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SUMMARY: 25 
Here we present a protocol for measuring fetal blood flow rapidly with MRI and retrospectively 26 
performing motion correction and cardiac gating. 27 
 28 
ABSTRACT:  29 
Magnetic resonance imaging (MRI) is an important tool for the clinical assessment of 30 
cardiovascular morphology and heart function. It is also the recognized standard-of-care for 31 
blood flow quantification based on phase contrast MRI. While such measurement of blood flow 32 
has been possible in adults for decades, methods to extend this capability to fetal blood flow 33 
have only recently been developed. 34 
 35 
Fetal blood flow quantification in major vessels is important for monitoring fetal pathologies such 36 
as congenital heart disease (CHD) and fetal growth restriction (FGR). CHD causes alterations in 37 
the cardiac structure and vasculature that change the course of blood in the fetus. In FGR, the 38 
path of blood flow is altered through the dilation of shunts such that the oxygenated blood supply 39 
to the brain is increased. Blood flow quantification enables assessment of the severity of the fetal 40 
pathology, which in turn allows for suitable in utero patient management and planning for 41 
postnatal care. 42 
 43 
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The primary challenges of applying phase contrast MRI to the human fetus include small blood 44 
vessel size, high fetal heart rate, potential MRI data corruption due to maternal respiration, 45 
unpredictable fetal movements, and lack of conventional cardiac gating methods to synchronize 46 
data acquisition. Here, we describe recent technical developments from our lab that have 47 
enabled the quantification of fetal blood flow using phase contrast MRI, including advances in 48 
accelerated imaging, motion compensation, and cardiac gating. 49 
 50 
INTRODUCTION:  51 
 52 
Comprehensive assessment of the fetal circulation is necessary for monitoring fetal pathologies 53 
such as fetal growth restriction (FGR) and congenital heart disease (CHD)1–3. In utero, patient 54 
management and planning for postnatal care depend on the severity of the fetal pathology4–7. 55 
Feasibility of fetal blood flow quantification with MRI and its applications in assessing fetal 56 
pathologies have recently been demonstrated3,8,9. The imaging method, however, faces 57 
challenges, such as increased imaging times to achieve high spatiotemporal resolution, lack of 58 
cardiac synchronization methods, and unpredictable fetal motion10.  59 
 60 
Fetal vasculature comprises small structures (~5 mm diameter for major blood vessels that 61 
comprise the descending aorta, ductus arteriosus, ascending aorta, main pulmonary artery, and 62 
superior vena cava11–13). To resolve these structures and to quantify flow, imaging at high spatial 63 
resolution is required. Moreover, the fetal heart rate is about twice that of an adult. A high 64 
temporal resolution is thus also required to resolve dynamic cardiac motion and blood flow 65 
across the fetal cardiac cycle. Conventional imaging at this high spatiotemporal resolution 66 
requires relatively long acquisition times. To address this issue, accelerated fetal MRI14–16 has 67 
been introduced. Briefly, these acceleration techniques involve undersampling in the frequency 68 
domain during data acquisition and retrospective high-fidelity reconstruction using iterative 69 
techniques. One such approach is compressed sensing (CS) reconstruction, which allows 70 
reconstruction of images from heavily undersampled data when the reconstructed image is 71 
sparse in a known domain and undersampling artifacts are incoherent17. 72 
 73 
Motion in fetal imaging presents a major challenge. Motion corruption can arise from maternal 74 
respiratory motion, maternal bulk motion or gross fetal movement. Maternal respiration leads 75 
to periodic translations of the fetus, whereas fetal movements are more complex. Fetal 76 
movements can be classified as localized or gross10,18. Localized movements involve motion of 77 
only segments of the body. They typically last for about 10-14 s and their frequency increases 78 
with gestation (~90 per hour at term)10. These movements generally cause small corruptions and 79 
