Editorial comments:
Changes to be made by the Author(s):

	Comment
	Response

	1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues. Please use American English.
	Thank you, we have checked the manuscript as requested and revised as needed. 


	2. Please revise and shorten the Introduction to remove some of the background, but include all of the following:
a) A clear statement of the overall goal of this method
b) The rationale behind the development and/or use of this technique
c) The advantages over alternative techniques with applicable references to previous studies
d) A description of the context of the technique in the wider body of literature
e) Information to help readers to determine whether the method is appropriate for their application

	We have refined the introduction as requested.

	3. Please include a one line space between each protocol step and then highlight up to 3 pages of protocol text for inclusion in the protocol section of the video. Please ensure you provide sufficient detail to facilitate the filming of the video.

	The spaces have been added and the selected text indicated.

	4. Please ensure that all text in the protocol section is written in the imperative tense as if telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in complete sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be written in the imperative tense may be added as a “Note.” However, notes should be concise and used sparingly. Please include all safety procedures and use of hoods, etc.

	The text has been revised as requested.



	5. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols (™), registered symbols (®), and company names before an instrument or reagent. Please remove all 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: ibidi, Corning

	The text has been checked and revised as requested. References to the table of materials have been added in place of the commercial language.

	6. Please note that your protocol will be used to generate the script for the video and must contain everything that you would like shown in the video. Please add more details to your protocol steps. 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. Please add more specific details (e.g. button clicks for software actions, numerical values for settings, etc) to your protocol steps. There should be enough detail in each step to supplement the actions seen in the video so that viewers can easily replicate the protocol. For the entire protocol, please include enough specifics (with notes indicating what can and was modified and why) and highlight these specifics to allow filming.

	The text has been checked and revised as requested. 

	7. For example, in 1.3, please provide details that will allow replication and filming of the video: which ultrasound source do you recommend, which focused source should be used, how do you support the cell compartment well away from the strongest part of the incident field etc.

	The text has been checked and revised as requested (but avoiding use of commercial information as above). The reader is now referred to the table of materials for information on the ultrasound source, and is referred to Figs 1(A) and 1(D) for examples of how to hold the cell exposure compartment.


	8. 1.4: which acoustic absorber do you use, what should the temperature of the chamber and aquarium heater be?
	The absorber and heater information has been added to the table of materials.  


	9. Please remove the embedded Table from the manuscript. All tables should be uploaded separately to your Editorial Manager account in the form of an .xls or .xlsx file. Each table must be accompanied by a title and a description after the Representative Results of the manuscript text.

	The table has been removed and uploaded as a separate file with its title and description.

	10. Please ensure that the references appear as the following: [Lastname, F.I., LastName, F.I., LastName, F.I. Article Title. Source. Volume (Issue), FirstPage–LastPage (YEAR).] For more than 6 authors, list only the first author then et al. Please do not abbreviate journal names.

	The references have been checked and corrected where necessary.

	11. Please sort the Materials Table alphabetically by the name of the material.

	The table has been revised as requested.





Reviewers' comments:
Reviewer #1:
Manuscript Summary:
The authors identified the gap that there is considerable variation in the experimental protocol for generating cavitation and monitoring it. This variation can come from cavitation agents used, incident field , apparatus used, and type of bubble behavior observed. The authors have discussed a generalized protocol which can be tuned to suit specific needs of the reader. Experimental practices to increase reproducibility and ease of use have been outlined. Details on how to choose monitoring equipment and data processing parameters for an intended application are given. A specific discussion on the protocol to use author's customized equipment for cavitating microbubbles in cell cultures is also included. The results shown give a fair idea of the equipment, the various types of bubble behavior, and some critical components that play a role in cavitation analysis. The authors have discussed critical steps, limitations, and future applications of this protocol in the end.

	Comment
	Response

	1. The authors pointed out that there is a wide variation of exposure parameters for achieving successful cavitation and this protocol aims to address that. However, in the protocol there is no discussion on what the best acoustic parameters are for achieving successful cavitation nor a discussion on how to find them. They may also vary with respect to different cavitation agents. A discussion on these aspects may further aid the usability of this protocol.

