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A comparative study of continuous versus stopand-go scanning in circular scanning
photoacoustic tomography
Arunima Sharma, Sandeep Kumar Kalva, and Manojit Pramanik

Abstract— Photoacoustic tomography (PAT) is a non-invasive
hybrid imaging modality providing high contrast and resolution
in deep tissue imaging. In a typical PAT system, photoacoustic
(PA) waves are recorded using an ultrasound transducer rotating
around the sample. Being economical and easily available, single
element transducer (SET) is commonly employed. For each laser
pulse the SET collects one time-resolved PA signal, known as an
A-line. Acquisition of A-lines in a circular scanning PAT system
by an SET can be done in two ways - (1) Stop-and-go scan, and
(2) Continuous scan. In this work, we compared the two types of
scanning methods in terms of image quality, signal-to-noise ratio
(SNR), spatial accuracy, resolution, and scan-time for phantoms
and in vivo imaging. We found that the image quality, spatial
accuracy, and SNR did not change in continuous scans, as
compared to stop-and-go scans. However, there was a significant
decrease in scan time in continuous scans. This improvement in
scan time was 2-4 folds for lasers with low pulse repetition rate
(10 Hz), and up to 7-12 folds for lasers with higher pulse
repetition rate (7 kHz).

illuminate a target sample which produces photoacoustic (PA)
waves. A wideband ultrasound transducer (UST) acquires the
PA waves, which contain information about the structural and
optical properties of the sample. For deep tissue imaging,
circular scanning geometry in orthogonal mode is preferred [2,
18-20]. With each laser pulse irradiating the sample, a time
resolved PA signal, known as an A-line, is recorded. Once
these A-lines at various positions around the sample are
collected, reconstruction algorithms are used to map the initial
pressure rise and the cross-sectional image of the sample
accordingly [21-26].

Index Terms— Circular scanning geometry, continuous
scanning, photoacoustic tomography, single-element ultrasound
transducer, stop-and-go scanning.

I. INTRODUCTION

P

HOTOACOUSTIC imaging (PAI) is a non-invasive
imaging modality which works on the principal of
photoacoustic effect [1-9]. In this effect, chromophores present
in a sample/body absorb light, resulting in a local temperature
rise and generation of acoustic wave due to thermoelastic
expansion. PAI is done by acquisition of these acoustic waves.
Being a hybrid imaging modality, PAI provides high optical
contrast and high ultrasonic resolution. These advantages give
it an edge over other imaging modalities for various clinical
and pre-clinical applications like brain imaging [10, 11],
sentinel lymph node imaging [12, 13], breast imaging [14-16],
hemoglobin concentration [17] etc. In a conventional
photoacoustic tomography (PAT)/photoacoustic computed
tomography (PACT) system, nanosecond laser pulses
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Fig. 1. Different types of scanning methods. (a) Stop-and-go scan: transducer
stops at various positions (P) to collect the A-line. (b) Continuous scan: a
moving transducer collects the A-lines and comes to a stop only after
completing full rotation.

Various types of transducers can be used for signal
acquisition in PAT/PACT. These include - single element
transducer (SET) [27], linear array transducer [28-30], semicircular array transducer [31], circular array transducer [32], or
spherical array transducer [33]. Since SET-based systems can
collect only one A-line per laser pulse, they have longer data
acquisition time (scan-time) than PAT systems that use array
transducers. Nevertheless, being economical, highly sensitive,
and easily available, SETs are still used in PAT/PACT systems
[34-36]. Reducing the scan time for SET-based systems
remains a challenge. Use of lasers with high pulse repetition
rate (PRR) reduces the scan time. As compared to traditional
Nd:YAG laser, pulsed laser diode (PLD) and light emitting
diode (LED) offer much higher PRR and therefore, use of
these light sources in PAT/PACT system reduces the data
acquisition time [37]. To further decrease the scan time, one
can use continuous scan for data acquisition.
In SET-based systems, acquisition of PA signal can be done
in two ways – 1) stop-and-go scan [38], or 2) continuous scan

