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Photoacoustic tomography (PAT) is an emerging non-invasive biomedical imaging modality.
With the advancement of laser technology, pulsed laser diodes (PLDs) are gaining
prominence and are widely used for near-infrared wavelength excitation in PA imaging.
These PLD lasers have the advantage of compactness and high pulse repetition rates (KHz)
compared to conventional bulky Nd:YAG/OPO/Ti:Sapphire lasers with low repetition rates
(10-100 Hz). Second-generation pulsed laser diode based PAT (PLD-PAT-G2) system was
developed by using 8 acoustic reflector based single-element ultrasound transducers (SUTRS)
and was demonstrated for high-speed dynamic in vivo imaging at 0.5 s acquisition scan time.
This system provided 165um spatial resolution high-quality images and an in vitro depth
imaging up to 3 cm. In this work, by using this PLD-PAT-G2 system we are providing the
visual demonstration of experiments for in vivo brain imaging and dynamic visualization of
uptake and clearance process of Food and Drug Administration (FDA) approved indocyanine
green (ICG) dye in rat brain vasculature.
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SUMMARY:
A compact pulsed laser diode-based desktop photoacoustic tomography (PLD-PAT) system is
demonstrated for high-speed dynamic in vivo imaging of small animal cortical vasculature.

ABSTRACT:

Photoacoustic (PA) tomography (PAT) imaging is an emerging biomedical imaging modality
useful in various preclinical and clinical applications. Custom-made circular ring array-based
transducers and conventional bulky Nd:YAG/OPO lasers inhibit translation of the PAT system to
clinics. Ultra-compact pulsed laser diodes (PLDs) are currently being used as an alternative
source of near-infrared excitation for PA imaging. High-speed dynamic in vivo imaging has been
demonstrated using a compact PLD-based desktop PAT system (PLD-PAT). A visualized
experimental protocol using the desktop PLD-PAT system is provided in this work for dynamic in
vivo brain imaging. The protocol describes the desktop PLD-PAT system configuration,
preparation of animal for brain vascular imaging, and procedure for dynamic visualization of
indocyanine green (ICG) dye uptake and clearance process in rat cortical vasculature.

INTRODUCTION:

Photoacoustic computed tomography (PACT/PAT) is a promising non-invasive biomedical
imaging modality combining rich, optical contrast with higher ultrasonic resolution'™. When a
nanosecond pulsed laser deposits energy onto light, absorbing chromophores present inside
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any biological tissue, local temperature increases lead to thermoelastic expansion and
contraction of the tissue, resulting in generation of pressure waves. These pressure waves are
known as ultrasound waves or photoacoustic (PA) waves, which can be detected by ultrasound
transducers around the sample. The detected PA signals are reconstructed using various
reconstruction algorithms®® to generate cross-sectional PA images. PA imaging provides
structural and functional information from macroscopic organs to microscopic organelles due
to the wavelength dependence of endogenous chromophores present inside the body°. PAT
imaging has been successfully used for breast cancer detection?, sentinel lymph node imaging??,
mapping of oxyhemoglobin (HbO,), deoxyhemoglobin (HbR), total hemoglobin concentration
(HbT), oxygen saturation (SO2)'>*3, tumor angiogenesis'*, small animal whole body imaging?®>,
and other applications.

Nd:YAG/OPO lasers are conventional excitation sources for first generation PAT systems that
are widely used in photoacoustic community for small animal imaging and deep tissue
imaging®®. These lasers provide ~100 mJ energy pulses at low repetition rates of ~10-100 Hz.
The PAT imaging systems using these costly and bulky lasers are not suitable for high-speed
imaging with single-element ultrasound transducers (SUTs), due to the limited pulse repetition
rate. This inhibits real-time monitoring of physiological changes occurring at high speeds inside
the animal. Using array-based transducers like linear, semi-circular, circular, and volumetric
arrays with Nd:YAG laser excitation, high-speed imaging is possible. However, these array
transducers are expensive and provide lower sensitivities compared to SUTs; yet, the imaging
speed is limited by the low repetition rate of the laser. State-of-the-art single-impulse PACT
systems with customized full-ring array transducer obtain the PA data at 50 Hz frame rates'’.
These array transducers need complex back-end receiving electronics and signal amplifiers,
making the overall system more expensive and difficult for clinical use.

