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Purpose: To validate a respiratory motion correction method called focused navigation
(fNAV) for free-running radial whole-heart 4D flow MRI.
Methods: Using fNAV, respiratory signals derived from radial readouts are converted into
three orthogonal displacements, which are then used to correct respiratory motion in 4D
flow datasets. Hundred 4D flow acquisitions were simulated with non-rigid respiratory
motion and used for validation. The difference between generated and fNAV displacement
coefficients was calculated. Vessel area and flow measurements from 4D flow recon-
structions with (fNAV) and without (uncorrected) motion correction were compared to
the motion-free ground-truth. In 25 patients, the same measurements were compared
between fNAV 4D flow, 2D flow, navigator-gated Cartesian 4D flow, and uncorrected 4D
flow datasets.
Results: For simulated data, the average difference between generated and fNAV dis-
placement coefficients was 0.04 ± 0.32 mm and 0.31 ± 0.35 mm in the x and y directions,
respectively. In the z direction, this difference was region-dependent (0.02 ± 0.51 mm up
to 5.85 ± 3.41 mm). For all measurements (vessel area, net volume, and peak flow), the
average difference from ground truth was higher for uncorrected 4D flow datasets (0.32
± 0.11 cm2, 11.1 ± 3.5 mL, and 22.3 ± 6.0 mL/s) than for fNAV 4D flow datasets (0.10
± 0.03 cm2, 2.6 ± 0.7 mL, and 5.1 ±0.9 mL/s, p< 0.05). In vivo, average vessel area mea-
surements were 4.92 ± 2.95 cm2, 5.06 ± 2.64 cm2, 4.87 ± 2.57 cm2, 4.87 ± 2.69 cm2, for
2D flow and fNAV, navigator-gated and uncorrected 4D flow datasets, respectively. In the
ascending aorta, all 4D flow datasets except for the fNAV reconstruction had significantly
different vessel area measurements from 2D flow. Overall, 2D flow datasets demonstrated
the strongest correlation to fNAV 4D flow for both net volume (r2 = 0.92) and peak flow
(r2 = 0.94), followed by navigator-gated 4D flow (r2 = 0.83 and r2 = 0.86, respectively), and
uncorrected 4D flow (r2 = 0.69 and r2 = 0.86, respectively).
Conclusion: fNAV corrected respiratory motion in vitro and in vivo, resulting in fNAV 4D
flow measurements that are comparable to those derived from 2D flow and navigator-gated
Cartesian 4D flow datasets, with improvements over those from uncorrected 4D flow.
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1 INTRODUCTION

Three-dimensional phase-contrast (PC) MRI or “4D flow
MRI” permits a quantitative evaluation of blood flow-
ing throughout the heart and vessels.1–5 Increasingly, 4D
flow MRI is used in the clinical assessment of heart dis-
ease,6–8 but despite advances in 4D flow imaging,9–18 the
achievable volumetric coverage, ease-of-use, and acqui-
sition time remain largely constrained by the need to
compensate for respiratory motion. Conventional 4D flow
acquisitions use a Cartesian sampling trajectory and a 1D
navigator echo, prescribed along the lung liver interface,
to limit data collection to a manually defined acceptance
window during the end-expiratory respiratory phase.19,20

Therefore, acquisition efficiency is highly driven by the
breathing pattern of each patient, leading to unpredictable
scan times. In practice, 4D flow MRI can be acquired
without navigators and throughout the respiratory cycle to
improve efficiency or reduce scan times, but without addi-
tional respiratory compensation there will be a decrease in
the accuracy of flow measurements and overall visualiza-
tion of the vessels of interest.21,22

Recently, a respiratory-motion correction technique
called focused navigation (fNAV), which estimates dis-
placement from the data itself without the need for addi-
tional hardware, was developed for electrocardiogram
(ECG)-triggered radial whole-heart cardiac magnetic res-
onance angiography (CMRA).23 Using fNAV, a 1D respi-
ratory signal derived from a periodically sampled readout
is converted into respiratory displacement measurements
that span the entire acquisition along all three spatial
dimensions using an auto-focusing algorithm.24,25 In this
way, data can be used from the entire respiratory cycle
while minimizing motion related artifacts, therefore, pro-
viding a more efficient acquisition and reconstruction of
free-breathing data when compared to the conventional
1D navigator approach.

The goal of this work is to extend the fNAV method-
ology to a free-running 3D radial whole-heart PC-MRI
acquisition.10,26–28 The use of fNAV for respiratory motion
correction presents several potential advantages for
free-running 3D radial PC-MRI. First, it does not require
any additional scans to calibrate respiratory displace-
ment.29 Second, it is capable of correcting motion for each
individual readout, which generally cannot be done using
motion correction methods that must first bin the data
into respiratory phases.30 Finally, the 1D respiratory sig-
nal is readily derived from the radial imaging data itself
and therefore, does not require significant modification17

or interruption31 of the imaging sequence to produce
navigator data.

In this work, we adapted the fNAV methodology for use
in the reconstruction of free-running 3D radial PC-MRI

data, resulting in 4D flow images, hereafter, referred to as
fNAV 4D flow datasets. We performed a comprehensive
validation study in a numerical simulation based on data
from a programmable pulsatile flow phantom, wherein
displacement due to respiratory motion was simulated ret-
rospectively. We, then, demonstrated the feasibility of this
approach in a diverse cohort of patients with congeni-
tal heart disease (CHD). We tested the hypotheses that,
first, fNAV can estimate and correct for the translational
displacement of the heart because of respiration, and sec-
ond, that fNAV 4D flow datasets produce comparable flow
measurements to those from separately acquired reference
standard 2D flow datasets and with a reduction in bias
when compared to those derived from 4D flow datasets
reconstructed without motion correction. We compared
the vessel area, net volume, and peak flow measurements
from fNAV 4D flow datasets to those from uncorrected 4D
flow reconstructions of the same data, as well as to con-
ventional navigator-gated Cartesian 4D flow MRI and to
reference standard 2D flow MRI.

