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Inlet and outlet valve flow and regurgitant volume may be
directly and reliably quantified with accelerated, volumetric
phase-contrast MRI

Albert Hsiao, MD, PhD1, Umar Tariq, MBBS?, Marcus T. Alley, PhD?, Michael Lustig, PhD?2,
and Shreyas S. Vasanawala, MD, PhD?

1Department of Radiology, Stanford University

2Department of Electrical Engineering and Computer Science, University of California, Berkeley

Abstract

Purpose—To determine whether it is feasible to use solely an accelerated 4D-PC MRI
acquisition to quantify net and regurgitant flow volume through each of the cardiac valves.

Materials and Methods—Accelerated, 4D-PC MRI examinations performed between March
2010 through June 2011 as part of routine MRI examinations for congenital, structural heart
disease were retrospectively reviewed and analyzed using valve-tracking visualization and
quantification algorithms developed in Java and OpenGL. Excluding patients with transposition or
single ventricle physiology, a total of 34 consecutive pediatric patients (19 male, 15 female; mean
age 6.9 years; age range 10 months-15 years) were identified. 4D-PC flow measurements were
compared at each valve and against routine measurements from conventional cardiac MRI using
Bland-Altman and Pearson correlation analysis.

Results—Inlet and outlet valve net flow were highly correlated between all valves (p=0.940-
0.985). The sum of forward flow at the outlet valve and regurgitant flow at the inlet valve were
consistent with volumetric displacements each ventricle (p=0.939-0.948). These were also highly
consistent with conventional planar MRI measurements of with net flow (p=0.923-0.935) and
regurgitant fractions (p=0.917-0.972) at the outlet valve and ventricular volumes (p=0.925-
0.965).

Conclusion—It is possible to obtain consistent measurements of net and regurgitant blood flow
across the inlet and outlet valves relying solely on accelerated 4D-PC. This may facilitate more
efficient clinical quantification of valvular regurgitation.
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INTRODUCTION

Chronic inlet valve regurgitation, tricuspid or mitral, results in chronic volume loading of
the corresponding ventricle and when sufficiently severe, and can contribute to ventricular
failurel. It is for this reason that imaging follow-up is increasingly utilized to follow patients
with chronic valvular insufficiency to assess the optimal timing of surgical intervention.
This is particularly the case in chronic mitral insufficiency, in light of recommendations for
earlier repair2. Inlet valve regurgitation is however difficult to reliably quantify by current
imaging modalities, whether by directly interrogating the regurgitant jet or by indirectly
assessing the regurgitant orifice or ventricular displacements3. This challenge is due, in part,
to the dynamic nature of the inlet valves, which translate substantially during the cardiac
cycle as the cardiac chambers contract around them.

While quantitative MRI is a well-validated clinical technique and is generally felt to be a
reliable methodology for quantification of blood flow*=% and ventricular volumes’,
particularly for the right heart. It has been shown to have lower interobserver variability for
measuring volume of regurgitation at the aortic valve than TTE’. For the inlet valves
however, reliable assessment of volume of regurgitation is challenging. Conventional planar
phase-contrast imaging (2D-PC) of the inlet valve is typically prescribed as a static plane,
and because of the translation of the valve plane, is generally not simultaneously reliable for
quantification of forward flow and regurgitant volume. Correlations between flow through
the inlet and outlet valves have been only moderate using the 2D approach®2. Furthermore,
precise positioning and orientation of this plane requires both technical expertise and an
understanding of structural heart disease at the time of image acquisition, which can pose
significant problems to managing clinical workflow in a busy imaging practice. Because of
these limitations, some have even argued to perform a focused TTE of the inlet valve at the
time of the MRI to better assess inlet valve regurgitation19.