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <
[27]. In former, a motor rotates the UST around the sample in
steps of predefined length. After each step the motor stops and
waits for the UST to collect the required number of A-lines,
before moving to the next position. This process continues till
the UST completes one full rotation (360 degree) around the
sample. After this, the A-lines are averaged and later
reconstructed to form the cross-sectional image. This contrasts
with the continuous scan in which the stepper motor moves the
UST continuously around the sample at a constant speed.
Multiple A-lines are collected by the moving transducer which
stops once it has completed the entire rotation. The A-lines are
then averaged, if needed, and reconstructed. Fig. 1 shows a
graphic representation explaining the difference between the
two types of scans.
In this work, we have compared stop-and-go and continuous
scanning methods for SET-based PAT systems for phantoms
and in vivo imaging of rat brain. We have first shown
theoretically that the blurring effects of collecting data from a
moving transducer in continuous scans are minimal, whereas
there is a noticeable improvement in scan time. For
experimental validation, two types of lasers have been used –
traditional pulsed Nd:YAG laser at a PRR of 10 Hz, and a
pulsed laser diode at 7 kHz PRR. The experimental results
show that the image quality of continuous scans is as good as
stop-and-go scans. Further, there is a significant improvement
in scan time for continuous scans as compared to the
traditional stop-and-go scans.
II. MATERIALS AND METHODS
A. Nd:YAG based PAT imaging system
The schematic of PAT system using Nd:YAG laser is shown
in Fig. 2(a). A Q-switched Nd:YAG laser (Continuum, Surelite
Ex) was used to deliver laser pulses of pulse-width 5 ns at a
PRR of 10 Hz and wavelength of either 532 nm or 1064 nm.
For phantom (point-source) imaging, a wavelength of 532 nm
was used, whereas 1064 nm was used for animal imaging. The
laser pulses were reflected towards the sample by using three
right angled prisms (PS911, Thorlabs). An optical diffuser was
used to homogenize the laser beam. The laser pulse fluence on
the surface of sample was maintained at ~6 mJ/cm2 for 532 nm
wavelength, and ~25 mJ/cm2 for 1064 nm wavelength. Both
these values are within the ANSI safety limit, which is ~20
mJ/cm2 at 532 nm and ~100 mJ/cm2 at 1064 nm for a laser
with PRR of 10 Hz [39].
For phantom imaging, signal was acquired using a
cylindrically focused UST (Olympus NDT, V306-SU-NK, CF
= 1.90 in.) of central frequency 2.25 MHz, whereas for animal
imaging, an unfocused UST (Olympus NDT, V309-SU) of
central frequency 5 MHz was used. Both the transducers had a
13 mm diameter active area and ~70% nominal bandwidth. A
stepper motor (Lin Engineering, Silverpak 23C) was used to
rotate the UST around the sample. The UST was placed in a
water tank to enable better coupling of the ultrasound signal.
Once acquired, the PA signal was amplified by ~45 dB and
filtered by a pulse amplifier (Olympus-NDT, 5072PR) and
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then recorded using a data acquisition card (DAQ) (GaGe,
compuscope 4227) inside a desktop (Intel xeon 3.7 GHz 64-bit
processor, 16 GB RAM). All the data was collected at a
sampling rate of 25 MS/s. A sync signal from the laser was
used to synchronize the data acquisition and laser excitation.

Fig. 2. Schematic for the PAT imaging systems using (a) Nd:YAG Laser and
(b) Pulsed Laser Diode. RD: rotating disc, P1-P4: right-angled prisms, UST:
ultrasound transducer, SM: stepper motor, PLD: pulsed laser diode, WT:
water tank, OD: optical diffuser, LDU: laser driver unit, DAQ: Data
acquisition card, R/A/F: receiver/amplifier/filter, TM: Transparent membrane.
Photograph of (c) point source phantom, (d) triangle phantom.