	Thank you, this is a very good point. The aim of the paper is to present a protocol that is suitable for a wide range of therapeutic ultrasound studies and we have therefore deliberately avoided prescribing a specific set of exposure parameters. The methodology for establishing that set of parameters, however, should be mentioned and we have revised the discussion to address this point as follows:
“The range of parameters that should be explored for a particular experiment will depend upon the application (desired bio-effect, cell type, depth of target tissue if in vivo etc.) and the nature of any cavitation agent being used. Given the large number of variables (US frequency, pressure amplitude, pulse length, pulse repetition frequency etc.) fully exploring the whole parameter space is unlikely to be practicable. An advantage of the proposed protocol is that it enables some bounds on this parameter space to be quickly established. For example, it enables determination of the minimum pressure at which a cavitation signal is generated; the maximum pressure or pulse length that can be used before cell detachment/death occurs; the pressure at which fractional harmonics or broadband noise are produced. It is recommended that such a set of scoping measurements be carried out as a first step in any study.”


	1. In line 167, perhaps the author is talking about Fig. 1(C) rather than 1(D) as it is difficult to visualize any holes on the lid in Fig. 1(D). Labelling these holes in the corresponding figure may assist in better visualization.
	Thank you, we have corrected the text to reference “Fig. 1(C)”. That sub-figure already identifies the filling ports. The revised section is:
1.1.2.1. The SAT2 cell exposure compartment is formed by press fitting a flexible polymer lid over the -dish (Carugo et al. 2015). As seen in Figure 1(DC), the lid has a pair of 1.2 mm diameter holes that allow filling the compartment with an 18g blunt needle syringe. After filling, these filling portsholes are sealed with short plastic rods.


	2. In line 244, a reference for the formulation would further aid the readers to know the details of the derivation of the formulation

	Thank you, this has been added

	3. In Line 327, a reference for providing the details of the welch method would be helpful for the readers.

	Thank you, this has been added

	4. For point 2.2.4.1 and 2.2.4.2, a detail that can further aid data processing can be to mention an optimum size of frequency bins that one should use for ultraharmonic and harmonic frequencies.
	Thank you, we have added a clarifying example to 2.2.3.1. We do also already provide a recommendation for how to set the transform length for resolution of spectral features.
“For the example of a 1 MHz fundamental sampled at 50 MHz,  Nft = 2500 and the bin width is 0.02 MHz.”


	5. For point 3.2.2, how large is the largest gauge needle. It may be helpful to provide a maximum or a minimum limit.

	Thank you, this has been added together with references to previous studies on microbubble destruction and the role of needle gauge. 






Reviewer #2:
REVIEWER COMMENTS
Manuscript Number: JoVE61989
Title: Experimental protocol for studying cavitation enhanced therapy.
Authors: Michael Gray, Alexandra Vasilyeva, Veerle Brans, Eleanor Stride.

	Comment
	Response

	This is an excellent contribution to the technical field, very well written and appropriately detailed. It addresses an important topic; namely, the specification of a system or systems(s) allowing the controlled exposure of microbubbles and other targets such as cells to an acoustic field. This should enhance the reproducibility of such studies, promoting an improved understanding of the bio-effects of ultrasound and confidence in its controlled application. I have only a limited number of comments for the authors to consider.

	We are very grateful for the reviewer’s kind comments.

	1. Page 4, line 186: it is a small point, but maybe refer to "optically clear materials".

	Thank you, this is a very good point and has been added. We have modified 1.1.5 as follows:
“1.1.5. Make the chamber and the internal components out of optically clear materials when possible, so that any problems (e.g. leaks, entrapped macrobubbles) can be quickly observed and remedied.”


	2. Page 4, lines 190-206: Later in the manuscript (Limitations of method on pages 14 &15), the issues of multiple reflections are mentioned. It should also be mentioned here i.e. it is not just the transmissibility of the acoustic window that is key, but the fact that the reflections may return to the chamber. In this case, you may be over-correcting for membrane transmission, particularly at higher frequencies where the amplitude reflection is significant even for thin membranes.

	We completely agree with the reviewer and have modified the paragraph to make this point more explicit and also added a cross reference back to sections 1.2.2 and 1.2.3 to highlight the issue of variation in transmissibility with frequency.
“It is not possible to completely eliminate acoustic reflections within the sample chamber and hence the incident field will not be completely uniform over the whole the sample volume. As mentioned in 1.2.2 and 1.2.3 the transmissibility of acoustic windows will be frequency dependent and thus the desired bandwidth for acoustic emission measurements should be carefully considered. In particular there may be significant multiple reflections of higher frequency components. This is another reason why calibration of the field within the fully assembled system is so important to minimize the uncertainty in incident pressure. Appropriate gating of the recorded signals should also be considered to minimize the effects of multiple reflections.”