Volumetric phase-contrast MRI, also known as 4D phase-contrast (4D-PC) MR, is an
evolving technique that overcomes some of the current limitations of cardiac MR19-11-14,
During a single acquisition, cine anatomic data and a vector field of velocity data are
acquired simultaneously. This enables retrospective evaluation of blood flow, without the
need for precise scan prescription at the time of image-acquisition’. Several studies have
now shown that it is possible to quantify blood flow using 4D-PC with comparable or even
improved accuracy and precision relative to conventional planar phase-contrast MR115-18,
particularly at the aortic and pulmonary valves. In addition, recent advances in accelerated
imaging have made it feasible to acquire a volume of millimeter-resolution data across the
entire chest in roughly 10 minutes6:19, These highly-accelerated, high signal-to-noise
acquisitions have made it possible to directly visualize the function of each of the valves
using velocity-fusion volume-rendering!®. We hypothesized that it may also be possible to
use solely an accelerated 4D-PC MRI acquisition to quantify net and regurgitant flow
through each of the valves.
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MATERIALS AND METHODS

Subjects

With institutional review board approval and HIPAA compliance, we retrospectively
identified patients for whom a compressed-sensing 4D-PC acquisition of the chest was
performed as part of a routine clinical MRI examination from March of 2010 through June
of 2011. Informed consent for off-label MRI acquisitions were obtained prior to each exam.
49 examinations were identified. Patients with single-ventricle physiology were excluded,
since for the remaining subjects the left and right heart cardiac outputs can serve as an
internal control. Patients with transposition of the great arteries were also excluded to
simplify comparison of inlet and outlet valve flows with ventricular displacements of each
ventricle. A total of 15 examinations were excluded, leaving 34 examinations in the study
(19 male, 15 female; mean age 6.9 years; age range 10 months-15 years). No additional
selection or exclusion criteria were used. Demographics are provided in table 1.

Conventional MRI

All MR imaging was performed on a 1.5-T TwinSpeed MRI scanner with an eight-channel
phased array cardiac coil (GE Healthcare, Milwaukee, WI), 150 T/ms maximum slew rate,
40 mT/min gradients, and vector ECG gating. For the conventional portion of the exam,
imaging acquisition planes were prescribed by one of three board-certified radiologists with
dedicated cardiovascular training and 5 (SSV), 7, and greater than 10 years of experience in
pediatric cardiovascular MRI. MRI examinations were tailored to the clinical indication and
typically included multiple 8-10 mm thick 2D-PC scan planes at the outflow valves and at
any additional sites of interest noted at the time of image acquisition. These were acquired
with a GRE sequence (FastCard, GE Healthcare) with 4-10 views per segment depending
on patient heart rate. Parallel-imaging was not employed. 20 cardiac phases were
reconstructed. SSFP cine MR images were acquired as axial, short-axis cine, left and right 2-
and 3-chamber, and 4-chamber views with slice thickness of 6-8 mm, depending on patient
size, with a flip angle of 45°. For these latter views, single signal average breath-held
acquisitions were used in patients capable of breath-holding. Otherwise, 2-3 signal-average
free-breathing acquisitions were used to reduce respiratory artifact. Total scan times ranged
from 25 minutes to 1 hour and 37 minutes (mean 55 minutes), depending on clinical
indication and scan protocol, excluding the 4D-PC acquisition. Quantitative analysis of 2D-
PC and SSFP data was performed with QFlow (version 5.2, MEDIS) and QMass software
(version 7.2, MEDIS), respectively. In order to account for background phase-error, a region
of interest in static soft tissue near the vessel of interest was used to estimate local
background phase-error. This background phase-error was then subtracted from the flow
measurement.