B. PLD-based PAT imaging system
The schematic of PLD-PAT system is shown in Fig. 2(b).
136 ns pulse at ~803 nm wavelength was provided by the
pulsed laser diode (Quantel, France). A laser driver unit
(LDU) was used to manipulate the laser pulse. This LDU
consisted of a temperature controller (LaridTech,
MTTC1410), a 12V power supply (Voltcraft, PPS-11810), a
variable power supply (BASETech, BT-153), and a function
generator (FG250D, Funktions generator). The PLD generated
~1.4 mJ of energy (at a PRR of 7 kHz) per pulse, which passed
through an optical diffuser (for uniform illumination) to
illuminate ~16 cm2 on the sample surface. Laser fluence on
sample surface was ~0.05 mJ/cm2. For a wavelength of 803
nm, the maximum permissible exposure (MPE) for an
exposure of over 10 seconds is ~317 mW/cm2 [39]. Thus, for a
PRR of 7000 Hz, MPE is ~0.045 mJ/cm2. The sync signal
from the function generator synchronized the data acquisition
and laser excitation. PA signal was acquired using a flat 2.25
MHz UST (Olympus NDT, V306-SU). The characteristics of
UST, stepper motor, as well as DAQ were the same as those
used for Nd:YAG based PAT system. Once collected, the Alines were averaged and later delay-and-sum algorithm [22]
was employed to reconstruct the cross-sectional PAT images.
C. Data acquisition
Continuous scans are generally faster than stop-and-go
scans. If the angular velocity (ω) and the angular acceleration
(α) are known for a motor which completes its rotation in N
steps, time taken for it to move around the sample is given by
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For continuous scans, N = 1 and no extra time is required for
collection of A-lines. Therefore,
(2)
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If the same number of A-lines is to be collected for both types
of scan method, total time taken for stop-and-go scan will be
(3)
t stopand go  tcontinuous  trotation.
For continuous scans, the time of rotation depends only
upon the number of A-lines to be collected, whereas for stopand-go scans, time can be varied by varying the number of
steps, velocity, and acceleration of the motor, while keeping
the number of A-lines collected constant. The time of rotation
can be decreased by decreasing the number of steps, but that
increases the angle between two consecutive positions where
A-lines are collected, thereby deteriorating the image quality.
Another method to decrease the scan time is by increasing the
velocity and acceleration of the motor. However, this may
result in increasing vibrations in the motor and therefore, is
limited.
Although continuous scans are faster than stop-and-go
scans, the latter are still preferred in some cases. For example,
the blurring caused in continuous scans due to collection of Alines by a fast-moving UST may be a deciding factor to choose
stop-and-go scan. Nonetheless, it can be shown mathematically
that the blur is inconsequential as compared to the resolution
of PAT systems. If the sample diameter is d mm, and speed of
sound in water 1.5 mm/µs, time taken for acoustic waves from
the entire sample to reach the UST will be
(4)
d
t
s .

1 .5

If the transducer completes one rotation in T seconds, angular
displacement of the transducer while it collects acoustic waves
from the furthest point of the sample is given by
(5)
2
d
 ( radian ) 

 10 6 .

T

1 .5

During this time, the maximal displacement of sample with
respect to transducer will be approximately,
(6)
2
d
d


 10 6  mm .

T

1 .5

2

Typically, the sample diameter is ~15 mm (say, small
animal brain imaging), and the fastest scan time that has been
reported so far is 3 seconds for completing one rotation [37].
Computing (6) using these values shows that the maximum
displacement of the sample with respect to the transducer
before it can record PA signal from across the sample, is ~0.15
µm, which is insignificant compared to the resolution of the
PAT system (~182 µm with 5 MHz UST, and ~381 µm using
2.25 MHz UST [37]).
However, it should be noted that the pulse energy of
nanosecond lasers fluctuates by about 20% between individual
pulses. In stop-and-go scans, the fluctuation can be
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compensated for, by collecting multiple A-lines at the same
point and averaging them. Moreover, averaging also helps in
improving the signal-to-noise (SNR), which in turn improves
the image quality. Averaging of signal for continuous scans is
also possible, but motion of the UST results in relative motion
of sample between two A-lines [40]. This relative distance
depends on the speed of the UST and the PRR of the laser. For
a UST, the relative displacement of sample between 2 A-lines,
when the PRR of laser is rep Hz, will be
(7)
2
d

 mm .

