Reviewers' comments:

Reviewer #1 (Remarks to the Author):

This manuscript describes the implementation and initial validation of a new MRI approach to
conduct large volume flow sensitive MRI studies in the fetus that can overcome significant fetal
motion during such lengthy scans. The framework of the novel approach is introduced and proof of
principle studies are presented that include a numerical simulation, in vitro experiments with a tube
and constant flow and in 7 human subjects.

The strengths of the work are the high level of innovation, the potential high impact for research and
clinical use of 4D Flow MRI in the fetus, the attempt to demonstrate feasibility in silico, in vitro, and
in vivo, and good quality visualizations of the velocity vector fields. Innovations such as described
here are likely necessary to transition the powerful 4D Flow MRI to the unique challenges of fetal
imaging. The way that bSSFP imaging is used here to provide anatomical and quantitative flow
information is clever and the motion correction scheme is well executed. It is also noted with
enthusiasm by this reviewer that the code developed here has been made public in github
repositories.

However, weaknesses are also noted in the form of lack of rigor in the analysis methods, which
reduce the enthusiasm for the manuscript in its current form.

Major concerns

1) The authors do not make a convincing case of why they chose to pursue bSSFP 4D flow MRI
instead of the much more common SPGR 4D Flow MRI. | don’t see any reason why the same
proposed framework would not have worked with SPGR. bSSFP has certain advantages (higher
SNR/contrast, shorter TR), but also disadvantages: sensitivity to off-resonance, higher SAR, etc). A
more nuanced discussion about the pros and cons seems appropriate. As written, it seems that
bSSFP was chosen simply because the team had successfully used it previously for cardiac function
imaging.

2) Page 11: Background phase corrections: A more thorough explanation for the source of well
studied background phase errors seems appropriate (eddy currents, gradient timing errors, etc),
especially since it seems more dominant than in standard PC MRI (Fig 3c and d). Also, it is not
intuitive to me why the amniotic fluid can be used as ‘static background tissue’ for background
phase estimation. The fluid is likely moving (maternal respiratory motion and any fetal motion),
which makes the phase of the fluid instable.

3) Page 15: Velocity Drift Correction: It is not clear why the drift occurs and why it is not eliminated
by the background phase correction. It appears that the background phase correction should
eliminate this offset.



4) Other corrections for quantitative phase contrast measures that have been found to be essential
are neither included nor discussed, e.g. Maxwell term corrections (e.g. Lorenz 2014, PMID:
24006013).

5) A more detailed discussion of the limitations of the spatial and temporal resolution is warranted:
the acquired resolution is 2x2x6 mm, the interpolated to 1.25x1.25x1.25 and the temporal
resolution is 72 ms and then interpolated to 25 cardiac phases. What are the dimension of the
imaged structures (simulated and physical phantom, expected sizes of fetal vessels). It appears that
even the interpolated voxel size might only cover a very few voxels of an in vivo vessel, much less so
the acquired voxel size. | believe that the visualizations of the vector plots (e.g. Figs 6 and 7) are even
further interpolated. | also believe | can see blurring of the vessel boundaries in Fig 4 c. The heart
rate of the fetuses is not provided, but | would suspect it is rather high and a temporal resolution of
72 ms is probably corresponding to less than 10 frames per cardiac cycle.

6) Page 19: Why is the IVC not analyzed?

7) Page 22/23: Analysis of the physical flow phantom: | don’t find the metrics for the validation very
effective. It is limited to average bias for the velocity directions for all voxels in vessels. If this
measure would be very noisy but with a mean of 0, it would still look excellent with this metric. A
more meaningful metric would be a mean square error. An equally meaningful measure would have
been the analysis of the flow rate and velocity distribution at various tube locations against the flow
rate as measured with a gold standard (ultrasound sensor, bucket, ...).

8) Page 27: ‘however, the relative absolute flow rates of the vessels were consistent ...” This
statement needs more explanations. It appears that the measures are not that consistent: the std in
the normalized blood flows are rather big (Fig 8b, e.g. see DA)).

9) Kt-accelerated 4D flow MRI Scans have been thoroughly investigated. They typically
underestimate peak flow. Some references / discussion to this work seems adequate.

10) The in vivo analysis is very limited. | would have liked to see some additional information beyond
simply the flow measures, which had large variances. For example, the expert readers could have
scored image quality and confidence in proper delineation of the target vessel areas. Was any
velocity aliasing observed? How about repeatability of the analysis (inter and intra observer). How
about repeatibility of the measures (scan twice)?

11) There is unconcise and unconventional terminology used throughout the manuscript:

a) Page 5: three-dimensional phase contrast MRI — should be three-directional, see also page 7: ‘3D
velocity mapping’ and ‘3D flow vectors’ and ‘three velocity dimensions’— that should all refer to a 3-
directional vector and more.

b) Page 8: multiple dynamics (frames) obtained for each slice: dynamics seems an unusual term to
describe acquisitions throughout multiple cardiac cycles — ‘frames’ or ‘time frames’ seems more
appropriate.

c) Figure 2 legend: real-time accelerated bSSFP: the term ‘real-time’ is misleading. | believe what the
authors mean is ‘beat-to-beat’ accelerated. The images are not displayed in realtime as they would



eb e.g. in X-ray or ultrasound realtime imaging. Even if a hardware platform would allow for realtime
MRI, a kt-accelerated acquisition uses data from future time frames and , hence, realtime display
would not be possible.

d) The term ‘velocity volume’ and ‘velocity component volume’ and ‘velocity magnitude volume’is
repeatedly used for velocity measures, not flow measures. This seems to be an unconventional term
that | can not find defined anywhere.

Minor issues

12) The authors don’t define what 4D flow MRI is until page 4 last paragraph (after abstract and 1.5
pages of intro). Yet other terms such as 4D cine imaging of the fetal heart are used. | suggest to
define 4D flow MRI much earlier and in the abstract since the term ‘4D Flow MRI’ is somewhat
ambiguous. Here, a dynamic, volumetric acquisition of the 3-directional velocity vector field is
captured.

13) Ref 15: source unknown

14) Page 3, paragraph2: ‘... however, these approaches have been limited to single-slice ..." — that
does not seem to be true for ref 15 ( see comments above for incomplete ref 15)

15) Ref 16: incomplete (last author is missing)

16) Together with ref 16: MacDonald et al demonstrated 4D flow in the fetus of the rhesus macaque
at the same time as ref 16 (PMID: 30102431)

17) Page 4/ page 5 and/or Page 7: It should be noted that a very clever 3-directional bSFFP PC
approach had been previously introduced : Santini 2009 (PMID: 19585606)

18) Page 6, Fig 1: It strikes me as odd that the figures here do not use a standard right hand
coordinate system. More importantly, it seems that the labels for the axes should not be x, y, and z
but a moment space (or spatial and moment space?)

19) Page 9: grammar in Figure 2: Bakground phase is estimated and subtracting ...
20) Page 16: Simulated Flow Phantom: what Venc was used in the simulations?
21) Page 18: How many slices are in one stack?

22) Page 23: ‘normal spiral relationship’: find that hard to see Maybe some arrows would help?. |
also believe the authors mean ‘helical’ flow which is a more common description of flow in the
ascending aorta.

Reviewer #2 (Remarks to the Author):



Dear Madams and Sirs,

thank you for giving me the opportunity to review this interesting article entitled:

“Fetal Whole-Heart Blood Flow Imaging Using 4D cine MRI”.