do not affect the imaging area of interest. However, gross fetal movements can lead to severe 80 
image corruption with through plane motion components. These movements are whole body 81 
movements mediated by the spine and last for 60-90 s. 82 
 83 
To avoid artifacts from fetal motion, steps are first taken to minimize maternal motions. Pregnant 84 
women are made more relaxed using supportive pillows on the scanner bed and dressed in 85 
comfortable gowns and may have their partners present beside the scanner to reduce 86 
claustrophobia19,20. To mitigate effects of maternal respiratory motion, studies have performed 87 
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fetal MR exams under maternal breath-hold21–23. However, such acquisitions must be short (~15 88 
s) given the reduced breath-hold tolerance of pregnant subjects. Recently, retrospective motion 89 
correction methods have been introduced for fetal MRI14–16. These methods track fetal motion 90 
using registration toolkits and correct for motion or discard uncorrectable portions of acquired 91 
data. 92 
 93 
Finally, postnatal cardiac MR images are conventionally acquired using electrocardiogram (ECG) 94 
gating to synchronize data acquisition to the cardiac cycle. Without gating, cardiac motion and 95 
pulsatile flow from throughout the cardiac cycle are combined, producing artifacts. 96 
Unfortunately, the fetal ECG signal suffers from interference from the maternal ECG signal24 and 97 
distortions from the magnetic field25. Hence, alternative non-invasive approaches to fetal cardiac 98 
gating have been proposed, including self-gating, metric optimized gating (MOG) and doppler 99 
ultrasound gating21,26–28. 100 
 101 
As described in the following sections, our MRI approach to quantify fetal blood flow leverages a 102 
novel gating method, MOG, developed in our laboratory and combined with motion correction 103 
and iterative reconstruction of accelerated MRI acquisitions. The approach is based on a pipeline 104 
in a previously published study14 and is composed of the following five stages: (1) fetal blood flow 105 
acquisition, (2) real-time reconstructions, (3) motion correction, (4) cardiac gating, and (5) gated 106 
reconstructions. 107 
 108 
PROTOCOL:  109 
 110 
All MRI scans were performed with informed consent from volunteers as part of a study approved 111 
by our institutional research ethics board.  112 
 113 
NOTE: The methods described below have been used on a 3T MRI system. The acquisition is 114 
performed using a radial phase contrast MRI sequence. This sequence was prepared by modifying 115 
the readout trajectory (to achieve a stellate pattern) of the manufacturer’s Cartesian phase 116 
contrast MRI. The sequence and sample protocols are available upon request through our C2P 117 
exchange platform. All reconstructions in this work were performed on a standard desktop 118 
computer with the following specifications: 32 GB memory, 3.40 GHz processor with 8 cores, and 119 
2GB graphic card with 1024 compute unified device architecture (CUDA) cores. Image 120 
reconstruction was performed on MATLAB. Nonuniform fast Fourier transform (NUFFT)29 was 121 
performed on the graphics processing unit (GPU). Motion correction parameters were calculated 122 
using elastix30. Figure 1 depicts the protocol in a chronological order, tracking how the acquired 123 
velocity encodes (color coded in Figure 1) are processed with representative images at each stage 124 
of reconstruction. The reconstruction code is available at https://github.com/datta-125 
g/Fetal_PC_MRI. While we provide the steps in the protocol here, most of these algorithm steps 126 
are automated in our pipeline. 127 
 128 
1. Subject positioning and localizer exams 129 
 130 
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1.1. Assist the mother in positioning herself on the MRI table in her preferred comfortable 131 
position, usually supine or lateral decubitus positions, for the MRI exam. 132 
 133 
1.2. Place the cardiac coil over the abdominal region of the mother. 134 
 135 
1.3. Load the MRI table in the magnet bore and notify the mother that the scan is about to 136 
start. 137 
 138 
1.4. Run a localizer exam to locate the fetal body (resolution: 0.9 x 0.9 x 10 mm3, TE/TR: 139 
5.0/15.0 ms, FOV: 450 x 450 mm2, slices: 6). 140 
 141 
