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Abstract

Background—Thoracic and abdominal 4D flow MRI is typically acquired in combination with 

navigator respiration control which can result in highly variable scan efficiency (Seff) and thus 

total scan time due to inter-individual variability in breathing patterns. The aim of this study was 

to test the feasibility of an improved respiratory control strategy based on diaphragm navigator 

gating with fixed Seff, respiratory driven phase encoding, and a navigator training phase.

Methods—4D flow MRI of the thoracic aorta was performed in 10 healthy subjects at 1.5T and 

3T systems for the in-vivo assessment of aortic time-resolved 3D blood flow velocities. For each 

subject, four 4D flow scans (1: conventional navigator gating, 2–4: new implementation with fixed 

Seff =60%, 80% and 100%) were acquired. Data analysis included semi-quantitative evaluation of 

image quality of the 4D flow magnitude images (image quality grading on a four point scale), 3D 

segmentation of the thoracic aorta, and voxel-by-voxel comparisons of systolic 3D flow velocity 

vector fields between scans.

Results—Conventional navigator gating resulted in variable Seff = 74±13% (range = 56% – 

100%) due to inter-individual variability of respiration patterns. For scans 2–4, the the new 

navigator implementation was able to achieve predictable total scan times with stable Seff, only 

depending on heart rate. Semi- and fully quantitative analysis of image quality in 4D flow 

magnitude images was similar for the new navigator scheme compared to conventional navigator 

gating. For aortic systolic 3D velocities, good agreement was found between all new navigator 

settings (scan 2–4) with the conventional navigator gating (scan 1) with best performance for Seff 

= 80% (mean difference = −0.01; limits od agreement = 0.23, Pearson’s ρ=0.89, p <0.001). No 

significant differences for image quality or 3D systolic velocities were found for 1.5T compared to 

3T.
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Conclusions—The findings of this study demonstrate the feasibility of the new navigator 

scheme to acquire 4D flow data with more predictable scan time while maintaining image quality 

and 3D velocity information, which may prove beneficial for clinical applications.

Keywords

Respiration control; navigator gating; 4D flow MRI; aorta

INTRODUCTION

4D flow MRI is a powerful technique to non-invasively measure, visualize and quantify 3D 

blood flow in the heart and large thoracic and abdominal vessels1–4. The technique provides 

temporal and volumetric (3D) coverage in combination with three-directional velocity 

encoding5. However, the increased coverage results in long total scan times, typically on the 

order of minutes. For thoracic or abdominal applications, 4D flow MRI is thus typically 

executed in combination with respiratory gating using bellows6, self-gating7, or a navigator 

signal6, 8–10 to detect the motion of the lung-liver interface11.

For conventional navigator-based respiratory gating, an acceptance window ΔW is defined 

relative to the end-expiratory position, and data is accepted when the breathing position falls 

within this predefined range. The total scan time is determined by the scan efficiency Seff, 

i.e. the percentage of data that falls within the navigator acceptance window. Due to inter-

individual differences in respiration patterns, however, a fixed navigator acceptance window 

(ΔW = constant) can result in a wide range of Seff thus highly variable total scan time.

The aim of this study was to implement and test a novel navigator gating strategy based on 

the dynamic adaptation of the lower threshold of the navigator acceptance window in real 

time to maintain a user selected fixed scan efficiency Seff throughout the entire 4D flow 

scan. In addition, data was acquired using respiratory ordered phase encoding to allow for 

increased scan efficiency1213. Further, a navigator training phase was included during initial 

acquisition of outer k-space data, without lengthening the total scan time. We hypothesize 

that this method can provide more stable scan efficiency Seff for 4D flow MRI for different 

respiration patterns while maintaining image quality in terms of depiction of vascular 

geometry in magnitude images as well as 3D blood flow velocity information.

METHODS

Study Cohort

Ten healthy volunteers (age: 47 ± 16 y/o, 23–71 y/o, 8 males, 2 females) with no history of 

cardiovascular disease, normal aortic valve function and normal thoracic aortic geometry 

were included in the study. All volunteers provided informed consent. The study was 

approved by the local Institutional Review Board (IRB) of Northwestern University.

