Blood flow imaging with Ultrafast Doppler – Response to the reviewers

We sincerely thank the reviewers for having accepted to evaluate this manuscript.
Reviewer #1
Minor Concerns
1. The protocol described in manuscript is essentially available in numerous other publications.
The reviewer is right. The described protocol has been already used in other publications. The goal of this paper is to provide as much practical details as possible, including a video, to reach a public of non-experts. 
Reviewer #2
Major Concerns
No major concerns
Minor Concerns
1. First, I recommend that you change the title to "Blood flow imaging with an ultrafast Doppler method"
We understand the reviewer concern and we thank him for rising this important point. There are indeed several way to achieve very high framerate with ultrasound imaging. Other methods like synthetic aperture imaging or multiline transmit can also achieve very high framerate. However, we deliberately chose the term Ultrafast Doppler (with capital letter) to avoid the confusion with these methods. Indeed, Ultrafast Doppler explicitly refers to the technique that uses coherently compounded unfocused waves (plane or diverging waves). It is referred as such in several publications and in commercial devices such as Supersonic Imagine devices. As the outcome of these multiple high-framerate methods are different between each other, we think that the current title is more suited for the paper. We added a few sentence in the introduction (l86) to clarify this point.
Osmanski, B.-F. et al. Ultrafast Doppler Imaging of Blood Flow Dynamics in the Myocardium. IEEE Transactions on Medical Imaging. 31 (8), 1661–1668, doi: 10.1109/TMI.2012.2203316 (2012).
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2. It is named b-mode imaging and not echography (p1l51)
The reviewer is right, we modified this term accordingly.

3. You should reference the original paper by Doppler (p1l58)
The citation was modified to reference to the original publication of Christian Doppler, in German (l57)

4. You should reference the pioneers in fast flow imaging: Udesen et al (2008) High frame-rate blood vector velocity imaging using plane waves: Simulations and preliminary experiments; IEEE, and Hansen et al (2009) In-vivo Examples of Flow Patterns with The Fast Vector Velocity Ultrasound Method;Ultraschall.
These important works were added to the text, we thank the reviewer for rising this (l89).

5. You should mention that the method you propose is angle dependent (p2l112->). This should also be mentioned in the section of conventional Doppler, where other limitations already are listed such as frame rate (p2l100->).
The reviewer is right, angle dependency is a shared limitation of ultrafast and conventional Doppler. We added a full section in the discussion to address this concern, introducing vector flow imaging as a potential solution (l299).

6. You mention that the spectrogram can be broadened by several factor, but you are missing that flow complexity also can broaden the curve. Please add this info (p9l302).
Indeed, the complexity of the flow such as turbulences will affect the spectral broadening. We added a sentence to clarify that point (see Spectrogram interpretation) (l339)

7. I miss a conclusion of the paper. Also, I miss limitations of the setup.
We added a conclusion as requested, we were not sure if the editor allow such sections. We added a couple of sections in the discussion (angle dependency, aliasing) and completed others (clutter filter) in a way to emphasize more the limitation of the setup. (l364)
8. In fig 3 you give examples of different fast US techniques. I recommend that you omit these examples and instead give an in-vitro and in-vivo example obtained with the setup presented in this paper.
The fig. 3 uses only Ultrafast Doppler to produces these images. The panel E showing 4D volume also uses Ultrafast Doppler. We wanted to illustrate the multiple in vivo applications of Ultrafast Doppler. However, we do agree with the reviewer that the presented results used different parameters for the ultrafast sequences (framerate, number of angles, frequency). We added an explanation in the fig 3 caption to clarify that point. We think that we should keep this figure as it present important and diverse in vivo results of Ultrafast Doppler.
Reviewer #3
[bookmark: _GoBack]Major Concerns:
1. The authors do a nice job of providing context and relevant background information in the introduction. However, there are a few limits mentioned without citation or clarification. For example, the resolution limits are stated to be 30um to 1mm. Wouldn't these limits be different for different probes? Also, the authors state 1mm/s as the lower bound on blood velocity estimation. Is this theoretical for the parameters used in this work? Please include additional clarification or citations for these claims.