4D-PC scans

Each 4D-PC acquisition was performed following contrast-enhanced MRA performed with
off-label intravenous administration of gadofosveset to provide enhanced signal-to-noise and
support higher acceleration. 4D-PC MRI was performed using a SPGR-based sequence with
tetrahedral flow-encoding and variable-density Poisson-disc k-space undersampling20:21
with total acceleration factors ranging from 1.6x1.6 to 2.2x2.2, covering the entire chest
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with phase-encoding in the anterior-posterior direction. Zero-filling interpolation (ZIP) of 2
was applied in the slice direction. Images were reconstructed for each cardiac temporal
phase separately with a combined autocalibrating parallel imaging compressed sensing
algorithm (L1-SPIRiT)?2. Compressed-sensing was implemented to take advantage of per-
slice 2D spatial sparsity without enforcing temporal sparsity. K-space phase-reordering was
employed for respiratory compensation (EXORCIST, GE Healthcare, Milwaukee, WI). No
respiratory gating was used. No signal averaging (NEX) was employed. A flip angle of 15°
and 2-4 tetrahedral encodes per segment were used. Velocity-encoding parameters were
selected to avoid velocity aliasing, ranging from 150-300 cm/s, based on clinical indication
for the examination and presence of aliasing on conventional 2D phase-contrast MRI planes.
True spatial resolution, accounting for zero-filling interpolation averaged 1.04 x 1.38 x
2.41-mm, ranging from 0.78-1.41-mm in the RL-direction, 1.04-1.88-mm in the AP-
direction, and 2.00-3.40-mm in the Sl-direction. Mean TR and TE were 4.8 ms and 1.8 ms,
respectively. Temporal resolutions ranged from 33-86 ms (mean 61 ms). 20 cardiac phases
were reconstructed. Acquisition times ranged from 7 to 15 minutes (mean 10 minutes, 10
seconds). Image reconstructions were performed with a GPGPU implementation of L4-
SPIRIT23 on a 64-bit Linux workstation equipped with four Tesla C1060 graphics cards
(NVIDIA, Santa Clara, CA). Image data were corrected for Maxwell phase effects??,
encoding errors related to gradient field distortions2>, and eddy-current related phase
offsets16:26,

4D-PC quantitation

A quantitative 4D-PC analysis approach was developed and implemented in Java (version
1.6.0, Oracle) and OpenGL (version 1.1, SGI), building upon a visualization and
quantification framework previously described516.19, Four viewing planes were provided,
one primary cross-sectional view and three additional cross-reference windows.
Functionality was provided to manually translate and rotate these cross-reference windows
into two-chamber, three-chamber, and four-chamber views of either ventricle (figure 1,
supplemental video 1). To enable inlet-valve valve-tracking, software controls were created
allow placement and adjustment of a temporally-resolved cross-sectional plane and manual
contouring of the valve annulus at any temporal phase. For ventricular volume
quantification, a panel of 24 short axis views through each ventricle was provided, marked
with the position of the valve plane and apex. Segmentations of the left and right ventricle
were performed from these views at end-systole and end-diastole in a manner previously
described1.

For each of the outlet valves, a static cross-sectional plane was defined orthogonal to early
systolic blood flow. For each of the inlet valves, an initial valve plane was centered at the
valve, oriented orthogonal to early diastolic flow. If needed, this plane was manually rotated
into the plane of the valve annulus, approximately along the atrioventricular groove. The
location of the cross-sectional plane was adjusted at end-diastole and end-systole. End-
diastole was defined as the last phase prior to forward flow through the outlet valve, while
end-systole was defined as the last phase prior to forward flow through the inlet valve. The
position of the plane for temporal phases in-between were interpolated from user-specified
locations. If the dynamic plane did not adequately match the valve plane at any temporal
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phase, the plane was adjusted and phases in-between were automatically interpolated.
Segmentations of the valve plane were created at the same key temporal phases and
automatically interpolated in-between. For the mitral valve, careful attention was made to
exclude blood flow through the left ventricular outflow tract. Cross-sectional area, maximal
valve displacement, net blood flow and regurgitant fraction measurements were each
tabulated.

All valve tracking planes and segmentations were supervised by a board-certified radiologist
with four years of experience in segmentation of congenital cardiac MRI (AH).
Measurements at each valve were performed in triplicate by a research assistant with 1 year
of experience with cardiac MRI (UT). Segmentations were obtained at and near the valve
plane, approximately 1-mm apart. Using an approach previously described for volumetric
segmentation of 4D anatomic datal®, left and right ventricular volumes were separately
segmented at end-diastole and end-systole from 4D-PC images. Upon completion of all
segmentations, quantitative ventricular volumes and blood flow measurements were
calculated at each valve (figure 2, supplemental figure 1). Total post-processing time for 4D-
PC was approximately 60 minutes — evenly divided between valvular flow quantification
and ventricular volumetry.

Statistical Analyses

Statistical analyses were performed with custom macros defined in Excel 2007 (Microsoft,
Redmond, WA). First, we assessed the consistency of net blood flow measurements between
each of the valves among patients without intracardiac or extracardiac shunts. For all study
patients, we identified patients with shunts by reviewing prior TTE reports and the 4D-PC
study19. In patients without shunts, net blood flow rates at all valves are expected to be
identical to satisfy conservation of mass. Aortic, pulmonary, mitral, and tricuspid blood
flows were compared with each other using Pearson correlation and Bland-Altman analysis.
Bland-Altman limits of agreement were calculated and reported as 1.96 times the standard
deviation of the difference of measurements.