Navigator implementation

Time-resolved 3D phase contrast MRI with three-directional velocity encoding (4D flow 

MRI) data acquisition was prospectively gated to the ECG cycle as illustrated in figure 1c. 
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For each time frame within the cardiac cycle, interleaved 3-directional velocity encoding 

was performed by successively collecting one reference scan and three velocity sensitive 

scans along x, y, and z direction (i.e. 4TRs were needed to collect the data). K-space 

segmentation was used to collect a subset (NSeg) of all required (Ny × Nz) phase encoding 

steps for each time frame. The selection of NSeg = 2 resulted in a temporal resolution of TRes 

= NSeg * 4TR = 8TR and total number of (Ny × Nz)/NSeg ECG cycles to collect all data.

Navigator gating of the diaphragm motion (figure 1d) was used for image acquisition during 

free breathing. The navigator pulse (NAV, figure 1c) was played out at the end of each 

cardiac cycle to update the current respiration phase which was used for respiratory gating. 

The new navigator strategy is schematically illustrated in figure 1 and combines 1) an initial 

training phase to determine the optimal navigator acceptance window ΔW for a fixed scan 

efficiency SEff (% of data that falls within the gating window) while acquiring outer k-space 

data, 2) real time-adjustment of the navigator acceptance window to maintain Seff in 

combination with adaptive phase encoding to minimize respiration artifacts.

1) Training phase—The aim of the training phase was to automatically adjust the 

navigator acceptance window ΔW based on the fixed scan efficiency Seff while minimizing 

the impact on initial variability in respiration position on image quality. During the first 10% 

of the scan, i.e. for the duration of 0.1 × (Ny × Nz)/NSeg cardiac cycles, only the edges of ky–

kz-space lines were collected, as illustrated in figure 1a. An initial acceptance window ΔW 

was specified by the user. The respiration pattern was continuously updated for each cardiac 

cycle and the lower boundary of ΔW was dynamically adjusted to achieve the fixed scan 

efficiency Seff. The upper boundary of ΔW was dynamically adjusted each RR-interval by 

extraction of the maximum position of the lung-liver interface of the past 16 cardiac cycles. 

As illustrated in figure 1A, the lower acceptance threshold can vary substantially during the 

initial part of the scan. The influence of this variation on image quality is reduced by filling 

the edges of k-space during the training phase.

2) Respiratory ordered phase encoding and real time-adjustment of the 
navigator acceptance window ΔW—As in13, the remaining ky–kz-data were collected 

according to the position in the respiration cycle to further minimize breathing artifacts. If 

respiration was within ΔW, the current respiratory position was used to determine the (ky, 

kz)-space position for the following RR-interval. Data acquired near end-expiration 

(maximum breathing position), where the chest shows the least motion, were assigned to (ky, 

kz) with a small distance from the center of k-space while data measured closer to end-

inspiration were assigned to outer k-space. If a ky–kz-position was already filled, the phase 

encode was assigned to an empty phase encode with the closest radius. This process is 

similar to the previously reported ROPE technique12 and is schematically illustrated in 

figure 1b.

As in the training phase, the lower boundary of ΔW was dynamically adjusted to maintain 

the fixed scan efficiency Seff. At the end of each cardiac cycle the current scan efficiency 

was determined as
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(1)

When SReff > Seff, ΔW was decreased by increasing the lower acceptance threshold (lower 

dashed white line in figure 1a and b). As a result, SReff decreased such that SReff approached 

Seff. An increase of the lower edge of ΔW occurred when SReff < Seff resulting in an increase 

of SReff.