1.5. Run a refined localizer exam to locate the fetal vasculature with the slice group centered 142 
on the fetal heart (resolution 1.1 x 1.1 x 6.0 mm3, TE/TR: 2.69/1335.4 ms, FOV: 350 x 350 mm2, 143 
slices: 10, orientation: axial to fetus). 144 
 145 
1.6. Repeat the refined localizers with sagittal and coronal orientations for a clearer view of 146 
the fetal vessels. 147 
 148 
1.7. Repeat the refined localizers in cases of gross fetal motion. 149 
 150 
2. Acquisition of fetal blood flow data 151 
 152 
2.1. Locate fetal vessels using the localizer exams. For example, the descending aorta is a long 153 
straight vessel near the spine in the sagittal planes. The ascending aorta and main pulmonary 154 
arteries can be identified as vessels leaving the left and right ventricles, respectively. The ductus 155 
arteriosus can be tracked as a downstream segment of the main pulmonary artery proximal to 156 
the descending aorta. The superior vena cava can be identified from axial planes near the base 157 
of the fetal heart as the vessel adjacent to the ascending aorta. 158 
 159 
2.2. Prescribe a slice perpendicular to the axis of the fetal vessel of interest. Rotate and move 160 
the slice guideline on the MRI console computer such that it intersects the target vessel 161 
perpendicularly. 162 
 163 
2.3. Set the scan parameters (acquisition type: radial phase contrast MRI, resolution: 1.3 x 1.3 164 
x 5.0 mm3, echo time (TE)/ repetition time (TR): 3.25/5.75 ms, field-of-view (FOV): 240 x 240 mm2, 165 
slice: 1, velocity encoding: 100-150 cm/s depending on vessel of interest, velocity encoding 166 
direction: through plane, radial views: 1500 per encode, free breathing). 167 
 168 
2.4. Run the scan and verify the prescription based on the initial time-averaged reconstruction 169 
performed and displayed on the MRI console computer. Repeat the localizer and phase contrast 170 
scans if the target vessel is absent or unidentifiable from the initial reconstruction. Acquired raw 171 
data is represented in the schematic in Figure 1A with the velocity compensated and through 172 
plane acquisitions color coded as red and blue, respectively. 173 
 174 
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2.5. Repeat the fetal blood data acquisition for each target blood vessel. 175 
 176 
NOTE: The acquired raw data (format: DAT files) must be transferred for offline reconstruction. 177 
For example, on Siemens scanners, this can be performed by running ‘twix’. The acquired raw 178 
data is right clicked from the list acquisitions and “copy total raid file” is chosen. 179 
 180 
3. Motion correction of fetal measurements 181 
 182 
3.1. Reconstruct real-time series (temporal resolution: 370 ms, radial views: 64) from the 183 
acquired data using CS with 15 iterations of a conjugate gradient descent optimization exploiting 184 
spatial total variation (STV, weight: 0.008) and temporal total variation (TTV, weight: 0.08) 185 
regularization as represented by the schematic in Figure 1B. 186 
 187 
3.2. Select a region of interest (ROI) encompassing the vessel of interest from this first real-188 
time reconstruction using a graphic user interface developed in MATLAB. In this step, the user 189 
must draw a contour that encloses the fetal anatomy, such as the target great vessels or the fetal 190 
heart. 191 
 192 
3.3. Perform rigid-body motion tracking with elastix30 (based on normalized mutual 193 
information with empirically optimized parameters: 4 pyramid levels, 300 iterations and 194 
translational transforms). 195 
 196 
3.4. Reject tracked real-time frames that share low mutual information (MI) with all other 197 
frames (whereby MI is less than 1.5x the interquartile range from the mean MI). These frames 198 
are deemed to be represented through plane motion or gross fetal motion. 199 
 200 
3.5. Use the MRI data corresponding to the longest series of continuous real-time frames 201 
(without gaps) from the remaining frames as the quiescent period used for further 202 
reconstruction. 203 
 204 
3.6. Interpolate translational motion correction parameters from the temporal resolution of 205 
the real-time series (370 ms) to the TR of the quiescent acquisition (5.75 ms). 206 
 207 
3.7. Apply interpolated parameters to the defined quiescent period of the MRI data by 208 
modulating the phase as in:  209 

