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Abstract

Background—Doppler echocardiography (echo) is the reference standard for blood flow 

velocity analysis, and two-dimensional (2-D) phase-contrast magnetic resonance imaging (MRI) is 

considered the reference standard for quantitative blood flow assessment. However, both clinical 

standard-of-care techniques are limited by 2-D acquisitions and single-direction velocity encoding 

and may make them inadequate to assess the complex three-dimensional hemodynamics seen in 
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congenital heart disease. Four-dimensional flow MRI (4-D flow) enables qualitative and 

quantitative analysis of complex blood flow in the heart and great arteries.

Objectives—The objectives of this study are to compare 4-D flow with 2-D phase-contrast MRI 

for quantification of aortic and pulmonary flow and to evaluate the advantage of 4-D flow-based 

volumetric flow analysis compared to 2-D phase-contrast MRI and echo for peak velocity 

assessment in children and young adults.

Materials and methods—Two-dimensional phase-contrast MRI of the aortic root, main 

pulmonary artery (MPA), and right and left pulmonary arteries (RPA, LPA) and 4-D flow with 

volumetric coverage of the aorta and pulmonary arteries were performed in 50 patients (mean age: 

13.1±6.4 years). Four-dimensional flow analyses included calculation of net flow and regurgitant 

fraction with 4-D flow analysis planes similarly positioned to 2-D planes. In addition, 4-D flow 

volumetric assessment of aortic root/ascending aorta and MPA peak velocities was performed and 

compared to 2-D phase-contrast MRI and echo.

Results—Excellent correlation and agreement were found between 2-D phase-contrast MRI and 

4-D flow for net flow (r=0.97, P<0.001) and excellent correlation with good agreement was found 

for regurgitant fraction (r= 0.88, P<0.001) in all vessels. Two-dimensional phase-contrast MRI 

significantly underestimated aortic (P= 0.032) and MPA (P<0.001) peak velocities compared to 

echo, while volumetric 4-D flow analysis resulted in higher (aortic: P=0.001) or similar (MPA: 

P=0.98) peak velocities relative to echo.

Conclusion—Excellent flow parameter agreement between 2-D phase-contrast MRI and 4-D 

flow and the improved volumetric 4-D flow velocity analysis relative to echo suggests that 4-D 

flow has the potential to become a clinical alternative to 2-D phase-contrast MRI.
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Introduction

Doppler echocardiography (echo) is the gold standard modality for blood flow velocity 

assessment. Two-dimensional (2-D) phase-contrast MRI provides better access to all 

vascular segments and is considered the standard for quantifying blood flow [1–7]. Clinical 

standard-of-care echocardiography and standard 2-D phase-contrast MRI acquire data with 

only single-direction velocity encoding, in line with the beam trajectory for echo and 

perpendicular to the slice orientation for 2-D phase-contrast MRI, and are additionally 

limited by velocity analysis in a single 2-D plane. Although both methods are considered 

reference standards, their inherent limitations may make them inadequate to characterize the 

complex 3-D hemodynamics seen in congenital heart disease.

Cardiac and respiratory-gated time-resolved four-dimensional flow MRI (4-D flow) enables 

blood flow measurement in three spatial directions with full heart and great artery 

volumetric coverage. Retrospective data analysis allows for flow quantification at any 

selected region of interest. Methodological advances including improved respiratory gating 
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and parallel imaging allow for thoracic 4-D flow data acquisition in 8–15 min and have 

made 3-D blood flow assessment feasible [8–12]. Previous studies have reported the 

application of 4-D flow in patients with bicuspid aortic valve, aortic coarctation, tetralogy of 

Fallot, Fontan circulation and transposition of the great arteries [13–20]. These studies have 

shown the potential for 4-D flow to improve characterization of complex flow 

hemodynamics seen in congenital heart disease. Studies have also shown good correlation 

between 2-D phase-contrast MRI and 4-D flow parameters and the ability of 4-D flow to 

improve peak velocity quantification because of its full volumetric coverage [21–24]. In 

addition, studies have demonstrated low observer variability and good test-retest reliability 

for the quantification of hemodynamic parameters (flow, peak velocity) from 4-D flow MRI 

data [25–28]. Limitations of prior studies include small subject numbers, limited analysis of 

flow quantification in children, and limited comparison of peak velocities to echo. It was 

therefore the purpose of this study to compare 4-D flow quantification of aortic and 

pulmonary flow parameters to the reference standards 2-D phase-contrast MRI and echo in a 

large cohort of children and young adults.