2 METHODS

2.1 fNAV 4D flow framework

A schematic overview of the proposed pipeline for the
reconstruction of fNAV 4D flow datasets is shown in
Figure 1. Free-running 3D radial PC-MRI data were
acquired (Figure 1A) as previously described,27 wherein
readouts followed a spiral phyllotaxis sampling pattern
with each interleave rotated by the golden angle relative
to the previous one.32–34 At the beginning of each inter-
leave, one readout oriented along the superior–inferior (SI)
direction was acquired for subsequent extraction of res-
piratory and cardiac self-gating signals (Figure 1B).28,34

The SI readout is only acquired for one velocity encode,
whereas the imaging readouts were repeated four times for
balanced four-point velocity encoding.27,28

To reconstruct the acquired data, the fNAV frame-
work, previously developed for ECG-triggered 3D radial
CMRA, was adapted for free-running 3D radial PC-MRI
with the following four steps. First, a unitless respira-
tory curve was extracted from the concatenated SI read-
outs using principal component analysis.28,34 Second, the
respiratory-dependent displacement of the heart in mil-
limeters was modeled along all three spatial dimen-
sions, by multiplying the extracted respiratory curve with
three fNAV coefficients describing the maximum ampli-
tude of respiratory motion in three orthogonal directions
(Ax, Ay, Az).

The goal of fNAV is to find the optimal coefficients
(Ax, Ay, Az) that best represent the displacement in each
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(A)

(B)

(C)

F I G U R E 1 Summary of the focused navigation (fNAV) 4D flow pipeline. (A) From continuously acquired free-running 3D radial
phase-contrast (PC)-MRI data, (B) respiratory and cardiac motion signals are extracted using self-gating. (C) Using the 1D respiratory
self-gating curve, the displacement of the heart because of respiration along all three spatial dimensions was modeled as the product of the
respiratory curve and three initially unknown fNAV coefficients (Ax , Ay, Az). The 3D translational motion determined by the product of the
respiratory curve and fNAV coefficients was applied to the acquired k-space. The coefficients were then iteratively adjusted to minimize a
metric based on the entropy of the image. The final optimized fNAV coefficients were used to correct the k-space data, which was
reconstructed using a k-t sparse SENSE algorithm.47

dataset. Therefore, in a third step, the fNAV coefficients
were iteratively estimated: the product of the respiratory
curve and fNAV coefficients was applied as a phase shift
to the acquired k-space data (Figure 1C), an intermedi-
ate 4D flow dataset with the current translational motion
correction was reconstructed using a non-uniform Fourier
transform, and a time-averaged phase-contrast magnetic
resonance angiogram (PC-MRA) was calculated by mul-
tiplying the sum of squares of the magnitude and phase
images. Next, a metric for blur (entropy of the gradient
image) was calculated over a region of interest (ROI) auto-
matically placed at the approximate center of the heart, by
calculating the center of mass of the PC-MRA23,25 and used
to update the coefficients. The phase shifts correspond-
ing to the optimized fNAV coefficients that minimize the
image metric were applied to the acquired k-space.

In addition to correcting respiratory motion, car-
diac self-gating was used as previously described.27,28,34

Notably, the uninterrupted gradient echo sequence that

the 3D radial PC-MRI sequence is based on has been
shown to interfere with the ECG signal and there-
fore, self-gating has been shown to be more reliable.35

Finally, a k-t sparse SENSE algorithm27,28 was used to
reconstruct the final fNAV 4D flow images with cor-
rected respiratory motion and resolved cardiac motion
(x-y-z-cardiac-velocity dimensions). After first normaliz-
ing each acquisition by the maximum signal from a grid-
ded image reconstruction, regularization parameters for
reconstructing the fNAV 4D flow datasets were 0.0075 for
total variation applied along the cardiac dimension and
0.015 for total variation applied along the spatial dimen-
sion.28

2.2 Optimization of fNAV coefficients

The PC-MRA, as described above, was chosen in place of
the magnitude images used in the original fNAV study as
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120 FALCÃO et al.

it provided separation between the cardiac anatomy and
background allowing for an automated ROI selection as
described above, and improved detection of rigid trans-
lational movement of the heart without being impacted
by non-cardiac anatomy. The size of the ROI was empir-
ically chosen to be one third the acquisition field of view
(FOV), which in general provided adequate coverage of
the heart.