T  rep

2

If we consider a PAT system wherein a sample of diameter
15 mm is imaged in 18 seconds, the distance moved by
transducer between two A-lines for a 7 kHz laser will be 0.3
µm. If M A-lines are averaged together, the distance moved by
the transducer becomes M fold. Therefore, for this system, if
500 A-lines are averaged, the relative displacement becomes
150 µm. Averaging is common while using lasers with high
PRR like PLD and LED. The pulse energy of these lasers is
usually low, which results in a low SNR of the image.
Averaging is done to improve the SNR. Since the relative
displacement of UST is inversely proportional to the PRR of
laser, blurring caused due to this averaging is generally
negligible. Nevertheless, blurring can result in a decline in
image quality and therefore it should be taken care that the
relative displacement remains within the limits of resolution
even after averaging. For fair comparison, in this work, the
averaging done for continuous scans is same as that done for
stop-and-go scans.
In case of systems imaging larger objects, for example,
breast imaging system, the sample diameter can be up to 15-20
cm [16, 41, 42]. Hence, there is an increase in both the relative
displacement of UST while collecting signal from the sample,
as well as the relative displacement of sample between
collections of two consecutive A-lines. The effect of blurring
due to continuous scan might be more prominent there. Thus,
evaluation of speed at which the UST can rotate and the signal
averaging that can be done becomes crucial and should be
performed before choosing the optimum parameters for such
imaging systems.
Another factor to be kept into account while doing a
continuous scan is the Doppler effect. Due to relative motion
of the sample and the UST, there is a shift in the detected
ultrasound signal frequency. The frequency shift for an object
moving at a velocity v relative to the detector (UST) at an
angle θ is given by
(8)
f v cos 2 d cos


 
,

f

c

T

2

c

where, c is the speed of acoustic waves in medium (water). If
we again consider the typical values of d = 15 mm, T = 3
seconds and c = 1.5 mm/µs, the maximum Doppler frequency
shift would be ~0.001% (50 Hz for 5 MHz frequency
component), and therefore is inconsequential and can be
ignored [40].
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collected 2 A-lines per step when step size was 1°, 4 A-lines
per step when step size was 2°, and 8 A-lines per step when
step size was 4°. To change the number of A-lines collected
for continuous scan, the speed of the motor was changed.
Since the PRR of laser was fixed at 10 Hz, collection of 180,
360, 720, 1440, and 2880 A-lines was done by rotating motor
such that it completed one rotation in 18, 36, 72, 144, and 288
seconds, respectively. Before reconstruction, averaging of Alines was done. For stop-and-go scans, averaging was in
accordance with the step size of motor, such that, finally 360,
180, and 90 A-lines were reconstructed, respectively. For fair
comparison, number of A-lines reconstructed for continuous
scans was 360, 180, and 90 as well.

Fig. 3. Comparison of PAT images of point source phantom using (a-c, g-h,
m-o) stop-and-go and (d-f, j-k, p-r) continuous scanning methods. (a-f) 360,
(g-l) 720, and (m-r) 1440 A-lines were collected by moving the motor in (a, g,
m) 90, (b, h, n) 180, and (c, l, o) 360 steps. The images obtained using
continuous scans were averaged in (d, j, p) 90, (e, k, q) 180, and (f, l, r) 360
A-lines. Scale bar as shown in (a).

D. Phantom imaging
Two phantoms were used to compare the two scanning
methods. A point source phantom was imaged using Nd:YAG
based PAT system and a shape phantom was imaged using
PLD-PAT system. The point source phantom was prepared
using five pencil leads of diameter 0.5 mm. These leads were
stuck inside pipette tubes which were fixed vertically on an
acrylic slab. The pipette tubes were used to keep the leads
stable and vertical [Fig. 2(c)]. One lead was placed at the
scanning center and the other four were placed at ~1 cm
distance in four different directions from the center lead. For
comparison, 180, 360, 720, 1440, and 2880 A-lines were
collected for both the types of scans. For stop-and-go scan, the
step size was kept 1°, 2°, and 4° in different scans, and then
the desired total number of A-lines was collected by changing
the number of A-lines collected after each stop. For example,
when total number of A-lines collected was 720, the UST

Fig. 4. PAT images for triangle sample for comparison of (a-c, g-i) stop-andgo and (d-f, j-l) continuous scanning methods. (a-f) 63000 and (g-l) 126000
A-lines were collected by scanning continuously for (d-f) 9 sec and (j-l) 18
sec and by scanning in (a, g) 90, (b, h) 180 and (c, i) 360 steps. The image
was reconstructed by averaging the acquired A-lines in (a, d, g, j) 90, (b, e, h,
k) 180, and (c, f, i, l) 360 A-lines. Scale bar as shown in (a).