Materials and methods

We obtained consent to perform 4-D flow following a clinically indicated cardiac MRI study 

per a prospective protocol that was approved by our institutional review board and 

compliant with the Health Insurance Portability and Accountability Act.

Study cohort

We queried institutional PACS and MRI databases for children and young adults who 

underwent clinically indicated cardiac MRI including 2-D phase-contrast MRI and 4-D flow 

during the same examination. From December 2011 through November 2012, 50 subjects 

were identified (age range 3.9–29.0 years; mean age: 13.1±6.4 years). Echo data were 

available for 39 of the 50 patients.

Magnetic resonance imaging

Imaging was performed on a 1.5-tesla scanner (MAGNETOM Avanto or Aera; Siemens 

Healthcare USA, Malvern, PA) with high-performance gradient subsystems (45 mT/m 

maximum amplitude; 200 mT/m/ms maximum slew rate). A 6-channel matrix coil was used 

for imaging on the Avanto and a 16-channel matrix coil was used for imaging on the Aera. 

Two-dimensional phase-contrast MRI and 4-D flow were obtained after gadofosveset 

trisodium contrast administration (0.12 ml/kg Ablavar®; Lantheus Medical Imaging, North 

Billerica, MA) as per the magnetic resonance angiography (MR angiography) portion of the 

clinical protocol in all patients. Ablavar® is the standard contrast agent used for clinical 

cardiovascular MR angiography examinations at our institution if the examination is not 

specifically directed toward assessment of late gadolinium enhancement. Ablavar® is given 

prior to the 2-D phase-contrast MRI and 4-D flow sequences to improve the signal-to-noise 

ratio of these images [29]. General anesthesia was utilized per standard clinical protocol. 

Small-field-of-view cardiac shimming was performed at the vessel of interest. Two-

dimensional phase-contrast MRI and 4-D flow were performed at magnet isocenter with the 

patient free-breathing.
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Two-dimensional phase-contrast magnetic resonance imaging

Two-dimensional phase-contrast MRI sequences included flow assessment in one or any 

combination of the following vessels per the clinical protocol indication: aortic root, main 

pulmonary artery (MPA), right pulmonary artery (RPA), and left pulmonary artery (LPA). 

Clinical standard-of-care 2-D phase-contrast MRI was acquired with single-direction 

(through-plane) velocity encoding. The 2-D phase-contrast MRI aortic root imaging plane 

was positioned perpendicular to the long axis of the aortic lumen at the aortic valve leaflet 

tips during systole. The 2-D phase-contrast MRI main pulmonary artery plane was 

positioned perpendicular to the long axis of the MPA distal to the pulmonary valve in 

systole. RPA and LPA 2-D phase-contrast MRI sequences were performed when flow 

analysis through each of the branch pulmonary arteries was clinically indicated. Two-

dimensional phase-contrast MRI planes were placed perpendicular to the long axes of each 

branch pulmonary artery. Two-dimensional phase-contrast MRI imaging parameters are 

listed in Table 1. Velocity encoding for each vessel was chosen based on echocardiography 

velocity for each vessel. If aliasing was present on any acquisition, the acquisition was 

repeated with a higher velocity encoding.

Two-dimensional phase-contrast MRI data were analyzed using Medis QFLOW (Medis 

Medical Imaging Systems, Leiden, The Netherlands). Vessel contours were adjusted 

manually to account for vessel motion. Net flow (ml/cycle), regurgitant fraction (%), and 

peak velocity (m/s) were recorded.

Four-dimensional flow

Four-dimensional flow was performed using a time-resolved 3-D phase-contrast gradient 

echo sequence with three-directional velocity encoding. If the clinically indicated MRI 

examination was tailored to the aorta only, the 4-D flow sequence was acquired in the 

oblique sagittal plane. For an examination tailored to the aorta, pulmonary arteries, and 

pulmonary or systemic veins, 4-D flow data were acquired using an imaging volume to 

include all major thoracic vessels (Fig. 1). To minimize breathing artifacts, the 4-D flow 

acquisition was respiratory-gated using adaptive diaphragm navigator gating with variable 