The entropy of the gradient image (H) was chosen as
a blur metric based on previous work and is described by
the following23:

H = −
∑

x

∑

y

∑

z
pxyz log2

(
pxyz

)
,

pxyz =
gxyz∑

xyz gxyz
, and

gxyz =
√

|∇xI|2 + ||∇yI||
2 + |∇zI|2

where (x, y, z) define a 3D region, (p) is the normalized
voxel intensity from the gradient (g) of the intermedi-
ate image (I), and ∇ is approximated by 1D finite differ-
ences.17,25,36,37 Optimized fNAV coefficients were found
using a steepest descent algorithm where the gradient of
H as a function of the fNAV coefficients was approximated
numerically.23

2.3 Validation using a numerical
simulation

2.3.1 In vitro acquisitions

An MRI-compatible pulsatile flow pump (delivering
flow rates of ∼250 mL/s) connected to a U-shaped
polyvinyl-chloride pipe, representing a simplified aorta
model,38 was scanned on a 1.5 MAGNETOM Aera scanner
(Siemens Healthcare, Erlangen, Germany). The U-pipe
contained a section with variable diameter to mimic
stenosis, and as a result to create non-uniform flow pro-
files. The cardiac frequency simulated was ∼60 cycles
per minute (∼1 Hz). To simulate a contrast-enhanced
flow scan, gadolinium enhanced water was used as
fluid. A fully sampled conventional navigator-gated Carte-
sian 4D flow sequence was acquired with the follow-
ing scan parameters: TE = 2.3 ms, TR = 5.1 ms,
15◦ RF excitation angle, FOV = 54× 351.5× 370 mm3,
base resolution = 24× 152× 160, isotropic spatial resolu-
tion = (2.3 mm)3, maximum velocity encoded = 150 cm/s,
total scan time of 8.1 min.

2.3.2 Generating simulated data

To mimic the effects of realistic respiratory motion on our
phantom data, a non-rigid deformation field was mod-
eled with uniform displacement along the x and y direc-
tions, but linearly increasing displacement along the z
direction (Figure 2A). Each deformation field was multi-
plied by a time-varying respiratory curve modeled from
a healthy volunteer acquisition with approximate respi-
ratory peak frequency of ∼0.15 Hz. We, then, generated
simulated 3D radial k-space readouts after applying the
deformation field to the in vitro images. The 3D radial
k-space readouts were simulated to match the same sam-
pling scheme and undersampling factor from the in vivo
acquisitions (4820 spiral interleaves and 21 radial read-
outs per interleave, see in vivo section). A total of 100
unique variations of the maximum 3D displacement for
each direction (Ax: 0–5 mm, Ay: 0–10 mm, Az: 0–20 mm)
were generated using this pipeline, resulting in 100 cor-
responding simulated “free-breathing” radial 4D flow
acquisitions.23

2.3.3 Accuracy of respiratory motion
correction

Using the fNAV 4D flow framework described above, a
3D region of interest was manually selected (fNAV region,
Figure 2B), and estimated 3D displacements (fNAV coef-
ficients) were obtained for all 100 simulated 4D flow
datasets. Four 2D ROIs were manually selected. The error
between ground-truth simulated displacement and fNAV
coefficients for each ROI was quantified in terms of mean
and SD, as well as using linear regression and Pearson
correlation measures.

2.3.4 Influence of respiratory motion

To study the influence of respiratory motion on both
image quality and flow quantification, a subset (n = 20)
of the simulated acquisitions were chosen such that they
spanned the range of the previously generated maximum
translational displacements and used for 4D flow image
reconstruction, both with correction from the estimated
fNAV coefficients (fNAV 4D flow) and without motion
correction (uncorrected 4D flow). Additionally, the simu-
lated 4D flow data that did not include any displacement
because of respiratory motion, was reconstructed and used
as the ground-truth reference.21

For each of the four ROIs described above, the vessel
area was used as a surrogate measure of blur because of
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(A)

(C)

(B)

F I G U R E 2 Phantom validation of focused navigation (fNAV) for rigid respiratory motion correction. Using the fNAV framework, 3D
fNAV coefficients were estimated for each translational displacement of 100 simulated datasets. Vector length describes the 3D direction and
amplitude of the voxel-wise motion field. Displacement along the z-direction was simulated to be larger at the top of the phantom and
smaller at the bottom. (A) The 3D figure shows the motion fields oriented from top to bottom (B) For four regions of interest (ROI), (C) the
correlation between the generated coefficients (Ax , Ay, Az) and the estimated coefficients (AxfNAV, AyfNAV, AzfNAV) was strong for the three
directions of displacement (r2

> 0.9). ROI 3 was the region with the best 1–1 correlation between Az and AzfNAV, with differences between Az

and AzfNAV increasing with the distance from ROI 3. Yellow arrows point to the ROIs used for this analysis. The red square marks the region
chosen for the fNAV correction. The blue lines describe regression lines, and black lines show the identity line. m, slope; b, intercept; ρ,
Pearson correlation coefficient.
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122 FALCÃO et al.

respiratory motion and was calculated as the sum of all
voxels included in the ROI, multiplied by the area of each
voxel. The vessel area was calculated for the ground-truth
dataset, as well as for all uncorrected and fNAV 4D flow
datasets. The mean and SD of the vessel area for each
ROI was calculated across the entire range of displace-
ments reconstructed (n = 20), for uncorrected and fNAV
4D flow datasets separately. The difference of vessel area
from the ground-truth was also compared between the
two groups.

For each reconstructed dataset and for each ROI,
net volume and peak flow measurements were com-
pared with the ground-truth reference. Mean and SD
measures were calculated for each flow measurement
and for each ROI. The differences from the ground-truth
were calculated for uncorrected and fNAV 4D flow
datasets.

2.4 Feasibility in a cohort of CHD
patients

2.4.1 In vivo acquisitions

A cohort of 25 CHD patients (age, 7–60 years, 12 female)
was included in this study (see Table S1 for demograph-
ics). Each study participant or their legal guardian pro-
vided written informed consent compliant with insti-
tutional guidelines. All images were acquired on a
1.5 T Magnetom Sola (Siemens Healthcare, Erlangen,
Germany).