Their compact size, lower cost requirements, and higher pulse repetition rate (order of KHz)
make pulsed laser diodes (PLDs) more promising for real-time imaging. Due to these
advantages, PLDs are actively used as an alternate excitation source in second generation PAT
systems. PLD-based PAT systems have been demonstrated successfully for high-frame rate
imaging using array transducers®®, deep-tissue and brain imaging!®2%, cardiovascular disease
diagnosis??, and rheumatology diagnosis?3. As SUTs are highly sensitive and less expensive
compared to array transducers, they are still extensively used for PAT imaging. Fiber-based PLD
system have been demonstrated for phantom imaging?®. A portable PLD-PAT system has been
demonstrated previously by mounting the PLD inside the PAT scanner?>. With one SUT circular
scanner, phantom imaging was performed during 3 s of scan time, and in vivo rat brain imaging
was performed during a 5 s period using this PLD-PAT system?.

Furthermore, improvements have been made to this PLD-PAT system to make it more compact
and create a desktop model using eight acoustic reflector-based single-element ultrasound
transducers (SUTRs)?%?7. Here, SUTs were placed in a vertical instead of horizontal direction
with the aid of a 90" acoustic reflector?®. This system can be employed for scan times of up to
0.5 s and ~3 cm deep in tissue imaging and in vivo small animal brain imaging. In this work, this
desktop PLD-PAT system is used to provide the visual demonstration of experiments for in vivo
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brain imaging in small animals and for dynamic visualization of uptake and clearance process of
Food and Drug Administration (FDA)-approved indocyanine green (ICG) dye in rat brains.

PROTOCOL:

All animal experiments were performed according to the guidelines and regulations approved
by the Institutional Animal Care and Use Committee of Nanyang Technological University,
Singapore (Animal Protocol Number ARF-SBS/NIE-A0331).

1. System description

1.1. Mount the PLD laser into the circular scanner and mount the optical diffuser (OD) in front
of the PLD exit window to make the output beam homogeneous, as shown in Figure 1A.
Connect the PLD to the laser driver unit (LDU).

NOTE: The PLD generates ~816 nm wavelengths, pulses of ~107 ns in duration, and up to a 2
KHz repetition rate with a maximum pulse energy of ~3.4 mJ. The LDU consists of chiller, 12 V
power supply, variable high voltage power supply to control the laser power, and function
generator to change the pulse repetition rate.

1.2. Mount all eight SUTRs on each SUTR holder one-by-one such that the surface of each
acoustic reflector faces towards the center of the scanning area, as shown in Figure 1B.
Connect each SUTR cable to the low-noise signal amplifier with the help of connecting cables.

NOTE: The central frequency of the ultrasound transducer is 5 MHz and has a 13 mm diameter
active area. Two amplifiers each of 24 dB gain are connected in series for each channel.

1.3. Switch on the power supply of the chiller, then turn on the switch of the chiller to set the
temperature between 20 °C and 25 °C.

1.4. Switch on the supply of the low voltage power supply and slowly turn the current control
to set the current limit at 0.3 A. Set the voltage to 12 V. Verify that the current does not exceed
0.1A.

1.5. Switch on the supply of the high voltage power supply. Press the “Preset” button and set
the current to 1 A and voltage to 0 V. Enable the “Output” button: 0 V/0 A.

1.6. Switch on the power supply of the function generator. Press the “Recall” button and
choose a 2 KHz configuration to generate the laser pulses at this repetition rate.

1.7. Place acrylic tank inside the scanner as shown in Figure 1A and fill the tank with water such
that the detecting surface of the SUTRs are immersed completely inside water.

1.8 Make sure all the SUTRs detecting surfaces are inside the water medium. Switch on the
power supply of the low-noise-signal amplifier.
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2. Animal preparation for rat brain imaging

NOTE: Healthy female rats (see Table of Materials) were used to demonstrate the above
described desktop PLD-PAT system for imaging small animal cortical vasculature.

2.1. Hold the animal on its back by arresting the head and body motion. Anesthetize the animal
by intraperitoneal injection of a mixture of 2 mL of ketamine (100 mg/mL), 2 mL of xylazine (20
mg/mL), and 1 mL of saline (dosage of 0.2 mL/100 g).

NOTE: After the injection, the animal’s toe is pinched to test for any positive reflexes such as leg
or body movements, vocalization, or marked increases in respirations. An absence of such
reflex actions confirms successful anesthetization of the animal.