It is an indeed a challenge to use the magnetic resonance tomography (MRI) for cardiovascular
imaging (cMRI) in the fetus in utero, especially for blood flow imaging using the MRI. The authors are
aware of the main problem of cMRI, the triggering of the fetal heart beat, which is necessary for
both cardiac imaging and for flow measurement within the fetus. Recent studies have shown that
Doppler Ultrasound Triggered flow imaging for 2D and 3D cine MRI (e.g. Kording et al. 2018,
Schoennagel et al. 2019) were applicable in human fetus, which the authors have not taken in
account. Furthermore, at the annual meeting of the ISMRM 2019 as well as at the RSNA 2019, the
same group has shown the feasibility of 4D cine MRI, which abstracts are also available online. The
authors use the so-called “slice-to-volume registration” for solution and seem to succeed in flow
measurement. This method is a postprocessing method and is comparable with the metric optimized
gating technique, which the authors should mention in their text.

The main weakness of this whole manuscript is the lack of gold standard. Usually the ultra-sound
examinations are used in the clinical routine in obstetrics and thus should be used to compare the
flow velocity within the different vessels mentioned in this manuscript. The use of 4D flow
measurement is very promising, bur from clinical point of view this post processing, rather
complicated method is not really a solution for the daily use. It is also not very clear, which advances
can be obtained with this rather mathematical method compared to ultrasound, which is readily
available in most OB-Gyn departments. It seems that there are other prospective triggering methods
that are probably easier to use for the consumer. To be published, the authors should include more
patients. The authors should also cite some papers which have been dealing with the triggering
method, especially, because there are some approach for fetal cardiac MRI using an MR-compatible
cardio-tocograph (CTG) as an prospective, external triggering method. The statistical analyses are
not very exact and should be more precise, especially the inter-rater reliability.

Overall, the idea behind this manuscript is highly interesting, but it needs to be worked over again,
especially the clinical impact is not clear.



Dear Reviewers,

Please find below point-by-point responsesto your comments. Thank you for taking the
time to comment on our manuscript —we think your contributions have greatly
strengthened the paper. We are awar e that some of our responses are quite lengthy —we
wanted to be thorough and provide as much information as possible.

Changes made to the manuscript in response to the comments can be found in two
locations. The manuscript document containsinline comments denoting the reviewer
and the number of the corresponding comment (e.g.: Reviewer 2, comment 4 = [R2.4]).
In thisdocument, manuscript changes arereferenced by page number and the number
corresponding to thefirst line of the alteration (e.g.: p 12, line 16).

In summary, the major improvementsto the manuscript are, but not limited to:

1. New 4D flow visualisationsin an older, larger fetal heart with right aortic arch.
Theoriginal manuscript only included images from one fetus: we hope this new
dataset providesfurther evidence that our method is successful and robust. The
new visualisations also clearly illustrate the anatomical and hemodynamic
changes associated with fetal development: the heart islarger and the blood flow
velocity vectors are consider ably faster.

2. New expert reader scoring of ROI delineations, repeatability analysis of in utero
4D flow quantification, and assessment of arterial flow curve phasic behaviour.

3. New validation of the physical flow phantom against gold-standard benchtop
flow measur ement.

4. Improved methods section including greater clarification on sources of phase
change within the acquired images

5. Overhauled Introduction and Discussion sections with greater emphasison
comparisonswith Doppler ultrasound flow measur ements and existing MRI flow
methods.

Once again, thank you for taking thetimeto review our paper.

Kind regards,
Tom Roberts



Reviewer #1:

This manuscript describes the implementation and initial validation of anew MRI approach
to conduct large volume flow sensitive MRI studies in the fetus that can overcome significant
fetal motion during such lengthy scans. The framework of the novel approach is introduced
and proof of principle studies are presented that include a numerical simulation, in vitro
experiments with a tube and constant flow and in 7 human subjects.

The strengths of the work are the high level of innovation, the potential high impact for
research and clinical use of 4D Flow MRI in the fetus, the attempt to demonstrate feasibility
insilico, in vitro, and in vivo, and good quality visualizations of the velocity vector fields.
Innovations such as described here are likely necessary to transition the powerful 4D Flow
MRI to the unique challenges of fetal imaging. The way that bSSFP imaging is used here to
provide anatomical and quantitative flow information is clever and the motion correction
scheme iswell executed. It is also noted with enthusiasm by this reviewer that the code
developed here has been made public in github repositories.

However, weaknesses are also noted in the form of lack of rigor in the analysis methods,
which reduce the enthusiasm for the manuscript in its current form.

Major concerns

1) The authors do not make a convincing case of why they chose to pursue bSSFP 4D flow
MRI instead of the much more common SPGR 4D Flow MRI. | don’'t see any reason why the
same proposed framework would not have worked with SPGR. bSSFP has certain advantages
(higher SNR/contrast, shorter TR), but also disadvantages: sensitivity to off-resonance,

higher SAR, etc). A more nuanced discussion about the pros and cons seems appropriate. As
written, it seems that bSSFP was chosen simply because the team had successfully used it
previously for cardiac function imaging.

[R1.1] Thereviewer iscorrect in suggesting that the proposed framewor k would wor k
with SPGR. For fetal imaging, SNR isa major problem because the fetusis distant from
the RF coilsand thefield-of-view must be lar ge enough to avoid phase wrap-around
from the mother. Hence, the higher SNR of a bSSFP acquisition compared to an SPGR
acquisition is highly desirable. An SPGR-based acquisition may produce phase maps of
sufficient quality to reconstruct 4D flow volumes, but the anatomical images would be
compromised. The beauty of the bSSFP-based acquisition isthat it provides both
capabilities: high quality 4D anatomical imaging and high quality 4D flow data.

Additional technical considerations, such asthose outlined by the reviewer, must be
taken into account when using bSSFP, but they are very manageable at 1.5T, which is
why we deliber ately choseto operate at thisfield strength. Moving to 3T would require
greater consideration of these factors.

Thereisalso adifferencein background phase behaviour between SPGR and bSSFP,
with thelatter being intrinsically robust against static field variation (except closeto
black bands, which we can easily avoid in thefetal imaging case at least at 1.5T).

There are also some potential challengesfor SPGR in thisapplication. It has already
been noted that the SNR islower in SPGR. However, in SPGR quantitative flow (g-



flow) applicationsit iscommon to exploit inflow enhancement to boost SNR in the
vessels wher e accur ate phase measurement isrequired. In the current approach, we
expect to acquiredicesin diverse, but arbitrary planesrelative to the local flow
direction. Thusthe degree of inflow enhancement islikely to be different between
different geometries and this could have two adver se effects. 1) the precision of the
phase measur ement may be lower in some geometriesthan in others, compromising
overall performance; and 2) the signal magnitudes for the same blood volume might be
very variable between geometries, which could impair the vital registration step in our
approach. Wewould remark that we have not tested either of these conjecturesin utero
aswe have only acquired very limited SPGR imagesin fetusesin this study.

Wetook the view that it was essential to validate the method as used (with itsreliance
on intrinsic flow sensitivity combined with a diversity of imaging planes) against classic
SPGR quantitative flow imaging using additional gradients, but after that either
sequence could be deployed. I n actual fetal applications, thereis pressure on
examination time so, as noted above, deploying a strategy that delivers classic
anatomical cineimaging equivalent to any cardiac examination in utero or ex utero as
well as providing quantitative flow data offers strong advantages. There would need to
be a strong motivation for potentially doubling the examination time used for cine
imaging if it isfeasible to get high quality data for both structural and flow assessment
from one acquisition.

We have updated the manuscript to include mor e discussion of why bSSFP was used
and described sometechnical consider ations when using the sequence[p 5, line8// p 6,
line 3].