Patients underwent a gadolinium-enhanced
(Gadobutrol, Bayer, Switzerland, 0.4 mmol/kg) MRI
protocol for CHD, that included three standard 2D
flow acquisitions placed on the ascending aorta (AAo),
descending aorta (DAo), and main pulmonary artery
(MPA). Sequence parameters for the 2D flow acquisitions
were as follows: TE = 3.0–3.6 ms, TR = 5.25–6.14 ms,
20◦ RF excitation angle, FOV = (136–234) × (288–340)
mm2, base resolution = (132–136) × (192–288), spatial
resolution = (1.0–1.8) × (1.0–1.8) × (4.0–6.0) mm3, veloc-
ity encoding = 150–200 cm/s. Additionally, a standard
Cartesian 4D flow acquisition with respiratory navigation
(nav-gated 4D flow) was included to obtain a reference
4D flow dataset. Sequence parameters were the following:
TE = 2.2–2.3 ms, TR = 4.6–5.1 ms, 7–12◦ RF excitation
angle, FOV = (125–258) × (188–308) × (200–400) mm3,
base resolution= (50–103) × (75–123) × (96–160) isotropic
spatial resolution = (2.1 mm)3–(2.5 mm)3, maximum
velocity encoding = 150–200 cm/s, total scan time of
1.8–11.5 min.

At the end of each clinical exam, a free-running
3D radial PC-MRI sequence (Figure 1A) was

acquired. Sequence parameters were as follows:
TE = 2.9–3.1 ms, TR = 4.7–4.9 ms, 7◦ RF excitation angle,
FOV = (220 mm)3–(240 mm)3, base resolution = (96)3

isotropic spatial resolution = (2.3 mm)3 – (2.5 mm)3,
maximum velocity encoding = 150–200 cm/s, total
scan time of 7.93–8.23 min, 4820 spiral interleaves
and 21 radial readouts per interleave (1 SI+ [5 read-
outs× 4-point velocity encoding]). Differences in scan
time were because of changes in velocity encoding
and FOV.

2.4.2 Four dimensional flow image
reconstruction

Free-running 3D radial PC-MRI acquisitions from all
patients were reconstructed into fNAV 4D flow datasets,
as described in Figure 1, and into 4D flow datasets
without any type of respiratory compensation (uncor-
rected 4D flow). For fNAV 4D flow, the respiratory
motion amplitudes estimated from fNAV were recorded
and used for motion correction. Next, to reconstruct
fNAV and uncorrected 4D flow datasets, data were
binned into 17 to 30 cardiac phases (temporal resolu-
tion = 23.8–42.2 ms) and reconstructed using the k-t
sparse SENSE algorithm described previously.27,28 Spa-
tial resolution of the reconstructed datasets matched
the acquired spatial resolution, (2.3 mm)3–(2.5 mm)3. All
reconstructions of fNAV and uncorrected 4D flow datasets
were performed in MATLAB (The MathWorks, Natick,
MA) and took on average 2.8 ± 0.3 h to reconstruct
including 2.5 min for fNAV. The nav-gated 4D flow
datasets were reconstructed at the scanner during the
examination using the vendor-provided reconstruction
pipeline for these datasets. Streamlines derived from fNAV,
nav-gated and uncorrected 4D flow datasets were visually
compared.

2.4.3 Comparison of vessel area and flow
measurements

The 2D flow and three 4D flow datasets (i.e., fNAV 4D
flow, nav-gated 4D flow, and uncorrected 4D flow) were
segmented and flow measurements were analyzed using
cvi42, Circle (Calgary, AB, Canada). The flow analysis
was performed by one observer that was not blinded
to the type of data being analyzed. To assess and com-
pare the accuracy of flow measurements from fNAV 4D
flow relative to 2D flow and to the remaining 4D flow
datasets, vessel planes were manually placed to match
the same location of the 2D flow acquisitions cover-
ing the AAo, DAo, and MPA. Similarly to in vitro, the
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FALCÃO et al. 123

vessel area was used as a surrogate metric for blur because
of respiratory motion and was compared between the
2D flow datasets and fNAV, nav-gated, and uncorrected
4D flow datasets. Net volume and peak flow measure-
ments were calculated for every 4D/2D flow dataset. Four
dimensional flow measurements (fNAV, nav-gated, and
uncorrected) were compared to their analogous 2D flow
measurement.

2.5 Statistical analysis

Each group of measurements was tested for normality
using a Lilliefors test. In case of rejection of the null
hypothesis at the 5% significance level, measures were
compared using a nonparametric Wilcoxon signed rank
test. Otherwise, a paired t test was used to compare the
similarity between datasets. For the patient cohort, differ-
ences in net volume and peak flow measurements between
2D flow and 4D flow datasets (fNAV, nav-gated, and
uncorrected) were estimated using Bland–Altman analy-
sis. Additionally, the correlation between 2D flow mea-
surements and measurements from all 4D flow datasets
was calculated using linear regression and Pearson correla-
tion measures, and the significance level of the correlation
was given as a p-value, from testing the hypothesis of no
correlation.

3 RESULTS

3.1 Validation in a pulsatile flow
phantom

3.1.1 Accuracy of respiratory motion
correction

The fNAV 4D flow framework was able to estimate dis-
placement because of respiratory motion in all 100 sim-
ulated 4D flow acquisitions. The error (mean and SD)
in x and y directions was consistent across all four
ROIs (Ax–AxfNAV = 0.04 ± 0.32 mm, Ay–AyfNAV = −0.31
± 0.35 mm) because of the uniform displacement gen-
erated in those directions. However, the error in the z
direction was greater in ROIs where the true non-rigid
displacement diverges from the rigid translational correc-
tion provided by fNAV, yielding excellent agreement for
ROI 2 (Az-AzfNAV = 0.02 ± 0.51 mm), followed by increas-
ing average error for ROI 3 (Az–AzfNAV = 1.71 ± 1.16 mm),
ROI 1 (Az–AzfNAV = 3.78 ± 2.26 mm) and finally ROI 4
(Az–AzfNAV = 5.85 ± 3.41 mm).

