space. We 
develop the analytical model in a specific longitudinal cross-section at 
x0, and omit the longitudinal index for a simpler presentation. Fig. 2a 
first illustrates the ideal 2-D model of the TRUS-rSAF technique, where 
the acoustic element rotates along with the origin with the rotating 

radius r =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

y2
o + z2

0

√

, and the acoustic wave propagates along with a 

scanning angle θ = sin−1α. The effective radial synthetic window func
tion p(α) and a synthetic time delay function τ(α) at the focal point (yf ,

zf ) are given by 

p(α) = rect
(

α
αmax

)

(1-1)  

τ(α) = e−jkRf = e
−jk

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(yf −rα)
2
+(zf −rβ)

2
√

(1-2)  

where β = cosθ and αmax is the maximum scanning angle. Based on the 

Fig. 2. 2-dimensional theoretical field analysis models of TRUS-rSAF technique in frontal-sagittal plane over a specific longitudinal cross-section at x0. 
Derivations (a) without and (b) with scanning-angle disorientation (SAD). Blue dotted line indicates a spherical wavefront from disoriented origin 

(
ŷ0, ẑ0

)
. Red dot 

indicates the synthetic focusing pixel (yf ,zf ); 
(
y0, z0

)
is an element position; and θ = sin−1α. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 

H. Song et al.                                                                                                                                                                                                                                    



Ultrasonics 129 (2023) 106908

4

theory in our previous study, the resultant synthetic acoustic beam 
pattern focused on the focal point (yf , zf ) can be derived as 

ΨrSAF
(
yf , zf

)
= c0sinc

(
rαmax

λzf
y′

)

(2)  

where λ is the wavelength of the transmitted acoustic wave, y′

= y −yf 

and c0 = αmaxejk
y2−y2

f
2zf with k = 2π/λ. The derived beam pattern defines 

the first null point of the mainlobe (i.e., y′

ML) by 

y
′

ML =
λzf

rαmax
(3) 

More practically, a discrete synthesis of N radial planes with an in
terval Δα was considered. Hence, the resultant beam pattern was 
derived as 

Ψs
(
yf , zf

)
= ejk

y2 −y2
f

2zf
∑N−1

n=0
e−jkrαn

zf
y

= c′

0

sinπ rNΔα
λzf

y

sinπ rΔα
λzf

y
(4)  

where c′

0 = ejk
y2−y2

f
+y

′
αmax

2zf . Similarly, the null point of the mainlobe and the 
center positions of grating lobes (y′

sML and y′

sGL, respectively) are ob
tained from (4): 

y
′

sML =
λzf

rNΔα (5-1)  

y
′

sGL =
λzf

rΔα n(n = 1, 2, 3, ⋯) (5-2)  

2.3. Revised SAD-reflected field analysis model 

We further evolved the analytical TRUS-rSAF model to reflect the 
SAD. Fig. 2b illustrates a scenario where a randomized SAD (i.e., ε) is 
presented. The revised position of the acoustic element (y0, z0) due to ε is 
given by 

(ŷ0, ẑ0) = (rα̂, rβ̂) (6)  

where α̂ = α +ε and β̂ = 1 −(α + ε)
2
/2, assuming no mean bias (μ = 0). 

Here, we assume that α = θ based on the small-angle approximation (i. 
e., θ ≅ sinθ) [15]. Our plan to have a more practical SAD model is 
described in the Discussion section. The corresponding change in the 
transmit beam pattern is given by 

Ψα̂ (y, z) = ejkR̂ = ejk
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(y−r α̂)

2+(z−r̂β)2
√

(7) 

The synthetic transmit beam pattern, acquired by coherent com
pounding of multiple transmitted waves, is given by 

Ψ̂rSAF
(
yf , zf , ε

)
=

∫ ∞

−∞
p(α)τ(α)Ψα̂ (y, z)dα =

∫ ∞

−∞
p(α)ejk(R̂−Rf )dα (8) 

It is important to note here that p(α) and τ(α) does not reflect SAD 
because the current SAD is blinded on the beamformer side. After 
mathematical expansion, Eq. (8) can be reformulated as 

Ψ̂rSAF
(
yf , zf , ε

)
= c1

∫ ∞

−∞
p(α)e

−jk

[
y
′

zf
−

(

1
zf

r2+r

)

ε

]

α
dα  

= c1F [p(α) ]
fy=

ry′

λzf
−r

λ

(

1
zf

r+1

)

ε
(9)  

where c1 = e
jk2

(
rε2+

(y−rε)2−y2
f

zf

)

. Eq. (9) represents the synthesized transmit 
beam pattern under the presence of randomized SAD ε, which turns out 
to be the Fourier transform of p(α) with corresponding frequency 

variable fy =
ry′

λzf
−r

λ

(
1
zf

r +1
)

ε. This term indicates disorientation of the 

resultant beam, which is proportional to the ε with a configuration 
factor, which causes structural distortion in volumetric image recon
struction. Note that the individual transmit beam pattern would remain 
unchanged regardless of the presence of SAD. The SAD would only affect 
the scanning angle of the synthesized beam pattern as derived by 
Equation (9) in the radial direction. 

2.4. Practical TRUS-rSAF implementation 

In the given theoretical model, a fixed-lens elevation focusing of a 
TRUS array transducer should be further considered when defining a 
radial synthetic window. We here implement the TRUS-rSAF technique 
with the well-known approach of synthesizing wavefronts diverging 
from virtual sources (VSs) at a fixed lens focusing point for each trans
mittance/reception event (Fig. 3)[16], already established in our pre
vious study [12]. We indicate the distances from the TRUS transducer to 
vS and vS to (yf , zf ) as dt1(i, z) and dt2(i, z) at the i th dataset within a 
synthetic radial aperture window and z th focusing depth, respectively, 
whose sum comprises the total transmittance pathway dt(i, z), eventu
ally defining transmit time-of-flight, τt(i, z) = dt(i, z)/c, where c is a 
speed of sound in biological tissue (i.e., 1540 m/sec). A reception dis
tance dr is defined by the shortest pathway between (yf , zf ) and the 
current element position of the TRUS transducer (y0, z0). Receive time- 
of-flight τr(z) = dr(z)/c. In sum, a synthetic focusing delay at the scan
ning angle becomes τf (i,z) = τt(i,z) + τr(z). 