efficiency using a fixed acceptance window [30]. Acquired data were phase-encoded in ky–

kz-space according to position in the respiratory cycle. Data acquired closer to end-

expiration (maximum diaphragmatic position), at which time the chest shows the least 

motion, were assigned to central k-space. Data closer to inspiration (minimum 

diaphragmatic position) were assigned to outer k-space positions. This approach mitigates 

respiration artifacts and allows for larger navigator efficiencies (75–90%) compared to 

traditional navigator gating techniques (40–50%). The 4-D flow velocity encoding was set 

slightly below the maximum velocity value obtained by 2-D phase-contrast MRI in all 

vessels included in the 4-D flow field-of-view so that there would be maximum signal in the 

entire volume of interest for 4-D flow analysis. Anti-aliasing pre-processing was performed 

on all 4-D flow datasets to eliminate any aliasing caused by the slightly lower velocity 

encoding values chosen for 4-D flow relative to 2-D phase-contrast MRI. Four-dimensional 

flow was performed in 47 of the 50 children and young adults with a parallel imaging 

acceleration factor of 2. The use of k-t GRAPPA (spatially and temporally accelerated 

GeneRalized Autocalibrating Partially Parallel Acquisition) acceleration became available 
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for 3 of the 50 patients with an acceleration factor of 5 utilized to shorten scan times while 

maintaining a similar temporal resolution. The 4-D flow in-plane spatial resolution was 

adjusted to acquire four voxels of data across the diameter of each vessel of interest. An in-

plane resolution of 4.1×2.5 mm was the minimal resolution utilized only in two teenage 

patients with larger great arteries. Four-dimensional flow acquisition parameters are listed in 

Table 1.

Four-dimensional flow data post-processing was performed by a single operator (M.G.), 

who was blinded to the quantitative 2-D phase-contrast MRI results. Four-dimensional flow 

data processing included corrections for concomitant gradient fields, eddy currents and 

velocity aliasing, as previously described [6, 31]. The method used for eddy current 

correction was based on the technique originally developed by Walker et al. [31] and uses 

thresholding to identify regions with static tissue (the static tissue is separated from regions 

with blood flow and noise using the standard deviation of the pixel’s velocity time course). 

These regions are then used to estimate eddy-current-induced linearly varying phase-offset 

errors, which are subsequently subtracted from the entire image. Open-source tools 

programmed in MATLAB (MathWorks, Natick, MA) were used for noise masking and 

subsequent calculation of a time-averaged 3-D phase-contrast MR angiography dataset (Fig. 

1) similar to methods reported by Bock et al. [32]. Next, the data were loaded into 

commercial visualization software (EnSight 9.2; CEI, Apex, NC) and 2-D analysis planes 

were carefully placed at the similar anatomical positions used for 2-D phase-contrast MRI 

for each vessel (Fig. 1) using anatomical landmarks on the 3-D phase-contrast MR 

angiogram and anatomical images to position the planes similarly. For each analysis plane, 

the 3-D phase-contrast MR angiographic vessel geometry was used to define vessel lumen 

contours to automatically calculate net flow (ml/cycle) and regurgitant fraction (%) [12]. To 

take advantage of the full volumetric coverage provided by 4-D flow, peak systolic 

velocities were determined inside cylindrical volumes positioned to cover the entire aortic 

root and ascending aorta and MPA (Fig. 1). The cylinder method avoids inclusion of areas 

close to the vessel wall and adjacent vascular structures, thereby avoiding artifacts. To 

extract volumetric peak flow velocities, we queried all voxels inside the aortic root and 

ascending aorta and MPA volumes to identify the voxel with the highest absolute velocities 

within the entire volume and over the cardiac cycle. We did not record total time taken to 

post-process a 4-D flow dataset; this time varied by the complexity of the case. For an 

individual fully trained in 4-D flow post-processing, the time taken to post-process a 4-D 

flow dataset focused on the aorta was approximately 30 min. The time taken to post-process 

a complex 4-D flow dataset, such as a Fontan dataset, was approximately 1.5 h.