The linear regression measurements calculated
between the generated displacements and those estimated

by fNAV for the four ROIs corroborates this trend when
considering the slope (m), intercept (b), and Pearson
correlation coefficient (ρ) respectively along each spatial
dimension (Figure 2C).

3.1.2 Influence of respiratory motion
on vessel area

In general, the vessel area for each measured ROI in sim-
ulated radial 4D flow data is overestimated (Figure 3B)
by uncorrected reconstructions because of motion blur,
when compared to the ground-truth reference (Table 1).
Conversely, fNAV 4D flow vessel area yielded a better
agreement with the ground-truth reference area. This
is further demonstrated by the differences in vessel
area between uncorrected 4D flow and the ground-truth
dataset, which were significantly higher than those mea-
sured between the fNAV 4D flow and the ground-truth
datasets in all four ROIs (ROI 1: 0.11 ± 0.17 cm2 vs. 0.04
± 0.14 cm2, ROI 2: 0.61 ± 0.43 cm2 vs. 0.18 ± 0.10 cm2,
ROI 3: 0.15 ± 0.26 cm2 vs. 0.00 ± 0.09 cm2, ROI 4: 0.42
± 0.22 cm2 vs. 0.18 ± 0.07 cm2, p< 0.05). The average ves-
sel area difference between uncorrected and ground-truth
4D flow datasets (0.32 ± 0.11 cm2) was significantly dif-
ferent from the average vessel area difference between
fNAV and ground-truth 4D flow datasets (0.10 ± 0.03 cm2,
p< 0.05).

3.1.3 Influence of respiratory motion
on flow quantification

Overall, simulated datasets with uncorrected respira-
tory motion resulted in flow measurements that were
significantly different from the ground-truth values,
whereas fNAV 4D flow datasets showed better agree-
ment with the ground-truth. Still, the quantitative com-
parison of net volume and peak flow measurements
showed different effects of motion across the 4 ROIs
(Figure 4, Table 1).

Net volume average differences from the ground-truth
were, for uncorrected and fNAV 4D flow datasets, respec-
tively, 11.1± 3.5 mL vs. 2.6± 0.7 mL. Specifically, for ROI 2
and ROI 3, placed within the fNAV region, the net volume
differences from the ground-truth were 22.4± 15.4 mL and
2.5 ± 8.3 mL for uncorrected 4D flow and 6.6 ± 3.7 mL
and−1.6 ± 2.6 mL for fNAV 4D flow. ROI 1, located at
the edge of the fNAV region, reported a net volume differ-
ence of 5.1 ± 8.4 mL for uncorrected 4D flow and 0.4 ±
3.8 mL for fNAV 4D flow. Net volume differences from
ROI 4 were reduced from 14.3± 8.4 mL for uncorrected
4D flow to 5.0 ± 2.4 mL when correcting with fNAV. For
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124 FALCÃO et al.

(A)

(C)

(B)

F I G U R E 3 Influence of motion on the vessel area for four regions of interest (ROI). (A) Coronal view of the pulsatile flow phantom
with the maximum intensity projection (MIP) of the velocity at peak systole shown and the four ROIs marked. (B) After focused navigation
(fNAV) correction (blue), the area of each ROI became closer in agreement to the ground-truth ROI area (green), when compared to the
uncorrected cases (red). (C) Cross-sectional visualization of the velocity in each ROI at peak systole for one example, showing ground-truth
(green), uncorrected 4D flow (red) and fNAV 4D flow (blue) datasets. The area of each cross section is shown at the top left corner of each
image. A visible vessel degradation is shown in uncorrected cases. In this example, the largest simulated motion displacement is shown for
each ROI. p, p-value.

peak flow, the same trend was reported (ROI 1: 11.0 ±
18.2 mL/s vs. −0.6 ± 6.9 mL/s; ROI 2: 43.9 ±29.5 mL/s vs.
13.4± 7.2 mL/s; ROI 3: 6.6± 19.8 mL/s vs.−3.7± 5.1 mL/s;
ROI 4: 27.6 ±15.7 mL/s vs. 11.2 ± 6.2 mL/s, uncorrected
vs. fNAV 4D flow, respectively). The average difference in
peak flow measurements was 22.3 ± 6.0 mL/s for uncor-
rected 4D flow and 5.1 ± 0.9 mL/s for fNAV 4D flow.
Overall the average difference in net volume and peak flow
measurements was significant between the two compar-
isons (p< 0.05). For individual ROIs, all flow measure-
ments were significantly different between uncorrected

and fNAV 4D flow datasets (p< 0.05), except in ROI 3
(p = 0.13 for net volume and p = 0.07 for peak flow).

3.2 Feasibility in a cohort of CHD
patients

3.2.1 4D flow image reconstruction

Respiratory motion amplitudes estimated using fNAV
were obtained for all patient datasets with a mean
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FALCÃO et al. 125

T A B L E 1 Mean and SD measurements for vessel area, net volume, and peak flow obtained for each of the four ROIs selected in the
phantom.