In the TRUS-rSAF technique, a coherent synthesis of multiple 
transmittance/reception events can be equated by 

SrSAF(θn, z) =
∑n+Nsyn(z)/2

i=n−Nsyn(z)/2

Ii(θn, z) (10)  

where θn and z are radial angle and depth of a target focus; SrSAF(θn, z) is 
a synthesized US intensity at the target; Nsyn(z) is the radial synthetic 

Fig. 3. Practical implementation of the TRUS-rSAF technique using virtual 
source (VS) scheme. Red dot indicates the beamforming pixel. At the target 
pixel, focusing delay-compensated acoustic beam will be superimposed with 
radial positioning error due to SAD, and the TRUS-rSAF technique will regulate 
the spatial fluctuation. Blue shaded region indicates the effective transmit beam 
field Ψα that defines radial synthetic window at each depth. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

H. Song et al.                                                                                                                                                                                                                                    



Ultrasonics 129 (2023) 106908

5

window at specific z; and Ii(θn, z) is the US intensity from ith dataset 
within synthetic window (i.e., Ii(θn, z)) which is delay-compensated by 
τf (i, z) for the target pixel SrSAF(θn, z). The model will be valid for each θn 

(n = 1,2,…,N), comprising the entire imaging volume. The important 
premise is that each beam profile in multiple transmittance/reception 
events should be included in the radial synthetic window defined by 
Nsyn(z) pre-calibrated. We defined the radial synthetic window by a 
focusing geometry [17]. The reflection of SAD changes Eq. (10) into 

ŜrSAF(θn, z, ε) =
∑n+Nsyn(z)/2

i=n−Nsyn(z)/2

Ii(θn + ε, z) (11) 

We assume ε to be in a normal distribution with zero mean and in
dependent among individual radial scanning angles. 

For a comparative evaluation, we simply define the TRUS-CON 
technique with Nsyn(z) fixed at one throughout imaging depth, leading 
to i = n. 

ŜCON(θn, z, ε) = In(θn + ε, z) (12)  

2.5. Central limit theorem as a regulation mechanism for SAD 

We hypothesized that the TRUS-rSAF technique would alleviate the 
SAD by averaging multiple transmittance/reception events, as the pro
jected imaging angle will be 

E[θn + ε] ≅ θn (13)  

where ε =
[
ε1, ε2, ⋯, εNsyn

]
. It implies that more synthesis of adjacent 

radial planes will provide higher robustness to the uncertain radial SAD 
for volumetric TRUS imaging. The fundamental mechanism of the 
TRUS-rSAF technique follows the well-known Central Limit Theorem. 
With any distribution profile of the SAD with a standard deviation of σ, 
the resultant standard deviation of the mean scanning angles by the 
TRUS-rSAF technique, σrSAF, would be approximated by 

σrSAF =
σ̅̅̅

̅̅̅̅̅
Nsyn

√ (14) 

Therefore, the TRUS-rSAF technique will regulate the radial plane 
position with a narrower distribution over the target angle θn. Moreover, 
we include a frame averaging scheme as an additional SAD-alleviating 
mechanism for better structural preservation. In our case, Eq. (14) will 
be modified to reflect the distribution of SAD by 

σavg =
σrSAF

̅̅̅̅̅̅̅̅̅
Navg

√ =
σ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Nsyn • Navg•

√ (15)  

where Navg is the number of frame averaging at each scanning angle. 
Here it should be noticed that such a mechanism based on the Central 
Limit Theorem is to statistically keep the center of the scanning angle 
distributions aligned with a target scanning angle rather than narrowing 
their distribution. The probability of a radial plane being within the 
radial synthetic window would still depend on the degree of SADs 
defined by σ, Nsyn(z) and Δθ. Detailed analysis will be in the Results 
section. 

3. Quantitative evaluation 

3.1. Spatial expectation of synthetic beam profile 

Suppose the probability density function (PDF) of the random vari
able ε (i.e., f(ε)) is a normal distribution with zero mean (μ = 0) with a 
standard deviation σ. The PDF can be equated by the Gaussian function 
as follows: 

f (ε) =
1

σ
̅̅̅̅̅
2π

√ e− ε2
2σ2 (16) 

From the given error model, the spatial expectation of the resultant 
synthetic beam pattern of the TRUS-rSAF technique (i.e., 

E[Ψ̂rSAF

(
yf , zf , ε

)]
) can be formulated by 

E
[
Ψ̂rSAF

(
yf , zf , ε

) ]
=

∫ ∞

−∞
Ψ̂rSAF

(
yf , zf , ε

)
f (ε)dε  

=
1

σ
̅̅̅̅̅
2π

√ c2e
q2

2
4q1

−q3

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅π
q1

(
1 − e−

q1
4 α2

max

)√

(17)  

where q1 =
k2σ2r2(zf +r)

2

2zf [zf −jkσ2(zf +r)r ]
, q2 = j k

zf
y′

−
k2σ2r2(zf +r)y

zf [zf −jkσ2(zf +r)r ]
, and 

q3 = j k
2zf

(y2 − y2
f ) −

k2σ2r2y2

2zf [zf −jkσ2(zf +r)r ]
. Eq. (17) defines the spatial proba

bility of the Ψ̂rSAF

(
yf , zf , ε

)
in the frontal-sagittal domain as a function of 

the ε in a normal distribution. For example, one might consider an 

extreme case having 
(

yf , zf

)
= (0, 1), r = 1, θmax = 60◦ . Then, the 

resultant expectation of Ψ̂rSAF(0, 1, ε) can be simplified to 

E[Ψ̂rSAF(0, 1, ε) ] ≅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(1 − e−jk)e
−

(

1
4σ2−1

2 jk

)

y2

√

(18) 

Eq. (18) shows that the range of expected SAD is inversely propor
tional to σ, which implies that a broad probability profile of the SAD may 
be more likely to have a severe radial shift of the synthesized beam 
profile. 