2) Page 11: Background phase corrections: A more thorough explanation for the source of
well-studied background phase errors seems appropriate (eddy currents, gradient timing
errors, etc), especialy since it seems more dominant than in standard PC MRI (Fig 3c and d).
Also, it isnot intuitive to me why the amniotic fluid can be used as * static background tissue
for background phase estimation. The fluid is likely moving (maternal respiratory motion and
any fetal motion), which makes the phase of the fluid instable.

[R1.2] Thank you for thisand other commentsrelated to sour ces of phase offset. These
commentsinspired usto re-examine our data and to morethoroughly investigate the
sour ce of the phaserall in Figure 3.

Following thereviewer’s comments (point R1.4 below) we investigated the effect of
concomitant gradients on our phase data, by following the theory outlined by Bernstein
et al. (1998) [PMID: 9469714]. In that paper, the authors demonstrate the zZ° phase error
caused by a G, gradient (Figure4, in the paper). With their sequence and hardware, the
phase error given by concomitant gradient coefficient A = 0.499 degrees/cm. On our
scanner, the fetal heart is confined to a +10cm?® region centred on the isocenter because
of the maternal habitus. For Bernstein et al, a distance of 10cm from isocenter resultsin
aphaseerror of 0.499 * 10? = 49.9 degr ees.

We calculated the equivalent phase error for the gradient parameters of our in utero
imaging sequence, yielding: A = 0.07 degrees/cm. At 10cm from isocenter, the phase
error = 7 degrees. Thus although there could be a detectable contribution to the



background phase coming from this effect, it is clearly not the dominant contribution in
our data. Concomitant gradients areinherently small in fetal imaging because we use
relatively benign gradient configurations compared to unconstrained adult imaging to
minimise acoustic noise and ensurethereisno peripheral nerve stimulation in the
mother.

With further investigation we established that a dominant source of the phaseroll in
Figure 3in the paper was dueto the body coil SENSE reference scan used aspart of the
k-t SENSE. In our reconstruction, which directly mirrorsthe behaviour of the original
methods proposed by Pruessmann [PMID: 10542355] and Tsao [PMID: 14587014], the
final images are modulated by the amplitude and phase distributions of the reference
body coil imagethat isused to divide out the anatomy to determine therelative
sensitivities of the elements of thereceiver array. The SENSE reference scan usesa
spoiled gradient echo (SPGR) sequence, which has a markedly different phase evolution
to a bSSFP acquisition. The phase differ ence between these two sequences was
effectively imprinted into the k-t SENSE reconstructed images. For example, in the
figure below, panel b) shows an uncorrected bSSFP acquisition phase image after k-t
SENSE reconstruction, panel c) showsthe SPGR body coil phase image and pandl d)
shows the subtraction, which now has much more uniform phase across the image.
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Reviewers Figure R1: (a) Magnitude image, (b) Uncorrected bSSFP phase image, (c) SPGR SENSE reference phase image,
(d) Subtraction: panel b —panel c.



We have explored removing the phase of the body coil referenceimage from the
reconstruction, but found that there areresidual phase variationsin somelocationsin
some images (see Reviewer s Figure R2a), so this approach does not provide optimal
correction in all cases. We concluded that, as noted by other authors[Nielsen, PMID:
19230016], there are a multitude of contributionsto the background phase and so our
pragmatic approach of using a data driven correction currently remainsthe most
robust strategy we have found (Reviewer s Figure R2Db).

BODY COIL POLYNOMIAL
CORRECTION

; \
-, . . b

Reviewers Figure R2: Phase corrected images using (a) Subtraction of SPGR reference scan only. Note, thisis equivalent to
Figure R1d but it has been windowed for the benefit of this comparison. Red arrows indicate residual phase variations. (b)
Polynomial correction, asin manuscript.

In light of this comment, we believe Figure 3 was misleading in itsoriginal form: the
narrow windowing in Figure 3c wasintended to accentuate the phaseroall, but
unintentionally made the phaseroll ook very severe. Instead, we now include a phase
image showing the entir e uterus and we have adjusted the windowing on the zoomed in
panels[p 14, line 1].

We also agreethat the phrase “ static background tissue” ismisleading terminology. The
reviewer iscorrect in saying that the amniotic fluid is non-static, however, the phase
changesin thisregion arelow and on a large scale, wher eas the phase changesin the
heart are greater and highly localised. The polynomial phase correction removesthe

lar ge scale changes whilst preserving the localised changes. Thiscan be seen in Figure
3f, wherethe phasein the vesselsis clearly different from the background, which is
highly uniform and close to zero. We have made this clearer in the manuscript [p 13,
line12].

3) Page 15: Velocity Drift Correction: It is not clear why the drift occurs and why it is not
eliminated by the background phase correction. It appears that the background phase
correction should eliminate this offset.

[R1.3] Thedominant causes of the phase changesin the data are dueto fetal and

mater nal motion. As mentioned above, the background phase correction dealswith the
large scale effects, but if the fetus movesthere is an additional motion-induced phase
change on top of the flow velocity. Thisisthe velocity we aretrying to correct with the



drift correction. We do not have a fixed stance on this—thiswas an empirical
observation which wethought was reasonableto try to correct. We have updated the
Methodsto clarify this[p 17, line 12] and included additional comment in the
Discussion [p 38, line7].

4) Other corrections for quantitative phase contrast measures that have been found to be
essential are neither included nor discussed, e.g. Maxwell term corrections (e.g. Lorenz 2014,
PMID: 24006013).

[R1.4] Thiscomment tiesin with the previous commentsregarding sour ces of phase
changein the data. Asalready noted above, for fetal imaging we do not drivethe
gradients hard, which meansthat the effects of concomitant gradients, eddy currents
and gradient non-linearity are more benign.

The effect of concomitant gradientson our system has already been described abovein
response to comment 1.2.

Eddy currents can be a problem for bSSFP sequencesif theimaging gradientsare
driven too aggressively. AsTsao et al. [PM1D: 15906282] showed, pushing the gradients
too hard leadsto overt artefacts dueto the eddy currents (Figure 7b). For their
experiments, Tsao et al. used shorter TE/TR times (1.41/2.8 ms) and a smaller FOV (320
X 272 mm) compared to our in utero scans (TE/TR = 1.9/3.8 ms, FOV = 400 x 304 mm)
to demonstrate the effects of eddy currents. We have been ableto replicate eddy
currents effect in other scans, but for our fetal bSSFP sequence we have found that if we
extend TR, the sequenceis stabilised.

Our scanner includes a geometric correction option for addressing gradient non-
linearity, which isalready implemented in our reconstruction pipeline.

We have updated the Theory [p 13, line2// p 13, line 12] and Discussion [p 36, line 18]
sections of the manuscript to discussthese effects.

5) A more detailed discussion of the limitations of the spatial and temporal resolution is
warranted: the acquired resolution is 2x2x6 mm, the interpolated to 1.25x1.25x1.25 and the
temporal resolution is 72 ms and then interpolated to 25 cardiac phases. What are the
dimension of the imaged structures (simulated and physical phantom, expected sizes of fetal
vessels). It appears that even the interpolated voxel size might only cover avery few voxels
of anin vivo vessel, much less so the acquired voxel size. | believe that the visualizations of
the vector plots (e.g. Figs 6 and 7) are even further interpolated. | also believe | can see
blurring of the vessel boundariesin Fig 4 c. The heart rate of the fetusesis not provided, but |
would suspect it is rather high and atemporal resolution of 72 msis probably corresponding
to less than 10 frames per cardiac cycle.