Measurement 4D flow reconstruction ROI 1 ROI 2 ROI 3 ROI 4

Vessel area (cm2) Ground-truth 3.39 3.76 3.76 3.60

Uncorrected 3.50 ± 0.17 4.37 ± 0.43 3.91 ± 0.26 4.02 ± 0.22

fNAV 3.43 ± 0.14 3.93 ± 0.10 3.76 ± 0.09 3.77 ± 0.07

Net volume (mL) Ground-truth 123.0 148.4 135.5 142.7

Uncorrected 128.1 ± 8.4 170.9 ± 15.4 137.9 ± 8.3 157.1 ± 8.4

fNAV 123.4 ± 3.8 155.1 ± 3.7 133.8 ± 2.6 147.7 ± 2.4

Peak flow (mL/s) Ground-truth 253.7 273.1 271.3 268.6

Uncorrected 264.7 ± 18.2 317.0 ± 29.5 277.9 ± 19.8 296.3 ± 15.7

fNAV 253.1 ± 6.9 286.4 ± 7.2 267.6 ± 5.1 279.9 ± 6.2

Note: The reference 4D flow reconstruction (without motion) is used as ground-truth for comparison with 4D flow reconstructions of different respiratory
motion displacements without (uncorrected 4D flow) and with (fNAV 4D flow) motion correction.
Abbreviations: ROI, region of interest; fNAV, focused navigation.

(A) (B)

F I G U R E 4 Influence of respiratory motion on flow quantification in a pulsatile flow phantom. Net volume (A) and peak flow rate (B)
measurements calculated from focused navigation (fNAV) 4D flow and uncorrected 4D flow reconstructions of the simulated datasets
(n = 20) across the same four ROIs shown in Figures 2 and 3. The ground-truth value for each ROI is marked in green and statistically
significant differences between fNAV and uncorrected 4D flow measurements are denoted by orange stars.

and SD of: Ax = 2.5 ± 2.0 mm, Ay = 2.5 ± 2.2 mm,
Az = 7.2± 3.6 mm, and ranging between Ax = 0.4–7.8 mm,
Ay = 0–8.9 mm, Az = 0.1–16.4 mm. These values are within
the range of values tested in vitro.

Streamline visualizations of all 4D flow datasets (fNAV,
nav-gated, and uncorrected) are shown for two represen-
tative patients in Figure 5. Overall image quality is com-
parable between the three 4D flow datasets, including in
regions of larger turbulence (yellow arrows). Red arrows
highlight locations with small differences in the velocity
streamlines between reconstructions, where the uncor-
rected 4D flow streamlines are visually the most different

when compared to fNAV 4D flow and nav-gated 4D flow
streamlines.

3.2.2 Comparison of vessel area and flow
measurements

Six MPA segmentations were excluded from the study, two
because of poor visualization of the vessel from 2D flow
datasets and four because of poor visualization overall, on
all flow datasets. One nav-gated 4D flow dataset was cor-
rupted and therefore, was also excluded from the analysis.
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126 FALCÃO et al.

F I G U R E 5 Visualization of flow streamlines in two patients with congenital heart disease using focused navigation (fNAV), nav-gated
and uncorrected 4D flow datasets. Yellow arrows point to regions of large turbulence for each case, where image quality appears to be similar
for both reconstructions. Red arrows point to regions with different flow streamlines, where the uncorrected 4D flow reconstructed dataset has
larger differences to the nav-gated 4D flow dataset when compared to fNAV 4D flow. Uncorr. 4D flow, uncorrected 4D flow; F, female; M, male.

From the remaining data, a total of 264 vessels segmented
from all the 2D/4D flow datasets were included in the
comparison.

In the absence of a ground-truth measurement of ves-
sel area, comparison between fNAV, nav-gated, and uncor-
rected 4D flow datasets to the reference 2D flow datasets
(Figure 6) demonstrated variable agreement depending
on the vessel of interest. The average vessel area mea-
surements across all vessels were 4.92± 2.95 cm2 for 2D
flow, 5.06± 2.64 cm2 for fNAV 4D flow, 4.87± 2.57 cm2 for
nav-gated 4D flow, and 4.87± 2.69 cm2 for uncorrected
4D flow. No significant difference in AAo vessel area was
found between fNAV 4D flow datasets (7.24 ± 2.63 cm2)
and 2D flow datasets (7.39 ± 2.64 cm2, p = 0.38), but a sig-
nificant underestimation as compared to 2D flow vessel
area measurements was observed for nav-gated 4D flow
(7.10 ± 2.50 cm2, p< 0.05) and uncorrected 4D flow (6.91
± 2.64 cm2, p< 0.05). Conversely, DAo vessel area mea-
surements from fNAV 4D flow (2.88± 0.85 cm2), nav-gated
4D flow (2.60 ± 0.77 cm2) and uncorrected 4D flow (2.57
± 0.84 cm2) datasets were significantly (p< 0.05) overes-
timated relative to those from 2D flow datasets (2.22
± 0.67 cm2). No significant differences were found in the

F I G U R E 6 Comparison of vessel area from in vivo datasets.
2D flow (green), and focused navigation 4D flow (dark-blue),
nav-gated 4D flow (light-blue) and uncorrected 4D flow (red)
measurements are included for all patients. AAo, ascending aorta;
DAo, descending aorta; MPA, main pulmonary artery; Uncorr. 4D
flow, uncorrected 4D flow; p, p-value.
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FALCÃO et al. 127

(A) (B) (C)

(D) (E) (F)

F I G U R E 7 Linear regression of net volume (A–C) and peak flow (D–F) measurements between each 4D flow dataset and the reference
standard 2D flow datasets. Overall, focused navigation (fNAV) 4D flow net volume and peak flow measurements (A and D) were the
strongest correlated measures to 2D flow, when compared to nav-gated 4D flow (B and E) and uncorrected 4D flow (C and F) datasets. NV,
net volume; PF, peak flow rate. r2, squared Pearson correlation coefficient. 2Df, 2D flow; fNAV, fNAV 4D flow; Nav-gated, nav-gated 4D flow;
Uncorr, uncorrected 4D flow.