	3. Page 5, Section 1.4.2, lines 225-227: the authors raise the issue of using a voltage probe directly measuring the input drive voltage to the transducer. This is an important measurement as it defines the applied acoustic stimulus but I wondered whether the authors could state that it is important that the voltage probe is calibrated (you might be surprised how poor probes are in terms of this aspect) and specify additionally the voltage measurement uncertainty. This will allow readers to identify the transducer input voltage should they choose identical commercially available transducers.

	We have added the following to 1.4.2:
“1.4.2. Monitor and record the source drive voltage at the amplifier output / source input, so that minor variability or major malfunction can be detected quickly.  Use a voltage probe or other device that is safe to use over the drive voltage range of interest. Periodically check the calibration of the voltage probe using a well-known source such as a waveform generator.”


	4. Page 5, Section 1.5, lines; 235-251: I was a little confused regarding how this would be done especially regarding the comment "…..all system components are in place". To confirm, is the "Cell exposure compartment" still in place for the scan? If so, is the aim to get as close to the compartment as possible and scan over its rear (exit) surface. Or, is the compartment not in place, in which case the exposure conditions may not be representative due to multiple reflections. It may be worth mentioning that whilst needing to characterise the exposure under the actual conditions employed (long millisecond bursts), reducing the burst length might enable the existence of other reflections to be identified and their contribution estimated.

	Yes, this includes the cell exposure compartment, with the intention of making the measurements as close as possible to where the cells are located. We have modified section 1.5.1 accordingly:

“1.5.1. Include a means of measuring the pressure field incident upon the exposed cells when all system components are in place, including the cell exposure compartment. In SAT2 and 3, this is accomplished with an opening in the chamber lid through which a needle or fibre optic hydrophone could be inserted without disturbing the field to be measured. Make the measurements as close as possible to where the cells are located.”

We have added a comment about pulse length to 1.5.4. for diagnostic purposes:
“1.5.4. Scan the entire region where cells may be exposed. In order to capture an appropriate level of field detail, use a scan spacing no coarser than 1/5th of a wavelength at the highest frequency of interest. If unexpected field complexity is observed, consider using short burst signals (e.g 1-3 cycles) to allow identification and quantification of direct and scattered field contributions.”


	5. Page 5, section 1.5.2, lines 245-246: worth adding temperature here, as the sensitivity of the hydrophone will be temperature dependent. Exposures at 35̊C may be difficult the quantify without some form of model as hydrophone calibrations are commonly carried out around ambient.

	We have modified the text in 1.5.3 as follows:
“1.5.3. Ensure that the hydrophone is calibrated under the conditions used in system characterisation, including the temperature. Specifically, if the hydrophone is held at an angle with respect to the scan plane, the phone must be calibrated at that angle, as directivity effects may differ significantly from those expected based purely on geometry. Note: the change in hydrophone sensitivity with respect to temperature should be available from the manufacturer.”


	6. Page 6, Section 2, line 58: Could the authors comment on whether there is any benefit in the PCD being calibrated in terms of its V Pa-1 response? If not, why not? This could be a separate test of the relative response of the PCD at a single frequency against the hydrophone used for the exposure test. It could be a useful cross-check and might put spectra such as Figure 5B on an absolute basis, which would be a useful parameter in terms of study reproducibility.

	This is an interesting question. The PCD signal collected as described in the protocol represents a spatial integration of acoustic emissions whose strength and distribution depend on the low frequency source field, the geometry of the exposure compartment, and the cavitation agent therein (its distribution, concentration, response properties etc.). A calibration performed with a point-like source or reciprocity calibration with a hydrophone would reveal sensitivity at one location in the PCD beam pattern. This would need to be integrated over the exposure compartment volume with assumptions made about cavitation spatial coherence and distribution, both of which are generally not known (arguably they are unknowable due to the stochastic nature of cavitation) and could change with low frequency source drive level and the cavitation types (harmonic vs. broad band) that result. 
 
This process would still yield a PCD signal that represents a system-specific spatially integrated output. Unfortunately, therefore, given the assumptions and uncertainties in the process, it is not clear that the calibration is at all absolute or able to provide additional physical insight. 
The PCD output as currently presented in voltage units indicates: 1) the types of cavitation that are present and in what proportion, 2) how long these cavitation behaviors were present, 3) whether the observed time-cumulative exposure characteristics were correlated to a particular bioeffect, and 4) whether the relative levels and time-dependent behaviors were consistent with previous experiments in the exposure system.
Measurement scenarios where absolute energy distributions are desired really require array-based cavitation mapping techniques. However, their implementation cost is orders of magnitude more expensive to implement than a single-channel PCD.  Therefore, for compact, portable, and high throughput systems for in vitro assessments, we still believe that PCDs are useful despite their limitations. 