[R1.5] Thereviewer iscorrect on these points. We had tried to cover them in the
original Discussion, but given thereviewer’s comments, we clearly had not done so
sufficiently. We have updated the manuscript to include a more thor ough discussion of
theselimitations[p 38, line 10].



6) Page 19: Why isthe IV C not analyzed?

[R1.6] It isnot normal practicein fetal medicineto analyse flow through the IVC (for
example, see Prsa et al. 2014 [PMID: 24874055]) because the local geometry is
complicated compared to adult hearts, so we didn’t includethe IVC aswedidn’t think
reader swould find thisinformative. The conventional reason for thisisthat the hepatic
vesselsdrain directly adjacent tothe I VC asit enterstheright atrium and hencethereis
no reliable measurement plane that would include all venousreturn to the fetal heart.
Instead, the descending aortic flow includes all flow to the lower body of the fetusand
total placental blood flow. Thisvalueistherefore equivalent to total inferior venous
return aswould be measured in adults.

7) Page 22/23: Andysis of the physical flow phantom: | don’t find the metrics for the
validation very effective. It islimited to average bias for the velocity directions for all voxels
in vessels. If this measure would be very noisy but with amean of 0, it would still ook
excellent with this metric. A more meaningful metric would be a mean square error. An
equally meaningful measure would have been the analysis of the flow rate and velocity
distribution at various tube |ocations against the flow rate as measured with a gold standard
(ultrasound sensor, bucket, ...).

[R1.7] Wethank thereviewer for highlighting the shortcomings of thisanalysis. We
have updated the analysisto include normalised root mean squareerror [p 25, line 12].
We also now include flow measurements calculated using both MRI methods and
compareto agold standard, namely a volumetric flow determined using a measuring
cylinder.

We consulted with some of our ultrasound colleagues about flow quantitation in the
phantom using ultrasound and they said it would be extremely challenging and per haps
not possible because the materials (plastic tubing, glass) wer e selected for MRI
compatibility, but are not compatible with ultrasound. The spherical glass bottle would
cause multiplereflections and wave mode conver sions which would attenuate the signal.
In principle, it might be possible to image the flow within the tubing if it was removed
from the spherical glassflask and located outside of the scanner, but successis not
guaranteed asit dependson the plastic used in the tubing. Furthermore, it would not be
possible to perform MRI with this configuration asthe surrounding non-flowing water
and its spherical outer surface geometry is needed to minimise susceptibility artefacts. A
paired measurement would not be possible and performing an entirely new ultrasound
experiment bringsits own set of challenges and limitations, with attendant problemsin
achieving areliable and robust quantitative comparison.

Instead, we now include a measurement of volumetric flow using a measuring cylinder.
We comparethisagainst MRI-derived flow values measured using both the reference
standard PC-SPGR method and our bSSFP method. Both MRI methods showed good
agreement with the cylinder measurement. We have updated the methods [p 19, lines 11
and 21], Figure5 [p 26] and the corresponding section of the Results[p 25, line 15].

8) Page 27: ‘however, the relative absolute flow rates of the vessels were consistent ..." This



statement needs more explanations. It appears that the measures are not that consistent: the
std in the normalized blood flows are rather big (Fig 8b, e.g. see DA)).

[R1.8] Wehaverevised this statement to say: “... theleft and right outflow tracts
demonstrated fast, pulsatile flow whilst the superior vena cava demonstrated slower,
mor e uniform flow consistent with venousreturn.” [p 34, line 15]

9) Kt-accelerated 4D flow MRI Scans have been thoroughly investigated. They typically
underestimate peak flow. Some references / discussion to this work seems adequate.

[R1.9] Thank you for thesereferences—they provide evidenceto partially explain why
our flow measurements under estimate literatur e values. We have now commented on
thisin the Discussion, including these references. [p 38, line 11]

10) Theinvivo analysisis very limited. | would have liked to see some additional
information beyond simply the flow measures, which had large variances. For example, the
expert readers could have scored image quality and confidence in proper delineation of the
target vessel areas. Was any velocity aliasing observed? How about repeatability of the
analysis (inter and intra observer). How about repeatability of the measures (scan twice)?

[R1.10] Thank you for this comment, which was similar to a comment made by
Reviewer #2. Thiswas clearly a deficiency in the first manuscript, so we have done some
additional analysis based on two independent expert reader s, as outlined below.
However, we cannot include scan-rescan measurements as these wer e not feasible for
this study because the scanning protocol was already at capacity. Also image quality
assessment of anatomical featureswas performed in our previous paper [PMID:
31081250] so isnot repeated here.

Here, we now include expert reader vessel delineation scores, intra- and inter-expert
reader repeatability analysis and assessment of arterial flow curves. Therewerethree
partsto thisanalysis:

1) Two expert readerswereblinded to the data and asked to draw ROl sin each
vessel in a predefined list for each subject using the magnitude cine volumes. The
reader s wer e each presented with the data twicein random subject order for
intra-reader repeatability analysis. Expert readerswere asked to rate their
confidence for accurate delineation of each vessel on a scale of 1-3[3 = entire
vessel circumference clearly defined, 2 = partial vessel circumference, 1 = vessel
poorly visualised]. If an ROI could not be drawn, the vessel was scored 0
representing a fail.

2) TheROIlsweretransfered to the velocity maps and used to calculate mean flow
valuesin each vessel. Intra- and inter-reader repeatability analysiswas
performed to assess measurement variation dueto ROI drawing and reader bias.

3) Thevessel flow curves generated from the ROIsin arterieswere presented to the
expert readers, again in a blinded fashion (random order and with no subject
identifiers). The expert readers were asked to assessthe quality of the arterial
flow curves by rating the phasic variation on a scale 1-3 [3 = clear systolic and
diastolic phases, 2 = clear phaseswith some variation in flow curve, 1 = some
phasic variation, but unclear systolic and diastolic phase]. A score of 0



represented afailed flow curve, for exampleif the curve wasflat throughout the
cardiac cycle when it was expected to be pulsatile. The SVC was excluded
becauseit isa venousreturn vessel hence phasic variation is difficult to assess.

For part 1), there was a 3% failurerate when drawing the ROIs. Both expert readers,
in both trials, could not confidently draw the ROI for the ductusarteriosusin the
smallest fetus (24*2 weeks). The expert readers showed good agreement when drawing
ROlsfor all other vessels. The ductus arteriosus was the most difficult vessel to
visualise, with the lowest mean score of 1.1. All other vesselswererated 2 or higher by
both readers.

In part 2), Bland-Altman analysis of mean flow values showed small intra-reader biases
of 6% and 2%, with bias standard deviations of 23% and 21%, respectively. As
expected, theinter-reader biaswas dlightly larger at -13% with a standard deviation of
28%. In summary, the self-biases wer e small implying the expert readers were
consistent with their ROl drawing, whereasthe standard deviations were lar ger,
suggesting that the variation is mainly dueto limitations of spatial and temporal
resolution. Thisisconsistent with Figure 9c, as shown previoudly. I ncreasing the spatial
and temporal resolution of our method isa focusfor futurework, which we talk about
in the Discussion.

For part 3), 4% of the arterial flow curves showed no phasic behaviour. Thereare
various potential causesin these casesincluding: incompletely corrected fetal motion,
partial volume effects, regions not sampled by all stacksand ROI placement.