 210 

𝑠′(𝑘𝑥, 𝑘𝑦) = 𝑠(𝑘𝑥, 𝑘𝑦)𝑒−2𝜋𝑗(𝑘𝑦𝛥𝑦+𝑘𝑥𝛥𝑥) 211 

 212 

where s' is the motion corrected data, kx and ky are the coordinates in k-space, s is the acquired 213 

uncorrected data, Δx and Δy are the tracked displacements in space, and j represents √−1. 214 
 215 
NOTE: All numerical values of regularization coefficients in this work were optimized in earlier 216 
experiments. This was accomplished using a brute-force grid search to find the regularization 217 
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coefficients that minimized the error between reconstructions of a highly sampled fetal reference 218 
dataset and retrospectively undersampled cases from the same dataset. 219 
 220 
4. Solving for fetal heart rate 221 
 222 
4.1. Reconstruct a second real-time image series at a higher temporal resolution (temporal 223 
resolution: 46 ms, radial views: 8) using the acquired data using CS, again with 15 iterations of a 224 
conjugate gradient descent optimization with STV (weight: 0.008) and TTV (weight: 0.08) 225 
regularization as represented by the schematic in Figure 1C. 226 
 227 
4.2. Re-select an ROI encompassing the fetal vessel of interest. 228 
 229 
4.3. Run multiparameter MOG on the real-time series to derive the time-dependent fetal 230 
heart rate. 231 
 232 
4.4. Bin motion corrected MRI data into 15 cardiac phases using the derived heart rate 233 
waveform. In this step, the temporal boundaries of the cardiac phases are computed using the 234 
heart rate from the previous step. For instance, the boundaries for the ith phase in the kth 235 
heartbeat are given by: 236 
 237 

 238 

(𝐻𝑅(𝑘) + (𝑖 − 1)
𝐻𝑅(𝑘 + 1) − 𝐻𝑅(𝑘)

15
)    &   (𝐻𝑅(𝑘) + 𝑖

𝐻𝑅(𝑘 + 1) − 𝐻𝑅(𝑘)