2.2. Place the animal in prone position on the working bench and remove the fur on the scalp
of the animal using a hair trimmer and gently apply hair removal cream to the shaved area and
remove the fur completely.

2.2.1. After 4-5 min, remove the applied cream using a cotton swab.

2.2.2. To prevent dryness due to anesthesia and laser illumination, very carefully apply artificial
tear ointment to the rat eyes.

2.3. Mount the custom-made animal holder (see Table of Materials) equipped with a breathing
mask (see Table of Materials) on a lab-jack.

2.4. Place the animal in prone position on the holder so the head rests on the horizontal
platform of the holder. To avoid movement of the animal during imaging, use surgical tape to
secure the animal to the holder.

2.5. Ensure that the breathing mask covers the nose and mouth of the rat to deliver anesthesia
mixture. The breathing mask is customized to suit the imaging window. 10% of the
commercially available nose cone is cut and then connected to a piece of glove.

2.6. Connect the breathing mask to the anesthesia machine before switching it on.

2.7. Switch on the anesthesia machine and set it to deliver anesthetic mixture containing 1.0
L/min of oxygen with 0.75% isoflurane to the animal breathing mask.

2.7.1. Clamp the pulse oximeter to one of the animal’s hind legs to monitor its physiological
condition.

2.8. Apply a layer of colorless ultrasound gel to the scalp of the rat using a cotton tipped
applicator. Adjust the lab-jack position to the center of the scanner and adjust the height of the
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lab-jack manually so that the imaging plane is at the center of the acoustic reflector.
3. Dynamic in vivo imaging of uptake and clearance process of ICG in rat brain

3.1. Set the parameters in the data acquisition software (see Table of Materials) for a 360°
acquisition scan.

3.2. Turn on the PLD laser emission by enabling the output of the function generator (laser
emission will start). Then, slowly increase the voltage of the variable high voltage power supply
to 120 V for maximum per pulse energy.

3.3. Run the data acquisition software (see the Table of Materials) program to rotate all eight
SUTRs in 360° over a 4 s scan time.

NOTE: For example, if the SUTRs are rotated for 4s, the PLD delivers 8,000 (= 4 x 2,000) pulses
and each SUTR collects 8000 A-lines. These 8,000 A-lines are reduced to 400 by averaging over
20 signals (after averaging A-lines = 8,000/20 = 400). A reconstruction program based on delay-
and-sum back projection algorithm is used to find out the scanning radius of each SUTR.

3.4. Disable the output of the function generator to turn off the laser emission.
3.5. Using the reconstruction algorithm in data processing software (see Table of Materials)
find out the scanning radius of all eight SUTRs by trial-and-error, using the back-projection

algorithm.

3.6. Set the parameters in the data acquisition software (see Table of Materials) for 45°
acquisition over a 0.5 s scan time.

NOTE: For example, if the SUTRs are rotated for 0.5s, the PLD delivers 1,000 (= 0.5 x 2,000)
pulses and each SUTR collects 1000 A-lines. These 1,000 A-lines are reduced to 400 by
averaging over 20 signals (after averaging A-lines = 1,000/20 = 50).

3.7. Enable the output of the function generator to turn on the laser emission.

3.8. Run the data acquisition software (see Table of Materials) program to rotate all eight
SUTRs in 45° to obtain initial control data before administering ICG.

3.9. Disable the output of the function generator to turn off the laser emission.

3.10. Identify the tail vein of the animal and inject 0.3 mL of ICG (see Table of Materials) (323
UM) into the tail vein of the rat.

4. NOTE: 1.25 mg of ICG powder was weighed using a micro-weighing machine and mixed with
5 mL of distilled water to obtain a concentration of 323 uM for the ICG solution.
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4.1. Enable the output of the function generator to turn on the laser emission.

4.2. Run the data acquisition software (see Table of Materials) program to acquire A-lines over
a 0.5 s scan time in 45° rotation.

5. NOTE: A-lines acquired during a 0.5 s scan time are used to generate one cross-sectional
image. There is time gap of ~0.4-0.6 s between each scan.

5.1. After the data acquisition is over, using the back-projection algorithm in data processing
software (see Table of Materials), reconstruct the cross-sectional brain image from the saved
A-lines.

5.2. Turn off the laser and then turn off anesthesia machine, lower the lab-jack and remove the
animal from the stage. Return the animal to the cage and monitor until it regains
consciousness.