We evaluate Eq. (17) under a clinical scenario using conventional 
specifications of a clinical TRUS imaging transducer (BPL9-5/55, BK 
Ultrasound, Inc., MA, USA): center frequency (fc), 6.5 MHz; transducer 
radius r, 10 mm; elevation aperture size h, 5 mm; elevation focal point 
dvs, 20 mm; radial FOV (θFOV), [-59.9948◦, 59.9948◦]; rotation interval 
Δθ, 0.4724◦; the number of radial scanning for a volume scanning event, 
256. A range of SAD is assumed: σ = {0.1, 0.2, 0.5, 1.0, 2.0, 5.0}◦. The 
speed of sound (c) was fixed to 1540 m/s. The analysis of the beam 
profile was performed at two different focal points (yf , zf ) = (0 mm, 30 
mm) and (0 mm, 60 mm). 

3.2. Field-II beam field simulation 

The Field-II beam field simulation validated the numerical estima
tion under identical imaging specifications. Fig. 4 shows the flowchart 
for iterative evaluation. From the specifications, a scanning angle for nth 
transmission is represented by. 

θn = − 59.9948◦

+ (n − 1)⋅Δθ, where n = 1, 2, 3, ⋯, 255 (19) 

Afterward, a synthetic beam profile at each depth z was composed by 
spatial compounding of adjacent Nsyn(z) radial planes. The dataset was 
prepared 16-times finer than the scanning angle interval (4,095 radial 
planes in θFOV [-59.9948◦, 59.9948◦]), and the SAD was reflected by 
randomly selecting a radial plane from them. The setup yielded the 
radial resolution up to ΔθFOV = Δθ/16 (i.e., 0.0295◦), enabling finely 
quantized SADs. A range of SAD defined in the previous subsection was 
used for a direct comparison: σ = {0.1, 0.2, 0.5, 1.0, 2.0, 5.0}◦. 

Once the images were reconstructed with 100-times permutations 
(M = 100), the peak radial position at each imaging depth was counted 
to compose a PDF plot. The TRUS-CON and TRUS-rSAF techniques re
flected the SAD by selecting radial planes with the modified Eq. (19): 
θ̂n = θn + ε̂. For comparison, the TRUS-CON and TRUS-rSAF images 
without the SAD were reconstructed as the ground-truths (TRUS-CON- 
GT and TRUS-rSAF-GT). 

3.3. Characterization of imaging performance and robustness 

Following the theoretical validation, the practical imaging perfor
mance was evaluated with different degrees of SADs. The simulation 

H. Song et al.                                                                                                                                                                                                                                    



Ultrasonics 129 (2023) 106908

6

study characterized how much anatomical structure could be preserved 
compared to the TRUS-CON technique under the presence of the SADs. 
The data was again generated to provide the quantized SAD resolution 
16-times higher than the scanning interval (i.e., 0.0295◦). The database 
was used for all the comparison groups. For the selected radial plane, 
lateral beamforming was first performed using the transducer specifi
cations. The radial TRUS images in the frontal-sagittal plane with and 
without SADs were considered for comparative evaluation (TRUS-CON 
& -rSAF vs TRUS-CON-GT & -rSAF-GT). The SAD-reflected groups were 
permutated 100 times (M = 100) for statistical evaluation. 

The investigations were conducted from two points of view: (1) we 
first investigated the spatial resolution and statistical consistency to 
differentiate adjacent point targets. Two-point targets were positioned 
at each target depth from 30 mm to 70 mm in the 10-mm interval. The 
radial distance between adjacent targets at each depth was designed to 
be about two times of full-width-half-maximums (FWHMs) at the cor
responding depths: {2.6, 2.9, 3.2, 4.5, 4.8} mm at {30, 40, 50, 60, 70} 
mm, respectively. (2) Also, the ability to preserve the structural features 

of a prostate-mimicking phantom simulation (Fig. 5) was also conducted 
in comparison to the ground-truth (GT) images as performance bench
marks (TRUS-CON-GT and TRUS-rSAF-GT). Wire targets possess a single 
pixel in the simulation grid, whose diameter is 59.23 µm, determined by 
the sampling frequency (i.e., 26 MHz = 4 fc). Structure-similarity (SSIM) 
index was used to evaluate the preservation of overall structures, which 
is given by 

SSIM(I, Î) =
(2μI μ̂I

+ P1)(2σ
Î I

+ P2)

(μ2
I + μ2

Î
+ P1)(σ2

I + σ2
Î

+ P2)
(20)  

where I and Î indicate ground-truth and target images, μ and σ are the 
local mean and standard deviation of an individual image, and P1 =

(0.01L)
2 and P2 = (0.03L)

2 with the specified dynamic range value of 
the image (L) [18]. In this evaluation, a more practical strategy, 
applying a frame averaging scheme (Navg = {1, 5, 10, 15, 20, 30, 50, 80, 
100}), was also evaluated, which will also suppress the SAD. The 
tradeoff between performance stabilization and loss in frame rate will be 

Fig. 4. Simulation framework. Abbreviations: a conventional TRUS technique with SADs, TRUS-CON; the TRUS-rSAF technique with SADs, TRUS-rSAF; current 
permutation index, m; current scanning index, n; a total number of radial scanlines in a frame, N; a total number of permutations, M; the SAD in a normal distri
bution, ε. 
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thoroughly discussed. 