MR Imaging

Prospectively ECG gated and navigator controlled 4D flow MRI in a sagittal oblique volume 

covering the thoracic aorta was performed in n=10 healthy subjects. Data was acquired using 

1.5T (n=5 subjects) and 3T (n=5 subjects) systems (MAGNETOM Aera and Skyra, Siemens 

Medical Solutions, Erlangen, Germany). For each subject, four 4D flow MRI scans were 

acquired: 1) with conventional navigator gating13 with fixed ΔW = 16 mm and with the new 

navigator strategy with 2) Seff set to 60%, 3) Seff = 80% and 4) Seff = 100%.

Pulse sequence parameters for all scans were as follows: spatial resolution = 3.03–3.66mm × 

2.13–2.44mm × 2.4–2.7mm; field of view = 340–390mm × 255–315mm, slab thickness = 

72–81mm; Nx = 160, Ny = 80, Nz = 30; temporal resolution = 38.4–39.2ms (14–25 time 

frames); TE/TR/FA = 2.4–2.5ms/4.8–4.9ms/7°; velocity sensitivity (venc) = 150cm/s. All 

scans were acquired with NSeg = 2 and used parallel imaging (GRAPPA) along the ky 

direction with a reduction factor of R = 2 and 24 reference lines (net acceleration factor = 

1.7).

Data analysis

Navigator Acceptance & Scan Time—Seff for the conventional navigator 

implementation was calculated as the average of the navigator acceptance rate over the entire 

4D flow scan duration. Total scan times for both the conventional navigator implementation 

and the new navigator implementation were recorded.

3D Aorta Segmentation—All 4D flow MRI data were corrected for Maxwell terms14, 

eddy currents15 and velocity aliasing using home built software programmed in Matlab 

(Natick, The Mathworks, USA) as described previously16. 3D Phase contrast (PC) magnetic 

resonance angiography (MRA) data were created by voxel-wise multiplication of the 

magnitude data with absolute velocities. and subsequent averaging over all cardiac time 

frames16. The 3D PC-MRA images obtained with conventional navigator gating (scan 1) 

were semi-automatically segmented using a commercial software package (MIMICS, 

Materialise, Leuven, Belgium). This segmentation served as a 3D mask for all four scans. 

Peak systole was defined as the cardiac frame with the maximum absolute velocity 

(averaged over all the voxels in the 3D aorta segmentation).

Semi-Quantitative Evaluation of Image Quality—For each subject, 4D flow 

magnitude data were independently analyzed by two physicians with two years (E.S) and ten 

years (Z.S.) of MR imaging experience, blinded to each other’s results. Quality assessment 

was based on a four point scale, with scores between 0 (poor quality) and 3 (best quality) for 
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edge sharpness, visibility (signal) and noise in the ascending aorta (AAo), aortic arch, supra-

aortic arteries (SAA) and the descending aorta (DAo).

Fully Quantitative Evaluation of Image Quality—Edge sharpness was quantified by 

the calculation of the signal intensity gradient of the peak systolic magnitude images in x-, 

y- and z-directions. The resulting x-, y- and z-gradient images were subsequently added and 

masked on the aortic wall based on the 3D aortic segmentation. Visibility (signal) of the 

aorta in the peak systolic magnitude images was quantified by averaging the signal intensity 

within the aortic 3D segmentation. Noise in the aorta in the peak systolic magnitude images 

was quantified by calculating the standard deviation of the signal intensity within the aortic 

3D segmentation.

Aortic hemodynamics – 3D Velocity Vector fields—Peak systolic volumetric 3D 

velocity vector fields for all voxels within the 3D aorta segmentation were generated for all 

scans and visualized in Matlab (The Mathworks, Natick, MA, USA). To investigate the 

differences between Seff = 60%, 80% and 100%, the voxel-by-voxel differences of the 

velocity magnitude between the fixed Seff and the conventional navigator settings were 

determined.

Statistical analysis

All values are expressed as mean ± SD. To compare the results of semi-quantitative and fully 

quantitative image grading between all groups (scan 1–4) a Kruskal Wallis test was 

performed. P < 0.05 was considered significant. Voxel-by-voxel differences in velocity 

magnitude within the 3D aorta segmentation between scans with fixed Seff and conventional 

navigator gating (scan 1) were evaluated using Bland-Altman analysis. Mean difference and 

limits of agreement (LOA) were calculated for each comparison17. In addition, orthogonal 

regression18, 19 was performed to investigate the relationship between fixed Seff and 

conventional navigator gating. Results are expressed as the Pearson coefficient ρ, a 

correlation was considered significant for p < 0.05.