[Place Figure 1 here]
REPRESENTATIVE RESULTS:

The potentiality of the described desktop PLD-PAT system for dynamic in vivo brain imaging has
been showcased in this protocol with corresponding results. High-speed imaging capability of
the desktop PLD-PAT system was demonstrated by performing in vivo brain imaging of healthy
female rats. PA signals were collected using eight SUTRs rotating in 360° and 45° around the rat
brain at scan speeds of 4 s and 0.5 s, respectively. Figure 2A,B show brain images of a female
rat (98 g) at scan speeds of 4 s and 0.5 s, respectively. Sagittal sinus (SS) and transverse sinus
(TS) are clearly visible in both the images. Figure 2C,D show photographs of the rat brain before
and after removing the scalp over the brain area, respectively. PAT imaging was done non-
invasively with intact skin and skull.

[Place Figure 2 here]

Before injecting ICG into the tail vein of the same rat, control data was acquired. After injecting
ICG, PA data was acquired continuously for first 5 min with a 0.5 scan time. Then, PA data was
acquired at ~2—3 min intervals with 0.5 s scan times each for the next 15—20 min. Figure 3
shows the plot representing the increases in average PA signal in the sagittal sinus (SS) due to
increases in optical absorption by ICG at 816 nm wavelengths, and subsequently, decreases
over time.

[Place Figure 3 here]

FIGURE LEGENDS:
Figure 1: Schematic of the desktop PLD-PAT system. (A) Schematic of the desktop PLD-PAT set
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up. PLD: pulsed laser diode, OD: optical diffuser, SUTR: acoustic reflector based single-element
ultrasound transducer, AM: anesthesia machine, CSP: circular scanning plate, SM: stepper
motor, LDU: laser driving unit, AMP: amplifier, DAQ: data acquisition card. (B) Circular
arrangement of eight SUTRs around the scanning center.

Figure 2: Non-invasive in vivo desktop PLD-PAT images. In vivo images of cortical vasculature
at scan times of (A) 4 s and (B) 0.5 s. SS: sagittal sinus, TS: transverse sinus. (C) and (D) are
photographs of the rat brain before and after removing the scalp, respectively.

Figure 3: Pharmacokinetics of ICG. Pharmacokinetics of ICG showing the uptake and clearance
process. The red arrow mark shows the time of injection of ICG into the tail vein.

DISCUSSION:

This work presents a protocol to use a desktop PLD-PAT system for conducting experiments on
small animals like rats for in vivo brain imaging and dynamic fast-uptake and clearance process
of contrast agents like ICG. Bulky, expensive OPO-PAT systems take several minutes (2—5 min)
to acquire a single cross-sectional in vivo image. A compact, low-cost, first generation portable
PLD-PAT system provides single cross-sectional in vivo images in 5 s. In contrast, a high-speed,
compact, low-cost desktop PLD-PAT system renders a high quality 2D cross-sectional in vivo
image in just 0.5 s%°. Here, the same desktop PLD-PAT system was demonstrated for fast in vivo
dynamic brain imaging. Using this system, continuous monitoring of rapidly changing
physiological phenomena is performed inside small animals for a fast rise and fall of PA signals
due to ICG uptake and clearance processes. However, PLDs have a few limitations such as single
wavelength generation, which forbids functional imaging. Additionally, multiple wavelength
illumination is needed for acquiring the functional information. Also, imaging depth is limited
due to a low per-pulse energy of PLD, which can be circumvented using exogenous
photoacoustic contrast agents for enhancing the imaging depth.

While conducting the experiments using the desktop PLD-PAT system, certain precautions need
to be taken: (a) due to the non-uniform beam profile of the PLD laser, an optical diffuser should
be used at the laser output window, (b) it should be ensured that PLD laser beam is at the
scanning center and that all SUTRs are facing towards the center of the PAT scanner, (c) care
should be taken during anesthesia injection so that the surrounding organs like urinary bladder,
kidneys, and intestines are not affected, (d) a proper amount of anesthesia mixture must be
injected according to the weight of the animal, (e) during the procedure of trimming hair on the
animal head, scratches on the scalp must be avoided, and (f) it must be ensured that the
imaging plane of the rat brain is at the center of the acoustic reflector of the SUTRs.
Troubleshooting may be needed if the image quality is low. Major applications of this system
include high frame rate imaging (1 frame in 0.5 s), small animal brain tumor imaging,
subcutaneous tumor imaging, and investigating biomaterials for potential PA contrast agents
and therapeutic applications.