15
) 239 

 240 
 241 
where 𝐻𝑅(𝑘) is the time at which the kth heartbeat occurs. The timestamp of the nth radial 242 
acquisition is given by (n x TR). Data with timestamps falling within the boundaries of a cardiac 243 
phase are assigned to that phase. 244 
 245 
NOTE: MOG is a gating technique26 that comprises iterative binning of the acquired data based 246 
on a multi-parameter fetal heart rate model to create CINE images that optimize an image metric 247 
over a region of interest. 248 
 249 
5. Reconstruction of fetal CINEs 250 
 251 
5.1. Reconstruct fetal flow CINEs using the binned motion corrected MRI data and CS with 10 252 
iterations of a conjugate gradient descent optimization with STV (weight: 0.025) and TTV (weight: 253 
0.01) regularization. Two CINEs are produced at this step: one for the flow compensated 254 
acquisition, CFC and one with the flow encoded data, CFE, as represented in the schematic in 255 
Figure 1D. 256 
 257 
5.2. Compute the velocity image given by the phase of the elementwise product of CFE and the 258 
complex conjugate of CFC. 259 
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 260 
5.3. Apply background phase correction31 to correct for eddy current effects. Briefly, in this 261 
automatic step, a plane is fitted to the phase of static fetal and maternal tissues. The correction 262 
is performed by subtracting the plane from the velocity sensitive phase computed in 4.2. 263 
 264 
5.4. Write reconstructed data into DICOM files. 265 
 266 
5.5. Load DICOMs into flow analysis software, such as Segment v2.232. 267 
 268 
5.6. Draw an ROI encompassing the lumen of the blood vessel of interest using the anatomical 269 
and velocity sensitive images. 270 
 271 
5.7. Propagate the ROI to all cardiac phases and correct for changes in the vessel’s diameter. 272 
 273 
5.8. Record flow measurements. 274 
 275 
REPRESENTATIVE RESULTS:  276 
In general, phase MRI examinations of flow target six major fetal vessels: the descending aorta, 277 
ascending aorta, main pulmonary artery, ductus arteriosus, superior vena cava, and umbilical 278 
vein. These vessels are of interest to the clinician as they are often implicated in CHD and FGR, 279 
influencing the distribution of blood throughout the fetus9. A typical scan duration with the radial 280 
phase contrast MRI is 17 s per vessel such that the scans are short while also allowing time for 281 
enough data acquisition for CINE reconstruction. The total acquisition time, including localizers 282 
and phase contrast MRI, for the representative results was 3 min. In this study, representative 283 
results are presented using flow acquisition data from the descending aorta in two human 284 
fetuses: Fetus 1 and Fetus 2 with gestational ages (week + days) of 35+4 and 37+3, respectively. 285 
 286 
As in Figure 1, initial real-time reconstructions (temporal resolution: 370 ms) performed for 287 
motion tracking took 45 s per reconstructed slice. Translation motion tracking took 2 min for each 288 
slice. The extracted motion parameters for Fetus 1 (Figure 2 A1, maximum displacement: 1.6 289 
mm) and Fetus 2 (Figure 2 A2, maximum displacement: 1.3 mm) depict the motion of the 290 
descending aorta over the duration of the scan. The shared mutual information of each real-time 291 
frame with all other co-registered frames are shown in Figure 2 B1 (Fetus 1) and Figure 2 B2 292 
(Fetus 2). In these cases, all frames shared mutual information above the cut off criteria, so no 293 
data was rejected. The second real-time reconstructions (temporal resolution: 46 ms), used to 294 
derive cardiac gating information, took 10 min for each slice. MOG derived the fetal heartbeat 295 
(RR) intervals using a multiparameter model, as shown in Figure 2 C1 (Fetus 1, RR interval: 521 ± 296 
20 ms) and Figure 2 C2 (Fetus 2, RR interval: 457 ± 9 ms). 297 
 298 
Final CINE reconstructions using the retrospectively motion-corrected and gated data took 3 min 299 
per slice. The anatomical and velocity reconstructions for Fetus 1 and Fetus 2 at peak systole are 300 
shown in Figure 3. Reconstructions with motion correction show vessels with sharper walls. 301 
Without motion correction, the descending aorta is blurrier and less conspicuous. The measured 302 
flow curves from each fetus (Figure 4) show higher peak and mean flows in the reconstructions 303 
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without motion correction ([peak mean]:  Fetus 1 [25.2 9.8] ml/s, Fetus 2 [34.6 10.3] ml/s]) than 304 
in those with motion correction ([peak mean]:  Fetus 1 [23.5 9.2] ml/s, Fetus 2 [28.7 9.7] ml/s]). 305 
 306 
FIGURE AND TABLE LEGENDS:  307 
Figure 1: Pipeline to reconstruct fetal phase contrast MRI data. (A) Step 1: Golden-angle radial 308 
phase contrast MRI data (color coded as: flow compensation = red & through plane encode = 309 
blue). The alternating colors depict that the flow-compensated and through-plane encoded 310 
acquisitions occur at the same spatial frequencies. (B) Step 2: Temporal windows of 370 ms for 311 
real-time reconstruction using CS with sparsity constraints (STV and TTV). Motion correction and 312 
data rejection are performed. (C) Step 3: Temporal windows of 46 ms are created for real-time 313 
reconstruction with CS (with STV and TTV sparsity constraints) for MOG. (D) Step 4: The data is 314 
binned into cardiac phases (CP), and CS is used to create a fetal flow CINE, with sparsity 315 
constraints (STV and TTV). Representative reconstructions from each CS step are shown in the 316 
Reconstructions column. Reconstructions for steps 3 and 4 are shown for a time point 317 
corresponding to peak systole. Scale bars in the top left corner of the anatomical images denote 318 
10 mm in the image. The time specifications, in seconds, highlighted in grey represent the 319 