RESULTS

All four 4D flow acquisitions (conventional navigator, scan 1, and new navigator 

implementation with fixed Seff = 60%, 80%, and 100%, scans 2–4) were successfully 

performed and analyzed in all 10 subjects. All scans were acquired with the same number of 

phase encodes (Ny), number of slices (Nz) and number of segments (Nseg) resulting in a total 

number of 523 heartbeats that were needed to collect all 4D flow data for each scan. The 

training phase consisted of 52 heartbeats for scans 2–4.

Navigator Acceptance & Scan Time

Table 1 summarizes scan efficiencies and total scan times for all 10 subjects and four scans. 

As expected, mean Seff for 4D flow MRI with conventional navigator gating (fixed ΔW = 

14mm) was highly variable (74 ± 13%, range = 56% – 100%) due to inter-individual 

variability of respiration patterns. For scans 2–4, the the new navigator implementation was 
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able to achieve predictable total scan times assuming fixed Seff. Remaining differences 

between subjects resulted from inter-individual differences in heart rate.

Semi-Quantitative Evaluation of Image Quality

Figure 2 shows representative examples of 4D flow magnitude images for the four different 

acquisitions (conventional navigator gating, fixed Seff = 60%, 80% and 100%). As 

summarized in table 2, no significant differences were found for all image quality metrics or 

between different field strengths.

Fully Quantitative Evaluation of Image Quality

Figure 3 shows representative examples of edge sharpness and visibility/noise images for the 

four different acquisitions (conventional navigator gating, fixed Seff = 60%, 80% and 100%). 

As summarized in table 3, no significant differences were found for all image quality 

metrics.

Aortic hemodynamics – 3D Velocity Vector Fields

Volumetric 3D velocity vector fields inside the 3D segmentation of the aortic lumen were 

successfully extracted for all subjects and scans of which an example is shown in figure 4. 

Table 4 summarizes the mean difference and limits of agreements (Bland-Altman analysis) 

as well as the results of the correlation analysis for all volunteers. Generally good agreement 

was found between all new navigator settings (scan 2–4) with the conventional navigator 

gating (scan 1) with best performance for Seff = 80%. Correlation analysis revealed 

significant relationships in all cases with P < 0.001.

DISCUSSION

In this study, 4D flow MRI was combined with a novel respiration control strategy which 

employed: 1) a training phase in which 10% of k-space data were encoded to outer k-space, 

2) respiratory ordered ky–kz phase encoding and 3) fixed scan efficiency Seff by continuous 

adjustment of the navigator acceptance window ΔW. The findings of our volunteer study 

demonstrate the feasibility of this new respiration control technique to acquire 4D flow MRI 

data with stable and predictable scan efficiency, while maintaining magnitude image quality 

and 3D blood flow velocity information.

In comparison to conventional navigator strategies, a fixed scan efficiency was achieved in 

all cases as selected by the user. Remaining inter-individual differences in scan time were 

thus only related to differences in heart rate. For a known heart rate, the novel navigator 

strategy thus allows for predictable total scan times, an important prerequisite to facilitate 

the integration of 4D flow MRI into a clinical workflow.

The volumetric quantification of aortic hemodynamics showed good agreement between the 

new and established method for respiration control. The peak systolic 3D velocities for the 

new navigator strategy with fixes Seff correlated well with the conventional navigator setting 

for all scans. Then remaining small differences between scans is likely related to the 

different width of the navigator acceptance window for different Seff and thus different levels 
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of respiratory blurring. Furthermore, variability in respiration patterns or heart rate between 

consecutive scans may have led to different velocity values10. Another reason for differences 

between 3D velocity fields between scans 1–4 may be related to the use of the same 3D 

aorta segmentation for all four scans, disregarding potential subject movement between 

scans. Another option for analysis would have been to segment the aorta in every scan and 

subsequently register and interpolate the velocity data to one segmentation (similar to the 

methodology presented in20). However, this approach would have introduced registration 

and interpolation errors. Physiological changes in flow rate over time could have played a 

role as well (the sequence of 4D flow scans: conventional, 60%, 80%, 100% was the same 

for every volunteer).