Overall, we wer e encouraged by theseresults and we thank thereviewersfor prompting
thisanalysis. The 4D magnitude volumes allow the expert readersto quickly draw ROIs
in multiple vessels, which they are ableto do with excellent repeatability. The vast
majority of vessels segmented demonstrated phasic flow behaviour. The ductus
arteriosusisa challenging vessel to measure, which we anticipated, and thisisreflected
in the lower flow curveratings. Given that the underlying g-flow method iswell
established and we validate our approach against a standard implementation, it is most
likely that the broader variation in the datais due to limitations of spatial and temporal
resolution, which we are actively working to improve.

Thisanalysisisnow described in the Methods [p 22, line 1 onwards], the corresponding
section of the Results has been re-written [p 31-32, line 14 onwar ds], Figure 9 has been
updated, [p 33], Table 2 has been added [p 49] and the Discussion has been updated [p
36, line 10 // p37, line 22].

11) There is unconcise and unconventional terminology used throughout the manuscript:

a) Page 5: three-dimensional phase contrast MRI — should be three-directional, see also page
7: 3D velocity mapping’ and ‘3D flow vectors' and ‘three velocity dimensions — that should
all refer to a 3-directional vector and more.

[R1.11a] Thank you for pointing this out. We have updated these ter minology
throughout the manuscript.



b) Page 8: multiple dynamics (frames) obtained for each slice: dynamics seems an unusual
term to describe acquisitions throughout multiple cardiac cycles—‘frames’ or ‘time frames
Seems more appropriate.

[R1.11b] We have updated thisin thetext.

¢) Figure 2 legend: real-time accelerated bSSFP: the term ‘real-time’ is misleading. | believe
what the authors mean is ‘ beat-to-beat’ accelerated. The images are not displayed in realtime
asthey would be e.g. in X-ray or ultrasound realtime imaging. Even if a hardware platform
would alow for realtime MRI, akt-accelerated acquisition uses data from future time frames
and , hence, realtime display would not be possible.

[R1.11c] Wedo accept the referees point that real time display of theseimages during
live examination would not be feasible for thereasonsthey state. However, we do
believe that ‘real-time’ isfair terminology for our acquisition because we get a rapid
series of sequential images that asynchronously depict the beating fetal heart. Changes
in fetal heart rate and other ‘real time' events such as maternal breathing or changesin
mater nal and/or fetal pose arefaithfully reproduced in the sequence that they occurred
and the samereative timings. For thefetal heart, the k-t SENSE method achievesa
temporal resolution closeto the acquisition time per under sampled k-space update (72
msec in our data) because the reconstruction haslower timeresolution in other areas
(away from thefetal heart) that have been identified asless dynamic using the training
data. Asalready noted, we agree that the images cannot be displayed live on the scanner
during the examination because of this property that thereisvariable timeresolution
acrossthefield of view. However, once thereconstruction iscompletetheresult isatime
series of imagesthat genuinely depict the heart beating —in fact we work out the heart
rate by Fourier analysisof thistime series of images. Wethen re-order theindividual
images deter mining car diac phase using modulo arithmetic in time steps of the R-R
interval.

After all the“real time” images have been re-mapped into asingle R-R interval, we
interpolate in cardiac phase across all the samplesto achieve the equivalent of a
conventional gated or cardiac synchronised sequence. In thefinal output, each cardiac
phase does have data obtained over many heart beats. Thereisa connection herewith
conventional MRI sequences that use segmented acquisitions—for conventional
sequences data from multiple heart beatsis combined in k-space, whereasin our paper
this combination occursin theimage domain. Thuswe fedl it appropriateto retain the
terminology used and also would like to note that we have used theterm ‘real-time’ in
our previous publications, so thiswould maintain consistency.

d) Theterm ‘velocity volume' and ‘velocity component volume' and * velocity magnitude
volume' is repeatedly used for velocity measures, not flow measures. This seemsto be an
unconventional term that | can not find defined anywhere.

[R1.11d] We apologise for the confusion thisterminology has clearly created and thank
therefereefor pointing thisout —we havetried to clarify thisin the manuscript and
hopethat the text will be clearer and easier to understand asa result. We usetheterm
“velocity .... volume” because thisiswhat the reconstruction pipeline generates. The



fundamental outputs arethree separate 4D volume images (3D space + cardiac phase)
which contain scalar values equal to the Cartesian components of the vector velocity at
each “voxel” in space-time (cardiac phase). We refer to these as“ velocity component
volumes’. We can then combine them into derived 4D space-timeimage volumesin
which each space-time“voxel” now hasa 3D vector velocity associated with it (thuswe
have a 4D array where each array element isa 3-vector). Alternatively we may takethe
square-root of the sum of squar es element-wise across the three velocity component
volumesto produce a “ velocity magnitude volume’, which isa 4D array of scalar values
representing the magnitude of the velocity in each space-time “voxel”. (We placed the
word voxel in quotes above asa “voxel” usually standsfor a volume element —we do not
know of an equivalent word for a space-time volume element).

We do appreciatethat thisis somewhat specialist usage, but we feel that thetermsare
descriptive of the data structures we work with. We have updated the manuscript totry
to clarify our meaning[p 11, line 12].

Minor issues

12) The authors don’'t define what 4D flow MRI is until page 4 last paragraph (after abstract
and 1.5 pages of intro). Y et other terms such as 4D cine imaging of the fetal heart are used. |
suggest to define 4D flow MRI much earlier and in the abstract since the term ‘4D Flow
MRI’ is somewhat ambiguous. Here, a dynamic, volumetric acquisition of the 3-directional
velocity vector field is captured.

[R1.12] Thank you, we have now defined 4D flow MRI in theabstract [p 2, lines10 &
13] and defined it early in the Introduction [p 3, line 16].

13) Ref 15: source unknown

[R1.13] Thishas now been updated.

14) Page 3, paragraph2: ‘... however, these approaches have been limited to single-dlice ...’
—that does not seem to be true for ref 15 ( see comments above for incomplete ref 15)
[R1.14] We have reworked the Introduction to more clearly explain the existing
methodsfor PC-MRI in thefetus. [p 3, line 22]

15) Ref 16: incomplete (last author is missing)

[R1.15] This hasbeen corrected.

16) Together with ref 16: MacDonald et a demonstrated 4D flow in the fetus of the rhesus
macague at the sametime asref 16 (PMID: 30102431)

[R1.16] We have now included thisreferencein the Introduction. [p3, line 25]



17) Page 4/ page 5 and/or Page 7: It should be noted that a very clever 3-directional bSFFP
PC approach had been previously introduced : Santini 2009 (PMID: 19585606)

[R1.17] Thank you for sharing thisuseful and relevant reference. We have added it to
the Introduction. [p5, line 22]

18) Page 6, Fig 1: It strikes me as odd that the figures here do not use a standard right hand
coordinate system. More importantly, it seems that the |abels for the axes should not be x, vy,
and z but a moment space (or spatial and moment space?)

[R1.18] We have updated the axesto use a right hand coordinate system [p 7]. We
under stand what the reviewer meansregarding moment space, but for the sake of
clarity toreaderslessfamiliar with velocity encoding we have chosen to leave the axesin
xlylz space. Thered arrows areintended to represent the directions of the moments.
denoted by the subscriptson “M”, i.e: M,/My etc. For bSSFP, we wanted to make it
clear that the direction of encoding is obliqueto the natural image coor dinate axes, i.e.:
acrosstwo of the normally defined spatial dimensions. We have updated thefigure
caption to makethisclearer [p 7-8, caption].

19) Page 9: grammar in Figure 2: Bakground phase is estimated and subtracting ...

[R1.19] This hasbeen corrected.

20) Page 16: Simulated Flow Phantom: what Venc was used in the simulations?