Echocardiography

Clinically indicated echo studies were performed on Philips IE33 ultrasound machines 

(Philips Healthcare, Best, The Netherlands) using the optimal transducer for patient size 

with single-direction velocity encoding. A single pediatric cardiologist (J.D.R.) observer 

retrospectively reviewed the echo images. The highest velocity obtained by continuous wave 

Doppler, from the apical or suprasternal window for the aorta and from the subcostal or 

parasternal short-axis plane for the MPA, was recorded for comparison with 2-D phase-

contrast MRI and 4-D flow.
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Statistical analysis

All continuous values are reported as mean±standard deviation. To compare net flow, 

regurgitant fraction, and peak velocity between 2-D phase-contrast MRI and 4-D flow, and 

to compare peak velocity between 2-D phase-contrast MRI and echo, we performed two-

sided paired t-tests. Differences were considered significant for P<0.05. To identify the 

correlation between different modalities for net flow, regurgitant fraction and peak velocity, 

we performed linear regression and calculated the Pearson correlation coefficient r; a 

correlation was considered significant for P<0.05. To identify the agreement among the 

different modalities for net flow, regurgitant fraction and peak velocity, we generated Bland-

Altman plots and calculated the mean difference and limits of agreement (±1.96 standard 

deviation [SD]). All statistical analysis was performed using MATLAB (MathWorks, 

Natick, MA).

Results

Patient demographics are summarized in Table 2. Two-dimensional phase-contrast MRI was 

clinically indicated, completed and analyzed at the time of the clinical examination for the 

aortic root in 50 patients, for the MPA in 41 patients, and for the RPA and LPA in 30 

patients. Four-dimensional flow was successfully completed and analyzed in all 50 patients. 

Echo data were available for 39 patients who had an echo examination within 3.15±4.0 

months of the MRI. Thirty-five of these patients had available aortic peak velocity data and 

31 had available MPA peak velocity data.

Two-dimensional phase-contrast flow quantification versus 4-D flow quantification

Figure 2 summarizes the results of flow quantification based on 2-D phase-contrast MRI 

compared to 4-D flow-based calculation of net flow, peak systolic velocity and regurgitant 

fraction. Peak systolic velocities were significantly underestimated by 2-D phase-contrast 

MRI compared to 4-D flow volumetric analysis for the aorta (P<0.001) and the MPA 

(P<0.001) but were not significantly different for the RPA and LPA. Significant differences 

between 2-D phase-contrast MRI and planar 4-D flow analyses were also found for net flow 

in the LPA (P=0.003) and aorta (P<0.001) and LPA regurgitant fractions (P<0.001) (Fig. 2). 

Flow parameters at all other locations were similar for 2-D phase-contrast MRI and 4-D 

flow.

Velocity assessment by 2-D phase contrast and 4-D flow vs. Doppler echocardiography

Two-dimensional phase-contrast MRI significantly underestimated peak systolic velocity 

compared to echo in the aorta (P=0.032) and MPA (P<0.001). In contrast, volumetric flow 

analysis of 4-D flow resulted in increased (aorta: P=0.001) or similar (MPA: P=0.98) peak 

systolic velocities compared to echo. Peak velocity quantification based on volumetric 4-D 

flow analysis led to significantly increased peak systolic velocities that were underestimated 

by planar 4-D flow analysis (aorta: P<0.001; MPA: P<0.001).

Correlation and agreement analysis

Excellent correlation was found between 4-D flow and 2-D phase-contrast MRI for net flow 

(r=0.97, P<0.001) and regurgitant fraction (r=0.87, P<0.001) in the aorta, MPA, RPA and 
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LPA (Fig. 3). These findings were confirmed by good agreement between 4-D flow and 2-D 

phase-contrast MRI for net flow (Figs. 3 and 4) as indicated by minimal mean difference 

and low limits of agreement. Good correlation (r=0.88, P<0.001) was also found between 4-

D flow and 2-D phase-contrast MRI for aortic, MPA, RPA and LPA regurgitant fractions 

(Fig. 3). However the Bland-Altman analysis shows the limits of agreement covering a 

range of +/−30% between 2-D phase-contrast MRI and 4-D flow for regurgitant fraction 

assessment (Fig. 4). For peak systolic velocities, a significant but more moderate correlation 

was found between volumetric 4-D flow and 2-D phase-contrast MRI (r=0.43, P<0.001) and 

between volumetric 4-D flow and echo (r=0.45, P<0.001) (Fig. 3), indicating differences 

between volumetric 4-D flow analysis and planar 2-D phase contrast MRI and echo. Bland-

Altman analysis confirmed moderate agreement for peak systolic velocities between 

volumetric 4-D flow and planar 2-D phase-contrast MRI and between volumetric 4-D flow 

and echo (Fig. 4). Mean differences of 0.2 m/s and 0.3 m/s between 4-D flow volumetric 

analyses and 2-D phase contrast MRI or echo further indicate the potential of 4-D flow to 

better assess peak systolic velocities (Fig. 4).