3.4. Pelvic phantom experiment and performance evaluation 

We have performed a tissue-mimicking phantom experiment using a 
clinically available TRUS transducer (BPL9-5/55, BK Medical, MA, USA) 
connected to a US research package (Vantage 256, Verasonics Inc., CA, 
USA). Radial scanning was performed by using a rotational stage 
(PRM1Z8, Thorlabs, Inc., NJ, USA) over θFOV of [-30.0◦, 30.0◦]) in the 
0.0295◦ interval. A commercial tissue-mimicking multi-modal pelvic 
phantom (Model 048A, CIRS, VA, USA) was used for realistic perfor

mance evaluation. The transverse cross-section was selected to include 
prostate and hypoechoic urethral regions. The SSIM was first measured 
over the entire imaging FOV to be directly correlated to the simulation 
results. Also, contrast-to-noise ratio (CNR) was calculated to quantify 
the operator’s perception of imaging quality, which is given by 

CNR =
|μt − μu|

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ2

t + σ2
u

√ (21)  

where μt and μu indicate the mean US intensities and σt and σu represent 
the standard deviations in the prostate tissue and hypoechoic urethera 
regions, respectively. 

4. Results 

4.1. Define TRUS-rSAF parameters for clinical TRUS transducer 

We first configured the TRUS-rSAF-GT technique for a TRUS trans
ducer with the clinical specifications. From the volumetric US data with 
120◦ of FOV and 255 radial planes, the Nsyn(z) was determined among 
odd numbers (i.e., 1, 3, 5, 7, …) to secure the narrowest synthetic beam 
profile. Fig. 6a represents the mean FWHMs over imaging depth when 
the maximal Nsyn(z) over the depth (i.e., N̂syn) are {3, 7, 15, 31}, in 
comparison to those by the TRUS-CON-GT technique (i.e., N̂syn = 1 
throughout the imaging depth). The simulation produced the highest 
performance when seven radial planes were synthesized, but there was 
no noticeable enhancement in spatial resolution over the TRUS-CON-GT 
technique. One may question why an extended radial synthetic window 
does not lead to a tighter focusing, as given in a simple calculation 
yielding radial synthetic aperture width of 7.5 mm when N̂syn = 31, 
much broader than the original element height at 5 mm (50 % increase). 
However, we must remember the vital premise of having all the 
participating radial planes within the radial synthetic window. In this 
regard, the fixed-lens elevation focusing of the clinical TRUS transducer 
is a dominant factor limiting beam divergence and the width of the 
radial synthetic window. Fig. 6b shows the overlay of two outermost 
beam profiles when N̂syn = {3, 7, 15, 31}. Their scanning angles are at ±
0.4724◦, ±1.4172 ◦, ±3.3068◦, and ± 7.0860◦, respectively. Fig. 6c 
shows the magnified profiles at 50-mm depth to present apparent 

Fig. 5. Prostate-mimicking simulation setup. Abbreviation: wire targets, 
WT; hyperechoic region, HR; hypoechoic cyst region, CR. Black bar indicate 1- 
cm length. 

Fig. 6. Optimization of TRUS-rSAF technique. (a) Comparison in FWHM. (b) Overlay of the outermost beam fields. (c) −6-dB contours of the outmost beam 
profiles in magnified ROIs. The Blue and red lines indicate the rightmost and leftmost beams. Red dotted lines indicate the target synthetic scanline angle. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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differences among them, where the red dotted line indicates a target 
angle θn, and solid lines indicate −6-dB contours of the beam profiles of 
the outmost planes. In the case of using N̂syn = 3 and 7, the outermost 
beams successfully overlaid over the θn, while they went off when the 
wider window is applied (i.e., N̂syn = 15 and 31). The effective radial 
aperture extension with N̂syn = 3 and 7 are only 4 % and 12 % from the 
original element height, which justifies the results in Fig. 6a. We will 
keep applying this optimized setup (i.e., N̂syn = 7) in the rest of the 
studies using the clinical TRUS transducer. 

4.2. Spatial probability distribution function under SAD 

This section characterizes the SAD effect on the TRUS-rSAF and 
TRUS-CON techniques using Field-II beam field analysis and further 
compared with the numerical analysis in the Eq. (17). From the per
mutated Field-II simulation (M = 100) under the exact transducer/im
aging specifications, a peak radial position at each depth was counted in 
a spatial probability distribution plot (Fig. 7a). In this study, a high and 
narrow distribution centered at 0◦ would be preferred. The TRUS-rSAF 
technique yielded significantly higher peak probabilities averaged 
over the imaging depths than those by the TRUS-CON technique: {28.97 

± 5.77, 36.11 ± 18.78, 48.78 ± 9.64, 23.53 ± 60.64, 30.77 ± 20.24, 
42.86 ± 37.64}-% increases when the SAD is with σ at {0.1, 0.2, 0.5, 1.0, 
2.0, 5.0}◦, respectively. In visual assessment, the width of the spatial 
probability distribution was progressively widened as a broader SAD 
was applied. On the theoretical side, Fig. 7b confirms the observation 
with the normalized theoretical expectation expressed in the Eq. (20), 
being proportional to σ given. 

For further quantitative evaluation, mean spatial probability widths 
were measured from the Field-II simulation (Fig. 7c). The TRUS-rSAF 
technique consistently presented narrower widths than those derived 
by the TRUS-CON technique. The dotted black line indicates the statis
tical expectation of ±σ, in which the trend is well-matched with that of 
the TRUS-CON technique. Otherwise, the TRUS-rSAF technique signif
icantly reduced the spatial probability width. The ratio of spatial 

distribution width of the TRUS-rSAF over the TRUS-CON techniques 
were {71.43, 75.27, 59.89, 62.48, 55.62, 68.78} % when σ = {0.1, 0.2, 
0.5, 1.0, 2.0, 5.0}◦, respectively. 