[R1.20] Thank you for spotting thisomission. It was 159 cm/s, which now has been
updated [p 18, line 9]. We also realise that we had mistakenly written thein utero Venc
=79 cm/s—apologiesfor thistypo. We have now updated thisto the correct value of 159
cm/s. The presented simulation study was designed to precisely match thein vivo
situation. [p 20, line 23].

21) Page 18: How many dlices are in one stack?

[R1.21] The number of slices per stack varies depending on the size of the fetus and the
orientation of the stack, but typically rangesfrom 7-11 slices. This has been added to the
manuscript [p 20, line7].

22) Page 23: ‘normal spiral relationship’: find that hard to see Maybe some arrows would
help?. | also believe the authors mean *helical’ flow which is amore common description of
flow in the ascending aorta.

[R1.22] Thissentence was actually referring to the intertwining natur e of the aorta and
pulmonary artery in Figure 7b, rather than describe a flow pattern in the aorta itself.



We agreethiswas unclear and have updated therelevant section of the text to
emphasise the vessels and not their geometry. [p 27, line 24]



Reviewer #2 (Remarks to the Author):
Dear Madams and Sirs,

thank you for giving me the opportunity to review this interesting article entitled:
“Fetal Whole-Heart Blood Flow Imaging Using 4D cine MRI”.

It is an indeed a challenge to use the magnetic resonance tomography (MRI) for
cardiovascular imaging (cMRI) in the fetusin utero, especialy for blood flow imaging using
the MRI. The authors are aware of the main problem of cMRI, the triggering of the fetal heart
beat, which is necessary for both cardiac imaging and for flow measurement within the fetus.

1) Recent studies have shown that Doppler Ultrasound Triggered flow imaging for 2D and
3D cine MRI (e.g. Kording et a. 2018, Schoennagel et al. 2019) were applicable in human
fetus, which the authors have not taken in account. Furthermore, at the annua meeting of the
ISMRM 2019 as well as at the RSNA 2019, the same group has shown the feasibility of 4D
cine MRI, which abstracts are also available online. The authors use the so-called “slice-to-
volume registration” for solution and seem to succeed in flow measurement. This method isa
postprocessing method and is comparabl e with the metric optimized gating technique, which
the authors should mention in their text.

[R2.1] We of course agreethat these areimportant contributions. We had originally
included the Kording 2018 abstract using DUS to perform 4D flow MRI, which we have
now replaced with the Kording 2019 abstract which issimilar but morerecent [p 3, line
26]. We do reference the MOG techniquein the Introduction and discuss our resultsin
the context of MOG in the Discussion. We have now added the Schoennagedl 2019 and
Salehi 2019 paper s which use DUS in conjunction with 2D flow MRI [p3, line 24].

2) The main weakness of this whole manuscript is the lack of gold standard. Usually the
ultra-sound examinations are used in the clinical routine in obstetrics and thus should be used
to compare the flow velocity within the different vessels mentioned in this manuscript.

[R2.2] We agreethat thereislack of a gold standard and that thisisa challenge for
validating new methods of quantitative flow imaging in the fetal circulation. However,
we believethisisa general problem, rather than a specific omission in our paper. Our
paper isintended asa demonstration of an innovative new method — a direct
comparison of our method with ultrasound would require many patients (~> 50 fetuses)
for meaningful statistical comparison, so would constitute an entirely new clinical study.
For the subjectsin our manuscript, flow measurements within the different vesselswere
not acquired using ultrasound, and even if they were, drawing conclusionsfrom such a
comparison would not be possible. There are multiple reasonsfor this. Firstly the US
data and the MRI would necessarily come from separ ate examinationsin which the
pose of the mother would be different and the state of arousal of the fetus at the time of
each measur ement would be completely uncontrolled. Secondly US measur es of vessel
flow depend on theinsonation angle relativeto the vessel in question and on a separ ate
estimate of the cross sectional area of the vessel, both of which are challenging and
variablein fetal US. There are numerousjournal articlesthat attest to these problems
[1-5].



It isalso worth noting that quantitative flow imaging by MRI has been extensively
validated and isregarded asa gold standard for adult cardiac flow imaging [6-8]. Our
method relies on the same underlying physics and the same analysis concepts for
converting sensitised imagesinto velocities asthe established quantitative MRI flow
methods, but our approachesto data acquisition and motion correction aredifferent in
aradical way. For thisreason we did a careful validation in both physical and simulated
flow phantoms —and also now against a benchtop measurement using a measuring
cylinder (see comment R1.7). Our method agrees with both the measuring cylinder
volumetric flow rate and a conventional gold-standard MRI approach. Thisis presented
in our manuscript.

We have now also performed a validation of the fetal blood flow measurements using
internal consistency within thecirculatory system (the flow in different vessels should
balance as blood isincompressible), which we compar e against equivalent
measurementsin normal late gestation fetuses conducted by Prsa et al. (2014) [9] — see
Reviewers Figure R3 below. Thetop row shows schematics of the fetal circulation from
the Prsa paper. The bottom row shows equivalent schematics created using results from
our manuscript. Note, we do not measurethe umbilical vein, which ismeasured by Prsa
et al.
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Reviewers Figure R3: Schematics of mean flow rates through the fetal circulation. (a,b) Reference measurements from the
Prsa et al. 2014 paper in 40 normal fetuses at term (i.e.: late GA). (c,d) Equivalent measurements from our results using 4D
flow MRI. The cohort was seven fetuses from 24-33 weeks GA, including some abnormal hearts with expected normal flows.
Left hand column shows mean absolute flow rates averaged across the cohorts, normalised to fetal weights. Right hand



column shows flow rates represented as percentages of total inflow and total outflow. See the Prsa et al (2014) paper for full
details.

The absolute values measur ed using our technique (Reviewers Figure R3c) are lower
than those measured by Prsa et al (Reviewer s Figure R3a), which we attribute to
limitations of temporal and spatial resolution. We discuss these in the manuscript.

Despite the discrepancy in measured absolute values, our relative flow rate percentages
arevery encouraging. The MPA (Prsa=57% vsRoberts=53%), AA0 (40% vs44%)
and SVC (29% vs 25%) all show strong agreement with the Prsa paper. The DAo hasa
dlightly larger difference (52% vs41%) whilst the DA isthe most different (41% vs
23%). Thislatter finding isnot surprising given the difficultiesin delineating this vessel
reported by our expert readers, associated with the aforementioned resolution
limitations. We also see very strong agreement when we compar e mean total outflow
(AA0 + MPA +) against mean total inflow (DAo + SVC + PBF), which should be equal:
Qinflow = 309 mlI/min/kg, Qoutfiow = 321 ml/min/kg.

We hopethat these comparisons help illustrate that despite the low absolute values our
measurements ar e internally consistent. It should also be noted that despite a cohort of
40 normal fetuses, the Prsa paper —which is considered the best reference standard for
fetal PC-MRI flow measurementsto date—reportsvery large standard deviations. This
isanother example of just how difficult it isto validate fetal flows and providereliable
reference values. We believe our own measur ements under estimate the true flow, but
our flow values still fall within the broad ranges provided in the Prsa paper.

We provide these schematicsfor thereviewersin thefirst instance. Currently, we think
they are beyond theremit of the paper becauseit isatechnical demonstration of a new
method and we do not want to place undue weight on these preliminary consistency
findings.

To conclude, we have updated the Discussion to explain in the manuscript why
validation is so challenging. [p 37, line 6]
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3) The use of 4D flow measurement is very promising, but from clinical point of view this
post processing, rather complicated method is not really a solution for the daily use.