Another phantom used for the experiments was a triangle
made of horsehair of ~120 µm diameter. Three hairs of length
~1 cm were stuck with each other to form a triangle. This
triangle was held using three pipette tips fastened on an acrylic
slab. Fig. 2(d) shows a photograph of the triangle phantom.
Images of triangle phantom were taken using PLD-PAT
system. A-lines were collected by moving the UST around the
sample in steps of 1°, 2°, and 4° (stop-and-go scans) and
continuously for 9 and 18 seconds (continuous scans). Number
of A-lines collected in 9 and 18 seconds were 63000 and
126000, respectively. Same numbers of A-lines were collected
for different step sizes of stop-and-go scans as well. Averaging
was done similar to the Nd:YAG-PAT system.
E. In vivo imaging
Healthy female rats weighing ~100 g were procured from
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InVivos Pte. Ltd., Singapore and were used for conducting the
in vivo imaging. Experiments were conducted in conformity
with the approved guidelines and regulations by the
institutional Animal Care and Use committee of Nanyang
Technological University, Singapore (Animal Protocol
Number ARF-SBS/NIE-A0263). The rats were anaesthetized
using a combination of Ketamine (120 mg∕kg) and Xylazine
(16 mg∕kg) injected intraperitoneally (dosage of 0.2 ml∕100 g).
Hair on the head of rat was epilated using hair removal lotion.
A mixture of 1.0 L/min oxygen and 0.75% isoflurane was used
to keep the rat anaesthetized during the experiment. The rat,
along with its holder, was mounted on a translational stage
which was used to adjust its height. The water tank was
designed such that it had a hole in the center which was large
enough to accommodate the rat’s head. This hole was sealed
using a clear, flexible membrane. The height of rat was
adjusted such that its head protruded through the hole and was
aligned in the same horizontal plane as the transducer. After
scanning, the rat was euthanized by intraperitoneal injection of
Valabarb (sodium pentobarbitone - 300 mg∕ml).
III. RESULTS AND DISCUSSION
A. Image quality
The reconstructed images of point source phantom are
shown in Figs. 3(a-r). Reconstructed images obtained on
collecting 360 A-lines, 720 A-lines, and 1440 A-lines are
shown in Figs. 3(a-f), 3(g-l), 3(m-r), respectively. The
reconstructed images of A-lines collected by employing stopand-go scanning method are shown in Figs. 3(a-c), 3(g-i), 3(mo) and those collected by using continuous scans are shown in
Figs. 3(d-f), 3(j-l), 3(p-r). For both the types of scans, images
formed on reconstruction of 90 [Figs. 3(a, d, g, j, m, p)], 180
[Figs. 3(b, e, h, k, n, q)], and 360 [Figs. 3(c, f, i, l, o, r)] Alines are shown. It can be observed from the images that there
is an improvement in image quality with an increase in number
of steps (reconstructed A-lines), as expected. However, there
is no difference in terms of visual image quality for both types
of scanning methods.
Figs. 4(a-l) are the images of triangle phantom acquired
after PLD-PAT scans. Figs. 4(a-f) and Figs. 4(g-l) were images
obtained when 63000 A-lines and 126000 A-lines were
collected, respectively. Before reconstruction, the A-lines were
averaged according to the steps of stop-and-go scans. 90 Alines were reconstructed in Figs. 4(a, d, g, j), 180 in Figs. 4(b,
e, h, k), and 360 in Figs. 4(c, f, i, l). It was observed in these
images that although the shape of phantom was retained, some
artefacts were present in the background when the number of
A-lines reconstructed was less. A noticeable decrease in
artefacts was observed when the number of A-lines
reconstructed increased from 90 to 180 and further to 360.
For both the phantoms, signal to noise ratio (SNR) was used
to quantify the image quality. To compute SNR, the peak to
peak amplitude of PA signal (V) was divided by the standard
deviation of the background noise (n). Thus,

SNR 

V
,
n

5
(9)