Fig. 7d presents the correlation between the widths of the spatial 
probability distribution functions in the Field-II simulation and the 
theoretical model in the Eq. (17). Each number is the average over im
aging depths from 30 mm to 70 mm. Clear linear correlation was 
identified, validating the Field-II simulation results: slope at 1.11; y- 
intercept at −0.10◦; and goodness of fit R2 at 0.99. The coherent results 
from theory and simulation confirm the enhanced robustness against the 
SAD due to the TRUS-rSAF technique. 

4.3. Performance characterization in clinical TRUS transducer 

4.3.1. Robustness against SAD 
Fig. 8a shows the radial TRUS images of wire targets reconstructed 

by the TRUS-rSAF and –CON techniques in frontal-sagittal (y-z) plane for 
the targets at 30-mm and 60-mm depths when σ = {0.1, 0.2, 0.5, 1.0, 
2.0, 5.0}◦. Note that TRUS-CON-GT and TRUS-rSAF-GT images were 
used as performance benchmarks. In visual assessment, the SADs pro
duced structural distortion in wire targets in the TRUS-CON images, 
proportional to σ. In contrast, the TRUS-rSAF technique visually shows 
better robustness to SAD. Fig. 8b shows the radial intensity profiles 
when the SADs are presented, normalized by the corresponding maximal 
intensities in the TRUS-CON-GT profiles. Shaded regions in blue and 
gray indicate the standard deviations in the TRUS-rSAF and TRUS-CON 
techniques with the permutations of SAD 100 times. The averaged 
trends well agreed with those presented in the theoretical model and 
field analysis, being more distorted as σ increases in both techniques. 
One might notice that the reconstructed intensity of the TRUS-rSAF 
technique is slightly lower than the TRUS-CON technique. It is due to 
its synthesis of radial planes within the synthetic radial aperture window 
with a transmit acoustic power proportionally graded as being far from 
the center plane. It becomes apparent in a deeper imaging depth because 
of a widened radial synthetic window. However, our previous study 
showed that the signal-to-noise ratio (SNR) will still be higher in the 
TRUS-rSAF technique because of the lowered background noise level 

Fig. 7. Analysis of acoustic beam field. (a) Spatial probability distribution of peak profile positions at the depths-of-interest (i.e., 30 and 60 mm) with a presence of 
various SADs: σ = {0.1, 0.2, 0.5, 1.0, 2.0, 5.0}◦. (b) Theoretical analysis. (c) The spatial probability distribution width. Dotted line indicates the statistical 
expectation, ±σ. (d) Direct correlation between the Field-II simulation and theoretical model. 
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[12]. In this paper, we focus on evaluating the robustness against SAD. 
Fig. 8c shows the coefficient of variance (CV) as a representative 
robustness metric. At 30-mm depth, the TRUS-rSAF and TRUS-CON 
techniques showed CVs of {0.01, 0.02, 0.08, 0.12, 0.20, 0.29} and 
{0.01, 0.02, 0.08, 0.15, 0.35, 0.60}, respectively at σ = {0.1, 0.2, 0.5, 
1.0, 2.0, 5.0}◦. Also, at 60-mm depth, they provided CVs of {0.03, 0.04, 
0.07, 0.10, 0.14, 0.20} and {0.05, 0.06, 0.10 0.16, 0.18, 0.24}, respec
tively. The fractional CV improvements of the TRUS-rSAF technique 
over the TRUS-CON technique were {2.68 %, 1.54 %, 0.01 %, 24.04 %, 
45.11 %, 51.55 %} at 30-mm depth and {41.28 %, 39.43 %, 31.76 %, 
38.06 %, 24.57 %, 15.95 %} at 60-mm depth when σ = {0.1, 0.2, 0.5, 
1.0, 2.0, 5.0}◦, respectively. The results indicate that the TRUS-rSAF 
technique is more robust to the SAD than the TRUS-CON technique. 

4.3.2. Structural preservability 
Fig. 9a shows the TRUS images of a simulated prostate-mimicking 

phantom in the frontal-sagittal (y-z) plane, reconstructed by the TRUS- 
rSAF and TRUS-CON techniques with the range of SADs. In visual 
assessment, the TRUS-rSAF technique provided noticeable improve
ments in structural preservability compared to what was given by the 
TRUS-CON technique, agreeing with the theoretical model and simula
tion. We quantified the results by the SSIM metric. Fig. 9b shows the 
SSIM index plot of TRUS-rSAF and TRUS-CON techniques with respec
tive references to the TRUS-rSAF-GT and TRUS-CON-GT techniques. 

Without frame averaging (Navg = 1), the TRUS-rSAF technique pre
sented SSIM indices of {0.98 ± 0.00, 0.96 ± 0.00, 0.88 ± 0.01, 0.74 ±
0.02, 0.53 ± 0.02, 0.32 ± 0.02} when σ = {0.1, 0.2, 0.5, 1.0, 2.0, 5.0}◦. 
On the other hand, the TRUS-CON technique yielded {0.95 ± 0.01, 0.92 

± 0.01, 0.84 ± 0.01, 0.72 ± 0.02, 0.56 ± 0.02, 0.37 ± 0.02}. The TRUS- 
rSAF technique shows significantly higher SSIMs than the TRUS-CON 
technique when σ < 2.0◦. However, the result was not improved when 
σ ≥ 2.0◦. Remember that the TRUS-rSAF technique is effective only if the 
radial planes affected by the SAD are within the radial synthetic win
dow. The probability of containing a transmit beam profile within the 
radial synthetic window can be estimated by the area-under-normal 
distribution at each σ. If assuming a radial synthetic window extend
ing over ± 1.4172◦ angle (N̂syn = 7), the planes would be located at 0◦, 