Correlation analysis was employed to assess the internal consistency of the total flow 

measurements, or conservation of mass, by comparing MPA flow to the sum of RPA and 

LPA flow for any patients who had 2-D phase-contrast MRI in all of these vessels. Fontan 

patients were excluded from this analysis. Excellent correlation was found for both 2-D 

phase-contrast MRI (r=0.95) and 4-D flow (r=0.92) between the sum of RPA and LPA flow 

and MPA flow (Fig. 5).

Discussion

There is good agreement between 2-D phase-contrast MRI and 4-D flow for net flow, 

regurgitant fractions, and conservation of mass in our population of children and young 

adults. Nordmeyer et al. [22] compared 2-D phase-contrast MRI with 4-D flow in seven 

adult volunteers and found good agreement between ascending aortic, MPA, RPA and LPA 

stroke volumes for each technique. Nordmeyer et al. [23] also compared 2-D phase-contrast 

MRI and ascending aortic and MPA 4-D flow in 18 adults with aortic and pulmonary valve 

stenosis and found no significant difference between the two imaging techniques for stroke 

volumes and regurgitant fractions. In another study, Valverde and colleagues [24] compared 

2-D phase-contrast MRI to 4-D flow in 29 children with single-ventricle physiology and 

showed excellent correlation between flow in the ascending aorta, MPA, RPA and LPA 

[24]. Hsiao and colleagues [21] found good correlation between 2-D phase-contrast MRI 

and 4-D flow (ρ=0.90, r2= 0.82) for ascending aortic and MPA stroke volumes in 29 

children referred for cardiac MRI. Although there are no criteria for defining a clinically 

significant difference in flow parameters between 2-D phase-contrast MRI and 4-D flow, a 

difference of less than 10% is thought to be reasonable. Our large pediatric study adds to the 

growing body of evidence suggesting that there is good agreement between 2-D phase-

contrast MRI and 4-D-flow-derived flow parameters.

For peak systolic velocity assessment, 2-D phase-contrast MRI significantly underestimated 

aortic and MPA peak systolic velocities compared to volumetric 4-D flow and echo (Fig. 2). 

Despite the lower spatial and temporal resolution of 4-D flow, 4-D flow volumetric aortic 
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peak systolic velocity values were not underestimated and averaged slightly higher than 

echo. The improved peak systolic velocity assessment of volumetric 4-D flow employed by 

this study occurred because the volumetric approach has the advantage of being able to 

assess velocity data within the entire vessel volume of interest. Compared to 2-D phase-

contrast MRI and echo, the volumetric peak velocity analysis was thus independent of the 

manual definition of an analysis plane but included all velocities in the entire vessel segment 

to automatically detect peak values independent of their location. All velocity data within 

the volume can be extracted retrospectively to ascertain the peak velocity without having to 

target the specific 2-D slice containing the peak velocity information as is required for 2-D 

phase-contrast MRI and the planar 4-D flow peak velocity assessment approaches.

Nordmeyer et al. [23] compared systolic peak velocity obtained by 2-D phase-contrast MRI 

with 4-D flow in seven adult volunteers, and they compared 2-D phase-contrast MRI with 4-

D flow and echo in 18 adults with aortic or pulmonary valve stenosis. Peak systolic velocity 

was determined at four predefined locations in the ascending aorta and three levels in the 

MPA. They utilized streamline visualization to locate the maximum systolic velocity and 

placed a plane at that level for quantification of peak systolic velocity. For their volunteers, 

no significant difference was seen between the maximum velocity obtained by 2-D phase 

contrast MRI and 4-D flow in the ascending aorta and MPA (P>0.05). For their patients, 

peak systolic velocities across the ascending aorta and MPA obtained by 4-D flow were 

significantly higher than at 2-D phase-contrast MRI (P=0.025), and peak systolic velocity 

obtained by echo across the aortic valve was significantly higher than that of 2-D phase-

contrast MRI (P<0.01) but was not different from that of 4-D flow (P>0.05). Similar to the 

results of our study, targeted 4-D flow resulted in significantly higher systolic peak velocity, 

and absolute deviation between 2-D phase contrast MRI and echo was larger than the 

deviation between 4-D flow and echo. Although their targeted predefined velocity 

assessment technique is slightly different from our volumetric peak velocity assessment 

approach, both studies show that 4-D flow improves peak velocity assessment relative to 2-

D phase-contrast MRI.