A small region around the corner of the image, where there
was no PA signal, was considered the background and n was
computed using that area. V was calculated by taking an
average of all the PA signals above a constant threshold value,
in the area of interest. Table I shows the SNR of the different
scans of point source phantom and triangle phantom. Several
observations can be made from the table. Firstly, SNR
increases with an increase in number of A-lines collected,
provided the number of A-lines reconstructed is kept constant.
This effect was up to 8% when the number of A-lines collected
by Nd:YAG laser was doubled. However, no significant
difference in SNR was observed in images obtained using
PLD. Secondly, for a fixed number of A-lines collected, SNR
value improved between 8% and 50% when the number of Alines reconstructed increased from 90 to 360. Thirdly, if the
number of A-lines collected and the number of A-lines
reconstructed are kept the same, the SNR changed between 25% for stop-and-go scans and continuous scans.
For further comparison, the images obtained from different
scans of point source phantom were evaluated for spatial
accuracy. This was done by calculating the average distance of
the center pencil lead from the other four leads. It was
observed that the distance remained between 9.33 mm and 9.4
mm irrespective of the type of scan, number of A-lines
collected, or the number of A-lines reconstructed. Repeating
the experiments resulted in a change in distance of less than
0.6%. Therefore, it can be concluded that continuous scan
does not affect the spatial accuracy of the system.
Following this, in vivo experiments were conducted using
both Nd:YAG-PAT system as well as PLD-PAT system. The
PAT images obtained are shown in Fig. 5 (using Nd:YAG
laser), and in Fig. 6 (using PLD). While using Nd:YAG laser,
360, 720, and 1440 A-lines were collected. For continuous
scans, this was achieved by moving the stepper motor at a
velocity of 10°/second, 5°/second, and 2.5°/second,
respectively. For stop-and-go scans, the velocity of motor was
optimized at ~7°/second. Figs. 5(a-f), 5(g-l), and 5(m-r) show
images obtained when 360, 720, and 1440 A-lines were
collected, respectively. Among these, Figs. 5(a-c, g-i, m-o)
were acquired using stop-and-go scans whereas Figs. 5(d-f, j-l,
p-r) were acquired using continuous scans. Corresponding to
the number of steps of stop-and-go scans, the A-lines of both
stop-and-go and continuous scans were averaged to 90 A-lines
[Figs. 5(a, d, g, j, m, p)], 180 A-lines [Figs. 5(b, e, h, k, n, q)],
and 360 A-lines [Figs. 5(c, f, i, l, o, r)]. Photographs of the rat
before and after skin removal are shown in Fig. 5(s) and Fig.
5(t), respectively.
SNR values for in vivo images are shown in Table II. An
improvement in image quality and SNR was observed on
increasing the number of collected A-lines, for both the types
of scans. When the number of A-lines collected increased from
360 to 1440, SNR increased by 27%. A similar increase in
SNR was observed when the number of A-lines reconstructed
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was increased from 90 to 360. Visually, the images appeared
smoother and had lesser artefacts when more number of Alines was collected and/or reconstructed. However, a
maximum of just 7% change in SNR was observed between
the images for stop-and-go scans and continuous scans when
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number of A-lines collected and reconstructed were kept
constant. Moreover, there were instances when SNR of
continuous scans was better than stop-and-go scans. Therefore,
such changes in SNR values can be considered negligible.

Fig. 5. Comparison of in vivo brain PAT images of female rat for (a-c, g-i, m-o) stop-and-go and (d-f, j-l, p-r) continuous scanning methods. (a-f) 360, (g-i) 720,
and (m-r)1440 A-lines were collected and were averaged in (a, d, g, j, m, p) 90, (b, e, h, k, n, q) 180, and (c, f, i, l, o, r) 360 A-lines corresponding to the number
of steps taken in stop-and-go scans. Scale bar is shown in (a). Photographs of rat brain (s) before and (t) after skin removal are shown.
Table I: SNR (dB) for phantom imaging. The SNR values are for point source imaging (Nd:YAG based PAT) and triangle phantom imaging (PLD-PAT)

Laser (PRR)

A-lines collected

Nd:YAG (10
Hz)

180
360
720
1440
2880
63000
126000

PLD (7 kHz)