± 0.4724◦, ± 0.9448◦, ± 1.4172◦ (θn, θn ± Δθ, θn± 2 Δθ, and θn± 3 Δθ). 
When considering the SADs with σ at {0.1, 0.2, 0.5, 1.0, 2.0, 5.0}◦, each 
radial planes will have the overlapped areas of {1.00, 1.00, 1.00, 0.84, 
0.52, 0.22} at 0◦, {1.00, 1.00, 0.97, 0.80, 0.51, 0.22} at ± 0.4724◦, 
{1.00, 0.99, 0.83, 0.67, 0.47, 0.22} at ± 0.9448◦, and {0.50, 0.50, 0.50, 
0.50, 0.42, 0.21} at ± 1.4172◦, respectively. Therefore, the projected 
probabilities to be within a radial synthetic window for 7 radial planes 
(Pα) would be {0.86, 0.85, 0.80, 0.68, 0.47, 0.22} for σ = {0.1, 0.2, 0.5, 
1.0, 2.0, 5.0}◦. The trend explains the performance lower than expected 
when σ > 2.0◦, and well matches with the SSIM evaluation in Fig. 9b. 

Fig. 8. Evaluation of two adjacent wire targets at 30-mm and 60-mm depths in the TRUS-CON and -rSAF techniques. (a) Wire target images with and without 
SADs. (b) Overlaid 1-D radial profiles taken from corresponding 2-D PSFs at (a). (c) The coefficients of variance. 
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The correlation between Pα and SSIM values (without frame averaging) 
yield a high correlation with the slope of 1.028, the y-intercept of 0.07, 
and R2 at 0.9912. Averaging 100 frames provided the SSIM values at 
{1.00 ± 0.00, 0.99 ± 0.00, 0.98 ± 0.00, 0.89 ± 0.00, 0.71 ± 0.00, 0.46 

± 0.00} for σ = {0.1, 0.2, 0.5, 1.0, 2.0, 5.0}◦. However, the improve
ments due to the frame averaging were still capped when a part of radial 
planes was out of the radial synthetic window. It should also be noted 
that the frame averaging scheme will lower the temporal resolution 

Fig. 9. Prostate-mimicking phantom imaging. (a) B-mode images. (b) Structure-similarity (SSIM) index (M = 100).  

Fig. 10. Tissue-mimicking pelvic phantom experiment. (a) B-mode images. Solid and dotted rectangular indicators show the speckle and cyst regions for CNR 
calculation. (b) Structure-similarity (SSIM) index. (c) Contrast-to-noise ratio (CNR). Dotted blue and black lines indicate the CNR values measured from the GT 
datasets by the TRUS-rSAF and TRUS-CON techniques, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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because it necessitates multiple transmittance/reception events at each 
scanning angle, while the TRUS-rSAF technique does not require any 
decrease in radial scanning speed. 

4.3.3. Tissue-mimicking pelvic phantom evaluation 
Fig. 10 shows the results of the tissue-mimicking phantom experi

ments. In visual assessment, the TRUS-rSAF technique delivered 
consistent outcomes as presented in simulation studies, securing higher 
robustness than the TRUS-CON technique when the SAD is well- 
contained within the radial synthetic window (<±1.4172◦). Quantita
tive assessment was performed to evaluate the imaging performance. 
The measured SSIM values are {0.84, 0.78, 0.65, 0.51, 0.43, 0.29} for 
the TRUS-rSAF technique and {0.78, 0.72, 0.55, 0.41, 0.35, 0.22} for the 
TRUS-CON technique when σ = {0.1, 0.2, 0.5, 1.0, 2.0, 5.0}◦. The result 
shows 7.7–31.8 % higher SSIM values in the TRUS-rSAF techniques than 
the counterparts of the TRUS-CON technique. 

However, additional analysis that represent a operator’s perception 
of the image quality was needed. The CNR was calculated using the 
regions-of-interest indicated by the solid and dotted rectangular in
dicators in Fig. 10a. The CNR were {0.37, 0.37, 0.37, 0.26, 0.21, 0.01} 
for the TRUS-rSAF technique, and {0.28, 0.28, 0.27, 0.22, 0.19, 0.12} 
for the TRUS-CON technique when σ = {0.1, 0.2, 0.5, 1.0, 2.0, 5.0}◦, 
respectively. The CNR values in the GT datasets were 0.38 and 0.28 for 
the TRUS-rSAF and TRUS-CON techniques. It indicates that the TRUS- 
rSAF technique would provide the CNR comparable with the TRUS- 
CON technique when σ < 1◦. As increasing σ, CNR values in both 
techniques were progressively reduced. Notably, in the out of the radial 
synthetic window (σ > 1.4172◦), the CNR of the TRUS-rSAF technique 
became even lower than the TRUS-CON technique, which reminds its 
requirement to contain the SAD within the radial synthetic window. 
Therefore, the pelvic phantom experiment successfully validated the 
simulation outcomes. 