Nonetheless, differences between the four 4D flow MRI scans for magnitude image quality 

and velocity vectors were not significant and the differences between Seff = 60%, 80% and 

100% were small. Selection of fixed Seff = 80% showed the best agreement with the 

conventional navigator implementation, but this was not significant compared to Seff = 60% 

or 100%. The 4D flow MRI measurement with a Seff of 100% may therefore be preferred in 

clinical 4D flow MRI, to minimize the chances of movement of the patient or the need for 

general anesthesia. However, the small study cohort underlines the feasibility character of 

our study. More studies in volunteers with systematically varying breathing patterns as well 

as in patients with aortic disease are needed to identify the most suitable Seff.

Respiratory gating techniques were originally developed for coronary MRA acquisitions as 

motion artifacts can degrade image quality of the small coronaries severely. Alongside 

respiratory gating using bellows21, respiratory navigator gating9, 22–25 was developed, which 

proved more suited for coronary imaging26. Coronary MRA keeps driving the development 

of more advanced respiratory navigator techniques such as retrospective adaptive motion 

correction27, 28 and self-navigation29, 30. Respiratory navigator gating is generally used for 

4D flow MRI as well, as the relatively long scan times make breath-hold acquisitions 

impractical if not impossible. Other groups have used navigator gating for cardiac tissue 

phase mapping31 using a trailing navigator at the end of the cardiac cycle, resulting in 30% 

to 80% navigator efficiency. Baltes et al.10 used retrospective motion correction for 

navigated 2D cine velocity mapping in coronary flow measurements with gating efficiencies 

ranging from 17–73%. Bieging et al.32 and Roldán-Alzate et al.33 used bellows for 4D flow 

MRI with a 50% efficiency in the aorta and the hepatic vasculature, respectively. Self-

navigation was used in the aortic 4D flow MRI study by Uribe et al.7 leading to a Seff of 

40%. Other navigator scan efficiencies found in 4D flow MRI studies range from 4234 to 

6435%. We believe that a navigator strategy presented in this study can be beneficial, in 

terms of stable and higher scan efficiency, for the applications in these studies.

Kozerke et al.36 were the first to combine 4D flow MRI with respiratory navigator gating. 

Markl et al. implemented a more efficient navigator gating method combining adaptive k-

space reordering and dynamic adjustment of the fixed navigator acceptance window13. In 

both studies, however, the fixed navigator acceptance window led to unstable scan 

efficiencies. In this study, respiratory navigator gated 4D flow MRI was further improved by 

showing the feasibility and reproducibility of 4D flow MRI which combines the training 

phase, adaptive k-space reordering and dynamic real-time adjustment of the acceptance 
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window, resulting in feasible 4D flow MRI acquisitions with stable scan efficiencies and, for 

a known heart rate, predictable scan times.

Study Limitations

A disadvantage of the flexible navigator acceptance window is that the navigator acceptance 

window ΔW window could become wide for high Seff, such that more k-space data during 

inspiration and less stable chest motion may be encoded compared to the conventional 

navigator approach. This may lead to increased blurring and breathing artifacts in the 

images. However, as the results indicate, this was not observed in our study, even at 100% 

navigator acceptance. Physiological changes in flow rates of the volunteers may have led to 

the small differences observed in the 4D flow data acquired with the new navigator scheme. 

For example, the volunteers may have relaxed more over time, or may have fallen asleep, 

leading to the differences observed in this study. Varying the sequence of the four 4D flow 

scans could have given more insight on the influence of physiological changes over time. 