Second, we compared phase-contrast blood flow measurements at the valves to volumetric
displacements between end-diastole and end-systole of the corresponding ventricle. We
defined displaced ventricular blood volume (AV) for the each ventricle by: AV = (Vgp -
Veg) X HR, where Vgp was the end-diastolic volume, Vg was the end-systolic volume, and
HR was the patient’s heart rate. This displaced blood volume should exceed the net flow at
the inlet or outlet valve by exactly the amount of regurgitant blood flow at both of these
valves. For this, we computed the estimated displaced blood volume (AVeg) computed from
4D phase-contrast blood flow measurements according to:

AVest=Qo + Q0 = Ron - TR T Rll‘; -, where Qoy was the measured net blood
flow at the outlet valve, Q|\7‘vvas the measuréa net blood flow at the inlet valve, RFgy was
the measured regurgitant fraction at the outlet valve and RF}y, was the measured regurgitant
fraction at the inlet valve. The displaced volumes were compared using Pearson correlation

and Bland-Altman analysis.
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Lastly, for all patients included in the study, we compared blood flow and volumetric
measurements obtained from 4D-PC data to routinely obtained blood flow measurements
using 2D-PC and volumetric measurements using SSFP imaging. These were compared
using Pearson correlation and Bland-Altman analysis.

Valvular anatomy

The mean cross-sectional area of the mitral valve annulus during diastole was 4.8 cm?
(range 2.2-9.2 cm?). Tricuspid valves measured slightly larger, with a mean 7.0 cm? (range
3.0-12.3 cm?). As anticipated, the inlet valves each had considerable displacement over the
course of the cardiac cycle. Between end-diastole and end-systole, the mitral valve had a
mean excursion distance of 11.4 mm (range 5.4-17.2 mm). The tricuspid valve had a similar
excursion distance, averaging 11.8 mm (range 6.3-19.3 mm).

Consistency of net flow through different valves

In patients without intracardiac or extracardiac shunts (n=26), 4D phase-contrast blood flow
measurements were tightly correlated at each of the valves (table 2, figure 3). In our study,
flow rates were most tightly matched between the aortic and pulmonary valves (p=0.985).
Though still tightly correlated, the weakest correlation was found between the mitral and
tricuspid valves (p=0.936). Limits of agreement between transvalvular flow measurements
were narrow (18-32%), comparable to prior studies comparing free-breathing and breath-
held flow measurements of the ascending aorta and main pulmonary artery by conventional
phase-contrast?”. Mitral and tricuspid valve measurements slightly underestimated net flow
relative to their outlet valves aortic valve by 0.184 L/min (6%) and 0.091 L/min (3%),
respectively. There was only one case in which the mitral flow exceeded aortic flow, which
was explained by a shunt from the left ventricle through the coronary sinus into the left
atrium in a patient with prior repair of an atrioventricular canal defect.

Consistency between displaced volumes and transvalvular flow

In patients without shunts, we further validated the accuracy of flow measurements by
comparing them against blood volume displaced by the left and right ventricles (table 2,
figure 4). In the absence of intracardiac shunting, the displaced blood volume, calculated
from the difference in ventricular volume at end-diastole and end-systole, should exactly
match the net flow at the outlet valve plus the regurgitant flow at the inlet and outlet valves.
For both the left and right heart, there was tight correlation (p=0.939, 0.948) between
ventricular displacements computed by either method with no significant bias (4%, 3%) and
narrow B-A limits of agreement (29%, 23%).