The maximum permissible exposure (MPE) safety limit for in vivo imaging is governed by the
American National Standards Institute (ANSI) laser safety standards?®. These safety limitations



309 are dependent on laser pulse width, illumination area, exposure time, and illumination

310 wavelength, as well as several other factors. Higher than a 700-1,050 nm wavelength range and
311  maximum per pulse energy density on the skin surface should not exceed 20 x 102(*-700)/1,000
312  ml/cm?, where A (in nm) is the illumination wavelength. So, the MPE safety limit at a 816 nm
313  wavelength of PLD laser used is ~¥34.12 mJ/cm?. For continuous illumination of the laser over a
314 period of t = 0.5 s, the MPE safety limit becomes 1.1 x 102(A-700//1000 x {0.25 j /cm?2 (= 1.58 J/cm?).
315 The pulse repetition rate of the PLD was maintained at 2,000 Hz in all experiments. Over the
316  course of a 0.5 s scan time, a total of 1,000 (0.5 x 2,000) pulses were delivered to the sample.
317  This implies that per pulse, the MPE was 1.58 mJ/cm?. The desktop PLD-PAT system delivers a
318 per pulse energy of ~3.4 mJ. The laser energy density was maintained at ~0.17 mJ/cm? on the
319 brain area as the laser beam expanded over a ~20 cm? area. This laser energy density was well
320 below the ANSI safety limit over a period of 0.5 s. By reducing the pulse repetition rate,

321 reducing the laser power, or expanding the laser beam, the ANSI laser safety limit for the

322  desktop PLD-PAT system can be changed.
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Table of Materials

Name of Reagent/ Equipment
12 V power supply
Acoustic reflector

Acrylic water tank
Anesthetic Machine

Animal distributor

Animal holder

Breathing mask

Circular Scanner

DAQ (Data acquisition) Card
Data acqusition software
Data processing software
Function generator

Low noise signal amplifier
Optical diffuser

Pulsed laser diode

Rats

Stepper motor with gearbox
Ultrasound gel

Ultrasound Transducer
Variable high voltage power supply

Company
Voltcraft
Olympus

NTU workshop

Medical plus pte Itd

In Vivos Pte Ltd, Singapore
NTU workshop

NTU workshop

NTU workshop

Spectrum

National Instruments
Corporation,Austin,TX,USA)
Matlab (Mathworks, Natick,
MA, USA)

RIGOL
Genetron
Thorlabs

Quantel, France

In Vivos Pte Ltd, Singapore
LIN Engineering (Servo
Dynamics)

Progress/parker acquasonic
gel

Olympus
Elektro-Automatik

Click here to access/download;Table of Materials;JoVE_Materials.xlsx %
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Catalog Number
PPS-11810
F102
Custom-made
Non-Rebreathing Anaesthesia machine with oxygen concentrator.
Custom-made
Custom-made
Custom-made
M2i.4932-exp
NI LabVIEW 2015 SP1 (32 bit)
Matlab R2015b
DG1022

Custom-made using Mini-circuits, ZFL-500LN-BNC
DG-120

QD-Q1924-1LO-WATER

NTac:SD, Sprague Dawley / SD

Motor: CO-5718L-01P-RO, Gearbox: DPL64/1; Power supply PW-100-24
PA-GEL-CLEA-5000

V309-SU/ U8423013
EA-PS 8160-04 T



Comments/Description
To supply operating voltage for PLD
45 degree reflector augmented to the ultrasound transducer
It is used to hold water that acts as an acoustic coupling medium between animal
brain and detector

Supplies oxygen and isoflurane to animal

Animal distributor that supplies small animals for research purpose

Used for holding animal on its abdomen

Used along with animal holder to supply anesthesia mixture to the animal
Scanner is made out of aluminum

16 bit, 30 Ms/s, 8 channels, 1 Gs, PCle

LabVIEW based program developed in our laboratory for controlling the stepper
motor and acquring the PA singnals from the detector

Matlab code developed in our laboratory for reconstructing cross-sectional PA
images

To change the repetition rate of the PLD. It will provide TTL signal to synchronize
the DAQ with the laser excitation.

To receive, and amplify the PA signal from SUTR. Its gain is 24 dB.