We agreethat currently our approach isnot developed into atool suitablefor routine
clinical use (hence all the codeisavailable on Github rather than developed into a self-
contained softwar e package). The purpose of our paper isto present a cutting-edge
method which does something that has hitherto been infeasible. We believe that the
material presented provides compelling evidence that the approach isfeasible and that
this evidence can provide power ful motivation for expending the engineering effort
needed to create a clinical capability. We selected thisjournal in the Nature publications
family becauseit isa place wherereaderswill seek to find out about new science and
technology, rather than choosing a clinical Journal, such asthe Lancet, where evidence
pointing to established clinical benefit would be expected. Naturally we hope that our
resear ch will lead to substantial clinical benefit, and in fact we are already planning
future studiesthat will aim precisely to gather evidence of clinical impact. To achieve
these studies requiresfurther engineering work, so they are some way off.

Having stated the above, it is notable that when we have shown our datato colleagues
and external clinicians, we areimmediately asked when they can start to use our
methods. Our clinical collaborators on the manuscript ask the technical team regularly
about progresstowardsfull deployment. We estimatethat thereisat least two years
work needed to create atool that others could deploy without substantial technical
support. During this development phase we will be doing extensive testing in our own
clinical environment to ensure the developed capability isoptimised for clinical use.

4) It isaso not very clear, which advances can be obtained with this rather mathematical
method compared to ultrasound, which isreadily available in most OB-Gyn departments.

[R2.4] Doppler ultrasound (DUS) in unquestioningly widely in clinical practice. As
currently deployed it has some major strengths and some critical weaknesses. No oneis
expecting MRI toreplace US asthefirst lineinvestigation for obviousreasons of cost,
convenience and availability. However, in other areas of fetal medicine there hasbeen a
progressive realisation that advanced MRI methods can be highly beneficial to patients
in complex and equivocal cases[1] —our recent paper istestament to this[2]. Starting
from this context, it isworth noting that what we proposein this paper deliversboth
where Doppler flow imaging isstrong and whereit isweak or has no capability. DUS
can only estimate velocity and direction of flow in one vessel at a time —true vascular
flow ratesrequire a separ ate measurement of vessel area. Combining the flow and
anatomy data is known to be highly error prone with ultrasound and asaresult it is
simply not used in clinical practice. We describethereasonsfor thisin the Introduction
of our paper: DUSrelies on line-of-sight velocity assessment combined with



assumptions about the shape of the targeted blood vessel and the insonation angle of the
probe. These measurements are limited further by practical problems, such asfetal lie,
mater nal habitus and sonographer expertise. Thelimitations of DUS are well
documented, comprehensively described by Gill in 1985 [3] and others since [4-8] —we
now include these referencesin the Introduction [p 3, line 7]. Theclinical problemis
that despite continued improvement in sonography instrumentation, including Doppler,
reliance on still images or cineloops limits detection of congenital heart disease during
screening [7]. Our proposed method can measure local flow velocity and direction at
any chosen location in the heart and great vessels, but it also provides simultaneous
measur ement of flow velocity and direction of all the blood in theseregions.
Furthermoreit provides geometrically locked anatomy and velocity maps from a single
acquisition, so that volumetric flow can berobustly determined. It works regar dless of
fetal lieand in our paper we show how every major vessel (with the exception of the
ductusarteriosusin oneyoung fetus) could be measur ed.

Metric Optimized Gating (MOG) was a ground breaking techniquein the area of
assessing fetal flows when it was developed ten years ago, but it hasmajor limitationsin
its approach to acquisition because small fetal movement compromises the accur acy of
flow measurements and, at wor st, major fetal motion means a new scan must be
planned and acquired. Furthermore, MOG can only be used to measureflow in a 2D
plane, so like DUSthe clinician has to decide which specific measur ementsto focus on.
Themethod we present has promiseto match MOG in accuracy while achieving
robustnessto general movement that isnot possible with a single slice approach and
while providing comprehensive cover age that enables full retrospective review on all
vessels and cardiac chambers

The Doppler ultrasound-gated 4D flow method by Kording et al. isa very promising
development asit allows conventional gated-MRI acquisitionsto be acquired in the
fetus. But, theissue of fetal movement is not addressed, which isa major problem,
especially in lower GA fetuses.

In conclusion, aswith MRI in other emerging applicationsin obstetrics, the methods we
present provide detailed and comprehensive data that cannot be matched by DUSor US
in general. But the application of these methodsis expected alwaysto follow US
examination and is only appropriately deployed in casesthat are complex or where US
isequivocal. As congenital heart diseaseisthe single largest category of fetal anomaly
and a distressing number of babies are still born with incompletely or incorrectly
diagnosed anomalies, we believe that a robust, accurate and compr ehensive fetal
cardiac imaging capability can deliver substantial medical benefits. This paper isafirst
presentation of afirst credible capability of that kind. The prior work on MOG was an
astonishing achievement, but it does not achieve the critical aspects of robustness and
comprehensiveness that we have now shown.
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5) It seems that there are other prospective triggering methods that are probably easier to use
for the consumer.

[R2.5] We agreewith thereviewer that there are other triggering methods, including
the prospective MRI compatible Doppler US-triggered method. This system hasthe
benefit of allowing MRI systemsto perform standard cardiac-gated acquisitions. This
has a benefit of fitting more closely with established cardiac MRI practice as performed
in adults and younger subjects ex utero, but if the fetus moves significantly (which is
common), then gated imaging protocols borrowed from adult examinations will fail.
When thereisfetal motion, the only alter native to repeat scanning isa fully motion-
corrected method, such asdescribed in our manuscript. Also, our method isfully
compatible with prospectively-triggered acquisitions, if preferableto retrospective
triggering. We have already made comparisons of flow measurements between our
method and MOG. We have now expanded the Discussion to include a mor e thorough
comparison of our method in the wider context of MOG and Doppler ultrasound-gated
flow MRI [p 39, line 3].

6) To be published, the authors should include more patients.

[R2.6] Asmentioned above, our paper isintended to demonstrate an innovative new
technique. In common with many other researchers, we generally aim to publish a
proof-of-principle paper. Thisinitial study then providesthe pilot data needed to
specify a suitable examination needed to support larger scale clinical studies, which then
deploy more stable, probably morerefined methodology. For meaningful statistical
comparison, we would need to add many, many mor e patients, which we do not have,
and could not justify examining using exactly the examination we have demonstrated so
far. We believe the distinction between technical publicationsthat communicate
advances with potential for clinical significance and clinically focused studies which
communicate evidence of the clinical utility of new methodsisimportant.

However, we thank the reviewer for raising this point aswerealisethat the original
submission only included images from a single subject at ~24 weeks GA. We now
include commentary and visualisations from another, older (~32 weeks GA) subject



which demonstratestheincreasein blood volume and blood flow velocities as the heart
developsand in the presence of an anomaly (right aortic arch). We include new
visualisations [Figure 8], new videos [p 46, lines 16 & 20 — Supplementary Videos 4 &
S5] and we update the Results[Figure 9b // p 28, line 5].

7) The authors should also cite some papers which have been dealing with the triggering
method, especially, because there are some approach for fetal cardiac MRI using an MR-
compatible cardio-tocograph (CTG) as an prospective, external triggering method.

[R2.7] We had originally included the Kording 2018 abstract which usesthe Doppler
ultrasound system for fetal cardiac-gated flow MRI. We have updated thisto the 2019
abstract and now includereferenceto papersby Yamamura et al. and Kording et al.
which also use the MR-compatible Doppler ultrasound deviceto gate the fetal
heartbeat. [p 4, line 1].