durations of the corresponding steps. STV: spatial total variation, TTV: temporal total variation, 320 
CS: compressed sensing, MOG: metric optimized gating, CINE: gated dynamic reconstruction. 321 
 322 
Figure 2: Representative displacement and heart rate curves. A1 and A2 depict retrospectively 323 
tracked displacement curve for the scans in Fetus 1 and Fetus 2, respectively. B1 and B2 show 324 
the sum of the mutual information of a given frame with all other frames for Fetus 1 and Fetus 325 
2, respectively. The red dotted lines represent 1.5x interquartile range below which data is 326 
rejected. C1 and C2 depict the RR intervals derived with MOG in Fetus 1 and Fetus 2, respectively. 327 
RR interval: time between consecutive heartbeats, MOG: metric optimized gating. 328 
 329 
Figure 3: Representative velocity sensitive CINE reconstructions at peak systole. Each quadrant 330 
depicts the anatomical and velocity reconstructions. The top row shows the CINE with motion 331 
correction in Fetus 1 and Fetus 2, respectively. The bottom row shows the CINE without motion 332 
correction in Fetus 1 and Fetus 2, respectively. The red and blue arrows depict the descending 333 
aorta. Scale bars in the top left corner of the anatomical images denote 10 mm. 334 
 335 
Figure 4: Representative flow curves in the fetal descending aorta. The solid and dashed data 336 
lines depict the flow curves obtained from CINE reconstructions with and without motion 337 
correction, respectively, in Fetus 1 (left) and Fetus 2 (right).  338 
 339 
DISCUSSION: 340 
This method enables the non-invasive measurement of blood flow in human fetal great vessels 341 
and allows for retrospective motion correction and cardiac gating by making use of iterative 342 
reconstruction techniques. Fetal blood flow quantification has been performed with MRI in the 343 
past1, 3, 8, 9. These studies had a prospective approach to mitigate motion corruption whereby 344 
scans would be repeated if gross fetal motion was visually identified from an initial reconstruction 345 
on the scanner. The current protocol improves on this by retrospectively rejecting data corrupted 346 
by gross fetal motion and further corrects for in-plane displacements arising from subtle fetal 347 
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movements or maternal respiratory motion. 348 
 349 
This protocol makes use of a multiparameter model for MOG whereby the RR interval for each 350 
fetal heartbeat is calculated. Using a low parameter heart rate model (such as 2 parameters) is 351 
generally acceptable for short scans since the healthy fetal heart rate has a low variability33. 352 
However, low parameter models become problematic for longer scans or in cases of pathologies 353 
such as arrythmia. A multiparameter model in MOG can track these changing RR intervals, 354 
providing more accurate flows. 355 
 356 
The current protocol allows for some modifications. First, third party software used in this study 357 
for motion tracking and flow analysis can be replaced by other available software packages. 358 
Second, the number of iterations in the conjugate gradient descent algorithms for CS can be 359 
increased. In this study, the number of iterations in each step was set at a value beyond which 360 
there were minimal improvements based on prior reconstructions. In this work, only third 361 
trimester pregnancies were scanned. In earlier pregnancies, the fetus is smaller and there may 362 
be more room for motion. However, since quiescent periods in the scan are identified 363 
retrospectively for CINE reconstructions, this protocol should be successful for flow imaging at 364 
these earlier ages. An increase in the resolution of the scans may be required to cater to smaller 365 
vessel diameters at lower gestational age. For this protocol, the reconstruction times reported in 366 
Figure 1 and the Results are heavily dependent on the computational power available. For 367 
example, with better GPUs and more powerful processors, reconstruction times can be 368 
significantly reduced. 369 
 370 
The protocol has certain limitations. First, the quality of the CINE reconstruction depends on the 371 
amount of data rejected in the motion correction step. With increasing episodes of gross fetal 372 
movements during a scan, more data is rejected. Consequently, the resulting signal-to-noise ratio 373 
(SNR) in the CINE reconstructions will decrease. Low SNR increases the uncertainty in the velocity 374 
images34 and the resulting flow quantification. Performance will therefore improve with greater 375 
fetal quiescence. Second, the method depends on the definition of ROIs for motion correction 376 
and MOG. In the current implementation, this step is performed manually.  We have found that 377 
the reconstruction is stable to small differences in ROI position but this process results in wait 378 
times between the data acquisition and CINE reconstructions (since there are two ROI placement 379 
steps between the three iterative reconstruction steps). This becomes more cumbersome when 380 
there is a large number of slices acquired. In future implementations of the protocol, ROI 381 
placement will be automated. 382 
 383 
Currently, we are using the presented protocol in research studies with approval from the local 384 
ethics board. The protocol can also be used in cases in which motion is a potential problem during 385 
an MRI exam, such as in neonates or uncooperative subjects. Future directions of the method 386 
involve investigating spiral trajectories35,36, which provide more efficient sampling and a 387 
possibility for exploring real-time fetal flow. 388 
 389 
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We thank the editors and reviewers for their constructive feedback. We have addressed all 