90 A-lines reconstructed
Stop-and-go Continuous
23.9
24.9
25.5
26.2
27.6
16.5
16.6

23.4
24.4
26.4
26.6
26.9
17.7
17.2

180 A-lines reconstructed
Stop-and-go Continuous
24.3
25.1
27.6
29.3
28.8
25.8
24.1

24.1
24.9
27.7
28.7
28.3
26.7
25.3

360 A-lines reconstructed
Stop-and-go Continuous
N/A
27.2
29.2
33.2
36.3
34.5
35.5

N/A
26.6
30.5
33.3
36.1
34.4
35.6

Table II: SNR (dB) for in vivo rat brain imaging

Laser (PRR)

A-lines collected

Nd:YAG (10
Hz)

360
720
1440
126000

PLD (7 kHz)

90 A-lines reconstructed
Stop-and-go Continuous
15.9
17.6
18.2
17.8

15.9
17.2
18.6
17.1

For rat brain imaged using PLD-PAT system, velocity of
motor for continuous scans was fixed at 20°/second, i.e., it
completed one rotation in 18 seconds collecting 126000 Alines. For stop-and-go scans, the motor completed one rotation
in 90, 180, and 360 steps with a maximum velocity of
~7°/second between two stops. 126000 A-lines were collected

180 A-lines reconstructed
Stop-and-go Continuous
18.8
21.2
24.2
21.4

17.8
20.4
22.6
20.6

360 A-lines reconstructed
Stop-and-go Continuous
19.2
21.8
24.5
22.2

18.2
20.5
23.3
20.7

by collecting 1400, 700, and 350 A-lines per step,
respectively. Images acquired by moving UST in steps of 1°,
2°, and 4° (stop-and-go scans) are shown in Figs. 6(a-c),
respectively. Figs. 6(d-f) were acquired by collecting A-lines
continuously, but finally averaging them into 90, 180, and 360
A-lines, respectively, before reconstruction. Photographs of rat
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taken before [Fig. 6(g)] and after [Fig. 6(h)] skin removal are
shown to verify the acquired images.
SNR of these images are also given in Table II. When the
number of A-lines reconstructed was increased from 90 to 360,
a 27% increase in SNR was observed for stop-and-go scan
and 21% increase for continuous scan. However, for the same
number of A-lines reconstructed, 7% decrease in SNR was
observed in continuous scans as compared to stop-and-go
scans. For most cases, this decrease is not prominent and
therefore can be considered inconsequential. Thus, the results
obtained were similar to those obtained using Nd:YAG based
PAT system. The increase in speed of PLD based system was
compensated by the increase in number of A-lines collected
due to higher PRR. Therefore, although the transducer was
moving at a higher speed, the blur due to continuous scans was
insignificant.
Another parameter to compare image quality is resolution of
the system. Images of triangle phantom were used for the same
because the diameter of horsehair used was less than the
expected resolution of the system. Line profiles along different
cross sections of horsehair (i.e., perpendicular to edges of
triangle) were plotted and fitted to a Gaussian curve. Full
width at half maximum values of this curve provided the
resolution. Resolution along different line profiles were
averaged for more accurate measurements. Table III shows the
calculated resolution for different types of scans. An
improvement in resolution of stop-and-go scans as compared
to continuous scans, can be observed in the table. The
improvement is more prominent (4-6%) when 90 A-lines are
reconstructed and negligible (1-3%) when 360 A-lines are
reconstructed. Furthermore, for continuous scans, the
resolution improves when more number of A-lines is
reconstructed. No such trend is however visible in stop-and-go
scans.
Table III: Resolution (m) for different scans of PLD-PAT system. Scan1:
stop-and-go scan, Scan2: continuous scan