Comparison between 4D-PC and conventional MRI

To assess the consistency of flow measurements against more established quantitative
techniques, we additionally compared 4D-PC against conventional 2D phase-contrast MRI.
2D phase-contrast flow measurements were obtained in 27 of the 34 patients. In these
comparisons, there was good correlation between 4D-PC and 2D-PC measurements of aortic
and pulmonary blood flow (p=0.935, 0.934). In our hands, blood flow measured slightly
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greater by 2D-PC than by 4D-PC with B-A mean differences of 0.48 and 0.19 L/min (17%
and 14%) at the aortic and pulmonary valves respectively (figure 5), which was statistically
significant (paired t-test, p<0.05). This was consistent with a prior study that showed 2D-PC
flow measurements typically exceeded displacements of ventricular volume, even in patients
without valvular insufficiency®. Regurgitant fractions at the aortic and pulmonary valves
nevertheless correlated well between 4D-PC and 2D-PC (p=0.972, 0.933) with no
significant bias and narrow agreement (13% and 14%).

Lastly, we compared ventricular volumes obtained from 4D-PC against conventional SSFP
(table 3, figure 5). SSFP volumetry of the left and right ventricle was performed in 27 of the
34 clinical MRI studies. Volumetric measurements of the left and right ventricle were
strongly correlated between the two methodologies (p=0.925, 0.965). There was no
significant bias (2%, —3%) in ventricular volumes and limits of agreement were narrow
(29%, 33%).

DISCUSSION

We demonstrate here that with a single accelerated 4D-PC MRI acquisition of the chest, it is
possible to accurately quantify inlet and outlet valve flow and regurgitation volume.
Although inlet valve flow and regurgitant volume quantification can be technically
challenging for current imaging modalities, we have shown that with dynamic valve-
tracking visualization, it is possible to obtain quantitative measurements across all four
valves solely from this acquisition. These flow measurements are consistent between valves,
consistent with volumetric assessments of ventricular blood displacement, and consistent
with the proven clinical reference standards of valvular blood flow and ventricular volume,
namely conventional 2D-PC and SSFP imaging. The high degree of data redundancy and
internal consistency provided by this imaging approach provides new opportunities to assure
that the quantitative data provided by cardiac MRI can be reliably reproduced.

Although planar phase-contrast MRI has until now been the standard for non-invasive
measurement of blood flow, its current implementation is not without flaws. Several groups
have now called upon MRI vendors to better optimize acquisition strategies and equipment
to reduce the influence of several factors known to impair the accuracy of 2D-PC28:29, |n
particular, eddy-current-related phase-errors continue to negatively impact accuracy of
phase-contrast blood flow measurement. While these phase-errors can also impact 4D-PC,
there is more static soft-tissue data available to support computational methods for phase-
error correction. We suspect that the slight systematic difference between 2D-PC and 4D-PC
blood flow measurements at our institution may be due in part to more accurate phase-error
correction in our implementation of 4D-PC.

In our experience, the excursion of the inlet valves is often so wide that any static plane
invariably captures portions of the atrium during some phases and portions of the ventricle
at others. This has been a long-standing limitation of conventional planar phase-contrast
MRI. Earlier works has shown that valve-tracking may be performed for 4D-PC using SSFP
imaging planes to follow the location of the valve8°. While these pioneering works
demonstrated that such measurements were possible using 4D-PC, these former approaches
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required a set of SSFP imaging planes to serve as an anatomic reference to plan a focused
field-of-view acquisition on the inlet valve. We present here a novel method of approaching
valve-tracking that is solely reliant on a comprehensive whole chest 4D-PC acquisition in
the hope that such a method could one day obviate the need for conventional MR imaging
planes in select patients.

While echocardiography has been the predominant and most widely available method for
functional assessment of the heart?, it may not by itself be universally sufficient for
diagnosis and surgical planning. There are a number of circumstances when it may be
difficult to determine based on TTE alone whether surgical intervention is necessary.
Sonographic windows may limit visualization, and MRI may be called upon to better
evaluate valvular blood flow. Even when the quality of TTE imaging is felt to be adequate,
the interpretation and grading of valvular pathology has been shown to be widely variable,
even among experienced readers30. This can be problematic in the management of both
patients with inlet valvular insufficiency in whom valve replacement surgery may be driven
primarily on imaging findings3!. A quantitative metric based on 4D-PC MRI may be more
reproducible and could be helpful for developing more systematic evidence-based guidelines
for surgical intervention. Since TTE will likely remain much more widely accessible than
MRI, future studies should be directed at correlating echocardiographic findings of inlet
regurgitation with the method of regurgitant volume quantification presented here.