Used to to make the laser beam homogeneous

It is the excitation laser source with specifications of 816 nm wavelength, 3.4 mJ
per pulse energy, 107 ns pulse width, 2 KHz maximum pulse repitition rate,
dimensions : 13.0x 7.6 x 5.0 cm

Female, weight 100+10g, strain of rats: Sprague Dawley, age: 4-5 weeks

To move the detector holder in a circular geometry. Torque: 2.08 N-m, Rotor
inertia: 2.6 kg-cm2

Clear ultrasound gel

Ultrasonic sensors used for photoacoustic detection. Central fregency 5 MHz, 0.5
in

To change the laser output power
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tem 1: The Author elects to have the Materials be made available (as described at

httpéwy/.jove.com/publish) via:
Standard Access

Item 2: Please select one of the following items:

D Open Access

@/The Author is NOT a United States government employee.

|:|The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

25 Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3 Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JOVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7 Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9, Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11, JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13% Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.
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1. Upload an electronic version on the JoVE submission site
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3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.



Rebuttal Letter

Click here to access/download;Rebuttal Letter;JoVE_PLD-PAT-

G2_review1_comments_answer_final.pdf

Manuscript ID: JoOVE59764

Manuscript title: Pulsed laser diode based desktop photoacoustic tomography for monitoring
wash-in and wash-out of dye in rat cortical vasculature

Authors: Sandeep Kumar Kalva, Paul Kumar Upputuri, Praveenbalaji Rajendran, Rhonnie Austria
Dienzo and Manojit Pramanik

Private comments to the Editor

Dear editor,

Thank you for coordinating the review of our manuscript. We also thank the reviewers for their
comprehensive and critical evaluation. We have addressed the reviewers’ comments and made
appropriate revisions to the manuscript as needed.

An optional red-lined version of the revised manuscript is also uploaded.

Below please find our responses to the reviewers’ specific comments. The reviewers’ comments
are in italics, and our responses are in normal font.

Sincerely,
The Authors

*
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Reply to editor’s comments:

Reply: We would you like to offer our sincere thanks for your encouraging and constructive
comments. The manuscript has been revised to address these comments.

General:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues.

Reply: Thank you for your suggestion. We have checked the revised manuscript and corrected
them.

2. Please revise lines 47-51, 162-170, and 295-302 to avoid overlap with previously-published
text.

Reply: Thank you for pointing this. The corresponding text has been modified in the revised
manuscript.

“High-speed dynamic in vivo imaging has been demonstrated using a compact PLD based desktop
PAT system (PLD-PAT). A visualized experimental protocol on using the desktop PLD-PAT
system has been provided in this work for dynamic in vivo brain imaging. The protocol describes
the desktop PLD-PAT system configuration, preparation of animal for brain vascular imaging, and
an experimental procedure for dynamic visualization of indocyanine green (ICG) dye uptake and
clearance process in rat cortical vasculature.”

“2.6. Connect the breathing mask to the anesthesia machine before switching it on.

2.7. Switch on the anesthesia machine and set it to deliver anesthetic mixture containing 1.0 L/min
of oxygen with 0.75% isoflurane to the animal breathing mask.

2.7.1. Clamp the pulse oximeter to one of the animal’s hind legs to monitor its
physiological condition.”

“Laser safety standards for in vivo imaging

The maximum permissible exposure (MPE) safety limit for in vivo imaging is governed by the
American National Standards Institute (ANSI) laser safety standards.?” These safety limitations
are dependent on laser pulse width, illumination area, exposure time, illumination wavelength, etc.
Over 700 to 1,050 nm wavelength range, the maximum per pulse energy density on the skin surface
should not exceed 20 x 10%*-700/L000 m3jjem?2, where A (in nm) is the illumination wavelength. So
the MPE safety limit at 816 nm wavelength of PLD laser used is ~34.12 mJ/cm?. For continuous



illumination of the laser over a period of t = 0.5 s, the MPE safety limit becomes 1.1 x 10?(-700)/1000
x 92 Jjcm? (= 1.58 J/cm?).”

3. JoVE cannot publish manuscripts containing commercial language. This includes trademark
symbols (™), registered symbols (®), and company names before an instrument or reagent. Please
limit the use of commercial language from your manuscript and use generic terms instead. All
commercial products should be sufficiently referenced in the Table of Materials and Reagents.

For example: LabVIEW

Reply: Thank you for your suggestion. We have gone through the manuscript and corrected in
the revised manuscript.