comments to produce a more rigorous manuscript, as detailed below in our point-by-point 

response: 

 

Response to editor 

Thank you for your feedback. Major editor comments were related to reorganization of the text 

and adding specifics to the steps in the protocol. We have addressed all requests and provide a 

high-level summary of these changes below. Responses in the annotated document are labelled 

E# corresponding to these requests. Responses to all remarks can be followed in the document 

with tracked changes by searching for ‘E#’ where # is the identifier of the review from the 

Editor’s feedback. 

 

Comment 3: The editor pointed out that title must be more concise. (see E3) 

Response: We have changed the title of our manuscript to emphasize the use of MRI and the 

motion correction aspects of the work. 

 

Comment 6: The editor pointed out that the summary must be in full sentences. (see E6) 

Response: We have rephrased our summary into a full sentence. 

 

Comment 9, 10, 11, 12: The editor pointed out that additional details were required in the 

protocol. (see E9. E10, E11, E12) 

Response: We have updated our protocol by adding more details in various steps and the first 

paragraphs of the Protocol section. 

 

Comment 13: The editor pointed out that all figures must be referenced in the text and to 

comment on the significance of reconstruction times. (see E13) 

Response: There was a typo in the final paragraph of the Results section where Figure 3 was 

referenced as Figure 2. We have corrected this now. Moreover, we have listed reconstruction 

times in Figure 1 and added comments in the Discussion section stating how these 

reconstruction times depend on computational architecture. 
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Comment 14: The editor requested that scale bars be specified in the caption of figures. (see 

E14) 

Response: We have now added a sentence in the captions of Figure 1 and Figure 3 stating 

what the scale bars represent. 

 

Comment 15: The editor pointed out that some references had to be corrected to the correct 

style. (see E15) 

Response: Done. 

 

Response to reviewer #1  

The reviewer had some minor edits for the document. We have labelled our response for these 

reviews as 1.X# where # is the comment number under each heading and X is I for Introduction, 

P for Protocol, R for Representative Results and D for Discussion as per the heading used by the 

reviewer. 

Comment Introduction 1: The reviewer pointed out that maternal gross motion is also a 

concern. (See 1.I1) 

Response: We agree with the reviewer and maternal gross motion is a concern in fetal 

imaging. We have listed it as an additional source of corruption in the Introduction. 

 

Comment Introduction 2: The reviewer requested that we stated more clearly what we were 

imaging. (See 1.I2) 

Response: We have added the term ‘flow’ to the ambiguous sentence to make it clear that we 

are looking at flow measurement. 

 

Comment Introduction 3: The reviewer requested that we specify major fetal blood vessels. 

(See 1.I3) 

Response: We have now listed the major fetal blood vessels along with the references in the 

Introduction. 

 

Comment Introduction 4: The reviewer requested a reference for fetal motion. (See 1.I4) 

Response: We have now referenced Piontelli’s work on fetal motion in late gestation. 



 

Comment Protocol 1: The reviewer asked whether the sequence is available. (See 1.P1) 

Response: We have now added a sentence stating that the sequence is available for download 

from the Siemens C2P platform with the reconstruction tool being available on our GitHub 

page soon. 