Although the acquisition time for 4-D flow is greater than each individual 2-D phase-

contrast MRI sequence, the sum of multiple 2-D phase-contrast MRI sequences in a patient 

with complex congenital heart disease may add up to more time than the single 4-D flow 

acquisition (Table 1). This makes the 4-D flow technique especially valuable for assessing 

complex flow in congenital heart disease where many 2-D phase-contrast MRI planes may 

need to be acquired. Additionally, data manipulation is possible any time after acquisition of 

the full 4-D flow volume. Four-dimensional flow also gives insight into blood flow 

hemodynamics by employing the option of blood flow 3-D visualization and the 

investigation of blood flow patterns and direction [13, 15, 16]. Therefore 4-D flow has the 

potential to provide the more quantitative and qualitative flow parameter information than 

multiple 2-D phase-contrast MRI acquisitions.

Low acquired spatial and temporal resolution is a limiting factor of 4-D flow because 

increasing temporal and spatial resolution must be balanced with acquisition time. This 

limitation has become less of an issue with the development of the spatio-temporal imaging 

acceleration techniques k-t BLAST (spatially and temporally accelerated Broad-use Linear 
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Acquisition Speed-up Technique) or k-t GRAPPA [12, 33], which can be used to increase 

the spatial resolution of the 4-D flow data while keeping the scan time similar. This is of 

particular interest in children in whom small vessels and fast circulation times require 

improved resolution, but issues with sedation and ability to cooperate for long examinations 

play important roles.

The velocity encoding values for our 2-D phase-contrast MRI and 4-D flow sequences were 

adjusted to avoid phase data aliasing. We did not use a standard velocity encoding value and 

this could result in different signal-to-noise and dynamic ranges in each dataset. However, 

the bias introduced by aliasing and the attempt to correct it would likely introduce more 

error than the noise and dynamic range variation. This issue may be overcome by using dual 

velocity encoding approaches, which are under development [34].

Data for this study were acquired using a 4-D flow pulse sequence that only allowed for 

prospective electrocardiographic (ECG) triggering while 2-D phase-contrast MRI was 

acquired using retrospective ECG gating allowing for data acquisition during the entire 

cardiac cycle. Nevertheless, we speculate that there would only be a minor impact on the 

measured flow parameters such as peak systolic velocity or net flow because flow velocities 

are typically very low during the last 10–20% of the cardiac cycle that is missed by 

prospective gating. This is supported by the excellent correlation between 2-D phase-

contrast MRI and 4-D flow for net flow (r=0.97) and regurgitant fraction (r=0.88). There 

may be a greater impact on assessment of regurgitant fraction as a result of prospective ECG 

triggering, which truncates data acquisition in late diastole and likely contributes to the 

lower Bland-Altman agreement rate, with the limits of agreement covering a range of +/

−30% between 2-D phase-contrast MRI and 4-D flow for regurgitant fraction assessment.

Another limitation of our study is related to the use of different imaging acceleration 

techniques (k-t GRAPPA compared to standard parallel imaging) for 4-D flow acquisitions 

in three patients. However, we have recently demonstrated that k-t GRAPPA accelerated 4-

D flow data acquisition can be performed with similar image quality and flow visualization 

and quantification accuracy compared to standard 4-D flow methods [12].

Although the 2-D phase-contrast MRI and 4-D flow acquisitions were performed during the 

same examination, mean time between MRI and echo was 3.15 months. Some patients were 

placed under general anesthesia for MRI but not for echo. Anesthetic agents have been 

shown to cause a dose-dependent decrease in cardiac function, so exact comparison of 

cardiovascular flow parameters between all patients may not be completely accurate [35].