Protocol:

1. Being a video based journal, JoVE authors must be very specific when it comes to the humane
treatment of animals. Regarding animal treatment in the protocol, please add the following
information to the text:

a) Please mention how proper anesthetization is confirmed.

Reply: Thank you for your suggestion. The corresponding text has been added in the revised
manuscript after step 2.1.

“Note: After the injection, the animal cannot move and it stays in the same place without any
motion. This confirms the animal is anesthetized.”

b) Please specify the use of vet ointment on eyes to prevent dryness while under anesthesia

Reply: Thank you for your suggestion. The corresponding text has been added in the revised
manuscript after step 2.2.2.

“Note: Due to anesthesia, the animal’s eyes get dried. The laser light might fall on animal’s eyes
during experiment. In order to prevent all these, we need to use vet ointment on animal’s eyes
before the experiment.”

2. For each protocol step/substep, please ensure you answer the “how” question, i.e., how is the
step performed? Alternatively, add references to published material specifying how to perform the
protocol action. If revisions cause a step to have more than 2-3 actions and 4 sentences per step,
please split into separate steps or substeps.

Reply: Thank you for suggesting this. The steps 2.1, 2.2, 2.4, and 2.8 are modified and step 1.7
split into two steps in the revised manuscript.



Specific Protocol steps:
1. 2: What are the strain and age of the rats?

Reply: The strain of the rats is Sprague Dawley and the rats are of 4-5 weeks age. These details
are mentioned in the revised table of materials.

2. 3: Please provide more information regarding setting of parameters in LabView (if these steps
are to be filmed). Please also provide more information on using MATLAB for reconstruction.
Thin information can include supplemental material.

Reply: Thank you for asking this. The setting of parameters in LabView will not be filmed. So,
we did not provide information about these steps. We have used conventional delay-and-sum
algorithm implementing back-projection technique for reconstructing the photoacoustic images,
which is very common in the photoacoustic community. So, we are not providing this information
as well.

Figures:
1. Figure 2: What is the scale on the right measuring?

Reply: The scale on the right is measuring the PA amplitude (volts). We have mentioned this
information in Fig. 2 in the color bar.

2. Figure 3: What exactly is the ‘Fitted data’ here?

Reply: The fitted data is an approximation curve for the experimental data obtained for uptake and
clearance process of ICG in rat cortical vasculature. The fitted data was obtained from the
experimental data using the polynomial fit with a degree of 17.

References:
1. Please ensure references have a consistent format.

Reply: Thank you. We have gone through the references and made sure of a consistent format in
the revised manuscript.

Table of Materials:

1. Please ensure the Table of Materials has information on all materials and equipment used,
especially those mentioned in the Protocol.



Reply: Thank you for your suggestion. We have gone through the table of materials
information and revised accordingly.

Reply to the reviewer’s comments
Reviewer#1
Manuscript Summary:

In this work, Kalva and colleagues demonstrate photoacoustic imaging with a pulsed laser diode
for monitoring dye wash in and wash out from rat cortical vasculature. This is impressive work
and will certainly be of interest to the research community. Some minor concerns/suggestions are
mentioned below.

Reply: We would you like to offer our sincere thanks for your encouraging and constructive
comments. The manuscript has been revised to address these comments.

1. The distinction between "First-generation” and "Second-generation™ may be a point of
confusion. The term "first-generation™ in the title to me would imply that a prior design had been
adopted by many groups. However, it is not clear if "first-generation™ refers to the Pramanik
group's prior design only in this topic. In that case, it seems a bit heavy to use the term "second
generation™ in this context. Will the next design modification/improvement be called "third-
generation? The authors may consider to remove the term “second-generation™ from the title.

Reply: Thank you bringing this discussion. Nd:YAG/OPO based PACT/PAT systems can be
considered as first generation PACT systems. These lasers are bulky, expensive and occupy large
space. Their repetition rates are also very low (below 100 Hz). Whereas the PLD lasers are
compact, low-cost, portable and have high repetition rates in the order of KHz. Therefore, we
consider the pulsed laser diode (PLD) based PAT systems as second generation systems.

The corresponding text has been modified in the revised manuscript.

"Nd:YAG/OPO lasers are conventional excitation sources for first generation PAT systems that
are widely used in photoacoustic community for small animal imaging, deep tissue imaging*® etc.”