Until recently, 4D-PC has primarily been of research interest, and flavors of this pulse
sequence have been evolving in multiple variations over the last twenty years. While 4D-PC
is now routinely acquired at our institution in patients who undergo MRA as part of their
clinical congenital cardiac MRI, there are several issues that will need to be resolved to
bring this sequence into routine practice. One open question is how to prospectively select
the optimal velocity-encoding speed for 4D-PC. In this study, 4D-PC was preceded by
conventional 2D-PC imaging planes, which were helpful for identifying the minimal
encoding speed needed to avoid velocity-wrapping. In a recent study however, it was shown
that venous blood flow could be reliably quantified at arterial encoding speeds when 4D-PC
was acquired with intravenous gadofosveset on board32. This suggests that selection of a
high velocity-encoding speed (i.e. 250 cm/s) may be effective for the majority of studies,
though variable-encoding speed approaches may have incremental benefit. As 4D-PC makes
its way more commonly into clinical practice, future studies may be needed to determine
what velocity-encoding speeds optimal for each clinical indication. For example, in our
clinical practice, we anticipate higher velocity-encoding speeds for assessment of pulmonary
stenosis and insufficiency, while lower velocity-encoding speeds are more optimal for the
assessment of Fontan circulation.

We have routinely used a blood-pool contrast agent, gadofosveset, ahead of the 4D-PC
acquisition to improve signal-to-noise and facilitate highly accelerated acquisitions. It is
possible that the use of this agent may also have improved velocity-to-noise so that precise
velocity-encoding speed selection was not necessary. One limitation of the current study is
that we have not thoroughly examined the necessity of contrast administration for the
accuracy of flow quantification. In an earlier study, we showed that the precision of aortic
and pulmonary flow measurements of 4D-PC was superior to 2D-PC after conventional
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gadolinium contrast MRA at more modest spatial resolution and at lower acceleration
factors!®. It is possible that similar results might be obtained without intravenous contrast,
but future studies may need to be performed to determine the range of acceleration factors
that can be used in a non-contrast setting, while preserving adequate image quality for
diagnostic interpretation.

In conclusion, simultaneous measurement of ventricular function and blood flow at all four
valves using a single accelerated 4D-PC acquisition has potential to address a significant
need, while addressing a current clinical dilemma. It is a challenge in most clinical MRI
practices, particularly those with a congenital heart disease focus, to accomplish routinely a
quantitative cardiac examination within an hour. It has been our experience that such exams
require careful on-site supervision by an experienced cardiac imager to obtain adequate
imaging data. In such examinations, measurements of inlet valve flow are often inconsistent
with other calculations, due in part to the technical challenge of performing these
measurements with available planar acquisitions. If a 4D-PC acquisition can be performed
without such oversight, and software is adequately engineered to optimize the use of
physician time in interpreting the data, it may become feasible to perform routine
quantitative analysis of cardiac function by MRI, whenever echocardiography is felt to be
insufficient. Such an exam could serve a significant clinical need, while maximizing the
effectiveness of MRI and physician time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Inlet-valve tracking (red line) is enabled by simultaneous flow and anatomic visualization,

time-resolved definition of the inlet valve plane, and segmentation of the valve annulus.
Using a combination of views, including the left ventricular two-chamber, three-chamber
and four-chamber views, the inlet-valve plane can be oriented so that the boundaries of the
annulus can be manually segmented (right-most column) at each phase of the cardiac cycle.
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Representative measurement of valvular blood flow at all four valves in a 6 year old boy
with partial anomalous pulmonary venous return. The right-to-left shunt results in increased
net blood flow across the tricuspid and pulmonary valves. Error bars display the standard
deviation between replicate measurements at each time point.
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Figure 3.

Average of AV, MV (L/min)

Average of PV, TV (L/min)

Correlation of net inlet and outlet blood flow measurements displayed as scatter plots (top
row) and Bland-Altman diagrams (bottom row). Dashed lines show the limits of agreement
(£ 1.96 SD). In (a), aortic and pulmonary valve flow measurements correlated tightly among
patients without shunts (blue diamonds). Patients with visually detectable shunts by TTE or
4D-PC are also displayed, clearly distant from the line of identity (red open squares). In (b),
aortic and mitral valve blood flow measurements were strongly correlated, though mitral
valve flow was slightly underestimated. The single patient with a shunt through the coronary
sinus is shown (red closed square). In (c), pulmonary and tricuspid valve flow measurements

were well-correlated.
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Figure4.