We have summarised the above in the discussion as follows: 
 “The PCD output as currently presented in terms of voltage indicates: 1) the types of cavitation behavior and their relative proportions, 2) how long these cavitation behaviors persist, 3) whether the observed time-cumulative exposure characteristics are correlated to a particular bioeffect, and 4) whether the relative levels and time-dependent behaviors are consistent with previous experiments in the exposure system. Whilst the receive sensitivity of the PCD can be quantified, in order to reliably characterize the acoustic emissions in terms of absolute energy additional spatial information is required. This could be achieved by replacing the PCD with an array probe in order to implement Passive acoustic mapping (PAM)80. This would however increase the complexity of signal processing and the computational time and power required.”


	7. Page 7, Section 2.1.5, line 309: Direct signal inject is also a useful test for system linearity and detection of saturation limits.

	Thank you, we have added these features of injection testing to the text:

“2.1.5. Confirm proper impedance matching in the signal chain in order to avoid gain or bandwidth errors. PCD devices typically have output impedances near 50 Ohms, so a suitable check would be to replace the PCD with a known signal from a waveform generator (with 50 Ohm output impedance) and confirm that the signal size appearing on the digitiser matches expectations, scales linearly when the injected signal is changed, and no clipping is observed for the largest signal of interest.”


	8. Page 8, Section 2.26, line 2.2.6: This is a useful measurement. Can I just clarify whether or not the authors use it at all i.e. in terms of subtracting from the "cell exposure" spectra?
	The background is used as a reference so that the confidence in a particular response metric (e.g. size of 3rd ultraharmonic or total broadband power) is meaningful but is also helpful as a diagnostic for electronics problems. This measurement made is in addition to controls with ultrasound but without cavitation agents. We typically display the background level in figures to indicate its level relative to the signal(s) of interest rather than subtracting it during processing.


	9. Page 8, Section 3.2.2.6: "while inject" should be "while injecting".

	This has been corrected, thank you.

	10. Page 10, Section 3.3.5: I believe it is better to measure the direct drive voltage being applied to the transducer using a high impedance scope or voltage probe.

	Section 3.3.3.5 makes this recommendation, but we have modified the wording to improve its clarity: 
“3.3.3.5. Monitor the amplifier output signal that drives the ultrasound source (as opposed to the waveform generator output) throughout the experiment in order to ensure that the exposure is proceeding as expected. Use a high voltage probe for this measurement and make sure that the oscilloscope is set to compensate for probe attenuation.”


	11. Page 11, line 500: How is the standard deviation calculated? Given that this is a time-varying system and spectra are being acquired continually? Or does this refer to what you could call "true repeats" i.e. with newly replenished chambers with identical constituents and nominally identical exposure conditions?

	The standard deviations are across ‘true repeats’ at each time point, since cavitation behaviors are generally dependent on exposure history.

	12. Page 11, Table of Materials: given the aim is to establish free-field condition in the exposure chamber it seems a little strange to exclude the absorber details. If it is commercially available, then a specification would be available to the interested researcher; if it is ''homemade'', what is its specification in terms of echo-reduction?

	Details have been added to the Table of Materials. All acoustic absorbers were made from APTFlex F28 precast panels with 1.0 cm thickness, Precision Acoustics Ltd., Dorset, UK. 


	13. Page 11, Table of Materials: similarly, given the importance of measuring exposure to reproducibility, information on the characterisation system should be stated in terms of hydrophone used (manufacturer/type), angle of tilt and uncertainty at the particular frequencies of interest. This uncertainty is not just the uncertainty on the calibration certificate by may involve variations over the volume on interest - see the prior comment 4.

	Hydrophone details have been added to the Table of Materials and revisions made to the manuscript as above in respect of comments 4 and 5. 

	14. Page 13: I may have missed this but what temperature was used for these exposures? What was the uncertainty in temperature?
	This information has been added to the first paragraph of this section:

“Figure 4 shows examples of time and frequency domain PCD responses, illustrating three distinct cavitation behaviors. All data were collected on SAT3 using SonoVue microbubbles diluted 5x in PBS. The temperatures for all examples in this section were was 19 ± 1 °C.”
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