“Compact in size, lower cost and higher pulse repetition rate (order of KHz) of the pulsed laser
diodes (PLDs) makes them more promising for real-time imaging. Due to these advantages, PLDs
are actively used as alternate excitation source in second generation PAT systems.”

“Portable PLD-PAT system was demonstrated previously by mounting the PLD inside the PAT
scanner.?* With one SUT circular scanner, phantom imaging was done in 3 s scan time and in vivo
rat brain imaging was done in 5 s using this PLD-PAT system.® Further, improvements are done
to this PLD-PAT system to make it more compact and desktop model by using 8 acoustic reflector
based single-element ultrasound transducers (SUTRs).%> 26



To avoid confusion, we have removed “second generation” from the title and have referred to our
new design as “desktop PLD-PAT system” throughout the revised manuscript.

2. The authors should mention how this design compares to other similar implementations with
compact laser and ring or 3/4 ring transducer such as Wang et al., Biomedical Optics Express
Vol. 8, pp. 112-123 (2017).

Reply: Thank you for raising this point. By mounting the PLD laser inside the PAT scanner, we
were able to directly illuminate the sample without use of any optical fiber. Use of any optical
fiber results in loss of amount of energy delivered on to the sample. Also, we were able to make
the whole PAT system compact by saving lot of space in case of laser being outside the scanner.
Though the PLD has lesser energy (few mJ), due to high repetition rates in the order of KHz
compared to Nd:YAG lasers (1-50 Hz), we are able to achieve high resolution images and able to
image till 3 cm deep inside the tissue. We have used commercially available cheap single-element
ultrasound transducers and augmented them with 45 degree acoustic reflectors (SUTRs) for PA
signal detection. These acoustic reflectors are also available in the market at cheaper price.
Whereas the % ring array transducer used by Wang et al., are very expensive, being custom-made.
Also, it has limited view problem since it can collect the PA data only 270 degree around the
imaging object for a single cross-sectional scan. Whereas in desktop PLD-PAT system, by
scanning the 8 SUTRs in 45 degree within 0.5 s scan time, we were able to collect the PA data in
full 360 degree around the target object eliminating the limited view problem.

3. In mentioning deep tissue imaging in the introduction, the authors may include the reference
Zhou et al., Theranostics. 2016; 6(5): 688-697, which demonstrated photoacoustic imaging
through 11.6 cm of chicken breast.

Reply: The suggested reference has been added in the second paragraph of introduction section of
the revised manuscript.

“Nd:YAG/OPO lasers are conventional excitation sources for first generation PAT systems that
are widely used in photoacoustic community for small animal imaging, deep tissue imaging®® etc.”.

Reviewer#2
Major Concerns:

The abstract states "in vivo imaging of small animal cortical vasculature™, however not any solid
result supports that. The introduction does not mention many existing full-ring PACT systems that
are similar instead many self-citation. The figures are too simplistic, e.g., Fig 2 does not make any
scientific point, Fig 3 does not have any statistical analysis to show that the results are
reproducible. More experimental results will be appreciated.



Reply: We would you like to offer our sincere thanks for your encouraging and constructive
comments. The manuscript has been revised to address these comments.

Figures 2 (a) and 2(b) show the reconstructed PA images of in vivo small animal cortical
vasculature for 4 s and 0.5 s scan time respectively. The reconstructed image for 0.5 s scan time
was obtained by using 8 SUTRs rotating for 45 degree around the target object whereas the
reconstructed image for 4 s was obtained by using 1 SUTR rotating for 360 degree around the
target object. We need to rotate all 8 SUTRs once around 360 degree in order to obtain the scanning
radius for each of them before conducting the dynamic imaging of ICG dye wash in and out
process.

Figure 3 is a representation of ICG dye wash-in and wash-out process. We had obtained the similar
rise and fall pattern in the previously published article on this work®. This shows that the results
are reproducible.

[17 S. K. Kalva, P. K. Upputuri, and M. Pramanik, “High-speed, low-cost, pulsed-laser-diode-based second-generation
desktop photoacoustic tomography system,” Optics Letters 44(1), 81-84 (2019).

We have modified the text in the revised manuscript mentioning about existing full-ring PACT
system.

“State-of-the-art single-impulse PACT system with customized full-ring array transducer obtains
the PA data at 50 Hz frame rate!’. These array transducers need complex back-end receiving
electronics and signal amplifiers making the overall system more expensive and difficult for
clinical translation.”