Correlation between ventricular volume displacement and valvular blood flow before (top-
row) and after (bottom-row) accounting for regurgitant flow. Ventricles with greater than
10% regurgitant fraction at either the inlet or outlet valve are shown in red squares. The
remaining ventricles are shown in blue diamonds. For both the left ventricle (left) and right
ventricle (right), measurements of cardiac output based on ventricular volumes closely
matched blood flow measurements only after regurgitant blood flow was accounted for
(bottom-row).
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Comparison of 4D-PC to conventional planar phase-contrast and SSFP volumetry. Net
blood flow at the aortic and pulmonary valves (left) and regurgitant fractions at the aortic
and pulmonary valves (middle) both show high correlation between 4D-PC and 2D-PC.
Aortic measurements are shown in red squares, pulmonary measurements in blue diamonds.
Volume measurements of the ventricles also show high correlation between 4D-PC and
conventional MRI (right).

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

200



Page 19

Hsiao et al.

ou € 0 12 0 8 syT 4 e 100)9p [e1das ey
sak T 0 S 0 00T €90 4 Ke eisaie Aiape Areuownd by
ou 0z 0 2z 0 660 89'T W IApT Jredas-1sod ‘yae onoe paydniigiul ‘snaunyiwsH
sok [ 0e 0 T 60T ¥9°0 W Kg Jredau-1sod 10]1e Jo ABojena
sok T Gz 4 0 /80 6.0 W K9 8]o1uaA b1 Jaquieyd-ajgnog
sak 0T 9z ¥ 2z 160 G20 I K9 Jredau-1sod ‘sariale 1816 sy Jo uonisodsuen-q
sok GT 6T T 0 060 690 4 Ky Klewoue u1sisg3
sok vz ST , T 960 €50 W Kg Jredau-1sod 10]1e4 Jo ABojena
sok e Ge e ] 20T 160 4 Ky Jredau-1sod 10]1e4 Jo ABojena
sk 9 iR z 0 60T ¥9°0 4 K9 Jredas-1sod gSA ‘eisalie Areuowng
sok 0 19 4 Z G8'0 €10 4 IAg Jredau-1sod 10]1e4 Jo ABojena
sok 0 o 0 0 0T €90 W Kg Jredau-1sod 10]1e Jo ABojena
sok e 0 0T 6 180 050 4 Ky Jedal AW “10]1e4 J0 ABoJe1a ] ‘BWOIPUAS JBA|IS-[|aSShy
sk T 1 1 €z €T €0 W owoQT A2UBID1YINSUI PUE UOIIEIDIE0D ILOY
ou 9 1 0T 1€ 160 960 IN Vi Jredal 1s0d ‘snsolape snouni |
sk 9 v 9 4 G660 680 W K9 10943 [e3das Je|NOLIUACINY
sok 1 T 0 0 G660 ¥80 4 g WISLIBLIOSI [eL}Y
ou A T € 0 70'T 16°T 4 IAGT Jredau-1sod 10]1e Jo ABojena
sok [ T T T 00'T 890 4 Ky U0I17e10.1e09 JILI0Y
sok 4 0 0 T 1T wo W owor Jredau-1sod ‘yate o1ioe paydnaisiug
ou 0 0 0 0 €0'T 1€T W KgT Jiedal-1sod ‘uoiye10e0d d1oy
sak 8 T T 0 10T 160 I K9 Jiedal-1sod ‘uoie1oeod J1oy
sok / T , Z 160 Tt W K9 Jredau-1sod 10]1e4 Jo ABojena
ou 8 T 14 0 66°0 .0 W IAGT Jredas-1sod ‘uinial snousa Areuownd snojowoue [ejo |
sok [ 4 T 0 180 €90 W IAg Bus Areuownd A1and
ou 8 z 0 z /80 0T W kg jue|dsues) JaAl] ‘MesH
sak 0 0 0 0 00'T 060 4 Vi uolsuapadAy Areuow|nd
VO HYAL H48Ad JHAN HYAV sO/AD  vsg xes &by uoireaipu| /ssoubelq