The reviewer is right, the spatial resolution is dependent of the center frequency of the probe. We tried to convey this message by saying that the spatial resolution depend “on the ultrasound emission frequency” but this statement may be unclear and we modified it. Regarding the lower bound for blood velocity, it is not a theoretical parameter. Technically, the only limitation to slow blood flow detection is the clutter filter process. It has been reported in the literature that flow down to 1 mm/s could be detected. We added two citations (Demene et al, Tanter&Fink) to support this claim. Also, we added a note on this in the clutter filter optimization section, in the discussion. (l325)

2. In step 4, users are told to secure the probe in the position of interest. This will ensure, for the most part, stationary tissue which will make clutter filtering trivial. The authors elaborate on the importance of tissue clutter filtering when tissue motion is present in the discussion, but I think it would be helpful to make it clear that the protocol does not account for this. Really, a simple FIR filter would probably suffice for the proposed experiment given that no spectral overlap is likely present. Please clarify these points in steps 4 and 6 of the protocol.
The reviewer is right; this requirement can create some confusion. We modified the protocol (step 4.4) and now only ask the operator to hold the probe manually. In this case, the setup imitate more accurately an in-vivo acquisition. In this case, the natural hand motion will create spectral overlap, at least for the slow blood velocities and the advanced clutter filter becomes more relevant. As the idea is to provide tools for in vivo experiments, we wanted to insist on this important signal processing step. We added a few sentences in the clutter filter section to highlight the fact that in vivo clutter will probably be more predominant and we thank the reviewer for rising this point. (l331)

Minor Concerns:
1. What is the reasoning for using a 4mm diameter canal? Any size canal could be used, right? Users would just need to compute the flow rate needed to achieve some velocity using Q=Av? If so, I think this could be stated in the protocol. Also, it would be helpful to provide the estimated peak velocities within the canal at the two time points given the flow rates in step 2.
The reviewer is right. Any canal could be used. We added a note on this after step 1.4 . We asked to choose the 4mm canal for two reasons. Firstly, with the described ultrasound sequence and pump rates, a smaller canal would engender too high velocities. Secondly, a 4mm canal is died enough to have several pixel in the canal transverse axis, and so it is possible to observe the parabolic profile of the flow inside the canal, which is an interesting property. The peak velocities are not straightforward to define as the pump+tube+phantom is compliant and thus dampen the pressure pulses. We added the measured velocities at the end of the new aliasing section (l319).

2. I assume the two different flow rates are used to mimic systole and diastole - if so, please include that reasoning in the protocol.
Indeed, the pulsatile flow is chosen to mimic a cardiac cycle. We thank the reviewer and included this in the protocol to clarify that point (step 1.3).
3. In step 3, readers are directed to use the example scripts. I assume this is referring to the example scripts provided by Verasonics? It is unclear to me if this protocol is specific to Verasonics systems. If it is, please state that in steps 2 and 3. If it is not, please cross check other systems to confirm that example scripts are available and provide these other available systems.
The reviewer is right; this protocol uses a Verasonics scanner and is design assuming that the user also has this device. The aim of the protocol is not to teach the programming of the Verasonics system, hence we encourage the use of already available example script from the manufacturer. Even though other ultrafast system exists (ULA-OP, SARUS, UARP, SonixTouch, VisualSonics F2, etc), they might not be compatible with the recommended GE9L-D probe, and their handling and programming fall over the scope of this manuscript. JOVE editorial policy requires that the brand and name of the different materials are not explicitly mentioned in the manuscript but in an attached table. However, we do agree with the reviewer that this is a key point, and we added a note in the manuscript on that. We will however comply with the editor’s constraint, should they want to remove this note (l150).

4. A typical dynamic range of 30dB is proposed in the protocol, but I think it would be helpful to at least suggest an alternative, more adaptive way of choosing the dynamic range since this can really affect visualization. For example, it could be suggested to scale to the mean of the background ROI pixels, or something along those lines.
The reviewer is right; the dynamic range can affect the visualization. We chose a 30dB value as it is a classical value for in vivo ultrafast Doppler acquisition. But indeed, scaling with the mean background noise floor seems a good idea and we added it to the protocol (step 7.2).

5. In Figure 2C, I assume the "Filtered IQ data" are prior to computing power. If so, please show an arrow from "Filtered IQ data" to an additional image that is a log compressed power Doppler image to help clarify those additional steps.
As suggested, we made the distinction between the power Doppler images (log compressed power Doppler) and the filtered IQ obtained after clutter filtering and used for spectral Doppler computation.
 

6. Are all of the images in Figure 3 scaled to a 30dB dynamic range? Please indicate scaling in the caption.
This information was indeed lacking. The dynamic range vary from on acquisition to the other, we added the value in the fig. 3 caption when they were provided in the original papers.

7. In the "Probe Selection" section of the Discussion, the authors state that "the higher the center frequency of the probe, the higher the frequency but the shorter the imaging depth". Do you mean to say "the higher the center frequency of the probe, the better the resolution but the shorter the imaging depth"?
We thank the reviewer for pointing out this mistake, and we apologize for it. This has been modified as suggested.