MPA vessel area for fNAV (5.07 ± 1.72 cm2, p = 0.29),
nav-gated (4.91± 1.31 cm2, p= 0.17) and uncorrected (5.24
± 1.97 cm2, p = 0.74) 4D flow datasets when compared to
2D flow (5.25 ± 2.04 cm2).

Linear regression results between 2D flow and fNAV
4D flow net volume measurements (r2 = 0.92) (Figure 7A)
were overall the strongest correlation results when com-
paring 2D flow with other 4D flow datasets (r2 = 0.83 for
comparison to nav-gated 4D flow) (Figure 7B) (r2 = 0.69
for comparison to uncorrected 4D flow) (Figure 7C). Sim-
ilarly, 2D flow peak flow measurements had a larger
correlation with fNAV 4D flow peak flow measurements
(Figure 7D–F) (r2 = 0.94, r2 = 0.86, r2 = 0.86, respectively).

Compared to 2D flow, fNAV 4D flow datasets showed
the lowest bias in net volume and peak flow across all 4D
flow datasets (−3.5 ± 19.8% for net volume, −2.9 ± 17.2%
for peak flow) (Figure 8), although all 4D flow net volume
and peak flow measurements were significantly differ-
ent from 2D flow measurements, with p< 0.05, with the

exception of the net volume comparison between 2D flow
and uncorrected 4D flow (−4.9 ± 43.0%, p = 0.06).

4 DISCUSSION

In this study, we extended the use of a previously
described fNAV method for respiratory motion correc-
tion of free-running 3D radial PC-MRI acquisitions to
obtain fNAV 4D flow datasets. The proposed fNAV 4D flow
approach does not require image navigators or ECG-gating
and can be acquired with simplified scan planning and a
fixed scan time. Using fNAV, translational motion of the
heart is estimated and used to correct all acquired read-
outs in radial 4D flow MRI. We validated the fNAV 4D flow
framework in simulated data generated from non-rigid res-
piratory motion fields applied to a pulsatile flow phantom
and demonstrated its feasibility in a cohort of patients with
CHD. We successfully confirmed our hypotheses that: (1)
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(A) (B) (C)

(D) (E) (F)

F I G U R E 8 Bland–Altman results of net volume (A–C) and peak flow (D–F) measurements between each 4D flow dataset and the
reference standard 2D flow datasets. Comparing to 2D flow datasets, focused navigation (fNAV) 4D flow net volume and peak flow
measurements (A and D) had smaller biases compared to measures from nav-gated 4D flow (B and E) and uncorrected 4D flow (C and F)
datasets. NV, net volume; PF, peak flow rate. LOA, limits of agreement. 2Df, 2D flow, fNAV, fNAV 4D flow; Nav-gated, nav-gated 4D flow;
Uncorr, uncorrected 4D flow.

fNAV can estimate respiratory motion from free-running
3D radial PC-MRI acquisitions, and that (2) the resulting
fNAV 4D flow datasets produce comparable flow measure-
ments to separately acquired reference measurements,
and with a reduction in bias when compared to uncor-
rected 4D flow datasets. Although a regional variation in
the accuracy of respiratory motion and resulting vessel
area and flow measurements was observed because of the
translational correction applied to a non-rigid underly-
ing motion, overall fNAV 4D flow produced comparable
results to the reference standard flow datasets and signifi-
cantly improved uncorrected data.

4.1 Validation in a pulsatile flow
phantom

In the first part of our study, we validated the use of
fNAV for correction of respiratory motion in a numeri-
cal simulation based on data obtained from a pulsatile

flow phantom. The data acquisition was performed with-
out any physical displacement of the phantom during
the scan. Instead, a retrospective approach was cho-
sen to enable a well-controlled simulation of a large
number of non-rigid displacements, which not only
enabled the direct comparison of estimated fNAV coef-
ficients with generated values, but it also enabled the
direct comparison of all datasets induced with motion
to the non-motion corrupted counterpart (ground-truth),
removing any acquisition-related bias. This compari-
son demonstrated that respiratory motion impacts both
the measured area of the vessel-like structure of the
phantom and subsequent flow. These results corrobo-
rate previous studies, which also demonstrated a decrease
in the accuracy of flow measurements and overall
image quality when no respiratory compensation is
considered.21,22

When using fNAV in vitro, the resulting vessel area
and flow measurements demonstrated that fNAV can
accurately measure and correct for rigid translational
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FALCÃO et al. 129

respiratory motion providing an overall improvement in
accuracy relative to uncorrected data but with variation
depending on the degree of underlying non-rigid motion.
For instance, for ROI 2 and ROI 3, the estimated fNAV
displacement measures matched with high correlation
the generated displacements, enabling motion corrected
4D flow reconstructions that yielded area and flow mea-
surements in strong agreement with the ground-truth,
therefore, confirming our first hypothesis. Moreover, the
estimated fNAV coefficients corrected the generated dis-
placements simulated in ROI 1 and ROI 4 with lower
accuracy, and, as a result, there were larger differences
in the area of these ROIs when comparing fNAV 4D flow
datasets to the ground-truth. These results are a conse-
quence of using a rigid motion correction in a non-rigid
structure. Nevertheless, the net volume and peak flow
measures were still improved by applying motion correc-
tion, implying that motion correction, even if not per-
fect, is still beneficial when compared to the uncorrected
counterpart. Nevertheless, at higher spatial resolution,
these discrepancies may have greater impact on flow
quantification.