Furthermore, 4D flow MRI test-retest studies are needed to investigate the reliability of the 

presented method. However, in this study we presented a proof of concept for advanced 

respiratory navigator gating. Therefore, 4D flow MRI test-retest investigations were outside 

the scope of this study. Furthermore, a comparison with established breath-held or 

respiratory gated 2D flow MRI scans could have been performed. However, differences in 

measured blood flow between 2D and 4D flow MRI acquisitions37 would likely nullify the 

effects of the respiratory navigation strategy. Therefore, a comparison with 2D flow MRI 

acquisitions was outside the scope of the study. A further limitation of this study is the small 

study cohort and exclusion of patient data. The purpose of this study was to demonstrate the 

feasibility of the new navigator implementation, which was facilitated by the use of healthy 

volunteers. The number of subjects was relatively small, which limited the statistical power 

of the study. However, the study findings were encouraging in the fact that similar trends 

were found for every volunteer included in the study. Future studies testing the technique in 

patients with aortic disease are needed to further validate the new navigator scheme.

Another limitation is the investigation of only three navigator settings with a fixed training 

phase. Training phases of more or less than 10% were not investigated for the sake of 

simplicity of the study. However, it is not expected that image quality would improve for 

longer training phases, as the availability of outer k-space will decrease, which will result in 

k-lines acquired far from the breathing position to be confined to inner k-space. This may 

lead to decreased image quality. Other limitations include the lack of a comparison with 

other respiratory navigator techniques such as bellows32 or self-navigation7.

In conclusion, a novel implementation of respiratory navigator gating with fixed scan 

efficiency Seff for 4D flow MRI was successfully applied in a volunteer study. Findings of 

this study demonstrate the feasibility of the new navigator scheme to acquire 4D flow data 

with more predictable scan time while maintaining image quality and 3D velocity 

information. Furthermore, influence of respiratory motion appeared to be limited, indicating 

the robustness of 4D flow MRI measurements for breathing motion.
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Figure 1. 
Data acquisition with prospective ECG gating and respiratory navigator gating consisting of 

(a) a training phase for the initial adjustment of the navigator acceptance window (ΔW) 

during the collection of the initial 10% of the total 4D flow data during acquisition of outer 

ky–kz-space and (b) continued real time adjustment of ΔW in combination with respiratory 

driven phase encoding for the remaining 90% of data acquisition. (c) The 4D flow scan was 

prospectively ECG gated and for each time-frame, four datasets, one reference scan and 

three flow-sensitive scans, were acquired in an interleaved fashion. (d) The navigator was 

placed on the lung-liver interface, and the field of view (FOV) covered the entire thoracic 

aorta. (e) The resulting 4D flow data consisted of time resolved 3D magnitude data, and 
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three time-resolved 3D phase difference datasets representing blood flow velocity in x, y and 

z-direction.
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Figure 2. 
Typical (volunteer 2, 1.5T) 4D flow magnitude images with (a) conventional navigator 

gating, fixed Seff = (b) 60%, (c) 80% and (d) 100%. Image quality grading was averaged 

over categories and observers. Indicated are the ascending aorta (AAo), the aortic arch 

(Arch), the descending aorta (DAo), the right innominate vein (RIV) and the left subclavian 

artery (LSA).

van Ooij et al. Page 14

Magn Reson Imaging. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Typical (volunteer 2, 1.5T) images for magnitude edge sharpness (top row) with (a) 

conventional navigator gating, fixed Seff = (b) 60%, (c) 80% and (d) 100%. Bottom row: 

visibility (signal, mean) and noise (standard deviation SD) images for the same volunteer 

with (a) conventional navigator gating, fixed Seff = (b) 60%, (c) 80% and (d) 100%.
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Figure 4. 
Examples (volunteer 7, 3T) for 3D velocity vector images at peak systole for (a) 

conventional navigator (scan 1) gating and for the new navigator scheme (scans 2–4) with 

fixed Seff = (b) 60%, (c) 80% and (d) 100%.
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