A-lines
collected

90
A-lines
reconstructed
Scan1 Scan2

180
A-lines
reconstructed
Scan1 Scan2

360
A-lines
reconstructed
Scan1 Scan2

63000

343

363

348

357

345

355

126000

339

360

339

353

352

351

B. Scan time and laser exposure
As shown above, scan time for stop-and-go scans will be
much higher than continuous scans if maximum speed and
acceleration are kept constant. For continuous scans, the
maximum speed is related to the number of A-lines collected
and therefore the speed cannot be manipulated. This is not the
case with stop-and-go scans, where the speed is limited by the
motor and the vibrations it can cause and not by the number of
A-lines. Before performing the experiments, the velocity and
acceleration of stepper motor were optimized such that scan
time was the least and vibrations minimal.
An increase in scan time not only prevents real-time
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imaging, but also results in higher laser exposure. In
continuous scan, the sample is exposed to laser only during
imaging, when it is necessary. In contrast, in stop-and-go
scans, apart from imaging time, the sample is exposed to laser
while the transducer is moving around the sample. This is a
concern especially for biomedical imaging. Table IV shows
the scan time and the number of laser pulses the sample got
exposed to. From Table IV it can be observed that continuous
scans were ~4 times faster than stop-and-go scans when lesser
number of A-lines (180 and 360) were collected and ~1.5
times faster when higher number of A-lines were collected, for
Nd:YAG-PAT system. Further, decrease in acquisition time
for continuous scans as compared to stop-and-go scans was 712 folds for PLD-PAT system, when same number of A-lines
were acquired in both. This resulted in a significant decrease
in laser exposure of the sample particularly for PLD-PAT.

Fig. 6. Experimental results of in vivo brain images of female rat using PLDPAT system. Images were acquired using (a-c) stop-and-go and (d-f)
continuous scanning methods. 12600 A-lines were collected by moving the
motor in (a) 90 steps, (b) 180 steps, (c) 360 steps, and (d-f) continuously for
18 sec. The collected A-lines were averaged into (a, d) 90 A-lines, (b, e) 180
A-lines, and (c, f) 360 A lines before reconstruction. Scale bar is same for all
images as shown in (a). Photographs of brain are shown (g) before and (h)
after skin removal.

Another observation made from Table IV was that for the
same number of A-lines collected, the data acquisition time
increased by only ~10% when the number of steps was
increased, in case of Nd:YAG based PAT system. As can be
seen from (1), on increasing the number of steps, the scan time
should increase by a factor of number of steps multiplied by
(/), i.e., velocity divided by acceleration. For our
experiments, the acceleration was kept much larger than
velocity, making the ratio of velocity and acceleration almost
negligible as compared to the rest of the equation. However,
this factor becomes prominent when the total scan time is less,
like in PLD based PAT system, wherein the scan time
increases by ~60% when the number of steps is increased. It
should also be noted that the experimental scan time was more
than the practical scan time for all the experiments. This was
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due to vibrations of the motor after moving each step. Motion
of motor was optimized such that after each step it needs to
wait for a few milliseconds before starting signal collection.
It can therefore be concluded that in terms of scan time and
laser exposure, continuous scans have an advantage over stop-
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and-go scans. This advantage becomes more prominent while
using high repetition rate lasers like LED/PLD. In case of low
repetition rate laser (like Nd:YAG) the improvement of scan
time is apparent when less number of A-lines is collected.

Table IV: Comparison of scan time and laser exposure (number of pulses the sample got exposed to) for continuous and stop-and-go scans.

Laser

Nd:YAG
(10 Hz)

PLD (7
kHz)

Stop-and-go (90 steps)
Scan time (ALaser
lines)
pulses
80 s (180)
800
98 s (360)
980
135 s (720)
1350
210 s (1440)
2100
355 s (2880)
3550
546000
78 s (63000)8
87 s (126000)
609000

Stop-and-go (180 steps)
Scan time (ALaser
lines)
pulses
95 s (180)
950
108 s (360)
10800
147 s (720)
1470
217 s (1440)
2170
362 s (2880)
3620
630000
90 s (63000)0
99 s (126000)
693000

IV. CONCLUSION
In this work, we have compared the two scanning methods
that are being used for PAT/PACT imaging systems. We have
provided experimental data of phantoms as well as in vivo rat
brain images for the comparison. The results indicate that
various factors should be considered while choosing the type
of scan. For smaller samples (in the range of 10-30 mm), it is
better to use continuous scans, as for these samples the image
quality remains quite similar for both the types of scans, and
the data acquisition time is much less for continuous scans.
The results also indicate that while collecting same number of
A-lines for stop-and-go scans, it was better to complete the
rotation in more number of steps. Increasing the number of
steps improved the image quality, with only a slight increase in
data acquisition time, specially for lasers with low PRR.
Another factor influencing the choice of scanning method
should be the PRR of the laser. Performing stop-and-go scans
for lasers with high PRR exposes the samples to more number
of laser pulses, which may be a safety concern. Hence, we
conclude that continuous scans should be preferred over stopand-go scans, especially during biomedical imaging of small
objects using lasers with high PRR.
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