The numerical simulation provided valuable insight on
how the rigid fNAV correction of free-running 3D radial
PC-MRI acquisitions would adapt to an in vivo setting,
where motion is non-rigid. Still, increasing the complex-
ity of the current phantom setup by including physical
motion during the scan (for example with a moving cart)
could help us further understand the limits of this tech-
nique for correcting respiratory motion in free-running
3D radial PC-MRI acquisitions. Additionally, a more rig-
orous validation in healthy volunteers that can be given
instructions (i.e., periods of shallow or deep breathing)
throughout the acquisition may be worth investigating in
the future.

4.2 Feasibility in a cohort of CHD
patients

To demonstrate the feasibility and evaluate the perfor-
mance of the proposed fNAV 4D flow approach in vivo, we
compared fNAV 4D flow datasets from a cohort of CHD
patients to 2D flow datasets, nav-gated 4D flow datasets,
and to uncorrected 4D flow reconstructions of the same
data, in terms of vessel area and the resulting flow mea-
surements.

The overall image quality obtained from fNAV 4D flow
reconstructions in terms of the PC-MRA volumes and the
velocity streamlines visualized at peak systole was com-
parable between the fNAV, nav-gated and uncorrected 4D
flow datasets. Nevertheless, small differences in the veloc-
ity streamlines were observed (see Figure 5, red arrows).

These discrepancies may have been caused by the anatom-
ical segmentation, or because of SNR differences between
acquisitions and reconstructions. However, given the lack
of a ground-truth for comparison, understanding these
subtle changes can be challenging.

In the absence of a ground-truth measurement, in
vivo vessel areas from fNAV, nav-gated, and uncorrected
4D flow datasets were compared to 2D flow and yielded
some discrepancies depending on the vessel of interest.
These in vivo results are consistent with those from the
numerical simulation where the agreement with respect to
ground-truth varied according to the position of the ROI,
suggesting that our in vivo results are also affected by the
translational correction used in the presence of non-rigid
motion. Nonetheless, the fNAV 4D flow vessel area showed
better overall agreement with 2D flow than to nav-gated
and uncorrected 4D flow datasets, again highlighting the
fact that fNAV provides an accurate correction of rigid res-
piratory motion, but may be limited in areas more greatly
impacted by the underlying non-rigid motion.

When comparing fNAV, nav-gated, and uncorrected 4D
flow measurements of net volume and peak flow to the ref-
erence 2D flow, fNAV 4D flow had a lower bias and slightly
improved limits of agreement. These results may suggest
that the respiratory motion correction provided by fNAV is
more representative of the breath-hold performed for the
2D flow acquisitions, when also compared to nav-gated 4D
flow, as this technique usually includes a large acceptance
window for respiratory motion.

In this proof-of-concept study, 3D translational
respiratory-derived displacement of the heart was esti-
mated with fNAV and used to correct the acquired k-space
data. Although the corrected data yielded similar vessel
segmentations and flow measurements to the reference
2D flow and nav-gated 4D flow acquisitions, the main lim-
itation of the current approach is that it does not account
for rotational motion or the more general non-rigid
behavior of respiratory motion. In principle, additional
fNAV coefficients could be included to account for rota-
tional motion, and the same fNAV approach used in this
work can be modified to perform non-rigid correction
using the localized auto-focusing method as previously
described.23,25,39 This approach is potentially prohibitive
because of increases in computational time as separate
reconstructions are required for different motion states,
but this may be overcome by reconstructing the different
motion states using parallel processing. Given the accu-
rate performance of fNAV demonstrated in this work for
specific regions, further investigation into the localized
auto-focusing approach is warranted.

The current fNAV 4D flow approach could also be used
to improve the quality of previously described respiratory
motion-resolved 5D flow reconstructions27 by correcting
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130 FALCÃO et al.

translational intra-bin motion or could be combined with
a more generalized strategy for inter-bin motion compen-
sation using motion fields.30,40–43 Additionally, alternative
strategies have been proposed to compensate rather than
correct for respiratory motion in 4D flow MRI such as
adaptive navigator gating14,21,44,45 and soft-gating,18,39,46

but may have limitations in the presence of significant res-
piratory motion or variability. As new advances in both
acquisition and reconstruction methods enable higher
spatial resolution, it is likely that a combination of these
aforementioned methods including fNAV is needed to
truly compensate for the complex non-rigid motion of the
heart because of respiration and provide accurate estima-
tions of blood flow. Regardless, of the potential improve-
ments to and future applications of fNAV, validation of the
method showing that it can accurately estimate respiratory
motion and correct for it to produce high quality visualiza-
tions and quantifications of flow has been achieved in this
work.

5 CONCLUSION

Respiratory motion correction for free-running 3D radial
PC-MRI acquisitions has successfully been achieved using
fNAV, both in a pulsatile flow phantom and in a cohort
of patients with congenital heart disease. The resulting
fNAV 4D flow datasets yielded accurate estimates of trans-
lational displacements of the heart because of respiration,
resulting in similar vessel segmentations and flow mea-
surements as those from both reference standard 2D flow
and navigator-gated Cartesian 4D flow datasets. Using this
approach, a quantitative evaluation of blood flow in the
heart and its great vessels can be obtained in a fixed scan
time, without the uncertainty in scan duration related to
navigator efficiency, and without the need for respiratory
navigators or ECG-gating.
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