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

*ApMs ay1 ul papnjoul suaned Jo sansLsorIeyd pue solydeibowaq

NIH-PA Author Manuscript

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



Page 20

Hsiao et al.

eISayIsaUR [eJaush=y9 ‘uonoely JueBINBal=4y ‘aA[eA PIdSnoLI=A L ‘9A[eA Areuow|nd=Ad ‘SAJeA [RIMW=AIN ‘SA[BA JILOB=AY ‘UOIORIY WUNYs=sO/d) ‘slogn@-siognq “eale aoeyns Apog=vsg

sak [+ or T T 6.0 80 W A8 wsAinaue Alaure Areuownd ‘ajoriuan bl 19[Ino ajgnod
sok 4> A € 0 7.0 98T N IATT uus|o [euondalipiq ‘sisousis Areuownd [eani
sok 4 1€ I3 0 250 9’0 4 Az Jredau-1sod 10]1e Jo ABofenta] ‘awolpuAs abi0a9iqg
sok 0 T 0 0 SPT 160 4 Ky wnjewIeL) 109 ‘asy
sk T 0 0 0 85z 080 W K9 uinyal snouan Areuownd snojewoue [ered
sok 9T 0 S 0 0.0 €50 4 Kz eIsale Alepre Areuownd 1ybry
sak o1 9 0 0 180 T0T 4 JAQT ea] yored QSA ‘Iredai-isod jo]je Jo ABojens L
VO dYAL dYAd JHAN JHAV sO/dO  vsg xes &by uoltealpu| /ssoufelq

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

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



Page 21

Hsiao et al.

%GC %ZE %bE %8Z %9Z %8T Juswisaibe 40 sHW| %S6 V-9
%0 %E %G %G %9 % BOURIBYIP UeaW Y-g
L0 ¥SL0 2280 STL0 859°0 TT70  (Uiw/) uswaaibe Jo siui| %S6 V-9
2r0°0- 1600 YET'0 wT0 ¥8T°0 0500 (unwy) souaIBKIP UBSW V-G
060 5560 0760 €960 1960 8860 UOINe[91409 UOSIead

ALSAANN  ALSAND  ANSAND  ALSAAY  AINSAAY  ADSAAVY

"SAAJBA 13[IN0 8U) 1 SlUSLURINSEALU 0] BAIIR|al SSAJEA PIdSnoLI] pue [eaiw sy 18
MOJJ POOJQ JO UOITRWINSaIaPpUN 1YBIIS SeMm 813y JusWaaIfe Jo SHWI| 1SSMOIIRU Ul YlIM palealiod A|Buouls 1soW aJe sjuswainseaw aAfeA Areuownd pue
211I0Y "SBAJRA 13]Ul 8U1 1e BuIoRA SAJRA UIIM B1ep pIals A1120[3A pue J1woleue Dd-dy Wol) A|9]os painsesiu aA[eA Uoea 1e salel MO|L 18U Jo uosiiedwo)

¢ ?olgel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

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



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Hsiao et al.

Comparison of displaced ventricular volume and blood flow measured from 4D-PC before and after
accounting for regurgitant blood flow at both the inlet and outlet valves. The strength of correlation and

Table 3

Page 22

agreement between the two methodologies improves substantially after including the amount of regurgitant

blood flow.
LVvsAV LV vVsAV+AR+tMR RV vsPV RV vsPV+PR+TR
Pearson correlation 0.854 0.939 0.813 0.948
B-A Mean difference (L/min) 0.31 0.11 0.67 0.08
B-A Limits of agreement (1.96 SD L/min) 1.34 0.88 1.45 0.79
B-A Mean difference 11% 4% 24% 3%
B-A Limits of agreement (1.96 SD) 43% 29% 54% 23%
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Table 4

Comparison of net flow and regurgitant fraction measured by 4D-PC and conventional 2D phase-contrast
MRI.

AVnet AVRF PVnet PVRF

Pearson correlation 0.935 0.972 0.934 0.933
B-A mean difference (L/min) 0.048 - 0.019 -
B-A 95% limits of agreement (L/min)  0.839 - 2.670 -
B-A mean difference 17% 2% 14% 1%
B-A 95% limits of agreement 29% 13% 38% 14%
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