Conclusion

Four-dimensional flow provides excellent flow parameter results compared to 2-D phase-

contrast MRI. In addition, compared to the echo gold standard, 4-D volumetric peak velocity 

analysis better estimates peak systolic velocity relative to 2-D phase-contrast MRI. Four-

dimensional flow has potential to become a clinical alternative to 2-D phase-contrast MRI in 

children and young adults.
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Fig. 1. 
Retrospective flow quantification using 4-D flow reconstructed 3-D phase-contrast MR 

angiography data. a Location of analysis planes in the aorta and pulmonary system used for 

planar flow quantification. Four 2-D analysis planes were manually positioned in the aortic 

and pulmonary systems. b Volumetric analysis for the identification of peak blood flow 

velocities in the aorta and MPA. Ao aortic root (a), Ao aortic root/ascending aorta (b), MPA 

main pulmonary artery, RPA/LPA right/left pulmonary arteries
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Fig. 2. 
Graphs show comparison of aortic and pulmonary flow parameters between 2-D phase-

contrast (PC) MRI and quantification based on 4-D flow. Comparisons are for (a) net flow, 

(b) peak systolic velocity and (c) regurgitant fraction. Volumetric flow analysis (Fig. 1) in 

the aortic root/ascending aorta was used for 4-D flow-based peak systolic velocity 

quantification (b) in the aortic root/ascending aorta and MPA. Ao aorta, LPA left pulmonary 

artery, MPA main pulmonary artery, RPA right pulmonary artery
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Fig. 3. 
Graphs show correlation of aortic and pulmonary flow parameters between 4-D flow and 2-

D phase-contrast (PC) MRI. Correlations are for net flow (a), regurgitant fraction (b) and 

peak systolic velocities (c). In addition, correlation analysis was performed for peak systolic 

velocities obtained by echo and 4-D flow (d). c, d Volumetric 4-D flow analysis was based 

on peak systolic velocities in the aortic root/ascending aorta and MPA. Ao aorta, LPA left 

pulmonary artery, MPA main pulmonary artery, RPA right pulmonary artery

Gabbour et al. Page 14

Pediatr Radiol. Author manuscript; available in PMC 2015 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Lines of equality and 95% limits of agreement of aortic and pulmonary flow parameters. 

Bland-Altman plots show the lines of equality between and 95% limits of agreement 

between 2-D phase-contrast (PC) MRI and 4-D flow for net flow (a) and regurgitant fraction 

in the aorta, MPA, RPA and LPA (b), 2-D phase-contrast MRI planar and 4-D flow 

volumetric peak systolic velocities for the aorta and MPA (c), and peak systolic velocities 

obtained by echo and volumetric 4-D flow in the aorta and MPA (d). LPA left pulmonary 

artery, MPA main pulmonary artery, RPA right pulmonary artery
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Fig. 5. 
Conservation of mass assessment for 2-D phase-contrast (PC) MRI and 4-D flow MRI. Plots 

assess conservation of mass (sum of flow through LPA and RPAvs. flow through MPA) for 

2-D phase-contrast MRI (a) and 4-D flow (b). LPA left pulmonary artery, MPA main 

pulmonary artery, RPA right pulmonary artery
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Table 2

Patient characteristics

Number of patients Mean age (age range), years

TOF s/p repair 10 10.3 (3.9–14.1)

TGA s/p arterial switch 7 10.8 (5.4–29)

Congenitally corrected TGA 1 29

Ross procedure 4 23.8 (19–28)

Aortic coarctation 4 12.1 (7.1–15.6)

ASD and/or VSD 4 15.5 (10–16)

Bicuspid aortic valve 3 10.5 (4.4–18)

Aortic stenosis (supravalvar, subaortic stenosis) 4 15.8 (6.4–26)

Pulmonary atresia 2 9.7 (9.4–10)

Ventricular ectopy 1 10.5

Left SVC to dilated coronary sinus 1 5.4

Truncus arteriosus s/p repair 1 10.3

Normal 1 15.5

RV dilation, pulmonary regurgitation 1 6.4

Fontan 2 20.4 (20–20.8)

Dilated aortic root 1 10

Dilated LV, RV 1 19

Marfan syndrome s/p aortic root replacement 1 17.4

Pulmonary stenosis s/p valvuloplasty 1 12

Ebstein anomaly 1 9

ASD atrial septal defect, LV left ventricle, RV right ventricle, s/p status post, SVC superior vena cava, TGA D-transposition of the great arteries, 
TOF tetralogy of Fallot, VSD ventricular septal defect
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