4.4. Performance characterization with customized TRUS-rSAF 
transducer 

The results from the above sections demonstrated the improved 
robustness of the TRUS-rSAF technique against the various degree of 
SADs compared to the TRUS-CON technique. However, there was no 
benefit in spatial resolution due to the limited size of the radial synthetic 
window (i.e., N̂syn=7). Here we further explore how the broadness of the 
radial synthetic window affects the volumetric TRUS imaging in the 
presence of the SAD. The analytical solution of the TRUS-rSAF tech
nique, which our group has recently established, provides a quantitative 
design framework to optimize spatial resolution and grating lobe posi
tions [12], as presented in the Eq. (5). The theoretical description un
veils that its spatial resolution is proportional to r and αmax. Our 
optimization considered clinical practicality with r to prevent pain 
during the insertion and imaging of the TRUS transducer: r = 15 mm. A 
conventional TRUS transducer has r around 10 mm. On the other hand, 
αmax is determined by the f-number, the ratio of focal depth (dvs) and the 
active element aperture (h) – low f-number (shorter dvs and wider h) 
result in a broader acoustic divergency that allows a wider radial syn
thetic window. Our optimization yielded h, and dvs of 7 mm and 5 mm, 
respectively, which are different from those in a conventional TRUS 
transducer (h of 5 mm and dvs of 20–25 mm). Radial scanning interval 
(Δα) is also important to define the grating lobe artifacts. Finer radial 
scanning pushes granting lobe from a central radial plane, resulting in 
lower grating lobe artifacts. We selected the Δα of 0.2362◦ to provide 
negligible grating lobe artifacts but with a reasonable volume scanning 
rate (2–3 volumes per second). Herein, we name the optimized TRUS- 
rSAF technique as the TRUS-rSAF-OPT technique. Our optimization 
based on our analytical solution broadened the radial synthetic window 
up to N̂syn = 131 at Δθ = 0.2362◦ for negligible grating lobe artifacts, 
providing 36-% narrower FWHM over prostate imaging depth (30–70 

mm). It gives a dramatic 10.93-times broadening of the radial synthetic 
window from 2.83◦ to 30.94◦. In sum, we expected the TRUS-rSAF-OPT 
technique to concurrently secure a higher spatial resolution and SAD 
regulation. Fig. 11a visually presents the spatial resolution improvement 
without the SAD presence, comparing the ground-truth TRUS-rSAF-OPT 
(TRUS-rSAF-OPT-GT) technique with the TRUS-rSAF-GT and TRUS- 
CON-GT techniques that use a clinical TRUS transducer. The radial 
profiles again confirm the improvements (Fig. 11b). The TRUS-rSAF-GT 
technique using a clinical TRUS transducer did not present any benefit in 
enhancing spatial resolution over the TRUS-CON-GT technique, as 
already presented in Fig. 6. 

Using the TRUS-rSAF-OPT technique, we tested the impact of the 
SADs on image quality (Fig. 12). In visual assessment, the TRUS-rSAF- 
OPT technique seems to provide better spatial resolution but revealed 
radial image artifacts from hyper-echoic mass targets located at near- 
depth regions even when σ = 0.1◦, and further deteriorated as σ in
creases (Fig. 12a,b). The wider radial synthetic window of the TRUS- 
rSAF-OPT technique fails to cancel the phases of sidelobes among the 
radial planes under the unpredictable SADs. Fig. 12c shows the corre
sponding SSIM assessment with the TRUS-rSAF-OPT-GT image for 
extended SAD range: {0.97 ± 0.00, 0.91 ± 0.01, 0.79 ± 0.01, 0.69 ±
0.01, 0.61 ± 0.01, 0.53 ± 0.01} for σ = {0.1, 0.2, 0.5, 1.0, 2.0, 5.0}◦. 
The SSIM values of the TRUS-rSAF-OPT technique were significantly 
lower than those of the conventional TRUS-rSAF technique. Therefore, 
despite potentially higher structural preservability and spatial resolu
tion, the TRUS-rSAF-OPT technique may limit efficacy in practical 
clinics with low contrast resolution, suggesting its limited role in a 
premium TRUS imaging device. This result gives extended perspectives 
on the mutual relationship between the degree of radial synthesis and 
robustness to the SADs with a chained effect to produce the sidelobe 
artifacts. However, its impact on technology translation would be min
imal because the customization of the TRUS transducer is not an option 
to secure cost-effectiveness for resource- and budget-limited 
circumstances. 

5. Discussion 

In this paper, we presented the TRUS-rSAF technique as a novel 
technological foundation to enable an economical form factor of the 
volumetric TRUS imaging in resource- and budget-limited clinics. 
Theoretical SAD modeling in the TRUS-rSAF technique was first estab
lished (Eqs. (6–9), Figs. 1-3), and its more robust SAD regulation 
compared to the TRUS-CON technique was validated through a strong 
agreement between the numerical model, field analysis (Figs. 6, 7), 
imaging simulations (Figs. 8, 9), and tissue-mimicking phantom exper
iment (Fig. 10). For example, one might recycle a non-motorized TRUS 
transducer retired from a hospital and give a second life in limited en
vironments at a minimal cost. Modern US system technologies may 
support TRUS imaging at a minimal hardware cost by using an ultra- 
compact multi-channel US module [20–23] and a probe adaptor 
board. An embedded camera in a personal device can track radial 
scanning, and the TRUS-rSAF technique can regulate its low-resolution 
tracking error. It would be much more economical than adopting a 3- 
D TRUS imaging device that uses a fully motorized TRUS transducer 
controlled by dedicated hardware and software. To expand our per
spectives, we further tested a hypothesis that TRUS imaging by an 
optimized TRUS transducer, providing an extended radial synthetic 
window, will secure concurrent improvements in spatial resolution and 
robustness to SADs (Figs. 11, 12). The study unveiled that a sidelobe 
level is another important parameter to provide clinically relevant 
image quality in the presence of SAD. However, it should be noted that 
complete customization of a TRUS transducer is not an option to 
maximize cost-effectiveness, and the implication of the study is limited 
in technological testing and evaluation. 