 

Comment Protocol 2: The reviewer asked clarification on subject positioning. (See 1.P2) 

Response: We have now added a new section in the protocol which details the position of the 

subject on the scanner bed and the localizers used. 

 

Comment Protocol 3 and 4: The reviewer asked whether all steps are repeated for each vessel 

and if there are quality checks performed on the measurements. (See 1.P3 and 1.P4) 

Response: We have a step specifying that the localizers are repeated only if gross fetal 

motion occurred. A review of the time-averaged image reconstructed on the scanner shows 

whether there was gross fetal motion. Hence, if there is no visible fetal motion during the 

scan (see step 2.4), the same localizers can be used to prescribe all flow measurements in all 

vessels. 

 

Comment Representative Results 1: The reviewer asked to comment on total acquisition time. 

(See 1.R1) 

Response: We have now added a sentence stating the total acquisition time for the localizers 

and the phase contrast MRI used for the Representative Results in the manuscript. 

 

Comment Discussion 1: The reviewer asked to comment on the possibility of using this 

approach at lower gestational age. (See 1.D1) 

Response: We state that in this work, we only scanned third trimester pregnancies. We can 

comment that in earlier pregnancy, the fetus is smaller and there may be more room for 

motion. However, since quiescent periods in the scan are identified retrospectively for CINE 

reconstructions here, the approach should be successful in flow imaging. 

 



Comment Discussion 2: The reviewer asked to comment on the possibility of using this 

approach as part of a clinical exam. (See 1.D2) 

Response: We have added a sentence that we are using this approach for REB approved 

research studies. For clinical use, the protocol needs to be formally approved by the 

Department of Pediatrics as a Quality Improvement policy. 

 

Response to reviewer #2 

Reviewer #2 had comments regarding the clarifications on Figure 1 and specifics on background 

correction in the Protocol. Moreover, the reviewer had 4 comments (2, 3, 4, and 9) which 

conveyed a similar message; the crux of these comments was that the manuscript lacked 

validation and seems different from usual manuscripts the reviewer has seen. In line with the 

philosophy of JoVE, the work presented here is for a Methods collection which describes the 

detailed protocol of our previously validated experiments. Therefore, the manuscript focuses on 

the different steps in our protocol (with the highlighted lines denoting video recording as per the 

guidelines of the journal) and representative results that a reader would obtain if the steps 

presented in the protocol were followed. References to previous publications of their validation 

are provided. Additional details on the aim of this manuscript can be found at: 

https://www.jove.com/methods-collections/about and https://www.jove.com/methods-

collections/376/techniques-for-studying-blood-flow. We have labelled our responses as 2.# for 

the major concerns and 2.#m for the minor concerns. 

 

Comment 6: The reviewer asked for clarifications on the values of the parameters chosen for 

registration and compressed sensing. (See 2.6) 

Response: We have added details in the protocol on how these values were found from 

empirical testing and grid searches in our prior experiments. Once these values were found, 

they are not changed for subsequent reconstructions. 

 

Comment 7: The reviewer asked to clarify the color codes in Figure 1. (See 2.7) 

Response: We have now added clarifications throughout the manuscript and in the legend of 

Figure 1 regarding the blue and red colors used. We believe that the text is less ambiguous 

now. The alternating colors along the same spoke meant that the 2 encodes occurred at the 
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same spatial frequencies. By separating them in the Figure 1D, we mean that they are 

processed to provide two CINEs. 

 

Comment 8: The reviewer asked to clarify on the background phase correction. (See 2.8) 

Response: We have added details that static maternal and fetal tissues are used for the 

correction. We have also briefly described the algorithm in the referenced Walker et al. 

paper. 

 

Minor comments can be tracked as 2.#m in the manuscript. Briefly, these changes included 

removing some unnecessary text, clarifications on fetal blood vessels and rationale for 

acquisition time. We chose 17 s to make the scans short for clinical exams while also allowing 

for enough data to be available for compressed sensing reconstructions.  

 

 

 

 