8) The statistical analyses are not very exact and should be more precise, especially the inter-
rater reliability.

[R2.8] A similar comment was also raised by reviewer #1. We agree that thiswasa
weakness and thank thereviewer drawing our attention to it. Asdescribed abovein this
letter [see R1.10], we now include expert reader vessel delineation scor es, mean flow
repeatability analysisincluding intra- and inter-rater biases, and assessment of phasic
behaviour in arterial flow curves. Thisanalysisisnow described in the Methods [p 22,
line 1], the corresponding section of the Results has been re-written [p 31-32, line 14
onwar ds], Figure 9 has been updated, [p 33], Table 2 has been added [p 49] and the
Discussion has been updated [p 36, line 10 // p37, line 22].

Overdl, the idea behind this manuscript is highly interesting, but it needs to be worked over
again, especially the clinical impact is not clear.

Wethank thereviewer for this generousfinal comment and hope that our responses
above sufficiently articulate the specific scope and structure of our paper.



REVIEWERS' COMMENTS:

Reviewer #1 (Remarks to the Author):

This manuscript describes the implementation and initial validation of a new MRI approach to
conduct large volume flow sensitive MRI studies in the fetus that can overcome significant fetal
motion during such lengthy scans. The framework of the novel approach is introduced and proof of
principle studies are presented that include a numerical simulation, in vitro experiments with a tube
and constant flow and in 7 human subjects.

The authors have been very responsive to the reviewers comments and the updated manuscript has
undergone significant changes compared to its first submission. The replies to the reviewer
comments were very detailed, included thorough follow ups, and substantial changes were
incorporated into the manuscript, most notably including additional flow phantom validations,
reader analysis, and artefact analysis as well as additions to the introduction and discussion sections.

The only rebuttal | disagree with is R1 — 11c —the use of the term ‘realtime MRI’. | understand the
authors point that it is noteworthy to distinguish between acquisitions that ‘merge’ data aquired
over multiple heartbeats into a single ‘cine’ display vs data showing individual heartbeats. It is also
not lost on me that other authors in the MRl literature, and previous publications from the authors
of this manuscript, have used the term ‘realtime’ MRI to describe the latter. However, | maintain
that this is a misnomer and the historical incorrect use of the term does not make it right. | will
contend that for anyone outside the MRI community, realtime imaging certainly does not describe
an approach that requires a long lag, up to hours, between acquired data and displayed data, even if
they properly represent data acquired in ‘real time’. Many readers of Nature Communications are
not MRI experts, possibly clinicians, ultrasound or X-ray fluoroscopy researchers and others who will
likely interpret the term ‘realtime MRI’ as something else than what is available here.

This revised manuscript has a lot of strengths: high level of innovation, potential high impact for
research and clinical use of 4D Flow MRI in the fetus, feasibility demonstration in silico, in vitro, and
in vivo, and good quality visualizations of the velocity vector fields. As such, it is a notable leap in the
use of quantitative flow MRI. It lacks the demonstration of clinical impact, but that was not the
purpose of this manuscript that focuses on the introduction and initial demonstration of a novel MRI
methodology enabling new clinical applications.

Reviewer #2 (Remarks to the Author):



Dear Madams and Sirs,

thank you for re-submitting the manuscript with thorough answers to the stated comments and
guestions. the authors have managed to address every single point and the manuscript improved a
lot. All the limitations are now mentioned and both major and minor issues are cleared. although the
clinical relevance is not very high at this point, from the scientific point of view, this manuscript
could be an important milestone in the field of fetal magnetic resonance imaging. further studies will
show if this method can be improved and made easier for the customer, i.e. radiologists, for clinical
routine.

Again, thank you for sharing this interesting study with us and | now feel comfortable accepting this
manuscript for publication.



REVIEWERS' COMMENTS:
Reviewer #1 (Remarks to the Author):

This manuscript describes the implementation and initial validation of a new MRI
approach to conduct large volume flow sensitive MRI studies in the fetus that can
overcome significant fetal motion during such lengthy scans. The framework of the novel
approach is introduced and proof of principle studies are presented that include a
numerical simulation, in vitro experiments with a tube and constant flow and in 7 human
subjects.

The authors have been very responsive to the reviewers comments and the updated
manuscript has undergone significant changes compared to its first submission. The
replies to the reviewer comments were very detailed, included thorough follow ups, and
substantial changes were incorporated into the manuscript, most notably including
additional flow phantom validations, reader analysis, and artefact analysis as well as
additions to the introduction and discussion sections.

The only rebuttal I disagree with is R1 — 11c — the use of the term ‘realtime MRI'".
understand the authors point that it is noteworthy to distinguish between acquisitions
that ‘merge’ data aquired over multiple heartbeats into a single ‘cine’ display vs data
showing individual heartbeats. It is also not lost on me that other authors in the MRI
literature, and previous publications from the authors of this manuscript, have used the
term ‘realtime’ MRI to describe the latter. However, I maintain that this is a misnomer
and the historical incorrect use of the term does not make it right. I will contend that for
anyone outside the MRI community, realtime imaging certainly does not describe an
approach that requires a long lag, up to hours, between acquired data and displayed
data, even if they properly represent data acquired in ‘real time’. Many readers of Nature
Communications are not MRI experts, possibly clinicians, ultrasound or X-ray fluoroscopy
researchers and others who will likely interpret the term ‘realtime MRI" as something else
than what is available here.

[Rev. 1.1] We understand the reviewer’s point on this matter - it is one we have
debated internally and is discussed in the wider MRI community (see Dietz et al:
doi:10.1002/mrm.27487 and Nayak: doi:10.1002/mrm.27770). For clarification, as
we didn’t include this in our last response, we have previously adopted the
nomenclature used by Nayak - that our acquisition is “real-time”, but not “real-
time interactive”. We agree that readers of Nature Communications may be likely
to interpret “real-time” as more instantaneous, therefore we have altered the
manuscript throughout to refer to the acquisition as “dynamic” rather than “real-
time”. We include an additional sentence in the Methods to explain that the
temporal resolution is sufficient to capture real-time changes in the fetal cardiac
motion without the necessity for periodic movements or gating, however image
reconstruction is not instantaneous [p 27, line 23]. We also include a reference to
the Nayak letter which we hope provides additional insight if the reader is
interested.



This revised manuscript has a lot of strengths: high level of innovation, potential high
impact for research and clinical use of 4D Flow MRI in the fetus, feasibility demonstration
in silico, in vitro, and in vivo, and good quality visualizations of the velocity vector fields.
As such, it is a notable leap in the use of quantitative flow MRL It lacks the
demonstration of clinical impact, but that was not the purpose of this manuscript that
focuses on the introduction and initial demonstration of a novel MRI methodology
enabling new clinical applications.

Reviewer #2 (Remarks to the Author):
Dear Madams and Sirs,

thank you for re-submitting the manuscript with thorough answers to the stated
comments and questions. the authors have managed to address every single point and
the manuscript improved a lot. All the limitations are now mentioned and both major
and minor issues are cleared. although the clinical relevance is not very high at this point,
from the scientific point of view, this manuscript could be an important milestone in the
field of fetal magnetic resonance imaging. further studies will show if this method can be
improved and made easier for the customer, i.e. radiologists, for clinical routine.

Again, thank you for sharing this interesting study with us and I now feel comfortable
accepting this manuscript for publication.

We are pleased that both reviewers found the work interesting and we are very
grateful to both reviewers for taking the time to provide feedback on our paper,
especially given the difficulties caused by the ongoing pandemic.