Once the data is collected, the computational requirements for the 
TRUS-rSAF technique can be marginally handled in a modern personal 
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device (e.g., laptop, tablet, or smartphone) that has enlarged its roles in 
the medical US imaging field [19–22]. To get a basic sense, a volumetric 
reconstruction by the TRUS-CON and TRUS-rSAF techniques took 12.4 
and 18.5 h, respectively, using single-core software in the personal 
laptop (2.6 GHz Intel Core i7 8850H, 16 GB RAM, MATLAB 2020b). It 
does not represent practical performance but reflects a projected in
crease in computing time approximated by 49.2 % due to the TRUS-rSAF 
technique. A modern graphical processing unit (GPU)-based parallel 
processing and efficient beamforming architectures have enabled 
massive SAF techniques in the biomedical US imaging field [23–26]. 
Modern personal devices equipped with state-of-art GPU processors or 
cloud computing are now capable of dealing with real-time medical US 
imaging, demonstrated by several commercial products (e.g., Vscan by 
GE Ultrasound, Lumify by Philips Healthcare, Butterfly IQ by Butterfly 
Network, etc.). Therefore, no technological hurdle is anticipated to 
secure a clinically appropriate performance of the TRUS-rSAF technique 
in a personal device. 

There are several further works towards translating the TRUS-rSAF 
technique into clinical practice in resource- and budget-limited set
tings. Our immediate task is to advance the theoretical foundation to 
reflect a more practical resource-limiting setting. We may alternate the 
SAD model from a simple normal distribution (α̂ and β̂ in Eq. (6)) to a 
real-world measurement using external sensors for radial tracking. It 
will provide a more realistic evaluation of the TRUS-rSAF technique to 
alleviate the SAD-induced image distortions. 

Based on the advanced theory, our translational task would focus on 
developing a prototype device with the most economical configuration 

using an ultra-compact US system with a clinical TRUS transducer and 
external tracker connected to a personal device for signal processing and 
image display. Recently there has been a noticeable trend democratizing 
US imaging systems with hand-held form factors and easy connectivity 
to personal devices, such as smartphones, tablets, and laptops, based on 
the rapid evolution of chip integration technologies, efficient architec
tures, and algorithms [19–21,27–31]. Multiple form factors could be 
embodied with our primary goal for cost-effectiveness, by which we 
exclude any motorized rotational actuator to minimize the system 
complexity and burden for additional calibration. We plan a self- 
contained solution using a multi-camera tracker implementable in 
modern mobile smart devices. Previous studies have presented object 
tracking algorithms using a monocular or stereo camera. For example, 
Liu et al. [33,34] and Prisacariu et al. [35] used pixel-wise posteriors 3D 
(PWP3D) algorithms to estimate the 3D position and orientations of a 
target with a monocular camera. The state-of-the-art PWP3D algorithm 
offers a mean estimation error from 1.61◦ to 15.68◦, depending on the 
speed of the moving target, which should be minimized in the clinical 
scenario with slow scanning procedures and relatively stationary tissue 
movements. In addition, Wang et al. [36] used an RGB-D camera to es
timate the 6-degree-of-freedom tracking of an object. Looking at the 
prior arts, we anticipate specific challenges from the limited tracking 
accuracy of the cameras in a mobile device and the requirement of real- 
time tracking and synchronization to the scanning sequences. However, 
such limitations will be alleviated as mobile computing technology 
evolves. Prisacariu et al. [37] recently proposed real-time 3-D tracking of 
an object using a GPU-driven mobile phone. By using the internal 

Fig. 11. Performance enhancement in the optimized TRUS-rSAF transducer. The reconstructed image of TRUS-rSAF-OPT technique in comparison to those by 
the TRUS-CON-GT and TRUS-rSAF-GT techniques. Radial profiles of the images were drawn for wire targets (WTs) at different depths. 
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inertial sensor in a typical mobile phone, the algorithm achieves its 
rotation accuracy up to 1.3◦, which falls into our performance goal. Also, 
it is reported that the tracking algorithm and frame registrations take 31 
and 11.3 frames per second (fps) on an iPhone 5 s, respectively. A novel 
and faster solution can be developed to achieve higher temporal 
resolution. 

Along with the hardware platform, there would also be an exciting 
direction to develop an effective and efficient clinical interface that al
lows clinicians to collect and navigate the volumetric data easier, also 
enabled by external tracking technologies [32,33]. In this develop
mental process, realistic SAD modeling would be an essential step to 
secure the necessary accuracy in the TRUS-rSAF technique, which de
pends on the tracking methodologies. 

The clinical application of the TRUS-rSAF technique will not be 
limited to the morphological investigation by conventional TRUS im
aging in clinics. Photoacoustic (PA) imaging is an emerging modality in 
science and clinics in which rich optical contrast can be obtained from 
biological tissue at sub-millimeter spatial resolution and centimeter- 
scale imaging depth [34,35]. The scientific and engineering in
novations are rapidly expanding to clinical neurology and oncology 
[36–43]. In particular, we have successfully presented the feasibility of 
identifying prostate-specific membrane antigen (PSMA), enabling 
minimally-invasive differential diagnosis of aggressive cancer types over 
benign ones [39,44,45]. Our economical solution proposed here could 
also be a technological foundation to democratize molecular imaging for 
prostate cancer management in resource-limited settings. 

Fig. 12. Structural preservability test under a range of SADs. (a) A ground-truth TRUS-rSAF image without SAD. (b) The TRUS-rSAF images with a range of SAD. 
(c) SSIM values of the TRUS-rSAF images with clinical (TRUS-rSAF) and optimized TRUS transducers (TRUS-rSAF-OPT). 
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6. Conclusion 

In this study, we validated the TRUS-rSAF technique to regulate the 
SAD during manual volumetric scanning using a clinical TRUS imaging 
transducer. It may enable an economic TRUS imaging device to 
democratize the TRUS for pelvic inspection with minimal cost for 
healthcare providers and patients. We further characterized the 
competing effects of broader radial synthesis and side lobe artifacts in an 
individual radial plane. It indicated the importance of defining TRUS 
transducer specifications to minimize the side lobe, which is already 
achieved in clinical TRUS array transducers. The technical merits of the 
TRUS-rSAF technique do not bound to pelvic applications and can 
extend arbitrary imaging scenarios as long as it includes a radial scan
ning component or unpredictable subject movements in the radial plane. 
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